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ABSTRACT

A three-dimensional (3-D) visualization system for serial microscope images is
developed with special reference to its application in microscopy and cell biology. The 3-
D visualization system involves three process stages, namely data acquisition, volume

data modeling and object rendering.

The data acquisition part deals with collecting serial microscope images and is car-
ried out by optical sectioning which records serial microscope images from the top to the
bottom of a specimen. A new algorithm is proposed to computationally remove out-of-
focus information from each recorded image of a specimen. This algorithm processes
serial images independently and thus avoids computationally expensive 3-D convolution
and 3-D Fourier transforms. Further, an extensive study of imaging properties of defo-
cused microscopes is carried out in the thesis. The defocused point spread functions and
optical transfer functions of transmitted light microscopes have been analyzed. An exten-
sive comparison of the two approaches of obtaining these functions, namely direct mea-
surements and theoretical calculations, is conducted. An interesting observation is made
that the results of these two approaches correspond well with each other only for low

magnification and low numerical aperture objective lenses.

Modeling of serial microscope images is carried out by an isosurface modeling
algorithm. This algorithm is based on the marching-cube algorithm with two modifica-
tions proposed in the thesis. One modification is to detect and prevent the redundancy
existing in the original marching-cube algorithm. The other modification is to use the
middle-point algorithm to avoid linear interpolation to locate the vertex of a polygon.
Results show that the modified marching-cube algorithm proposed in the thesis signifi-
cantly reduces the number of polygons generated and thus greatly increases the computa-

tion efficiency for surface generation and object rendering.

Object rendering, which is to generate a realistic image, is carried out by using a C

library SImple Polygon Processor (SIPP). A graphic user-interface is designed and imple-



iii
mented to facilitate the modeling and rendering processes. It offers various user-friendly
functions, such as rotation, zooming and cutting, for close examination of the objects
under study and can be used for visualizing various volume data. The interactive system
together with the data acquisition algorithm form a 3-D visualization system for serial

MiCroscope images.

The results of visualization show that the 3-D visualization system developed in this
thesis realistically and efficiently reconstructs objects of interest from serial microscope
images as well as from various volume data such as Computer Tomography (CT) and

Magnetic Resonance Imaging (MRI) medical images.
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Chapter 1

Introduction

1.1 Three-dimensional Visualization

Three-dimensional (3-D) visualization is a method for extracting meaningful
information from volume data and of using techniques of computer graphics to create a
realistic 3-D like image of objects of interest. This method provides mechanics for peer-
ing into the structure of objects to understand their complexity and dynamics. It is an
effective way to gain insight into complex structural details of objects and of the spatial
relationships among them when actual viewing of the object is impossible. Three-
dimensional visualizations are very useful in many applications, such as medicine [20]
[28] [59] [83] [85], geoscience [44], astrophysics, chemistry [58], microscopy [53],
mechanical engineering [39], non-destructive testing and many other scientific and

engineering areas [69] [74].

Medical applications are well-known examples of 3-D visualization. Images from
Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) have greatly
increased the information available to the radiologist. Diseases can be diagnosed by
interpolating the serial cross-sections of CT or MRI images, with a consequent
improvement in diagnosing performance. However, for a proper treatment of the
patient, the radiologist needs to describe the diagnosis to the others. Verbal descriptions
of the findings may be difficult and may complicate the problem. Three-dimensional
visualization generates realistic 2-D images of the 3-D objects of interest. It can offer

the radiologist not only a more objective means of diagnosing diseases, but also an



interface to communicate with physicians.

Application of 3-D visualization is also important in microscopy and cell biology
[53]. Plant and insect tissues are complex organizations of different cell types arranged
in a three-dimensional array. Visualizing this structure is a key component in under-
standing functional relationships among cells and tissues. Actual visualization of cells
and tissues is limited by the depth-of-field of a microscope. Anything outside the depth-
of-field is blurred, which leads to the infeasibility of viewing the 3-D structure. The
thicker the specimen is, the greater is the blur and the more difficult it is to view the 3-D
information. One common practice, used in the past and even today to visualize 3-D
structures, is to physically section a thick specimen into very thin slices or use an
expensive confocal laser scan microscope to obtain thin sections, and then to mentally
interpolate serial microscope images of these slices. This mental interpolation is very
subjective and often very difficult due to the complexity of the structure. In contrast, 3-
D visualization offers possibilities of reconstructing the 3-D structures and helps biolo-
gists to gain insights into the objects through 3-D-like images. The 3-D visualization
also offers features which are difficult to accomplish in actual visualization. Examples
of these features are (i) transformation of the reconstructed structures to expose differ-
ent aspects of the objects and (ii) cuts through the objects virtually at any desirable

angles to reveal the internal structures of the object.

Three-dimensional visualization systems, especially economical ones that use
only conventional microscopes and moderately equipped computers, for serial micro-
scope images are still at a primitive stage. There are two main obstacles: the lack of
effective and efficient techniques for collecting serial microscope images of a thick
specimen without destruction or distortion; and the lack of efficient algorithms to recon-
struct the objects from the massive amount of data collected. Three-dimensional visual-
ization in microscopy is important and has wide potential for applications; thus it has
been a rapidly growing area. The aim of this thesis within this evolving field is to

develop a 3-D visualization system for serial microscope images obtained from trans-
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mitted light microscopes. This thesis focuses on data acquisition for collecting serial
microscope images and modeling of the large amount of data involved in the visualiza-
tion. A close examination of imaging properties of a microscope and existing
approaches leads to the proposal of an optical sectioning algorithm (the partial-minimi-
zation-and-constraint-iterative algorithm) and two modifications of the marching-cube
algorithm (the redundancy removal algorithm and the middle-point algorithm). The
visualization system developed is efficient and gives satisfactory results for the applica-

tions studied.

1.2 A 3-D Visualization System

This section presents a general visualization system independent of its applica-
tion area. Fig. 1.1 is an illustration of a general process flow of a 3-D visualization sys-
tem, which usually can be divided into three main processes: data acquisition, data
modeling and representation, and rendering. A 3-D visualization system first collects
volume data, then models the volume data and outputs a proper representation of
objects, and sends the represented object to the rendering process to create a 3-D realis-

tic look image.

Data
Acquisition

Shading and
representation Rendering

new rendering ljt‘mdemd
parameters image

Volumetric
Modeller

new modeling
parameters

L Workstation

Figure 1.1 The process stages of a 3-D visualization system.
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Data Acquisition: Data acquisition of a 3-D visualization system is the process
of obtaining volume data which is defined on a 3-D lattice consisting of identically
sized, tightly packed parallelepipeds as illustrated in Fig. 1.2(a). One or more values
are assigned to each grid point of volume data. Each parallelepiped is called a volume
element or voxel. Common values assigned to grid points in volume data are related to

intensity, density, pressure, temperature, electrostatic charge, velocity etc.

A volume dataset can be collected by voxelizing a geometric description of
objects [25], or can be acquired by stacking sequential images as illustrated in Fig. 1.2
(b), or by other means. Volume datasets can be treated similarly as a 3-D array despite

the fact that they are acquired from different resources.

grit point /Z-—— Image [
N 777 T 2 mage:

cube
/ Image 3
T -
1
1
'
rd

4-—— Image n-1
PR AR
- /Z‘ e
4
Y
’

z (a)

Figure 1.2 A volume data lattice (a) and its formation by stacking

sequential images (b).

Volume Modeling: The purpose of volume modeling is to extract features relevant
to the reconstruction of objects of interest and to produce a representation of features
extracted from volume data. One modeling example is to detect object surfaces and to
use polygon meshes to fit object surfaces [52]. One characteristics of volume visualiza-

tion is that massive amounts of data are usually involved. Volume data often consist of
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hundreds and thousands of megabytes and even gigabytes. Massive data of this kind
mean a tremendous demand for computer resources. Therefore, efficiency is always an

issue in volume modeling.

Rendering: Rendering is the process of producing and displaying realistic images
of objects of interest from volume modeling after giving properties of object surfaces
and the lighting environment surrounding them [25]. The rendering process includes

shading surfaces, determining the visibility of surfaces and displaying them.

A simple example of illustrating the process of a 3-D visualization system is as
follows. Data acquisition is accomplished, in this example, by voxelizing the saddle

function, given in Eqn. 1.1, into a 49 x 49 x 49 array.

1, if %—%—22 =0
f(x,y,2) = a b (1.1)
0, otherwise

where a and b are user-defined constants. The resulting volume data in serial image
form, with every third image in the volume being shown, are presented in Fig. 1.3. Each
image is a 2-D array of the saddle function at the x-y plane with a certain = value. From
the sequence images in Fig. 1.3 alone, the shape of the object is relatively difficult to

B B B B )¢
XDXADDD D O D (

Figure 1.3  The sequential images, i.e,, volume data, obtained by

voxelizing a saddle function.
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In this example, thresholding is used as part of volume data modeling to extract
the surface of the object. Sample points whose values are above the threshold value are
assumed on or inside the object surface, and those whose values are below the threshold
value are outside the surface. Polygon meshes are used to connect all those points
which are assumed to be on or inside the surface. The represented surface is the wire

frame of the polygons generated.

The polygon meshes are passed to the rendering process for shading and display.
The rendered object surfaces are presented in Fig. 1.4 which results from four different

viewing positions.

Figure 1.4 The rendering results of the saddle function represented by
polygon meshes. Four different viewing positions were used to

give different aspects of the object.
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The top left one in the figure is the result of viewing from a diagonal position
and the remaining three are from the far side along one of the three main axes respec-
tively. These rendered images are more intuitive in terms of understanding the shapes of
the saddle function. In this example, one mechanism of a 3-D visualization system is
presented namely that it can reveal different aspects of the object by defining different

viewing positions.

1.3 Visualizing Serial Microscope Images and
Contributions of the Thesis

This thesis aims at developing a 3-D visualization system for serial microscope
images, with special reference to its application in microscopy and cell biology. Data
acquisition of collecting serial microscope images comes as a challenge at the very
beginning step. One conventional way to obtain serial microscope images is to image
physically sectioned specimens [10] [96]. Obviously, this brutal method is not suitable
for live cells in a specimen. Furthermore, errors such as curling and compression may
occur because the sliced specimens are very thin. The most critical disadvantage of this
method is that the registration among the slices will be missing after physical slicing.
Due to the very small scales of specimens, it is almost impossible to induce marks for
alignment before slicing the specimens. An erroneously aligned slice will affect the
final reconstruction results tremendously. An alternative data acquisition method
involves the use of a Confocal Laser Scan Microscope (CLSM) [53] [82]. A CLSM is
a specialized microscope which uses a very small pinhole to block out-of-focus light
from a specimen and only collects the information from a focal plane. The focal plane
is moved from the top to the bottom of a specimen, thus a CLSM produces serial micro-
scope images of a thick specimen without losing their registration. However, a CLSM is
very expensive and is usually only used in large laboratories. This greatly limits the

application range of a visualization system. Another disadvantage is that a CLSM uses
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a laser as a light source, which in most cases is so strong that it harms and even

destroys the specimen, especially live cells.

Thus, much recent research has been focusing on optical sectioning to collect
serial microscope images. Optical sectioning records serial microscope images by mov-
ing the object stage of a microscope so that the focal plane is moved through a thick
specimen. Each recorded image contains in-focus information from the focal plane and
out-of-focus information from the remainder of the specimen. Much of the out-of-
focus information can be removed computationally by optical sectioning algorithms
after images are captured [2] [12] [13] [22] [42]. The principle of optical sectioning is
similar to that of a CLSM except that the out-of-focus information is removed mathe-
matically rather than mechanically or optically by a small pinhole. Using optical sec-
tioning for data acquisition is much less expensive than using a CLSM microscope.
Further, it has the advantage of being not harmful to living cells since it uses conven-
tional light instead of a laser beam. Existing optical sectioning algorithms are either not
effective for most microscope images or they are computationally so expensive that
specialized computers are required. In this thesis, a new optical sectioning algorithm,
the partial-minimization-and- constrained-iterative algorithm (PMCI), is developed to
accomplish the data acquisition process. The principle of the algorithm is to minimize
the errors between the observed images and the estimated images by estimating the
object intensity functions on the focal plane. The object intensity functions are
obtained when the minimization is reached. The PMCI algorithm offers several advan-
tages. First it processes images independently, no 3-D convolution and 3-D Fourier
transform are required resulting in tremendous reduction on memory requirements and
computation time, and makes it possible to be implemented on a moderately equipped
computer. The algorithm also offers the flexibility in choice of a number of planes
above and below the focal plane involved in the minimization. Thus the trade-off
between computation complexity and approximation of the algorithm can be controlled

by the user. The algorithm decomposes the 3-D problem, which is common in optical
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sectioning algorithms [2] [12] [22] [42], into a series of 2-D problems and thus avail-
able 2-D algorithms can be used. The proposal of the PMCI algorithm is based on the
close examination, conducted in the thesis, of the defocused imaging properties of a

microscope.

The defocused imaging properties are usually described by their defocused point
spread functions (PSF) and optical transfer functions (OTF) [43] [81]. The focus and
defocused PSF or OTF are also used to determine the quality of an optical system. They
are very important functions for optical design, testing and evaluations. Two
approaches are commonly used to obtain the defocused PSF and OTF. One is through
mathematical models [13] [43] [81] and the other one is through direct measurement [3]
[80]. A properly measured PSF reflects the conditions of the microscope used and thus
is often preferred (2] [12]. However, measuring the PSF of a transmitted light micro-
scope is relatively difficult due to problems in finding a proper point light source. Even
though such a point light source is available, there are several technical issues, such as
the low signal-to-noise ratio due to very small size of the point light source. As a
result, theoretical approaches are preferred in some cases [22] [42]. However, a proper
comparison of the two approaches has not been adequately studied in the literature.
This motivated an extensive study of the two approaches besides examining the imag-
ing properties of a microscope. Results of defocused PSFs and OTFs from both
approaches show that a defocused transmitted light microscope tends to discriminate
high frequency information and thus introduce haze into an image. The maximum
intensity of a defocused PSF drops rapidly with increasing defocus, especially for high
numerical aperture lenses. This indicates that a defocused object contributes less to a
recorded image with increase of defocus. This property leads the PMCI algorithm to
use the recorded image with a focal plane at level i in a thick specimen to estimate
object intensity function on the focal plane. The comparison between the two
approaches shows that the defocused PSF and OTF from experimental approach agree

with those from theoretical approach for low numerical aperture lenses. However, for
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objective lenses with high numerical aperture, these two approaches produce different
results in terms of their diffraction patterns and sizes as will be discussed later. The the-
oretical approach produces more diffraction rings and larger diffraction patterns, which

implies more haze in final images.

The second step of a 3-D visualization system is modeling the volume data col-
lected. Ad hoc modeling approaches in the early stage of volume visualization usually
involve manual or automatic boundary extraction of objects of interest in each image
[1] [10] [96]. These extracted boundaries are stacked and connected using polygon
meshes. One problem associated with this approach is that manual boundary extraction
involves a considerable amount of human effort and techniques for automatic boundary
extraction are not mature enough. Another problem with this approach is the so-called
branch problem: if there is more than one boundary extracted from a slice, users will
have to interactively intervene in the process so as to overcome the ambiguity regard-
ing which boundary to connect. This branch problem is particularly undesirable for an
automatic visualization system. More advanced volume modeling algorithms, such as
those called volume rendering modeling, are effective for visualization of serial micro-
scope image reconstruction in that they reconstruct the objects of interest automatically
[20] [49] [76] [87]. However they are not necessarily efficient for serial microscope
images because they usually require specially equipped computers due to their intensive
computation and large memory space requirements. The ultimate goal for visualizing
microscope images, especially cell images, is to visualize object shapes and their spa-
tial relationships. Object shapes can be well represented by their surfaces which usu-
ally possess only a small number of voxels in volume data. In view of these
characteristics, a high resolution surface modeling algorithm, the marching-cube algo-
rithm, is chosen. The algorithm uses a threshold value to detect object surfaces and
uses polygon meshes to patch the isosurface detected. This algorithm does not require

excessive computer memory as in volume rendering modeling.

Two efficiency improvements based on the marching-cube modeling are pro-
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posed in this thesis. One is the redundancy removal algorithm whose purpose is to
detect and prevent the generation of redundant polygons by the original algorithm. The
redundancy problem, as discovered in this thesis, occurs when a sample point is consid-
ered to be on the surface. The other improvement is called the middle-point algorithm,
which is to avoid linear interpolation for polygon vertices for each polygon generated.
Results show that these two improvements significantly reduce the number of polygons

generated and thus increase the efficiency in terms of computing time and memory.

One of the advantages of using surface modeling is that it can use existing soft-
ware and hardware for polygonal rendering in computer graphics. In this thesis, a C

library polygon rendering package - SIPP - is used to accomplish the rendering process.

A user friendly interface is established to integrate the modeling and rendering
processes. The user-friendly system allows a new user to learn basic commands faster
and to start doing productive work without going through complicated start-up proce-
dures. The reason for not linking the data acquisition process into the user interface is
that the integrated modeling and rendering can be used as a general volume data visual-
ization system without the knowledge of the data field, as shown in Chapter 8. On the
other hand, the data acquisition part can be used to deconvolve any microscope images

for image quality enhancement rather than for visualization purposes.

The hardware of a 3-D visualization system can be simple, consisting of only a
device for data acquisition plus one computer for data processing, modeling and render-
ing. Fig. 1.5 shows the hardware used in the 3-D visualization system in this thesis.
The microscope is equipped with a CCD camera and digitizer (frame grabber), and the

computer is used for optical sectioning, modeling and rendering.
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Figure 1.5 The hardware of the visualization system used in this research.

In summary, the 3-D visualization system developed in this thesis uses the pro-
posed PMCI optical sectioning algorithm for data acquisition. An efficient surface mod-
eling algorithm, the modified marching-cube algorithm, is used for modeling.
Rendering is accomplished by the SIPP C library. The contributions of the thesis can
be summarized as the following four aspects; First, a new optical sectioning algorithm
is developed which has the advantages over existing ones in terms of significant reduc-
tion in computational cost and an additional freedom to control the algorithm. Second,
the thesis intensively studies the defocused imaging properties of a microscope with a
proper comparison between theoretical and experimental results. Third, it proposes two
efficiency enhancement algorithms for the existing modeling, which substantially
reduce a number of polygons generated, thus resulting in a significant increase of the
computing efficiency. Finally, the complete system developed itseif is a contribution.
As an innovation, it applies visualization techniques to the micro-object area and offers
a better understanding of some central properties of visualization of serial microscope

images.
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1.4 Organization of the Thesis

The chapters of the thesis are organized according to the process stages of the
visualization system, namely data acquisition, modeling and rendering. Chapter 1, as
presented here, is a brief introduction of a general visualization system and the system
for serial microscope images being established in this thesis. Chapters 2 and 3 discuss
the data acquisition process. Chapter 2 concentrates on the defocused imaging proper-
ties of a microscope. The theoretical and experimental approaches for obtaining defo-
cused PSF and OTF are presented, with a detailed comparison of these two approaches.
Chapter 3 concentrates on the algorithms of optical sectioning. The proposed PMCI
algorithm is presented which is based on the results from Chapter 2. In Chapters 4 and
S, discussions correspond to the modeling process. In Chapter 4, various volume mod-
eling techniques are discussed in terms of their suitability for visualizing serial micro-
scope images. The proposed efficiency improvements of an isosurface algorithm are
presented in Chapter 5. Chapter 6 corresponds to the rendering process. The general
steps of rendering 3-D polygon meshes to realistic images are briefly presented. The
design and implementation of the user-interface for the visualization system are pre-
sented in Chapter 7. The visualization results from various sources, such as medical
images, fibers and cells are presented in Chapter 8. The final chapter, Chapter 9, sum-
marizes the thesis and discusses possible future work. A graphical plot of the organiza-
tion of the thesis is shown in Fig. 1.6 where the upper rows and the bottom squares
show the chapters and the processing stages respectively. Their correspondences are
indicated by the dashed arrows. The solid arrows indicate the flow in the thesis and the

system.
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Figure 1.6 The correspondence of the thesis chapters with the process

stages of the visualization system.
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Chapter 2

Volume Data Acquisition I -— Defocus

Imaging Properties of a Microscope

Defocused imaging properties of a light microscope provide essential information
in optical sectioning for volume data acquisition which is the very first step of the visu-
alization system. These properties determine the contributions of a 3-D object whose
components are at various amount of defocus, to a recorded 2-D image. Thus, it is possi-
ble to use algorithms of optical sectioning to remove out-of-focus components and to

obtain the object information at the focal plane from the recorded image.

Imaging properties of a microscope are usually determined by its point spread
functions and optical transfer functions. A point spread function (PSF) is the response of
an optical system to a point light source. An optical transfer function (OTF) is the Fou-
rier transform of a PSF. The defocused PSF and OTF refer to responses of an optical
system with a small amount of defocus. The focused PSF and OTF are special cases in
which the defocus amount is equal to zero. Since any object can be considered as a
weighted function of a large number of point light sources, the specification of the PSF

or OTF of an optical system can determine the image of any object.

There are two main approaches in obtaining the defocused PSFs or OTFs. One is

direct measurement which measures the response of an optical system to a very small
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point light source at proper amount of defocus. The measured PSFs and OTFs are more
faithful in reflecting the imaging conditions of 2 microscope. For most direct measure-
ments, a fluorescent microscope with a fluorescent spherical bead as a point light source
has been used [3] [40] [68] [79] [80]. Much less work has been done on transmitted light
microscopes, which will be studied in this thesis. The other approach for obtaining PSFs
and OTFs is by the determination of marhematical models from diffraction optics [13]
[43][79] [81]. A defocused PSF and OTF obtained from mathematical models are desir-
able when a point light source is not available. A defocused PSF and OTF obtained from
mathematical models also avoid the noise problem and avoid the consequences arising
from poor microscope adjustment and from a geometrically distorted point light source.
The question of how well the mathematical models reflect the true PSF or OTF has not
been adequately studied in the literature, only [79] referred to a comparison of the math-
ematical models with experimental approach but it considered only two examples and
made no reference to the numerical aperture. It is thus necessary to evaluate the mathe-
matical models based on comparisons of the results from mathematical models and from

measurements.

In this thesis, both direct measurement and mathematical models are used to
determine defocused imaging properties of a transmitted light microscope. Furthermore,
a comprehensive comparison of these two approaches is conducted. From both
approaches, results indicate that the defocus functions tends to discriminate against the
high frequencies. Thus defocusing produces haze over images, which is consistent with
common observations. The intensity of a defocused PSF drops dramatically with
increasing defocus and makes a smaller contribution to the focal-plane image. Three cri-
teria are used for evaluation of the mathematical models: namely, visual comparison in
the space domain, comparison in the frequency domain and correlation coefficient com-
putation in both the space and the frequency domains. It is observed that the results from
direct measurements and mathematical models match very well for objective lenses of

low numerical aperture. However, for objective lenses with high numerical apertures,
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this is not the case. Possible factors for the disagreement, such as the magnification and
numerical aperture of an objective lens, are discussed and the results indicate that

numerical aperture is the main cause of the difference.

In Section 2.1, the mathematical models and their numerical calculation are dis-
cussed. [n Section 2.2, the arrangement for direct measurement used in this thesis will be
presented. The three evaluation criteria for the comparison of the two approaches are
presented in the Section 2.3. Results from objective lenses used are presented in Section

2.4 and the differences for large numerical aperture lenses are discussed in Section 2.5.

2.1 Theoretical Approach - Mathematical Models

2.1.1 Mathematical models of in-focus and defocused PSF and OTF

Consider a simplified microscope as illustrated in Fig. 2.1. The distance between
the objective lens and the image plane 4; is fixed by a manufacturer of a microscope.
According to optical principles {9], the distance from focal plane to the objective lens dr
is

fd
d. = —= M+1

i
d-f M

-—

f

where fdenotes the focal length of the optical system and M is the magnification of the
system given as the quotient of d; by dy: Thus moving the object stage up or down about

the focal plane corresponds to negative and positive defocus.
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Figure 2.1 A simplified microscope system for illustration of defocus.

Consider a light source emitting incoherent light, i.e., all the point light sources vary in
phase independently. For a focused optical system under incoherent illumination, dif-
fraction optics theory implies that the system is linear in intensity, and the incoherent
PSF is the power spectrum of the pupil function of the system [32] [43]. If p(x,, y,) is
the pupil function which is the spatial distribution of transmittance of the system aper-
ture, then the PSF of the system is:

2
h(x,y) = |F {p(Adx,, Ad,y,) } @.1)

1 a’
where F represents Fourier transform, x, and y, are the coordinators on the pupil plane
and A is the wavelength of the light source. From the auto-correlation theorem, the nor-
malized incoherent OTF is the normalized auto-correlation function of the pupil func-

tion [35], given by:
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Jm ro p(Ad;x,Ady) p (Ad;x—u, Ad,y —v) dxdy

H(uv) = 220 22)
u v = =
? R (0, 0) 2 )
P Ad. .
[C 7 p* (dix, hdy) dxdy
For a circular pupil aperture with diameter d, the focus PSF and OTF are [13]:
J [m(r/ry) 172
h(r) = [2— 2= :
(r) [2 T (r/tg) ] (23)
1 .
H(q) = _[2B—sin(2B)]" (24)
where
= /x2+y2 ’
2.2
q=Au +v |

and (x, y) are the spatial coordinates of PSF and (v, v) are the frequency coordinates of

OTF. Further,
Ad.
o=
_d _1
fe = d; ry’

3 = cos” (9/f.)-

1. Eqn. 2.4 is given in Castleman [13] p. 360 and Agard [2]. Numerical evaluation of
the integrals in Eqn. 2.2 indicates good correspondence between Eqn. 2.4 and Eqn. 2.2.
The equation given by Castleman [13] for in-focus OTF on p. 263 does not lead to simi-

lar good numerical correspondence with Eqn. 2.2.
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Since the transmitted light microscope uses incoherent illumination, all the PSFs and

OTFs discussed in this paper will refer to those which use incoherent illumination.

2.1.2 Approximations

For a defocused optical system, the pupil function changes. For the same circular

pupil aperture, the function now is [43]:

p(r) = H( d) s 1 2.5)

where k = 2mn/A , and w, the maximum defocus path length error, is given by:

i

w = —df—Azcosa+(df2+2dez+Azzcosla)l" (2.6)

Az is the defocus amount and sin(a) is equal to the numerical aperture N4 divided by
the refractive index n of the media between the specimen and the objective lens [48].
Substituting Eqn. 2.6 into Eqn. 2.1 and Eqn. 2.2, the defocused PSF and OTF can be
obtained respectively. However, this is not straightforward and approximations have

been proposed in the literature.

Hopkins shows that the defocused OTF of the system with a circular aperture

given by Eqn. 2.5 can be approximated by [43]

H(u,v)= %cos(azb) X

{BJ (a) +Z( I)HM[ Jan—(@) =Jyp 4y (a) ] } (2.7

n=

4 . b nsin (2 |
—Tt;sm(a—z—) Z_:O (-1) ﬂ%an—:—l—)ﬁ [3n(a) =J5, 45 (a)]

in which
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where J, is the nth order Bessel function of the first kind. As can be seen from Eqn. 2.7,

Hopkins’ approximation involves a series of Bessel functions, which tend to converge

slowly.

Stokseth approximates Hopkins’ approximation of Eqn. 2.7 by the following
form [81]:

( 1 —0.695 + 0.00765> + 0.043 b3)/‘inc [&fﬂ( I— -‘l)—] (2.9)
C.

AU
Jy(x)

X

H(u,v)

2

Jinc (x)

Stokseth’s approach is modified by Castleman with the intention to improve
accuracy at small amount of defocus (w < 5X) by substituting the in-focus OTF for the

polynomial of Stokseth’s approach [13].

H(u,v) = -7';(2;3- sinZB)jinc[g?L—w( 1 —fl)]‘i] (2.10)

The jinc function is equal to unity when its argument is equal to zero, and it is

equal to zero when its argument is negative. The defocused OTF function H(u,v) has
non-zero values only when ¢ < f,. The defocused OTF is thus a band-limited function
with band cut-off frequency at f, The cut-off frequency is determined by the numerical

aperture of the system and the wavelength used, according to Eqn. 2.8.
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2.1.3 Numerical calculation

The defocused OTF approximations given in Eqn. 2.7, Eqn. 2.9 and Eqn. 2.10 are
continuous functions in the frequency domain. Obtaining the defocused PSF for the cor-
responding lenses using Eqn. 2.1 is not straightforward. The approach used in this thesis
is to discretize the OTF in the frequency domain and obtain the PSF using the discrete
inverse Fourier transform. This approach can be implemented on a computer easily
using existing software packages and the results are good approximations of the corre-
sponding continuous functions provided that sampling theorem is satisfied. Consider
sampling the OTF in the frequency domain in more detail. Since a 2-D defocused OTF
is symmetric in coordinates « and v, the discussion will be based on the 1-D case. The
two parameters needed for discretization are the sampling rate Au in the frequency
domain and the width of truncation window L,, which is the range of the OTF to be sam-
pled (see Fig. 2.2). From sampling theory, the sampling rate Ax in the space domain and
the range L, (width of truncation window) of the resulting PSF will be related to Au and
L, as in Table 2.1 (also see Fig. 2.2) [67]. In the table, L, L, are the widths of truncation
window, Au and Ax are the sampling rate in the frequency and the space domains respec-
tively, and / is the number of sample points. The table implies that when L, and Au (or
N) are chosen, Ax and L, follow immediately. The resulting PSF in the space domain
will be a good approximation of the continuous PSF if the Nyquist conditions in both the

space and frequency domains are satisfied which imply the following two conditions:

a. The sampling rate Au in the frequency domain is sufficiently small so that the corre-
sponding L, covers the significant part of the PSF (the part of the PSF where it is not

equal to zero, see Fig. 2.2).

b. L, is equal to or larger than the bandwidth of the OTF function, i.e., L u 2 2f, so that

the sampling rate in the space domain is less than the inverse of bandwidth of the

. . |
function, i.e., Ax< —.

2.



Table 2.1. Summary of sampling rates and widths of truncation windows.

Parameter Relations
Number of sample points L L
N = N =
Ax  Au
Space sampling rate L 1
Ax = = =
N L,
Frequency sampling rate L, 1
Au= — = —
N L,
Width of truncation window
(Space) = Ax-N = _!...
Au
Width of truncation window
(maximum computed fre- AN = L
quency) I v

Space Domain

Frequency Domain

¢‘ intensity cT\ gain
N
\
N
length frequency
~ade - - -
significant part of PSF ”e A
[_' e—— Lu _—_’J

Figure 2.2 Relations between the space and frequency sampling rate and

the widths of truncation windows in the space and the frequency

domains.
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If the condition (a) is not satisfied, then aliasing in the space domain will be
observed because the resulting periodic PSF will create overlapping. To illustrate the
aliasing, consider an example of discretizing the OTF for a 40x magnification objective
lens with a 0.95 numerical aperture. The bandwidth L, is chosen to be equal to 2f.. In
Fig. 2.3, two defocused PSFs are presented which are obtained using different sampling
rates Au (related to N) in the frequency domain. In Fig. 2.3 (a), the number of sampling
points is 95 and aliasing is obvious, while in Fig. 2.3 (b), the number of sampling points

is 155 and no aliasing is present.

Figure 2.3 Two examples of defocused PSFs obtained from the inverse
Fourier transform of the defocused OTF using different sampling
rates in the frequency domain. The axes correspond to number of

pixels of defocused PSFs.

[f condition (b) is not satisfied which means that L, = L; < 2f_ as in Fig. 2.4, the

periodic OTF will overlap and aliasing in the frequency domain will occur. However, if
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the amount of overlapping is relatively small, this will not create severe aliasing. This is
often the case with a defocused OTF where the gain is large only at low frequencies, as

illustrated in Fig. 2.5, and overlapping high frequencies do not create noticeable alias-

ing.
OTF(u.v)
A
SEAN AL o
U/ U
— s —]
2fc

Lt

Figure 2.4 Relationship of the width of the truncation window and cutoff

frequency of an OTF function.

magnitude '

frequency

Figure 2.5 Defocused OTF results of the 40x, 0.95NA lens at various
amounts of defocus. Gains for high frequencies decrease rapidly

with the increase in defocus.
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2.2 Experimental Approach - Direct Measurement

The principle of direct measurement is based on the fact that an image of a point
light source is the impulse response of a2 microscope and therefore the image of a point
light source at small amounts of defocus is the defocused PSF of the microscope. Thus,
digitizing and recording this image will yield the discrete form of the defocused PSF.
The experimental defocused OTF can be obtained by taking the Fourier transform of the

defocused PSF obtained.

The basic configuration used for the measurement is illustrated in Fig. 1.5 of
Chapter 1. It involves a transmitted light microscope, a pinhole, a stage controller, a
CCD camera digitizer and a computer. Two microscope systems are used for measure-
ment so that system setup errors if any can be detected. One system, system 1, which is
exactly the same as illustrated in Fig. 1.5 of Chapter 1, is at the Pacific Forestry Centre
in Victoria. The other system, system 2, is at the Department of Biology, University of
Victoria. The two systems are fundamentally identical except that system 2 doesn’t have
a x-y stage controller. System | uses a Zeiss universal microscope and a SONY XC-77ce
CCD video camera as a digitizer. On the microscope there is a monochromator in the
light path which allows users to choose a desired wavelength. The focal stage controller
is used to control the movement of the focal plane (the z-direction) with a resolution of
2um. The x-y stage controller allows users to move the stage along x-y direction with a
resolution of 0.5um. System 2 also uses a Zeiss universal light microscope and a SONY
CCD camera. Each division on the focal stage controller is 1um. Users can choose a fil-
ter of desired wavelength to attach to the light source. Both systems use the light passing
through the 1um diameter pinhole as an object. The pinhole is in a thin (0.0025mm)
stainless steel foil which is further mounted on a thin metal disc to prevent distortion, as
illustrated in Fig. 2.6. Both microscopes are aligned so that all optical elements of the
microscope are on the same optical axis before measurements are made [33]. The micro-

scope is adjusted for Kohler illumination. For each objective lens, the aperture dia-
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phragm is adjusted to ensure each objective is fully illuminated. The illumination is

adjusted according to Zeiss’s instructions.

stainless steel foil metal disk cover glass

S~ e slide

pin hole \\@ L

(2)
' cover glass
mounted pin hole / immersion oil
M slide
(b)

Figure 2.6 The mounted pinhole. Top view (a) and side view (b).

Digitizing an image is a process of sampling its continuous distribution by the
CCD camera mounted on top of the image plane of the microscope. The sampling rate
mapped to the object plane of the microscope is the space sampling rate Ax. The space
sampling rate is calculated by dividing the size of the digitizer by the magnification of
the objective lens of the microscope. However, it is more precise to measure the space
sampling rate directly from experiments. For system 1, the space sampling rate is
obtained by measuring the distance, at the object plane, that results from moving 512
pixels. A reference point on a specimen is located and placed on the left edge of the 512
frame on the monitor, and the x-y stage reading is set to zero. The reference point is then
moved horizontally to the right edge of the 512 pixel frame with the joystick of the x-y

controller. Each reading on the x-y stage controller is 0.5 um. Thus the reading on the x-
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y stage controller multiplied by 0.5um is the actual distance of moving 512 pixels. The
distance divided by 512 is the space sampling rate. In short, the measurement of the
space sampling rate for system | is accomplished by fixing the number of pixels (512 in
this case) and measuring the total size of 512 pixels on the object plane. For system 2,
the measurement is made in the opposite way. The distance on the object plane is fixed
by a micrometer, and the number of pixels within that fixed distance is measured. The
micrometer consists of 100 bars with a total size of 0.01 mm. Thus the distance between
two consecutive bars is 0.1um. The measurement for the number of pixels is accom-
plished by using an image acquisition program called OPTIMAS!' which allows a user
to draw a line from one point to another on the monitor and measure the pixel difference
between these two points. For a line drawn between two bars of the micrometer, the
length of a line is the total number of bars within the line multiplied by 0.1um. Thus the
space sampling rate is the division of the length of the line by the measured number of
pixels within the line. The measurements of the space sampling rate of the two systems

are illustrated in Fig. 2.7.

a reference

point on the 512 pixel frame micrometer
specimen bar image
> he /
Monitor | | I I ’ Monitor
hee——————
system | system 2

Figure 2.7 The measurements of the space sampling rate for the two
systems. System | measures the distance of moving 512 pixels.
System 2 measures the number of pixels within a line between

two bars of a micrometer.

1. OPTIMAS is a commercial software product of Optimas Co.
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The space sampling rate (resolution of the digitizer) is related to the resolving
power of a digitizer as it records the details of objects. If the resolution of the digitizer is
low, some details in images may be lost. An example is illustrated in Fig. 2.8. For the
right digitizer cell, as also shown in Fig. 2.8 (b), there are two lines. The cell integrates
the intensities of the two lines, and outputs only one intensity after digitizing. This cor-
responds to a loss of high frequency components of the image. If the spectrum of the
image is as illustrated in Fig. 2.8(c), then a low resolution will introducing aliasing, and

the spectrum of the digitized image will be as illustrated in Fig. 2.8(d).

digitizing dl%lct;]zmg
cell

diffraction f

digitizing
cell

frequency ' freqilency

(© (d)

Figure 2.8 (a) An example of diffraction rings with two sample
digitizing cells. (b) If the size of the digitizing cell is too large, the
right cell will integrate the two intensities of the two lines and
output one intensity. (c) The spectrum of an undigitized
diffraction rings. (d) The spectrum of an image after digitizing at

a low rate.
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The space sampling rate is also used to determine whether the light source, the pin-
hole, can be considered as a point light source to determine whether the digitized image
is a truly defocused PSF. A light source can be considered as a point light source only if
its size is smaller than the space sampling rate. Strictly speaking, only a point light
source can be used to measure the defocused PSF. However, a light source can be mod-
elled as an integration of point light sources located at different positions as illustrated in
Fig. 2.9. Therefore, a recorded image of a light source is the superimposed impulse
response of these point light sources. Suppose i(x, y) is the response of a microscope to a
light source o(x, y); p(x. y) and P(u, v) are the PSF and OTF of the system. Then accord-

ing to linear system theory,

i(x,y) =o(x,y) ®p(x,y)

[(u,v) = O(u,v)P(u,v)
where ® denotes convolution, and I(u, v) and O(u, v) are the Fourier transform of i(x, y)

and o(Xx, y) respectively. o(x, y) can be written as:

o(x,y) = > 8 (x—nAx,y —mAy) (2.11)

(nAx) 2+ (mAy)2<r
where r is the radius of the light source. i(x, y) is the measured response and /(u, v) can
be obtained by taking the Fourier transform of the measured i(x, y). If o(x, y) = d(x, y),
the light source is a point light source and the measured i(x, y) is the PSF; otherwise, it is

the superimposed PSF.
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Figure 2.9 The decomposition of a light source into point light sources.

2.3 Comparison of the Two Approaches

In order to compare the results of mathematical models and direct measurement, it is
necessary to unify the units used in both approaches. The space sampling rate Ax is mea-
sured in experiments and the number of pixels of the digitized image V is determined by
the number of elements of the digitizer. The units L,, Au (as illustrated in Fig. 2.2) of the
experimental OTF are determined, as in Table 2.1. Theoretically, if these parameters are
used for discretizing the mathematical models of defocused OTF, the units used in dis-
crete theoretical results will be same as in the experiments. However the number of sam-
pling elements on a digitizer is usually large and diffraction patterns often cover only a
small portion of it. To digitize and store an image which has the size of the digitizer, and
to use this size to compute the theoretical defocused OTF and PSF is very expensive
computationally. The number of sample points N thus is chosen for mathematical mod-
els for purpose of comparison in the following way: increasing the number until the the-
oretical diffraction pattern is not changing further; or, the N sufficiently covers the
experimental PSF, whichever is larger. This number is used in computing the theoretical

OTF and PSF as well as experimental OTF. The space sampling rate Ax from experi-
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ments is used to determine the frequency band-width L, for the mathematical models.

Up to this point, L,, L., Ax and Au used in both approaches are unified.

In the cases where the pinhole is not sufficiently small to be considered as a point
light source, the experimental results obtained are actually the results of the superim-
posed impulse responses from the light source as discussed in Section 2.2. The same
superimposed effects should be applied to the theoretical defocused PSF so that the two
approaches are identical in terms of the light source. The space sampling rate of the
experiments is used in convolving the light source with the theoretical defocused PSF to

accomplish the effects.

Three criteria have been used to evaluate how close the computed image is with
the measured one: visual comparisons in the space domain, comparison in the frequency
domain and correlation coefficient computation in both the space and frequency
domains. Visual comparisons involve comparing the two images with respect to the
number of diffraction rings, their distributions and sizes. Comparison in the frequency
domain is carried out using the 1-D radial slices of the 2-D Fourier transforms of the
images, due to the fact that these images are circularly symmetric. These 1-D radial
slices of the frequency components of the computer and measured images are matched
after they are brought to the same scale. Further, the correlation coefficients for the com-
puted and measured images in the space and frequency domains are computed. The cor-
relation coefficient is the normalized cross-correlation of two functions. Coefficients
close to one indicate a good match between the two functions while coefficients close to

zero indicate no matching at all.
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2.4 Results

The objective lenses used for measurements are listed in Table 2.2. In the table,
the parameters of these lenses are listed in terms of their numerical apertures (NA), mag-
nifications and the measured space sampling rate. The wavelength used for system 1 is
0.550 um and 0.544 um for system 2. The pinhole size is 1.0um in diameter. All the

axes shown on the defocused PSFs correspond to the number of pixels unless otherwise

indicated.
Table 2.2. The Objective lenses used for the measurements
. measured measured
. . numerical . .
lens type magnification sampling rate | sampling rate
aperture
on system 1 on system 2

Planachromat 16 0.35 0.58 /
Planachromat 25 0.45 0.37 /
Planachromat 25 0.65 / 0.38
Planachromat 40 0.65 / 0.24
Planapochromat 40 0.95 0.21 0.24
Planapochromat 63 0.80 0.137 0.157

2.4.1 Results for analysis of imaging properties

In Fig. 2.10, the two mesh plots of figures are shown from the experimental
results for the focused pinhole of system 1. Fig. 2.10 (a) is from the image of the 16x,
0.35NA objective lens, and (b) is from the 25x, 0.45NA lens. Since the space sampling

rate for the 16x objective lens is 0.58 um, the size of the pinhole used is smalier than the
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space sampling rate. Thus the function plotted in Fig. 2.10 (a) is the actual focus PSF of
the microscope with the 16x objective lens. For Fig. 2.10 (b), because the space sam-
pling rate for the 25x lens is 0.37 um, it is smaller than the pinhole size. Thus the
obtained image is actually the integration of several point light sources; i.e. a 3x3 light
array in this case as illustrated in Fig. 2.11. Note the distribution of intensities in both
mesh plots are fairly symmetric. The results indicate that there are no noticeable spheri-

cal aberrations for the microscope.

200 . 20 .
. magnitude ' ' magnitude

1504

frequency frequency

(a) (b)

Figure 2.10 Mesh plots of images of a focused pinhole light source of a
microscope with two objective lenses. (a) The resuit of the 16x
with 0.35 NA lens. (b) The result of the 25x with 0.45 NA lens.
The wavelength of the illumination light is 0.55 pum.
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0.37

Figure 2.11 The 3x3 light array decomposed from the pinhole for the
25x, 0.45NA objective lens.

Shown in Fig. 2.12 are the normalized results of one dimensional OTF from direct
measurement of the 16x, 0.35NA lens with various amount of defocus. Shown in Fig.
2.13 are the normalized results of one dimensional OTF from the mathematical model of
the 40x, 0.95 NA lens with various amount of defocus. Defocused OTFs are circularly
symmetric and the results shown in Fig. 2.12 and Fig. 2.13 rotating about the Z axis will

yield the two-dimensional OTF.

=1 -08 -06 04 -02 ] 02 Q4 06 X} 1

frequency

Figure 2.12  Defocused OTF results from experiments of the 16x,
0.35NA lens at various amount of defocus. /. = 1.2727.
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Figure 2.13 Defocused OTF results from theoretical approaches of the
40x, 0.95NA lens at various amount of defocus. f,. = 3.4545.

Results in Fig. 2.12 and Fig. 2.13 indicate that with the increase of defocus, the
gain for high frequencies decreases dramatically and the frequency range with high gain
becomes narrower. For high numerical aperture and high power lenses, this phenomenon
is even more obvious. The discrimination of the defocused OTF against high frequen-
cies will result in introducing haze and blur into images. This is consistent with the com-
mon observation that an out-of-focus image is blurred, which corresponds to the loss of

high frequencies in the frequency domain.

In Fig. 2.14, defocused PSFs are presented from direct measurement of the 16x,
0.35 NA lens with different amounts of defocus. In Fig. 2.15, defocused PSFs are pre-
sented from the mathematical model of the 40x, 0.95SNA lens with different amounts of
defocus. As can been seen from the figures, a defocused image of a point light source
tends to spread in space. Thus, a defocused image of an object which can be considered
as a weighted sum of point light sources is the integration of these spread diffraction pat-
terns.This integration results in a hazy and blurred image. These results are consistent

with those from OTF plots.
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Figure 2.14 Defocused PSFs of the 16x, 0.35NA lens from direct
measurement. From left to right, the amount of defocus

corresponds to 0 (focus), 5 pm and 10um defocus. f. = 1.2727.

Figure 2.15 Defocused PSFs of the 40x, 0.95NA lens from the
mathematical model. From left to right, the amount of defocus

corresponds to 0 (focus), 5 pm and 10um defocus. f, = 3.4545.

Listed in Table 2.3 are the relative maximum intensities of defocused PSFs to
those of focused PSFs with various amount of defocus and for various objective lenses.
As can be seen from the table, the maximum intensity drops dramatically for high
numerical aperture lenses with a small increase of the amount of defocus. For low
numerical aperture lenses, the decrease of the maximum intensity is slower. For the 16x,
0.35NA lens, however, the maximum intensity of the defocused PSF of 10um defocus is

only about 18.6% of that of the in-focus PSF. This imaging property indicates that a
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defocused object contributes less (depending on the magnification and numerical aper-
ture of the lens used) to the image with increasing defocus. This imaging property is

very useful in optical sectioning which is discussed in the next chapter.

Table 2.3. Relative maximum intensity of defocused PSF to that of the in-focus PSF.

Amount of 16x 25x 40x 63x
defocus 0.35NA | 0.45NA | 0.95NA | 0.80NA

2.5 um 812% | 452% | 6.6% | 10.9%
5.0 um 443% | 3.2% 3.2% 5.4%
100pum | 18.6% 1.6% 1.6% 2.4%

Before the comparison of the results from mathematical models and from direct
measurement, it is worthwhile to explore the difference between Castleman’s approxi-
mation and Stokseth’s approximation. In Figure. 2.16 and Fig. 2.17, results from both
approximations are presented. The two approximations use the same parameters. The
results from these two approximations are quite similar in terms of the diffraction pat-
terns, number of rings and the size of the rings. The only noticeable difference is that
Stokseth’s approach produces relatively sharper images than those of Castleman.
Results presented in Fig. 2.18 and Fig. 2.19 are the defocused OTFs from the two

approaches. They are very close.



Figure 2.16  Stokseth’s defocused PSF at defocus 20um. Left: 25x
0.45NA; middle: 40x, 0.95NA; right: 63x, 0.80NA.

Figure 2.17 Castleman’s defocused PSF at defocus 20um. left: 25x
0.45NA; middle: 40x 0.95NA; right: 63x 0.80NA.

39
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frequency frequency

Figure 2.18 OTF mesh of the 25x 0.45NA lens at 10um defocus Left:
Castleman; Right: Stokseth. /. =2.3435

" magnitude

frequency frequency

Figure 2.19 OTF mesh of the 40x 0.95NA lens at 10 um defocus. left:
Castleman; right: Stokseth. f. = 3.4545.

Hopkins’ approach of Eqn. 2.7 is also used to calculate defocused PSFs and

OTFs. The results are comparable with those from Castleman’s approximation in terms
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of number and size of diffraction rings. Therefore, in this thesis, all the results presented

are from the simple form of Castleman’s approach.

2.4.2 Results of a comparison of the two approaches

As mentioned early, the comparison of direct measurement and mathematical
models is accomplished by three means: visual comparison in the space domain, com-
parison in the frequency domain and correlation coefficient computation in both the
space and frequency domains. In the following, comparison results are presented for
representative objective lenses used. All the images from mathematical models in the

comparison have been convolved with a proper amount of point light sources.

A. 16x, 0.35 NA lens: The resulting space sampling rate is 0.58 pum. In this case the pin-
hole is small enough so that the digitized image is the true PSF. The defocused PSF for
the 20pm of defocus is digitized and also computed from the OTF given by Eqn. 2.10
using the inverse discrete Fourier transform. Visual comparisons (see Fig. 2.20) indicate
that the two images are very close- same size, same number of diffraction rings and
same intensity distribution. The resemblance can also be observed in Fig. 2.21 which is
the 1-D OTFs from the two approaches. The correlation coefficients for these functions,

given in Table 2.4, range from 0.9451 to 0.9544 indicating good matches.



Figure 2.20 Defocused PSFs for the 16x, 0.35NA lens at a defocus
amount of 20. Left: theoretical result. Right: experimental result.

Both images have size of 37x37.

magnitude zoo00f
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Figure 2.21 Center cross section of the defocused OTFs of the 16x,
0.35NA lens at a defocus amount of 20um. The solid line is the
experimental OTF, the dashed one is the theoretical one.
f=1.2727.
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B. 25x 0.45NA lens: The resulting space sampling rate is 0.37 pum. In this case, the pin
hole is a 3x3 array of point light sources. The defocused PSFs for 10 and 20um of defo-
cus are computed from the corresponding defocused OTF given by Eqn. 2.10 using the
inverse discrete Fourier transform. The computed images result from the convolution of
the defocused PSF with the array of point light sources. The computed image and a cor-
responding measured image for a 10um defocus are presented in Fig. 2.22 and images
for a 20pum defocus are presented in Fig. 2.23. Visual comparisons from Fig. 11 as well
as Fig. 2.23 indicate that images from the mathematical model and measurements are
very close. The comparison in the frequency domain, as presented in Fig. 2.24, provides
the same indication. The correlation coefficients in both the space and frequency
domains ranging from 0.9262 to 0.9735, as given in Table 2.4, also indicate that the two

approaches lead to similar images.

Figure 2.22 Defocused PSFs for 25x, 0.45NA lens at a defocus amount
of 10 pum. Left: theoretical result. Right: experimental result. Both

images are 26x26.



Figure 2.23 Defocused PSFs for 25x lens at a defocus amount of 20 um.
Left: theoretical result. Right: experimental result. Image size is
75x75.
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Figure 2.24 Center cross section of defocused OTFs of 25x, 0.45NA
lens at a defocus amount of 20 pum. The solid line represents the

experimental OTF; the dashed line represents the theoretical OTF.
Jf.=1.6364.
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C. 40x, 0.95NA lens: The resulting space sampling rate is 0.21 um. In this case, the pin-
hole is decomposed into a 5x5 array of point light sources where all the elements have
the value one except the four corners which have the value zero. The computed defo-
cused PSF is convolved with the light array and is compared with the image from the
experiment. The images for 10 and 20pum defocus are presented in Fig. 2.25 and Fig.
2.26 respectively. Visual comparisons (Fig. 2.25 as well as Fig. 2.26) indicate that for
this medium magnification and high numerical aperture lens, the results from the two
approaches have great differences. The computed images have more diffraction rings
and the overall sizes of the rings are larger. In the 10pm defocus case, the size of com-
puted diffraction rings is, 155x155, over three times larger that the experimental pattern
which is 47x47. The results shown in Fig. 2.27 are from system 2 using the same objec-
tive lens as used in system 1. Fig. 2.27 indicates the same disagreement that the size of
the diffraction pattern from the mathematical model is 115x115, over three times more
than the experimental 37x37. Because the comparison results from the two systems giv-
ing the same disagreement, the possibility that the disagreement comes from system
error is eliminated. And not surprisingly, their corresponding OTFs are different as
shown in Fig. 2.28. The correlation coefficients in both domains range from 0.2715 to

0.3775, as in Table 2.4, which are low and indicate no matching.

" P X @ ¥ O T O W W

Figure 2.25 Defocused PSFs from system 1 for the 40x, 0.95NA lens at
defocus amount of 20 pum. Left: theoretical result; size:279x279.

Right: experimental result; size:116x116.



Figure 2.26 Defocused PSFs from system | for the 40x, 0.95NA lens at
defocus amount of 10 um. Left: theoretical result; size: 155 x155.

Right: experimental result; size: 47x47.
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Figure 2.27 Defocused PSF from system 2 for the 40x, 0.95NA lens at a
defocus amount of 10 pm. Left: theoretical result; size: 115 x115.

Right: experimental result; size: 37x37.
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Figure 2.28 Center cross-section of defocused OTF of 40x, 0.95 lens at a
defocus amount of 10um. The solid line represents the

experimental OTF; the dashed line represents the computed OTF.

D. 60x, 0.80NA lens: The resulting space sampling rate 0.137 um. In this case, the pin-
hole is decomposed into a 7x7 point light array where all the elements have the value
one except the four cormners which have the value zero. The computed defocused PSF is
convolved with the light array and is compared with the image from the experiment. The
defocused image for 10um is presented in Fig. 2.29. Visual comparisons (Fig. 2.29)
indicate that for this moderately high magnification and high numerical aperture lens,
the results from the two approaches differ greatly. The image from the mathematical
model has more diffraction rings and the overall size of the rings is larger. For the 10um
defocus case, the size of the computed diffraction rings is 155x155 while that of the
experimental pattern is 83x83. The comparison in the frequency domain (see Fig. 2.30)

also shows differences in the two approaches. The correlation coefficients in both
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domains range from 0.4464 to 0.4642, as in Table 2.4, which are low indicating little

matching.

However, at the same amount of defocus, the size of the computed diffraction pat-
tern from the 63x, 0.80NA objective lens is about two times larger than that from exper-
iments, while the difference for the 40x, 0.95NA lens is three times. The frequency
components from both approaches for the 63x, 0.80NA objective lens, as in Fig. 2.30,
are also closer than that of the 40x, 0.95NA objective lens, as in Fig. 2.28. The correla-
tion coefficients of the 63x, 0.63NA lens are also higher that those of the 40x, 0.95NA
lens. This suggests that the numerical aperture of an objective lens plays a more impor-
tant role than its magnification for the mismatching of results of mathematical models

and measurements. Section 2.5 provides more discussion on this point.

w = » o = L - »

Figure 2.29 Defocused PSFs for the 63x, 0.80NA lens at a defocus
amount of 10um. Left: theoretical result; size:155x155. Right:

experimental result; size:83x83.
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Figure 2.30 Center cross section of defocus OTF of 63x, 0.80 lens at a
defocus amount of 10 pum. The solid line represents the

experimental OTF; the dashed line represents the theoretical one.
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Table 2.4. The correlation coefficients of defocused images of the pinhole, in the space
and the frequency domain at various amount of defocus.

Objective Space Domain Frequency Domain
lenses
{  10um 20um 10pum 20pm
16x, 0.35NA 0.9487 0.9451 0.9510 0.9544
25x, 0.45NA || 0.9420 0.9262 0.9735 0.9710
40x, 0.95NA 0.2715 0.3572 0.2832 0.3775
63x,0.80NA || 04464 / 0.4642 /
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2.5 Discussion

As has been seen from the last section, for objective lenses with a low magnifica-
tion and numerical aperture, the images of the pinhole computed from the mathematical
model and measured from experiments are fairly close to each other. For higher numeri-
cal aperture and magnification lenses, the results from these two approaches have great
differences in terms of their number and size of diffraction rings. The effects of the two
possible causes, namely magnification and numerical aperture of an objective lens, are
simulated. The effects of the magnification on the diffraction patterns are simulated by
varying magnifications and their corresponding space sampling rates while the numeri-
cal aperture is fixed at 0.95. The four magnifications, namely 16x, 25x, 40x and 63x, of
the objective lenses used in the experiments are used for simulation so that their corre-
sponding space sampling rates are known. The simulation results are presented in Fig.
2.31, where the units of the x- and y- axis are micrometers in all the results. The lengths
of the x- and y-axis are deliberately fixed for all the plots in the figure so that the differ-
ence, if any, in the width of the diffraction rings can be easily observed. From Fig. 2.31,
it can be seen that increasing magnification brings out more diffraction rings but the
overall size of the diffraction pattern remains the same. The increased number of diffrac-
tion rings for high magnification, i.e., small space sampling rate is due to increasing
resolving power so that the system is able to distinguish finer details. Because the
change in magnification does not increase the size of the diffraction rings, it is unlikely
that the cause of disagreement of the two approaches is related to the magnification and

the space sampling rate.

Another piece of evidence suggesting that the magnification does not affect the
size of diffraction rate is from another 40x objective lens which has a numerical aperture
of 0.65. The results of defocused PSFs of the lens for a defocus amount of 10um from

the two approaches are shown in Fig. 2.32. While the size of the diffraction pattern for
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the mathematical model one is 54x54 and that for the experimental one is 41x41, they
are much closer than those shown in 2.27. All the parameters used for the results in Fig.
2.32 are the same as those in Fig. 2.27 except that the numerical aperture is different.

Thus the numerical aperture probably is the factor causing disagreement.

" (um)

" (um)
M=16, Ax=0.58um M=25, Ax=0.37um M=40, Ax=0.21 p.m M=63. Ax=0.137um
NA =0.95

Figure 2.31 Simulation of effects of the space sampling rate to
defocused PSF of the 0.95NA objective lens at 10pum. The units on

x and y axis are micrometers.
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Figure 2.32 Defocused PSF for the 40x, 0.65NA lens at the defocus
amount of 10 um. Left: theoretical result; size: 54 x 54. Right:

experimental result; size: 41x41.
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The effects of the numerical aperture on the diffraction patterns are simulated by varying
the numerical aperture while the magnification is fixed. Four numerical aperture values,
namely 0.65, 0.75, 0.85 and 0.95 are used for simulation for the 40x magnification lens.
The simulation results are presented in Fig. 2.33. Again, the length of the x- and y- axis
for all plots is fixed and the units of the two axes are micrometers. From the figures, it
can be seen that the number as well as the size of the diffraction rings increases with the
numerical aperture. The size of diffraction rings for 0.65NA is about half of 0.95NA for
the 40x lens. This indicates that a wrong value of numerical aperture can cause the dis-
agreement of the two approaches in terms of size and number of diffraction rings. Possi-
ble causes of a wrong value for the numerical aperture could be that the real numerical
aperture of a microscope or the effective numerical aperture of the microscope system
arrangement is smaller than that indicated on the objective lens, or that the mathematical

model does not take the value of the numerical aperture into consideration correctly.

NA=0.95 (um

Figure 2.33 Simulation of effects of numerical aperture on the defocused
PSF of the 40x objective lens at 10um. The units of the x and y

axis are micrometers.
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2.6 Summary and Conclusion

Both direct measurement and mathematical models are used for obtaining defocused
PSFs and OTFs. Results of the defocused PSFs and OTFs from both approaches show
that a defocused transmitted light microscope tends to discriminate against high fre-
quency information and thus introduce haze to an image. The maximum intensity of a
defocused PSF drops with increasing defocus. For high numerical aperture objective
lenses, the maximum intensity drops dramatically with a small amount of defocus. The
comparison between the two approaches shows that the defocused PSF and OTF from
the experimental approach agree with those from the theoretical approach for low
numerical aperture lenses. However, for objective lenses with high numerical aperture,
these two approaches produce different results in terms of their diffraction patterns and
sizes. The theoretical approach produces more diffraction rings and a larger diffraction
pattern, and thus introduces more haze to final images. Simulations indicate that a wrong
value of numerical aperture can cause the disagreement between the two approaches in
terms of size and number of diffraction rings. A wrong value for the numerical aperture
may be related to causes such as the real numerical aperture of a microscope or the
effective numerical aperture of the microscope system arrangement is smaller than that
indicated on the objective lens, or the mathematical model not taking the value of the
numerical aperture into consideration correctly. These results suggest that defocused
PSFs and OTFs from direct measurement are more appropriate for applications involv-
ing high numerical objective lenses; whereas defocused PSFs and OTFs from both
direct measurement and mathematical models are appropriate in applications involving

low numerical aperture objective lenses.
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Chapter 3

Volume Data Acquisition II - Optical

Sectioning

A microscope image of a thick specimen contains object information from the in-
focus plane as well as that from out-of-focus planes. The out-of-focus information can
be removed mathematically after an image is acquired, which leads to a clean image
containing only information on the focal plane. Serial microscope images of the speci-
men are obtained by moving the objective stage of the microscope so that the in-focus
plane moves from the top to the bottom of the specimen at a constant interval as men-
tioned in Chapter 1. This method of collecting serial microscope images and mathemat-
ically removing out-of-focus information from images obtained is called optical
sectioning. Algorithms for optical sectioning vary in terms of the mathematical method

used to remove out-of-focus information.

The defocus information of a thick specimen from out-of-focus planes can be con-
sidered as a distortion of the image of the object on the focal plane. As will be seen in
Section 3.1, this distortion is the result of a 3-D convolution of a 3-D object, i.e., the
thick specimen, with the 3-D transfer function of the microscope. The 3-D transfer
function of the microscope is represented by the stack of sequential 2-D defocus PSFs
such as the ones obtained in Chapter 2. The actual image acquisition corresponds to the

result of the 3-D convolution at a plane (the image plane). The 3-D convolution resem-
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bles the model of image distortion in 2-D image processing where an observed image
is a result of 2-D convolution of the original image with a 2-D distortion transfer func-
tion. In two-dimensional image restoration, the original image is recovered from the
observed image provided that the distortion transfer function is known. Optical section-
ing can be regarded as an extension of 2-D image restoration to 3-D where the 3-D dis-
tortion transfer function is known and the objective is to recover the 3-D original
object from the 3-D observed image. The 3-D observed image is the stack of serial 2-D
images obtained by moving the object stage of a microscope so that the focal plane
moves from the top to the bottom of the 3-D object at a constant interval. The 2-D
image at level j within the 3-D observed image is obtained by placing the focal plane at
level j within the 3-D object. The 2-D image contains in-focus information of the
object at level j on the focal-plane plus the out-of-focus information from the remain-
ing of the object. Thus, the 3-D observed image contains serial 2-D images with the
focal plane placed from the top to the bottom of the object. Optical sectioning is to
recover the 3-D original object which is the in-focus information from the serial 2-D

images, i.e., the 3-D observed image.

Previous studies extend 2-D image restoration algorithrms to 3-D deconvolution
for 3-D image restoration [13] [41] [42] [53] [94]. However, since 3-D deconvolution
is involved which is very computationally intensive, most of the algorithms require spe-
cialized computers. Several optical sectioning algorithms use rough approximations to
reduce the computational effort, but they are not effective for most images [2] [13]. In
this thesis, a new algorithm, the partial-minimization-and-constrained-iterative algo-
rithm, is proposed, which represents a compromise between the 3-D deconvolution and
the rough approximation approaches. Results show that this algorithm is effective at
removing out-of-focus information. The algorithm processes serial images indepen-
dently, thus computationally expensive operations such as 3-D convolution and 3-D
Fourier transform are eliminated. It allows the user to choose the degree of approxima-

tion and thus the computation complexity. The algorithm is also very attractive for par-
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allel implementation because all the images can be processed independently. Another
advantage of the algorithm is that it breaks a 3-D problem down into series of 2-D prob-

lems, and thus it can utilize many existing 2-D computing resources such as 2-D FFT.

This chapter is organized as follows. In Section 3.1, models for image formation
of a thick specimen are presented. The principle of optical sectioning by which the
models of image formation are obtained is discussed. In Section 3.2, a brief overview of
existing algorithms for optical sectioning is given. The proposed partial-minimization-
and-constrained-iterative algorithm is discussed in Section 3.3, and the results of optical

sectioning of this algorithm are presented in Section 3.4.

3.1 Models of Image Formation and Optical Sectioning

A highly simplified microscope consisting of an objective lens and a specimen
with thickness 7 are illustrated in Fig. 3.1. The bottom of the specimen is placed on the
object stage of the microscope. Two coordinate systems, the system of the microscope
(x', y', z') and that of the specimen (x, y, z), are also depicted in the figure. The origin
of the microscope coordinate system is at the image plane of the microscope with the z-
axis coinciding with the optical axis of the microscope. The origin of the specimen
coordinate is at the top of the specimen with the z-axis along the z-axis of the micro-
scope. If d;, drand f represent the image-to-lens distance, focal-plane-to-lens distance
and focal length respectively, as illustrated in Fig. 3.1, these three parameters have the

following relation according to optics theory [9]:

P.1

. f

Because the d; and f of a microscope are fixed by the manufacturer, the focal-plane-to-

1
(7;-*- (3.1

lens distance dy is therefore fixed by Eqn. 3.1. The object stage of the microscope is
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moved up or down so that the focal plane is placed at the desired level within the speci-
men.

Let f{x, v, z) denote the 3-D distribution of optical density within the specimen,
and g'_-(x',y") denote the 2-D image resulting from the specimen with the focal plane
located at level z = z¢ If a relation between f(x, , z) and g':f(x', ') can be established,
then it is possible to obtain f{x, y, z) from the resulting images. To establish such a rela-
tion, it is necessary to unify the coordinate systems of f{x, y, z) and g.(x,y") . The
function g'..(x', ') can be projected from the image plane to the focal plane, counter-
acting the magnification and a 180° rotation. This projection places the image back into
the coordinate system of the specimen because the focal plane is within the specimen.
Let g(x, y. zp be the projection of the image g'_.(x',)") from the image plane to the
focal plane z = z; Thus a point (x', y ) on the image plane is mapped to a point at (x, y,

zy on the focal plane in object coordinates.

The model for image formation is a relation between a 3-D object and a 3-D
transfer function leading to a 3-D image. The model for image formation is developed
in the following way: consider the contribution of a thin slice of the 3-D object to the 2-

D image with the focal plane placed at z = z4 sum the contributions of all the thin
slices of the 3-D object to obtain the observed 2-D image; place the focal plane at a dif-
ferent z level to obtain another 2-D image, repeat this process to obtain a series of 2-D
images, i.e., the 3-D observed image.

Consider a very thin slice of a 3-D object f{x, y, z;) at z = z;, which means the
slice is out-of-focus by the amount of (z; - zf) (see Fig. 3.1). Its contribution to the
image g(, y, zy, according to linear theory, is the 2-D convolution of f{x, y, z;) with the

defocus transfer function A(x, y, z; - zg [67], as in Eqn. 3.2.

g (520 = f(xp.2) ®h(x,y,z,-2) (3.2)
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In the equation, ® represents the 2-D convolution operation with respect to x and y,

and A(x, y, z) stands for the defocused PSF.
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Figure 3.1 A diagram of a highly simplified microscope with a specimen
with thickness T.

The 3-D object can be modeled as a stack of (N+1) thin slices located at small inter-
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vals Az along the z axis. A 2-D image with the focal plane placed at z = z¢is the sum of
the contributions of all these thin slices. Therefore the 2-D image with the focal plane at
z = zpof the 3-D object is given by (see Fig. 3.1):

N

gluyz) = Zf(x, »,jAz) @ h(x,y,jAz—z)) (3.3)
j=0

This equation states that the image of a thick specimen with the focal plane at zris the

sum of the (N+1) specimen planes blurred by the corresponding out-of-focus PSF.

Serial 2-D images (3-D observed image) can be obtained by moving the object
stage of the microscope in the same increment Az so that the focal plane is placed from
the top to the bottom of a 3-D object (specimen). This movement corresponds to change

the value of z7from zero to T (where T=NAz):

zf=iAz 0<i<N.

Thus the ith 2-D image is obtained as

N
g(x,y,idz) = Y f(x,,jAz) ® h(x,p,jAz—iAz) (3.4)
j=0

The notation of the above equation can be simplified if x, y are dropped and the con-

stant Az is implicitly included in the function 4, as:

N
g = DfOh_, (3.5)
j=0

After substituting j with j-i where iAz represents the distance between the focal plane
and object plane, i.e., the defocus amount, Eqn. 3.4 then can be written as:

N—i
g = 2 fir;,®h (3.6)

j=-i

The above equation can then be rewritten as:
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-1 N—i
g =fi®hgt Y fi.,®h+ D f. . ®h 3.7)

j = - _I =1
The above equation states that an observed image with the focal plane at z = iAz is the
sum of the true density of the object f at plane i convolved with the in-focus PSF A,
and its adjacent specimen planes f;;; above and below the focal plane, blurred by the

out-of-focus PSF hj.

As discussed in Chapter 2, the maximum intensity of the defocused PSF
decreases with increasing defocus.This indicates that object slices farther from the
focal plane contribute less to the image than those closer to the focal plane. Often, the
contributions from farther slices can be ignored. For this reason, only M planes above
and below (where (2M+1) < N) the focal plane are considered to attain reasonable

approximation and Eqn. 3.7 can be rewritten as:

-1 M
g =fi®hy+ D [,,,9h+ Y [, ®h (3.8)
j:—M Jj=1

[t is possible to use Eqn. 3.6 or Eqn. 3.7 or 3.8 to obtain f; if (N+/) images g; (i =/ to N)
taken with the focal plane placed at different levels within the 3-D object are known.
This simultaneous equation model is one of the two models of image formation used to
remove out-of-focus information from images of the thick specimen which will be dis-

cussed in Section 3.2.1.

Another model of image formation of a microscope is developed by Castleman
based on Eqn. 3.3 [17]. If the interval Az approaches zero, N approaches infinity, and

the summation becomes an integral:

T
glxy,z) = Lf(x,y, 2) @ h(x,y,z,~2) dz

Upon writing out the 2-D convolution and letting f(x, , z) be zero outside the range of



61

0 <z £ T, the above equation becomes:

g(x,y, zf) = E;o'[lf: fCpyp2)h(x—x,y~y,, zf—z) ) dx,dy ,dz (3.9)

Eqn. 3.9 is a 3-D convolution, a general model for image formation of a microscope
with a thick specimen. A series of images of g(x, y, zr= iAz) (/<i<N) taken at different
focal plane levels z-can be stacked as 3-D images as g(x, y, z). The function f{x, y, z) can

be recovered by 3-D deconvolution, which will be discussed in Section 3.2.2.

3.2 Algorithms for Optical Sectioning

3.2.1 Algorithms based on simultaneous equations

3.2.1.1 Simultaneous linear equations

In the frequency domain, Eqn. 3.6 becomes:

N N—i
G = YFH_ =Y F. H (3.10)
j=0

j=-i
in which G, F and H are the corresponding 2-D Fourier Transform of g, fand 4. Since
(N+1) of Gj is known, Eqn. 3.10 represents a set of (N +1) simultaneous linear equa-
tions of (N+1) unknowns F’s. These (N+1) equations, if solved, lead to the functions
F and thus to the intensity functions f Even if a solution exists, however, the computa-
tional complexity of solving these equations is tremendous and in most cases a solution
is unpractical because the number (N+/) of sections in a thick specimen is usually

large.
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3.2.1.2 Nearest neighbor algorithms

Castleman er. al.proposes an approximation method, the nearest-neighbor algo-
rithm, to obtain a good approximation of the intensity functions at a reasonable compu-
tational cost [13] [17]. The nearest-neighbor algorithm is based on the following three
assumptions:

The first assumption is that the specimen plane f; can be approximated by a high-

pass-filtered version of the image gj, that is
ACEL

The ground for this assumption is that the defocus PSF tends to discriminate high-fre-
quencies and to allow low frequencies to pass, as discussed in the preceding chapter.

Thus the image spectrum G; contains the specimen spectrum F; plus excessive low-fre-

quency information from adjacent planes. Excessive low-frequencies from defocus

planes are removed using a highpass filter applied to the observed g;. The second
assumption is that the effects of in-focus PSF can be ignored, that is /;® 4 = f;. The
third assumption is that only a small number of M planes adjacent to the focal plane

contribute to g;.

After rearranging Eqn. 3.7 into the following form

=l N=i
[i®hy =g= 3 fisj®h=3 fi,,®h @3.11)
j=0

j=-i
and substituting the mathematical form of the assumptions, the above equation can be

written as:

M
fi=g— 2. (8- ®h;+g,,,®h) Ok, (3.12)
j=1

where M < N. This equation suggests that the specimen at plane j can be approximately
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restored by removing the defocused information, i.e., by subtracting 2M images of adja-
cent planes that have been convolved with the appropriate defocused PSF and a high
pass filter ky. The high-pass filter and the number M of adjacent planes must be selected
to give reasonable results. Often, M is set to be equal to 1 which means that only three
planes, the in-focus plane, one plane above, and one below the focal plane, are

involved in the deconvolution.

Agard et. al. suggests a different approximation as [2] [3] [4]:

M
fizcz[gi—cl 2. (g_®h i+ gi+j®hj)] (3.13)
j=1

where constants ¢; and ¢ are used to balance out the relative contributions of the focal
plane and the adjacent planes. For large spacing between sections, it was found that

¢;=0.45 and c,=0.9 are the best values for restoration results.

The first and last assumptions used in the nearest-neighbor algorithms are rela-
tively accurate for a large spacing between sections but not for a small spacing. Thus
nearest-neighbor algorithms are effective and efficient only for optical sectioning with

large spacing.
3.2.2 Algorithms based on 3-D deconvolution

In 2-D image restoration, the model of image formation is the convolution of the trans-

fer function with the original image plus additive noise as given by [31]:

g(x,y) = f(x,y) ®h(x,y) +n(x,y)

Two-dimensional image restoration is the recovery of f{x, y) from g(x, y) providing that
the transfer function h(x, y) is known. As described in Section 3.1, imaging a thick
specimen is the 3-D convolution of the 3-D transfer function of the microscope with 3-
D objects, which has the form identical to the 2-D model. Thus, 2-D image restoration

algorithms, as can be found in [5] [8] [31] [47], are extended to the 3-D case to recover
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3-D objects. The schema of extending 2-D to 3-D can be found in the literature of opti-
cal sectioning [13] [41] [42] [53] [94].

3.2.2.1 Inverse filtering

The frequency domain relation of Eqn. 3.9 is given by:
G(u,v,w) = F(u,v,w)H(u,v,w)
where u, v and w are frequency variables. Thus,

|

H(a v, w) = G(u,v,w)H (u, v, w) (3.14)

F(u,v,w) = G(u,v,w)
Providing that AH’(u, v, w) exists, the intensity function f{x, y, z) is the inverse Fourier
transform of Eqn. 3.12. This method is called inverse filtering [13] [22].

The major problem with inverse filtering is the computational difficulty of the
inverse of the 3-D OTF, H(u, v, w), when H(u, v, w) vanishes or becomes very small in
any regions of interest in the uv plane and H(u, v) cannot be simply inverted. Further-
more, if noise is present and additive to the image formation model, then the inverse of

small values of the 3-D OTF multiplying the noise will dominate the restorted results.

3.2.2.2 Constrained-iterative approaches

A constrained-iterative schema iteratively evaluates an objective function to maxi-

mize or minimize it while imposing constraints on the estimated function. An example

. T .. . - 112 . .
is the minimization of the objective function @ (f) = “g-h ® jﬂ I while constrain-
ing the estimated function f so that / must be positive. It is proven that the constrained-

iterative schema is a means of regularizing image restoration? [47].

I. ||.I* denotes the L2-norm of a matrix unless otherwise stated.
2. Regularizing image restoration is to minimize a stabilized objective function.
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Constrained-iterative approaches are used for image restoration for the following
reasons. First, iterative computation of 3-D deconvolution can be easier than the direct
evaluation and can be terminated before convergence. Secondly, the use of iterative
schema allows additional constraints to be imposed on the estimated function. Thirdly,
the iterative schema usually does not require inversion of 4 or division by A during cal-

culations.

Most 3-D iterative approaches involve the non-negative constraint that the optical
density for each pixel is non-negative because a negative value of a pixel does not have
any physical meaning [13] [41] [42] [53] [94]. The commonly used initial estimation

of the estimated function is the observed image. Given (N+/) observed images g;, the

stack of a 3-D observed image g, 3-D iterative approaches are to find f; (the 3-D inten-

sity function f) such that the objective function ® (f) is minimized. Algorithms for
optical sectioning based on 3-D constrained-iterative schema can be summarized in the

following form:

1) set an initial estimation /0 = finitias- 1 D€ imaging properties of a defocused

microscope, as described in Chapter 2, are such that an image of a thick specimen

mainly contains the in-focus information plus the out-of-focus information.Thus the ini-

tial value of the estimated function f can be set as the observed image g, that is /0 =g.

L+l y : .
ii) set the evaluation function /k Tl f + Br‘, where r* is the evaluation factor
usually depending on by the objective function chosen in the particular algorithm and

is a user-controlled parameter.

iii) impose the non-negative constraint on the estimated function so that if

£ <o, f* =0,

iv) continue the iteration until the estimated function converges or meets a preset
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condition;

The main difference among various constrained-iterative schemes for 3-D optical

sectioning is the choice of objective function and the choice of the evaluation factor *.
The following are representative algorithms of constrained-iterative schemes used in 3-

D optical sectioning.

VanCittert’s constrained iterative algorithms:

A good result for the estimated function f convolved with the blur function 4,

i.e., h ® f, should be approximately equal to the observed function g. This approach is

the basis of the VanCittert’s constrained-iterative algorithms. This type of algorithm

. . - 42 . - .
minimizes the objective function @ (f) = "g——h ® jﬂ [47]. The evaluation factor /* is
set as the error of the observed function with the blurred estimated function, i.e.,

r,=g—ho®f (3.15)

B can be chosen as a constant between zero to one, or as a function of the image coordi-

' ~ 2
nates as in Agard [2] so that BA =1- [gl‘—A] /4° , Wwhere A is a constant set to the

maximum value of g¥/2.
Constrained iterative Tikhonov-Miller regularized filters:

The well-known unconstrained Tikhonov-Miller filter of image restoration involves

minimizing the following objective function [S]

- a2 2
®(f) = lg—r@A" +alch (3.16)
where C'is the regularizing operation which usually is a Laplacian operator, and a is the

regularization parameter chosen to equalize the equation. There are several ways to

define the evaluation factor /£ in 2-D image restoration which can be used for the 3-D



67

constrained-iterative regularized Tikhonov-Miller filters. Representative methods are

the steepest descent method and the conjugated gradients method.

In the steepest descent method, the evaluation factor / results from the largest

decrease in the @ (_f) as [47]:

ko1 ot t .
r=—=veQs= hbg—(h;,hbmcb Cb)f (3.17)

The Ay, and C}, are both block-circulant matrices of h and C [31]. x* represents the trans-
b b p
pose of matrix x. If o approaches zero, the Tikhonov-Miller filter becomes an iterative
algorithm similar to VanCittert’s iterative approach.
The conjugated gradient iterative method converges faster than the steepest

descent method by setting an additional evaluation parameter pk [11] [12] [89] which

. .ok . . k k. ok k-1
1s used to obtain B/‘ and is related to the evaluation factor /* as: p =r +yp

2
_ 1A

I+=1°

The evaluation parameter f is related to pk as:

in which y*

A k k
B = 2r £ k2
||+ ol

Stochastic approaches:

Stochastic approaches maximize the log-likelihood function of the probability density
function (PDP) p(f7g) with respect to f[41] [42] [94], that is, they maximize

L{(f7g) = n(p(f/g))

The non-negative constraint is imposed by setting f(x. v, z) = r’(x, y. z). The maximiza-

tion is implemented as steepest ascent which involves the partial derivative of the log-
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likelihood function with respect to r(x, y, z).

In short, algorithms for optical sectioning based on 3-D deconvolution are
extension from 2-D deconvolution for image restoration. Deconvolution usually
involves iterative approaches so that results can be terminated before convergence and
additional constraints can be imposed. Algorithms differ from one another mainly in
terms of the objective functions, and thus the evaluation factors used. However, 3-D
deconvolution, is very computationally expensive and specialized computers are often

required.

3.3 Partial-Minimization-and-Constrained-Iterative

Algorithm

[n this section, a new optical sectioning restoration algorithm, partial-minimiza-
tion-and- constrained-iterative (PMCI) algorithm, is presented. This algorithm is based
on the simultaneous equations of the image formation model and estimate the intensity
function f; on the focal plane by minimizing the errors between the observed images and

the estimated images.

For (N+[)optical sectioning images, Eqn. 3.5 yields the simultaneous equations:

8o = fy®@hy+f,®h, +f,@hy+ ... +f, ®h,
8 =Lo®h  F[®hytf[Oh . Hfy®hy_

& = fo®h,+f[®h_  +f3@hy+...+fy®hy_,
) (3.18)

......

......

( 8y SSo®h y*+/1®h_(y_y +L®h_(y_y+ . +fy®hy
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Let /}l (i=0 to N) be the 2-D estimated intensity functions of a 3-D object on the

planes i (i= 0 to N). Thus, the estimated images g, of the estimated functions fl can be
obtained through Eqn. 3.18. The errors between the observed images and the estimated
images are given by E, = g,— éi (i=0 to N). For example, the error for the second
plane i=1 is:
E, =g -g

= (o®h +fi®hy+ ... +fy®hy_|) “(/;o®h—| +fi ®hy+ ... +f:v®h‘v—|)
That is,

E =g-8= (fo_foJ ®h_, +Lf| —fl)®h0+ +LfN—fNJ®hN—l (3.19)
[f all the differences of the original intensity functions and estimated intensity func-

tions, i.e., L fi= f‘) (i=0 to N) in Eqn. 3.19 are minimized (in some sense), then the
error £; will also be minimized. In fact, if all ( fi— j:) in the simultaneous equations
are minimized, all the errors £; = gi—éi (i=0 to N) are minimized. At this point, the

estimated functions /: are very close to the original intensity functions, and they can be

considered as original intensity functions without blurred information from adjacent

planes. However, minimizing all the L Si— fl) simultaneously is not a trivial task. It

involves processing all the images simultaneously, which consumes large amounts of

memory and requires many computations so that specialized computers may be

required. Further, not all f, approach the true function f; at the same speed.

An alternative to simultaneous minimization is partial minimization. Partial mini-

mization is similar to that of using the partial derivative of a multi-variable function. In
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Eqn. 3.19, if all the factors ( fi— f:J except the one on the focal plane are fixed, then
the error E; is partially minimized when ( fi— flJ is minimized. Conversely, if the
error £, = g, — 8:1 is minimized with respect to L fi— fl) while other factors ( fi— f,J

are considered fixed, the estimated function fl is an approximation of the original func-

tion f, . The motivation for this approach is based on a property of microscopes, as pre-

sented in Chapter 2, which state that the maximum intensity of a defocused PSF drops
rapidly with the increase of amount of defocus. It is thus assumed that the amount of
out-of-focus information will be much less than the in-focus information. A good
approximation of the in-focus f; can be estimated from g; using minimization for each of
the equations in Eqn. 3.18. This implies that the following objective function is mini-

mized for the (N+1) equations in Eqn. 3.18.

ol7)-

where g; is the 2-D observed image with focal plane at iAz, f; is the estimated 2-D

2

- =1 N—i
gi“(j}®h0+ Z gi+j®hj+ Zg,'+j®hj)
Jj==i j=1

(3.20)

intensity function of the object on the focal plane and ||.|| denotes a L? norm. The pro-

posed PMCT algorithm is to minimize the errors between the observed images (g;) and
the estimated images (g, ) (i=0 to N) by estimating the intensity function on the focal
plane. In other words, the PMCI algorithm is to partial minimize the objective function
as in Eqn. 3.20. The minimization of <le f,J with respect to f, (1i=0 to N), is accom-
plished by applying 2-D VanCitter’s constrained-iterative schema to ith equation of the
simultaneous equations.

Assume that (V+/) is the number of images observed, i.e., the thickness of the

object is NAz, M is the number of planes adjacent to the focal plane at one side where
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(2M+1) can be chosen either equal to or smaller than M, K is the user predefined num-

ber of iterations, € is the error bound predetermined to terminate the iteration, and L

and L, are the size of the observed images on the x- and y-axis respectively. The code

for the PMCI algorithm can be written as below:

procedure Partial-Minimization-and-Constrained-Iterative Algorithm

begin

for each image / do

/? = g, or /? =g® ¢y {episa heuristic highpass filter}

end

for each image i/ do
for k:=1 to K do

N—-i
gf =jf®h0+ Z f?+j®hj
j= i

G=0)

M
or g =fi®ht Y [, ®h
‘v

£ = s
AT 1A

if /7' (x,y) <0 then
iy =0

else iff,.'+l (x,y) >maximum (g;) then

(3.21)

3.22)

(3.23)

(3.24)
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-+ ] .
/f (x,y) = maximum(g,)

end {end of non-negative and up-bound constraint}

ifE, = Z:Ty"E'k" <& then (3.25)

end {terminate iteration if error-bound is reached}
else
continue {iteration}
end {terminate if desired number of iteration is reached}
end ({finish estimation for all observed images}
end {finish the PMCI algorithm}

As discussed in Section 3.2.2, the initial estimation of the focal plane f; can be set

to its corresponding observed image g;:

£ =g (3.26)

An alternative to this initial estimation is the observed function filtered with a

high-pass filter:

/f.) = g,®c (3.27)
where ¢ is some heuristically determined highpass filter. This alternative is based on
the same ground as that of the first assumption in the nearest-neighbor algorithm. Defo-
cus information tends to discriminate high frequencies, and thus the image spectrum G;
contains the specimen spectrum £; plus the excessive low frequency information from
adjacent planes. A high-pass filter thus removes a large amount of defocus information
from the observed images and speeds up the convergence of iterations. Note that a high-
pass filter is sensitive to noise; this alternative estimation should only be applied to

images with high signal-to-noise ratios.
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The 2-D VanCittert’s iteration schema is applied to minimize the errors of the
observed images and the estimated images. For each observed image, Eqn. 3.21 or
Eqn. 3.22 is used to compute the estimated image. If Eqn. 3.21 is used, each iteration
involves (N+1)x(N+1) convolutions for a specimen with (N+/) sections, which are
quite computationally expensive. However, since the second summation term in Eqn.
3.21 is fixed for each iteration, only the convolution involving the intensity function of
the in-focus plane needs to be updated. This saves a great number of computations as
opposed to 3-D restoration algorithms. The error between the observed image and the
estimated images is evaluated for each iteration. The error is used to make a new esti-
mation of the function using Eqn. 3.24. The parameter B in Eqn. 3.24 controls the

speed of convergence. A non-negative and upper-bound constraint is imposed on mid-

dle solutions of the estimated function /f . The constraint trims the estimated function

into the range of the observed image. An estimated function is considered close to the
original function when its error between the observed image and the estimated image
reaches a predefined averaged normal error bound (See Eqn. 3.25) or an acceptable iter-
ation number. The PMCI algorithm terminates when all sections of the intensity func-

tions f; are estimated.

A great advantage of the PMCI algorithm is that it can process images indepen-
dently and no 3-D convolution and 3-D Fourier transformation is involved. This tre-
mendously reduces the computation expense, i.e., memory and computation time, so
that the algorithm can be implemented on moderate sized computers. The PMCI algo-
rithm also offers a flexibility for users to control the computation complexity and the
degree of approximation. In many cases, the user can choose less computation com-
plexity to achieve reasonable deconvolution results. One can choose M planes above
and M planes below the focal plane in the simultaneous equations when (2M+1) is less
than N. When M is high, the approximation is better, but the computation complexity is

high. On the other hand, when M is small, the approximation is not as good but the
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computation complexity is low. For a thick specimen, N tends to be large. But M may
be chosen to be 1, which corresponds to choosing one plane above and one plane
below the focal plane, as in the nearest-neighbor algorithm. Because the PMCI algo-
rithm can process images independently, it is very attractive for implementation with
parallel processing. Parallel processing allows one to distribute the computation to sev-
eral machines and thus significantly reduce the computation time. Finally, the PMCI
algorithm breaks the 3-D problem into 2-D problems to avoid the 3-D convolution and
3-D Fourier transform, thus it can utilize the available functions in 2-D cases such as 2-
D FFT.

3.4 Results of Optical Sectioning

3.4.1 Ideal sphere data

The PCMI algorithm is applied to two sets of data, one is synthetic data and the
other one is real microscope data. A series of sections of a sphere is generated for the

synthetic data by voxelizing the following equation:

1, r<r,

f(xvyv Z) = {

0, otherwise

[2 2 . . ..
where r = Nx™ + y2 + 2" and ryis the radius of the sphere. The radius is chosen to be

equal to 40um, and nine 85x85 sections of the sphere are generated, i.e., the volume is
85x85x9. The distance between each section is 10um. The generated sections are pre-
sented in Fig. 3.2, column (a). Because a sphere is circularly symmetric, only five of the
sections are presented in the figure. Each section is blurred as described by Eqn. 3.6, the
image formation equation, using six planes above and six planes below the focal plane.

The blurred sections are presented in Fig. 3.2 column (b). The axes on the images are
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the number of pixels. From Fig. 3.2 column (b), it can be seen that the edges of blurred
images (representing the observed images) are smeared, and no clear edges can be
observed. The resulting estimated functions of the sphere sections using the PMCI algo-
rithm are presented in Fig. 3.2 column (c). Four planes below and four planes above
the focal plane (i.e., M=4) and K=45 iteration are used for the estimation of each func-
tion. From Fig. 3.2 column (c), it can be seen that the PMCI algorithm removed a large

amount of defocus blur, and edges of sections are clearly visible after the restoration.
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(Continued from the last page...)
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Figure 3.2 The simulation results using a sphere. Column (a) shows the
original sphere sections. Column (b) shows the blurred images
using the image formation equation where M is chosen to be 6.
Column (c) shows the results of the deconvolution using the
PMCI algorithm where M is chosen to be 4. The iteration number
is 45.

Because the distance between sections is large, 10um, M equal to four in Eqn.

3.22 is sufficient in image restoration although M is equal to six in the image formation.

In Fig. 3.3, the plots of averaged normal errors E,, (See Eqn. 3.25) with respect

to the iteration numbers for each sections are presented. From Fig. 3.3, it can be seen
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that the errors E,, between the observed images and estimated images converge after

about 15 iterations for most of the sphere sections. Results for the image corresponding

to the top of the sphere converge much slower because the black background domi-

nates the object information.
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Figure 3.3 The plot of the averaged normal error for each section in Fig.

3.2. As can be seen from the figure, most of the sections converge
after about 15 iterations.

In Fig. 3.4, two sets of estimated results are presented using the PMCI algorithm

with M=2 and K=45 iterations. The difference in obtaining these two sets of results is
the initial estimations used. The left column shows the results using observed images
as the initial estimation and the right column shows the results using highpass filtered
observed images as the initial estimation. The two sets of results are comparable. The
error E,, of the third section from the two initials with respect to the iteration numbers
are shown in Fig. 3.5. As expected, the PMCI algorithm converges faster using the
highpass filtered images as initial estimation (solid line) than using the observed

images directly as initial estimation (dashed line) because the highpass filter removes
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the excess low frequencies from adjacent defocus planes. From the figure (Fig. 3.5),
one can also see that the final E£,, of the solid line (corresponding to highpass filtered
images as initial estimates) is higher than the final E,, of the dashed line (correspond-
ing to the observed images as initial estimates). This is because the highpass filter
removes the low-frequency information from out-of-focus planes as well as low-fre-
quencies of the in-focus information from the observed images. In the example pre-
sented here, the sphere section contains large amount of low-frequencies and they are
removed by the highpass filter thus the initial estimation using highpass filtered images

causes larger error to the final estimation.
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Figure 3.4 The deconvolution results from PMCI algorithm with M=2,
K=45. The left column shows the results using the observed
images as initial, and the right column shows the results using

highpass filtered observed images as initial.
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Figure 3.5 Error plot of the third sphere section with respect to the
iteration number. The solid line represents the error curve for
results using highpass filtered images as initial and the dashed
lines represents the error curve for results using observed images

as initial. The highpass filtered initial has a fast convergence rate.

In Fig. 3.6, the deconvolution results from the nearest neighbor (left column) and
the PMCI with M=1 and K=45 (right column) are presented. The PMCI algorithm uses
the same number of planes (M=1) in the deconvolution process as the nearest-neighbor.
The computation time for the PMCI algorithm is more than that of the nearest-neighbor
algorithm because of the iteration process. However, from Fig. 3.6, it can be seen that
the results from PMCI have better restoration results with section edges that are clearer
than those from the nearest-neighbor algorithm. Another advantage of the PMCI algo-
rithm over the nearest-neighbor algorithm is that it can estimate the intensity functions

for all the observed images, while the nearest-neighbor algorithm does not estimate the



first and last function in the observed image volume.
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Figure 3.6  The deconvolution results from the nearest-neighbor
algorithm (left column) and from the PMCI algorithm with M=1,
K=45 (right column).
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3.4.2 Pollen images

The PMCI algorithm is also applied to microscope images. Note that for a trans-
mitted light microscope, the image formation model is different from the one given by
Eqn. 3.6. Images formed by transmitted light microscopes are the result of subtracting

object information from the white background as given by:

N=i
g; =B —( > f,.+j®hjj (3.28)

j=l-i
where B is the background. However, Eqn. 3.28 can be transformed to Eqn. 3.29.

N—i

g:=B-g,= Y fi.,®h (3.29)
j=1=i

Eqn. 3.29 is actually an inversion of gray levels in an observed image where a white
background is transformed into a black background. The transformation of Eqn. 3.29
puts the image formation model of a transmitted light microscope into the same form
as image formation models for optical sectioning as Eqn. 3.6. The PMCI algorithm

then can be applied to the transformed images for object estimation.

An unstained pollen is used as a specimen, and the transmitted light microscope
used in Chapter 2 is used to obtain serial microscope images. The 16x, 0.35 objective
lens is used to obtain the pollen images. The defocused PSFs from mathematical mod-
els of this objective lens correspond well with those from measurement as presented in
Chapter 2. Therefore the defocused PSF of this objective lens from either approach can
be used. Each image has the size of 298x276 pixels. The distance between two pixels
along the x- and y-axis is 0.58um where the distance between adjacent images is 4um.
A total of 21 sections are collected for the pollen specimen. In Fig. 3.7, 5 consecutive
images from the 21 serial image volume (No. 3 - No. 7) are presented. The left column
of Fig. 3.7 presents the original five images digitized from the transmitted light micro-

scope. The right column of Fig. 3.7 presents the corresponding five images after gray
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ed as

level transformation using Eqn. 3.29, and these transformed images g; are us

observed images to estimate intensity functions f.

(continue to the next page...)
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Figure 3.7 The original pollen images obtained from the transmitted

light microscope. The left column shows the digitized pollen
images from the transmitted light microscope. The right column
shows the pollen images after inversion of gray levels using Eqn.
3.29, and these images are used in the PMCI algorithm as observed

images.

The estimated intensity functions of the corresponding observed images of Fig.
3.7 using the PMCI algorithm are presented in Fig. 3.8. The left column in Fig. 3.8
shows the results with M=1 and K=45. The right column in Fig. 3.8 shows the results
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with M=2 and K=45. Compared with original images in Fig. 3.7, the results presented
in Fig. 3.8 show that the PMCI algorithm has removed a reasonable amount of defocus
information. It should be noted, however, that some residue of the blurred information
still can be observed on the restored images. This is due to the following facts: the spec-
imen is not stained and is quite transparent, which allows more information from adja-
cent planes to be reflected to the recorded images; the objective lens used has low
numerical aperture lens with a large depth-of-field so that a thicker range of object

information is in focus.
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Figure 3.8 The deconvolution results of the pollen section presented in
the right column of Fig. 3.7 using the PMCI algorithm. The left
column shows the results with M=1 and K=45; The right column
shows the results with M=2 and K=45.
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The nearest-neighbor algorithm is also applied to the pollen data. Because this set
of pollen data has a large spacing (4um) data, the nearest-algorithm can also produce
reasonably good approximations. Two estimated functions from the nearest-neighbor
algorithm are presented in the left column of Fig. 3.9. Their corresponding estimated
functions by the PMCI algorithm are presented in the right column of Fig. 3.9. The
results from the two algorithms may appear close, but a careful examination shows that
the results from the PMCI algorithm are clearer and sharper; thus more blur has been
removed than from the nearest-neighbor algorithm. This is more evident around the

small holes between protrusions on the pollen specimen.

50 100 150 200 250 50 100 150 200 250

~J
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Figure 3.9 The deconvolution results from the nearest-neighbor
algorithm (left column) and from PMCI algorithm with M=2

(right column).
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3.5 Summary and Conclusion

In this chapter, the principle of optical sectioning has been discussed. Models of image
formation, simultaneous equations and 3-D convolution, have been presented, followed
by a brief overview of existing optical sectioning algorithms. A new algorithm for opti-
cal sectioning, the Partial-Minimization-and-Constraint-Iterative algorithm (PMCI), is
proposed. Its principle is to estimate the intensity function on the focal plane by mini-
mizing the error between the observed images and the estimated images. The minimiza-
tion is accomplished by 2-D VanCitter’s constraint-iterative schema. Restoration
results for both synthetic and real data show that the PMCI algorithm is effective at
removing blurred information from out-of-focus planes. The PMCI algorithm offers
several advantages. [t breaks the 3-D problem into 2-D problems and can utilize the
many of the known functions available in 2-D cases, such as 2-D FFT. It processes
images independently, resulting in tremendous reduction of memory requirements and
computation time. The algorithm further offers a flexibility to the user to control the
computational complexity and the degree of approximation by choosing the number of
planes above and below the focal plane involved in the minimization. However, it
should be noted that while a reduction in computational complexity in the restoration
of 3-D images from volumetric data is the object of this work, image quality from the
perspective of the user must remain paramount. Image quality can to some degree be
measured quantitatively but there is a large and difficult to define subjective component.
The objective of computational efficiency must be balanced against the need for quality
and some provision must be made for the user to dictate what is an acceptable price in

terms of quality for improvements in computational efficiency.

More complicated constraint-iterative algorithms, such as regularized Tikhonov-
Miller filters and especially those that can handle noise problems, can be easily adapted
to the PMCI algorithm. This is one of the flexibilities the PMCI algorithm can offer for
further development.
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Chapter 4

Volume Data Modeling I -—- Modeling
Algorithms

Serial microscope images, such as those obtained from the last chapter, form vol-
ume data when stacked in sequence. Volume modeling distinguishes, extracts and rep-
resents objects of interest from acquired volume data. An intuitive and simple example
of volume modeling is to extract contours of an object of interest from each slice in the
volume data, and to represent the object using meshes of triangles to connect adjacent
contours. A volume model should convey as much information as possible, faithfully
representing the objects. As volume data usually consist of large amount of data, a vol-
ume model should also be efficient in terms of processing time, memory space require-
ment and the capability for parallel processing. Because of the complexity of real
objects, volume modeling is relatively application oriented, with the characteristics of
objects of interest taken into consideration. Volume models can be classified according
to their applications, or other criteria such as the primitives used [30]. A conventional
classification scheme is based on whether an algorithm uses an intermediate representa-
tion for the objects of interest [83]. It divides modeling algorithms into two major cate-
gories: surface modeling and volume rendering. Surface modeling uses explicit
polygon meshes to represent objects, while volume rendering directly maps the ele-

ments of objects to the display screen.

In this thesis, according to the properties of serial microscope images, a high reso-
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lution surface generation algorithm, the marching-cube algorithm, is chosen. Two mod-
ified algorithms based on the marching-cube algorithm are proposed and are used in

the system developed to increase the efficiency.

This chapter presents general volume modeling algorithms and discusses their
suitability for serial microscope images. A review of surface modeling is presented in
Section 4.1, and volume rendering is presented in Section 4.2. Their comparisons and

suitability for serial microscope images are discussed in Section 4.3.

4.1 Surface Modeling Algorithms

Surface modeling algorithms are developed based on the fact that object shapes
are specifically defined by their surfaces [36] [52] [86] [91] [95]. The algorithms apply
a surface detector to the volume data, extract object surfaces and use geometric primi-
tives, usually polygons, to fit the detected surfaces. The geometric primitives serve as
intermediate representations of objects. Techniques that fall into this category differ
mainly in the choice of primitives and the scale at which they are defined. The surfaces
of objects of interest are formed by properly connecting all the points which have the
predefined property, such as intensity. Expressed as a mathematical formula, surface

points are:

Sq = {(x»2) ef(x,,2)= a} (4.1)

in which f{x, y, z) is the function of the volume data, and S, is the set of surface points
which have the property a of the surface. In most cases, the property of the surface is a
threshold value of the volume data function. The threshold value is called an isovalue,
and surface points are called isosurface points. Because all the isosurface points form-

ing surfaces have the same isovalue, surface modeling is also called isosurface model-

ing.
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Contour modeling, cuberille modeling and marching-cube modeling are three
major surface modeling approaches. Each type of modeling algorithms is discussed in

the following sections.

4.1.1 Contour modeling algorithms

Algorithms of this type were used during the early period of scientific visualiza-
tion. The concepts behind them are straight-forward. The isosurface points, i.e., all the
points on surface contours, are either manually traced or automatically extracted from
each of the slices. All contours are stacked in sequence and triangular tiles are used to
patch each pair of adjacent contours. The modeling algorithm generates triangle
meshes to represent the object surfaces under study [27]. These algorithms work well
for simple object surfaces whose contours are closed and branch-free curves. That is, a
contour may not split into several contours or vice versa. But in most applications, this
assumption may not be met, especially when there are several objects of interest. Thus,
algorithms of this type often face the branching problem [16] [19]. Another disadvan-
tage of this type of approaches is that whenever a user selects a different object in the
volume data, the time-consuming contouring has to be carried over again. However,
due to the simplicity and straight-forwardness, these algorithms are still used in many

applications. Detailed discussions can be found in [16] [19] [27] [46] [62] [88].

4.1.2 Cuberille modeling algorithms

These types of algorithms assume a constant value within a voxel, a cuberille [6]
[26] [36] [37] [38] [73]. After an isovalue is chosen, the volume data is thresholded to
produce a 3-D binary volume. The algorithm then distinguishes the isosurface from the
background by treating the voxels whose values are below the threshold as background
and those above the threshold as the isosurface. For those voxels which are supposed to
be the isosurface, their six polygonal faces are generated as primitives and the polygon

meshes are then used to represent the surfaces of interest. Cuberille algorithms are regu-
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lar and simple, but using orientation-fixed cube surfaces as primitives will produce a
quite jaggy object surface [15]. As illustrated in Fig. 4.1, the reconstructed isosurface
has many artificial edges although the real object surface just has one real edge. And the
angle between the direction of light and the normal to the reconstructed surface can
change from small f; to large f, even when the corresponding angle for the real object

surface is constant.

Directian

of light
Ananificail edge A real edge

: Vi
Vs
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-

.
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real object ___ |
surface
reconsiructed

object surface

Figure 4.1 A two-dimensional depiction of object surface and the

reconstructed surface in the cuberille environment.

Although increasing the resolution of the volume by inserting more points into
the volume data by tri-linear interpolating can ease the jagged appearance, it is a very
expensive way to overcome the problem. An alternative is to choose a proper shading
algorithm. The main parameter to change the shading result is the estimation of the nor-
mal of the reconstructed surface to the real object normal. The cuberille algorithms dif-
fer from each other mainly in their estimation and use of the object normal [15] [60].
After normal estimations, they all use the following basic equation to calculate illumi-
nation:

M-L

M
S(P) = [TR-(R-d) N(8) +L]L (4.2)
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Lif v<L
vy = {v,ifLSst
M,if M<v
In the above equation, d is the distance of P from the source of light, and 0 is the angle
between the direction of light and the estimated object normal at P. N(0) is a function
of 6 which simulates the properties of a diffuse reflecting surface. M, L, and R are user-
defined constants. 8 should be close to the real object normal and the neighbor polygons

should have close 6 values to reduce jaggy appearance.

4.1.3 Marching-cube algorithms

The marching-cube algorithm assumes that the scalar function varies tri-linearly
within a voxel, and the isosurface, represented by triangles, is located between grid
points [52]. The term cube is used here to stand for the cubical region bounded by eight

grid points, four each from two adjacent slices.

The algorithm determines the relations of cubes and the isosurface as to whether
a cube is inside or outside or intersecting the isosurface. In order to obtain such rela-
tionships, a threshold value is chosen to correspond to the density value of the isosur-
face. If the value of a grid point exceeds or equals the isovalue, the point is positive
and is assumed inside or on the isosurface. If the value is below the isovalue, the point
is negative and outside the isosurface. If all the values of its eight grid points are posi-
tive or negative, a cube is inside or outside the isosurface, respectively. A cube is inter-
sected by the isosurface if its two adjacent grid points have different signs. After the
algorithm has determined the relationship of a cube with the isosurface, it moves
(marches) to the next cube. For those cubes which are determined to be intersected by
the isosurface, a set of triangles is created to make up the isosurface of the object of

interest.
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The isosurface (or triangle) creation is determined by a topology lookup table.

Since there are eight vertices in each cube and two statuses, positive or negative, there

are 23=256 ways a surface can intersect a cube. The major cases in which a surface
can intersect a cube are shown in Fig. 4.2 after rotation and complementary symmetric
cases are excluded. Complementary symmetric cases are those where the statuses of
cube vertices are opposite to the statuses of cube vertices in the major cases. The sim-
plest pattern, case 0, occurs if all vertices are above or below the threshold value. This
means that the cube is inside or outside the surface, and therefore no triangles are cre-
ated. These cubes are called empty cubes. In case |, only one vertex is above the isov-
alue, and a single triangle cutting the three adjacent edges is created. The topology

lookup table is produced by permuting these 15 major cases listed in Fig. 4.2.

An index is created based on the statuses of the vertices of a cube as shown in Fig.
4.3. The triangle vertices are calculated by linearly interpolating the values of vertices
of the cube along appropriate edges. To produce a smooth shaded image, the normal
vectors for each vertex of triangles are obtained by linearly interpolating the gradient
vector at each cube vertex along the appropriate cube edge. The unit gradient vector of
a cube vertex at (7, j, k) is estimated in terms of central differences along the three coor-

dinate axes by:

G(i9j1 k) = [G\'(l’ja k) ) Gy(iaja k) ’ G:(i,ja k) ]
_ S@+1,j,k) =S(i—1,j,k)

G, ) =

.. S, j+1,k)-S(,j—1,k
Gy Gijo by = HBLEL A 23] = L )
G:(i,j,k) = S(iaj’k‘i.l);zs(l’j’k-l)

where S(, j, k) is the density at pixel (7, j) in slice £, and Ax, Ay and Az are the lengths of
the cube edges. Therefore, gradients of all eight vertices of a cube need four consecu-

tive slices. Cubes which are not located at the boundary of the volume only need to be
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Figure 4.2 Fifteen topologically distinct major cases by which an iso-

surface can intersect a cube in the marching-cube algorithm.
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interpolated along three new edges, since all other edge values (intersection points and
triangle vertex normals) are available from prior interpolations (see Fig. 4.3, where only
edges 6, 7 and 12 have to be calculated for the new cube if the surface intersects these
edges). After all the cubes in the volume are processed, the triangle mesh and corre-
sponding unit normal vectors are sent to a graphics display processor. One example of

an isosurface generated by the marching-cube algorithm is illustrated in Fig. 4.4.
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index = | v7| v6| vS [v4|v3|v2 vl |v0

Figure 4.3 Index of a cube in the marching-cube algorithm. The shaded
edges are the ones whose information can be reused for the cubes

next to them.
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1 /

Figure 44 An example of an isosurface (gray part) generated by the
marching-cube algorithm. The black dots correspond to the

vertices with values exceeding the isovalue.

The marching-cube algorithm permits a cutting operation through Boolean opera-
tion. Solid modeling uses three notions of inside, outside and on to create a surface. The
indexes of cubes created by the marching-cube algorithm can be put in correspondence

with three notions as:

index = O for cubes outside the surface.

index = 255 for cubes inside the surface.

0< index < 255 for cubes on the surface.

A cutting plane which has an analytic form of ax+by+cz-d tells where a given
point lies with respect to the plane. Let P;,, P,, and P,,, represents points that are in, on
and outside the surface of a cutting plane, and S;,,, S,, and S, are the points in, on and
outside the isosurface. The relations of an isosurface and points of a cutting plane are

illustrated in Fig. 4.5.
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cutting plane
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Figure 4.5 Relations of an isosurface and a cutting plane.

Referring to Fig. 4.5, the following observation can be reached. No triangles are
generated when a cube is outside the cutting plane or when a cube is outside the isosur-
face. When a cube is inside the isosurface and also inside the cutting plane, no triangles
are generated either. When the cube is on the isosurface but inside the cutting plane,
the triangles of the isosurface are generated. When a cube is inside the isosurface but on
the cutting plane, the triangles of the cutting plane are generated. When a cube is on
the isosurface and also on the cutting plane, each triangle from one surface must clip
against each triangle from the other. Each clipping corresponds to two polygons clip-
ping against each other as in computer graphics.The clipping of two polygons can be
accomplished by the Sutherland-Hodgeman clipping algorithm [84]. A truth table can
be generated as in Table 4.1 from the above statements, with x’s representing no opera-
tion, S representing the surface from isosurface, P representing the surface from the cut-
ting plane and * representing the surface resulting from the Sutherland-Hodgeman

clipping algorithm.
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Table 4.1. The truth table for cutting operation.

Pin Pout Pon
Sin X X P
Sout X X X
Son S X *

The marching-cube algorithm is a high resolution and an effective surface model-
ing algorithm. However, there are two major concerns. The first one is the ambiguity
problem which occurs when a cube face has an intersection point at each of its four
edges, such that the positive and negative vertices are diagonally opposite [21], as
shown in Fig. 4.6. Thus, it is not clear how to connect these intersection points. An
incorrect connection can lead to erroneous topology in the rendered surface and possi-
ble discontinuity. Fortunately, in real volume data, the cases of ambiguity do not signifi-
cantly contribute to the final isosurface. In Fig. 4.2, only cases 3, 6, 7, 10 and 13 have
ambiguous faces. These cases do not have high probabilities of appearance, according
to previous experiments [93]. The ambiguity problem can be partially solved by meth-
ods presented in [61] and [93].

@i

Figure 4.6 Three possible connections in the marching-cube algorithm

which cause the ambiguity problem.

The other concern of the marching-cube algorithm, as for all the volume modeling

algorithms, is its efficiency. A volume dataset is usually large, and the marching-cube
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algorithm produces up to four triangles in a cube thus often producing a large quantity
of triangles. Many researchers thus have focused on increasing its efficiency [18] [29]
[56] [57] [78] [97]. Methods to increase the efficiency of the marching-cube algorithm
include using points as primitives to avoid scan conversion; reducing data traversal time
by using a hierarchical database to avoid traversal of empty cubes; and reducing com-
puting and memory space by reducing the amount of triangles generated. In this thesis,
two methods (removing redundant polygons and reducing computing time by using a
middle-point algorithm to avoid linear interpolation) for increasing the efficiency are

proposed and will be discussed in Chapter 5.

Dividing Cubes is an alternative to the marching-cubes algorithm, in which
points are the primitives rather than triangles [18]. Hence, this method can eliminate
the scan conversion step of the polygonal display and is more efficient in terms of mem-
ory space and time. The algorithm subdivides the voxels into small cubes. The voxel
scale is chosen to make the small cubes equal to the pixel size on the raster display. It
calculates an index for each small cube as in the marching-cube algorithm. For those
small cubes that intersect the surface, the gradient vector at each voxel vertex is lin-
early interpolated to the center of these small cubes to estimate the surface normal vec-
tor as illustrated in Fig. 4.7. Both the surface points and normal vectors are transformed
and projected onto the viewing plane. The dividing cube algorithm reduces storage
requirement and speeds up the computation time by using integers rather than floating
points for polygons. However, it does not have the advantage of polygonal algorithms

(such as the marching-cube algorithm) to use available computer graphics packages.
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Figure 4.7 Subdividing a voxel into small cubes for a dividing algorithm.

Hierarchical data structures can be used to reduce computation time for almost all
the volume modeling algorithms at a cost of increasing memory space [29] [56] [77].
This method is known as octree traversal algorithm. Wilhelms and Gelder find that
between 30% and 70% of the time of the isosurface-finding phase in the marching-
cube algorithm is spent on examining empty cubes [92]. [n addition, to find the isosur-
face for a new isovalue, the whole isosurface-finding phase has to be repeated; there is
no carry-on information, and therefore it will suffer a time penalty if the user interac-
tively change the isovalue. The octree-traversal algorithm overcomes the above prob-
lems by employing a setup phase that creates an octree before the surface generation
phase. An octree is a hierarchical data structure based on recursive decomposition of
space into (normally) eight sub-volumes. It is analogous to a quadtree in two-dimen-
sions. The root of the octree represents the entire volume. Each node of the octree con-
tains the maximum and minimum data values found in that node's sub-tree. The leaf
nodes of the octree are up to eight vertices of a cube, and each vertex has a single data

pointing into the data array. In the surface-finding phase, the octree is traversed with a
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particular threshold, with only those branches that contain isosurface are being
explored. A node whose maximum is below the threshold or whose minimum is above
the threshold is exited without traversing its children. When a leaf node that contains
an isosurface is visited, each of the (normally 8) cubes that it covers is visited, and

polygons are generated as in the marching-cube algorithm.

Yun and Park proposed a method known as primitive-polygon algorithm [97].
The algorithm discards a few major cases (cases 1, 2, 3, 4, 5, 6 and 10 as in Fig. 4.2)
which are assumed to be not significant for the final image, and it then classifies other
major cases into five polygonal primitives as illustrated in Fig. 4.8 (shaded faces). Each
primitive has an orientation number associated with it. The 256 cases can then be cate-
gorized into these five primitives and their according orientations. One of the five basic
primitives is chosen for a cuberille of the volume data according to the configuration
and normal direction estimated from the gradient operator. Although discarding a few
major cases would possibly leave some small features out or leave a hole in the shaded
image, this method is quite efficient. It is suitable for modeling volume data that con-

tains objects without too many small features.

Figure 4.8  Five polygon primitives classified by major cases in the
marching-cubes. The shaded polygons are the primary faces

which are used to represent object surfaces.

Another alternative is to apply polygon mesh deduction algorithms available in
computer graphics to the triangle mesh created by the marching-cube algorithm. One

typical example is presented in [78). The algorithm makes multiple passes over an
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existing triangle mesh, using local geometry and topology to remove vertices that meet
certain criteria. The algorithm is a three-step process. The first step is to characterize the
local vertex geometry and topology into one of the three categories, simple, boundary
and complex, as in Fig. 4.9. A complex vertex is not a candidate to be removed from
the mesh. The second step is to evaluate the decimation criteria. The two criteria, plane

and edge, used in the algorithm are illustrated as in Fig. 4.10. A simple vertex uses the
plane distance criterion: if |d] < d ., where d; is the pre-set value, the vertex is removed.

The boundary criterion uses the edge distance. The third step is to triangulate the result-
ing hole, i.e., triangulate the loop associated with the deleted vertex. Triangulation is
implemented by a loop splitting procedure. A loop is divided into two halves until only
three vertices remain in a divided loop to form a triangle. From the Euler relation [64],
removing a simple vertex reduces the mesh by two triangles and the boundary vertex by
one. The algorithm makes multiple passes of the existing new triangle meshes until a

satisfied reduction result is reached.

Simple Complex Boundary

Figure 4.9 Categories of a vertex classification.
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Figure 4.10 Two criteria used in decimation. The left one is the plane

distance criterion and the right one is the edge distance criterion.

In summary, contour modeling, cuberille modeling and marching-cube modeling
are common isosurface modeling algorithms. The main feature of the isosurface model-
ing algorithm is that it produces an intermediate representation of the surfaces of
objects of interest. The intermediate representation usually consists of polygon meshes.
The alternatives among different isosurface modeling algorithms are determined by the
choice of the polygon primitives and the scales at which they are defined. A fundamen-
tal goal shared by all alternatives is to increase the accuracy and computational effi-

ciency of the algorithm.

4.2 Volume Rendering Algorithms

Volume rendering refers to the modeling algorithms in which object surfaces are
not explicitly generated and all the voxels in the volume dataset are primitives. Sur-
faces are generated at the display time as the result of volume rendering [30]. A vol-

ume rendering algorithm usually includes its own shading and rendering algorithm
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because it cannot use the shading and rendering algorithms available in traditional com-
puter graphics packages. For this reason, a volume rendering algorithm with its shad-

ing and rendering processes is often called volume rendering.

A volume rendering algorithm usually starts with creation of four functions,
namely R, G, B - the color component functions, and O - the opacity function, accord-
ing to the components in the volume data. Shading may be applied to these four-col-
ored, semitransparent volumes.The final image is formed by choosing proper rendering
methods which maps the shaded or unshaded voxel elements to the screen. There are
two main categories of rendering methods. Ray tracing is the first method; in this
method a ray emanates from the viewpoint and passes through a pixel in the view plane.
After all the voxels encountered by the view ray are processed, the algorithm moves
onto the next ray until all the pixels in the view plane have been evaluated or the pixel
value reaches unity whichever happens first [45] [50] [76]. The second rendering
method is direct projection [20] [63] [87]; in this method each voxel of the volume is
projected onto the screen, and the algorithm processes the pixels of the view plane
which the voxel’s projection covers. In the following, representative volume rendering
algorithms for creating color, opacity volumes and their corresponding shading and ren-

dering algorithms will be briefly discussed.

4.2.1 Drebin’s approach

Drebin's approach creates the R, G, B and O volumes with the estimated percent-
age of each material of interest presented in a voxel [20]. The material percentage esti-
mation can be implemented by using probability classifiers. In general, the probability,

P;(1), that any voxel has value (intensity) / is given by:

P() = Y pP.(D)

(=i

where 7 is the number of materials presenting in the volume data and p; is the percent-
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age of material / in a given voxel; P,(I) can be obtained by studying the histogram of

the input images. A hypothetical histogram and a result of classification functions for a

medical image are shown in Fig. 4.11.

Original Histogram

Material Assignments

100% I
: soft
air S one
fat tissue b
0%

Figure 4.11 A hypothetical histogram and resulting classification

functions in Drebin's volume rendering approach.

Each material of interest is assigned to a color and an opacity. Once the percent-
age volume is available, then R, G, B and O values for a voxel are determined by sum-
ming the production of the percentage of the material in the voxel with the assigned

color and opacity value as given below:

C= z":P,-C,-

i=1

where C; = (R;, 0;G;, o;B;), and (R;, G;, B;) is the color and q; is the opacity associ-
ated with material i respectively. In order to estimate the surface normal, Drebin, er al.
assigned another parameter called density p; to each material. A surface occurs when

two or more materials of different p value meet. The density value for a voxel is the
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product of the percentage of each material in the voxel and the assigned material den-

sity value p, and is calculated in a similar way to the color and opacity values:

D= glpipi

A surface normal is the gradient of the density volume. The normalized gradient is

stored as a surface normal volume.

The shading is modeled as follows: if an incoming light with intensity / enters a
voxel, a different intensity light will exit from the voxel as the result of two factors.
The first is the translucence of the material in the voxel, and the second is the surface
or particle scattering that may attenuate and reflect the incoming light. So the resulting

light would be

A
l,,=C+(-a)l, =C over I, 4.3)

The first term models the emitting light and the second term models the absorption of
incoming light. o is the alpha component of the color. For surface shading, a voxel is
subdivided into two regions as in Fig. 4.12, a front region and a back region of a thin
surface. The intensity of a ray entering and that of a ray going through a voxel are

related as follows:

[, = (Cpover (C.over (Cyover I)))

oul,

in which the over operation is as defined in Eqn. 4.3 and the reflected surface color is a
function of the surface normal, the strength of the surface, the diffuse color of the sur-
face, the direction and color of lights, and the eye position, similar to the Phong illumi-
nation (to be discussed in Section 6.2). After the illumination is calculated for each

voxel, the final image is formed by direct projection.
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r = N

Figure 4.12  Voxel shading model for Drebin's volume rendering. A
voxel is divided into two regions: the region in front and a thin

surface region behind.

4.2.2 V-buffer

In the V-buffer approach, the 3-D sampled array is treated as a scalar field with a
scalar value at each vertex of the cube [87]. The scalar function varies tri-linearly

within the cube as:
S(x,y,2) = a,tax+aytaz+agxytagxzta,yz+agxyz

The colors and opacities are defined as transfer functions of the scalar function: O(S¢x,
Y. 2)), R(S(x. y. 2)). G(S(x, y. z)), B(S(x, y. z)). Certain features of the object can be
enhanced via a variation in opacity and colors by appropriately defining the transfer
functions of R, G, B, and O. Two examples of the transfer functions of S¢x, y, z) are

illustrated in Fig. 4.13.
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Figure 4.13 Examples of R, G, B and opacity transfer functions in the v-

buffer volume rendering approach.

After the color and opacity volumes have been created, shading is applied to all
the voxels. Rendering is applied to the color and shaded volumes to produce realistic
images. In [87], both ray tracing and direct projection rendering algorithms were pre-
sented. One difference between the direct projection rendering method presented in the
algorithm and the one commonly used is that the cell processing order is determined by

the distance from the viewpoint to the cell; the shorter distance is given the higher pri-
ority.
4.2.3 Levoy's approach

In Levoy’s approach, only opacity volume is created [49]. He assumes that objects

of interest can be put in order by density functions and that each type of object touches

only the other types adjacent to it in the order. That is, if there are N object types associ-

ated with the scalar function values S,, n=1,..., N, N> 1, such that S, < S, m=1,...,
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N-1, then no object of density S,; touches any tissue of density S,, where
|"| ——n2| > 1. An opacity volume is created in such a way that an opacity value a,, is

assigned to the scalar value S,, a,, is assigned to S,.,, and an intermediate opacity o
between o, and o, is assigned to an intermediate scalar value S,<S; <S,,+; by linear

interpolation. In this manner, all voxels are typically mapped onto some nonzero opac-
ity. This ensures that thin regions of tissue will also appear in the final generated

image. An example of his opacity function is illustrated in Fig. 4.14.

Opacity

0 |
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Figure 4.14 An example of an opacity function in Levoy's volume

rendering approach.

Levoy's approach doesn't create color volumes. This means that the shading is
independent of classifications so that it leads to a robust shading. Meanwhile, shading

can be parallelly processed with the creation of the opacity volume.

Volume rendering is usually associated with its shading and image generation pro-
cedure because it does not create an intermediate representation for objects. The differ-
ences among the algorithms of volume modeling can be found in their approaches to

the classification and assignment of objects, and in their rendering procedures. Because
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every voxel participates in the modeling and rendering process, the computation for
volume rendering is high; creating multiple volumes requires vast memory space. Thus
different modifications of volume rendering algorithms are all aimed at an increase of

the computation efficiency.

4.3 Surface Modeling vs. Volume Rendering for Serial

Microscope Images

One distinct strength of isosurface modeling is its geometric primitives. An isos-
urface, represented by geometric primitives, takes less storage and, most likely, less
computational time because an object can be described by fewer surface elements than
by volume elements. Isosurface algorithms can be quickly adapted to the advances in
standard techniques of image synthesis and image realism in computer graphics
because the rendering of geometric primitives is traditionally involved in these areas.
Nevertheless, the isosurface techniques suffer from the common problem of having to
make a binary classification which is a high-order non-linear operation thus causing two
main side-effects. One side-effect is that small or poorly defined features of an object,
whose value is somewhat between none-or-all, would be lost due to binary classifica-
tion. The other is that virtual artifacts may appear in a generated image when classifica-
tion error occurs; specifically a spurious surface (false positive) or erroneous holes in

surface (false negative) may appear.

Volume rendering algorithms possess some fundamental advantages. By elimi-
nating binary classification, no data is deducted, and this enables displaying small or
poorly defined features. Thus, it is more attractive to applications with fine details. By
omitting the intermediate geometric representation, surface formation is never explicitly

represented. All voxels making up a 3-D scene are accessed at the display time. This
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enables fewer interpretation errors of the surface. Further, the relative simplicity of the
structure of volume rendering algorithms make them attractive for hardware implemen-
tation as well as for an efficient software implementation. However, volume rendering
suffers from a number of problems. Foremost is the computational expense, because all
voxels participate in the generation of an image. Rendering time grows linearly with
the size of the data set. For a sampled original array, in order to produce a 3-D image,
other volumes (R, G, B and O etc.) need to be created, and the storage for these vol-
umes is tremendous. Furthermore, the omission of an intermediate geometric represen-
tation makes selection of appropriate shading parameters critical to the effectiveness of
the visualization. Slight changes in opacity ramps or interpolation will radically alter
the features of the objects thus degrading the overall quality of the image. This makes
it difficult to create a user-friendly visualization system. Volume rendering algorithms
are also very sensitive to artifacts in the data acquisition process due to the omission of
an intermediate geometric representation. Any noise from original data can be mapped
to a small feature in the final image, and slight misalignment between adjacent slices

can produce strong stripes in the final reconstruction image.

[f the surfaces of materials are of the primary interest and no small features are
presented, surface modeling is likely to be more suitable. If the objective is to under-
stand a volume with fine and multiple surfaces of different properties, volume rendering
may be a better candidate. The most important issue is how an algorithm works so that
the relevant information for a given application is revealed. Thus, choosing a modeling

algorithm depends on the requirement and characteristics of an application.

For serial microscope image visualization especially in cell biology, the main
interest is in cell shapes and their spatial relationships. Cell shapes are determined by
their cell walls which are coincident with surfaces. These surfaces possess a very small
amount of voxels in the whole volume as indicated by an example shown in Fig. 4.15.
Unlike medical images which include various tissues and organs such as fat, liver, kid-

ney, bone, air etc., cell walls have relatively consistent gray levels in their images.
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Even inner features of the cells have small range of grey levels. Internal structures can
be revealed by virtually cutting the volume data at a desired plane. Therefore, a surface
model is more suitable. Another advantage of surface modeling for serial microscope
image visualization is that the model is independent of viewing and rendering parame-
ters. Thus, when the viewing position is changed, only the rendering process has to be
carried out again. In volume rendering, the whole expensive process except the classifi-
cation has to be repeated. Considering all these factors, surface modeling is better

suited for serial microscope image visualization of cell surfaces.

cell walls

|

volume image

Figure 4.15 Cell walls in a volume image. The pixels occupied by cell

walls are only small percentage to the overall image pixels.

The marching-cube algorithm is a high resolution and more advanced surface
modeling algorithm. It can deal with complex objects since it does not have the branch
problem associated with the contouring algorithms. It also produces a smoother surface
due to its high resolution and non-fixed orientation of the polygons. Therefore, an effi-
ciency enhanced version of marching-cube algorithm is used to visualize serial micro-

scope images in this thesis.
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4.4 Summary and Conclusion

Volume modeling is the process of extracting and representing the objects of
interest from the volume data acquired in data acquisition. The modeling algorithms
are commonly classified in two categories: surface modeling and volume rendering.
Surface modeling takes less storage and computation time because it uses surface prim-
itives rather than volume elements. For the applications of visualizing serial micro-
scope images especially for cell biology, cell shapes and their spatial relationships are
of primary interest. Therefore, surface modeling is more suitable in terms of efficiency
and effectiveness as cell surfaces are a small percentage of the total volume data. In
this thesis, a modified version of an isosurface modeling - marching-cube algorithm - is
used for serial microscope image visualization of cell structures. The modified version

is more computationally efficient and is discussed in the next chapter.
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Chapter §

Volume Data Modeling II --- Efficiency
Enhancements

The efficiency of volume modeling is a primary focus of a modeling process
because of the large amount of data involved in volume visualization [18] [29] [56] [57]
(78] [97]. Efficiency is related to computation time, memory space requirements, and
the capability for parallel processing [S6] [57]. The marching-cube algorithm is very
attractive for implementation of parallel processing because it processes four images at
one time and a volume data can be properly decomposed and sent to several proces-
sors. In this thesis, two modifications to enhance efficiency of the marching-cube algo-
rithm in terms of the computation time and memory space (related to the number of
polygons generated) are proposed. One modification is to use the middle-point to locate
a polygon vertex instead of linear interpolation used in the original marching-cube algo-
rithm. The use of the middle-point avoids linear interpolation and thus saves the com-
putation time without a visible degradation in the quality of reconstructed objects.
Furthermore, the use of the middle-point, in many cases, leads to co-plane triangles
which are merged to a single polygon and thus fewer polygons are generated. The
other modification is related to the redundancy problem in the original marching-cube
algorithm. The proposed redundancy removal algorithm detects and prevents the gener-
ation of redundant polygons. In the original marching-cube algorithm, the redundancy

problem occurs when sample points are assumed on the isosurface and triangles col-
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lapse to points and lines. These points and lines are redundant because they do not con-
tribute to the reconstructed isosurface. Nevertheless they use computer resources.
These two proposed modifications lead to a more efficient algorithm. The modified
algorithm leads to a significant reduction in number of polygons generated and thus to
a significant increase in efficiency in terms of memory space and computational time
required. The effect of efficiency enhancements by the proposed algorithm is con-

firmed by experiments using CT and other volume data.

5.1 The Middle-point Algorithm

In the marching-cube algorithm, a cube consists of eight pixels, four from each of
two consecutive images [52]. If any of the two adjacent vertices of a cube have differ-
ent status symbols, a cube is intersected by an isosurface and up to four triangles are
generated. A triangle vertex is located by linearly interpolating the values of the two

pixels along the proper edges where the triangle vertex intersects as

Sq—S
x=xa+Ax- 0 _a
sb-_sa
Sn—S
0 a
Y=y, Ay —— (5.1)
sb Sa
Sh—S
0
z = za+Az~ a
sb—sa

where Ax, Ay and Az are the unit distances of two sample points along the x, y and =

dimensions respectively; x,, y, and z, are the x, y and z coordinate components of the
vertex a; s, and s, are the values of vertex a and b; s is the chosen iso-value. All the

parameters are as illustrated in Fig. 5.1.



117

Since a cube may produce up to four polygons, each polygon created is very
small, and some of them are even smaller than a pixel in the final reconstructed image
[18]. Thus a slight position change of the polygon vertex within a cube should not
affect the final image significantly. In Fig. 5.2, three triangles of different sizes in a cube
are presented. The first triangle corresponds to the smallest triangle. In this case, the
vertex value of a cube is very close to the iso-value chosen, i.e., (sg - s,) is small; The
second one is the middle-point triangle whose three vertices are the middle-points of
the edges between two cube vertices. The last one corresponds to the largest triangle.
In this case the values of the three cube vertices neighboring to the cube vertex a are

S "-Sa

very close to the iso-value chosen, i.e. - is close to one. The first and last triangles
b~ °a

are the two extremes of triangles produced by a given cube.

e

4t (50; X, Y, 2) | y
e

7 .

a (Sy; Xa, Yar 2a) b (sp: Xps Yb» Zp)

Figure 5.1 Interpolation parameters of the marching-cube algorithm.
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)7

Figure 5.2 Three triangles of different sizes in a cube. The first and last

triangle are the smallest and largest one respectively.

Although they are visually different as seen in Fig. 5.2, these three triangles actu-
ally have the same scale as a pixel. This is because a cube has the scale of a pixel. The
two extreme cases produce a surface with little difference. Based on this assumption,

the middle-point algorithm is proposed.

[n the middle-point algorithm, a vertex of a triangle along an edge is in the mid-
dle of the edge instead of at the point located by linearly interpolating the two sample
points as in the original algorithm. The use of the middle-point can reduce computation
time by avoiding linear interpolation. The maximum error using the middle-point is
half of the distance of two adjacent pixels. For a single vertex, each linear interpolation

takes five arithmetic operations: one multiplication, one division, two subtractions and

. . . S—Sg . .
one summation as can be seen in Eqn. 5.1. Even if the factor 5= s" is fixed in the
a

equation, it takes a total of nine operations to locate a triangle vertex in the original
marching-cube algorithm. In the middle-point algorithm, to locate a vertex requires
only three operations, six fewer operations than the linear interpolation. Therefore, for
a triangle which has three vertices, a total of eighteen calculations can be saved. In most
applications where a large amount of data is involved, the middle-point algorithm can

lead to significant saving in computational time.

Another advantage of the middle-point algorithm is that the total number of poly-
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gons within a cube is reduced. For example, for case 2 and case 8 in Fig. 5.3, the two

triangles produced by both cases will be on the same plane if the locations of triangle

vertices are fixed; thus the two triangles can be merged to a quadrilateral. Case 2 and

case 8 will create only one polygon instead of producing two polygons. For case 9, all

the four triangles will be on the same plane; only one polygon will be output instead of

four as in the original algorithm. Fewer polygons generated means less memory space

and less computational time for the rendering process. All the 15 major cases of the

middle-point algorithm are as illustrated in Fig. 5.4.
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Figure 5.3 Example cases of the marching-cube algorithm.
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Figure 5.4 Major cases for the middle-point algorithm. Fewer polygons

are generated.
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5.2 The Redundancy Removal Algorithm

The redundancy problem is due to the fact that the original algorithm treats grid
points on the isosurface the same as those inside the isosurface. This was first pre-
sented in [51] and discussed here in more detail. When a grid point is on the isosurface,
i.e., a sample value of a cube vertex is equal to the chosen iso-value, triangles produced
by the original algorithm may collapse to points and lines which are redundant and do
not contribute to the reconstructed images. The two examples shown in Fig. 5.3 illus-
trates the redundancy problem. For case I, suppose the sample value of the vertex zero
(vg) of the cube is equal to the iso-value s, chosen and thus is on the isosurface, and the
rest of the other seven vertices are below the iso-value. According to the figure, one tri-

angle will be produced. Since the sample value of v, is equal to the iso-value chosen,
i.e., s, =spin Eq. 5.1, all of the three vertices of the triangle produced will merge to the
same point, vertex zero v, according to the linear interpolation, and a point will be pro-
duced instead of a triangle. In case 2, suppose the value of vertex zero vy is equal to the
iso-value s and the value of v, is greater than sj. Then vertices ¢, and ¢, will merge to
vy, and the triangle / collapse to a /ine instead of a triangle. Furthermore, if a rendering

program reads only vertices of triangles and computes the surface normal automatically,
errors will result because there is no way to calculate the surface normal for a point or
a line. However, not every vertex of the major cases shown in Fig. 4.2 has a redundancy
problem. In some cases, such as vertex v, in case 9 in Fig. 5.3, there is no redundancy

since all the edges associated with the v, vertex do not intersect with the isosurface. The

proposed algorithm will detect the vertices that may cause a redundancy problem, and

will offer a solution to prevent the generation of redundant points and lines.

As defined before, a cube has eight vertices, and each vertex has three edges
linked to it. An edge is intersected by an isosurface only if two vertices of the edge have

a different status after thresholding. An n-intersect-edge-vertex is defined if its value is
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equal to the iso-value and n of its edges are intersected by the isosurface. A vertex can
be at most a three-intersect-edge-vertex because a vertex has at most three edges linked
to it. Suppose the values of all the following example vertices are equal to the iso-value
chosen, then vertex 0 (v0) of case 1 in Fig. 5.3 is a three-intersect-edge-vertex because

all of its three edges, ey, e, and e, are intersected by the isosurface; v/ in case 2 of
Fig. 5.3 is a two-intersect-edge-vertex because only e, and ¢, are intersected by the
isosurface; By the same token, v; in case 8 is a one-intersect-edge-vertex; v, of case 9 is

a zero-intersect-edge-vertex.

A vertex on the isosurface is classified into n-intersect-edge-vertex. It is obvious
that a triangle associated with the vertex will become a point or a line if it is a three- or
a two-intersect-edge-vertex. Thus, the redundancy problem can be detected in the fol-
lowing way. If a cube vertex is on the isosurface and more than one of its edges is inter-
sected by the isosurface, then this vertex will cause a redundancy problem. The
redundancy problem can then be prevented by changing the status of the cube vertex
on the isosurface from one to zero in that particular cube while for neighboring cubes
the status of the cube vertex and sample value remain the same. As a result, the edges in
this particular cube linked to the cube vertex will not be intersected in the cube since
its status has changed to zero. At the same time, the isosurface may pass through the
cube vertex since the status and value of the cube vertex in neighboring cubes remain
unchanged. By changing the status of the vertex on the isosurface from one to zero, re-
indexing the cube, and applying the original algorithm to it, the generation of a redun-

dant point or line can be prevented without changing the topology of the isosurface.
An example of redundancy removal algorithm is illustrated in Fig. 5.5 using ver-
tex v,. In Fig. 5.5 (a), all the values of the vertices with dots are greater than the isov-

alue chosen, and the resulting isosurface topology is as illustrated in Fig. 5.5. If the

value of vertex v, is equal to the isovalue, and v, is assumed to be on the isosurface.

The triangle II in cube 2 will collapse into a line along edge I. Thus the original march-
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ing-cube algorithm results in an isosurface as in Fig. 5.5 (b) with a redundant line gen-

erated along edge I. For redundancy removal, the algorithm examines the vertex v,. In
Cube 1, v, is a one-intersect-edge-vertex, thus no redundant polygons will be gener-
ated. However, in Cube 2, v2 is a two-intersect-edge-vertex and redundancy will occur.
Thus the redundancy removal algorithm will change the status of v, in cube 2 from one
to zero. The resulting isosurface is the same as that from the original algorithm except

the redundant line (along edge I) is removed.

(a)

edge [

(b)
Figure 5.5  An example of an isosurface. (a) The topology of the
isosurface when v, is not equal to the isovalue. (b) The topology

of the isosurface when v, is equal to the isovalue. The topology of

the isosurface after redundancy removal is the same as in the

original one except the redundant edge I is removed.
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5.3 Modified Marching-cube Algorithm

The two efficiency enhancements proposed in this thesis have been incorporated
into the original marching-cube algorithm. It is clear that triangle vertices are not asso-
ciated with the sample values of the cube vertices when the middle-point algorithm is
used and no triangles will collapse to a point or a line. This-means that no redundancy
problem will occur if only the middle-point algorithm is used. However, some of trian-
gles generated by the middle-point algorithm correspond to the redundant points and
lines which would have been generated by the original algorithm. These triangles are
not necessary for the isosurface and they are still redundant and should be removed. In
order to discard the redundant polygons, one can first check the redundant vertices and
properly index a cube according to the proposition of the redundancy removal algo-
rithm, and then use the middle-point to generate the isosurface. This way the redundant
triangles are detected and removed. The inclusion of the redundancy removal and the
middle-point algorithm in the original marching-cube algorithm leads to the following

modified marching-cube algorithm and can be summarized as follows:

« Visit and index a cube as in the original marching-cube algorithm.

+ Check all the values of a cube to determine if there is any cube vertex
whose value is equal to the iso-value chosen; if so, determine #, the num-
ber-of-intersect-edge-vertex. If n is greater than one, then change the sta-

tus of the cube vertex from one to zero, and re-index the cube.

 Using the index as a pointer to the topology look-up-table, do all remain-

ing steps as in the middle-point algorithm.
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5.4 Experimental Results

The degree of improvement in the performance of the modified marching-cube
algorithm over that of the original one depends on the objects used and particularly on
the following factors: the percentage of cubes containing the isosurface, the percentage
of cubes containing multiple polygons, the percentage of cubes containing sample
points whose values are equal to the isovalue, the percentage of vertices causing a

redundancy problem.
A mathematically created 16x16x16 cube and a 33x33x33 sphere, and a

256x256x20 CT! (Computer-aided Tomography) volume data are used as test objects
for the modified marching-cube algorithms. The two mathematically created datasets
have only two values, one corresponding to background and the other one correspond-
ing to objects. The threshold values chosen for these two datasets are equal to the value
corresponding to the objects. The CT data are 8 bit gray level images originally con-
verted from 16 bit images. In Table 5.1., some statistics from the use of the original
marching-cube algorithm on these test objects are listed. These statistics include the
percentage of cubes containing isosurface; the number of polygons generated by the
algorithm; the time for isosurface generation and rendering; and the total execution time
which is the sum of the isosurface generation and rendering time. Time is measured as
CPU time which is the sum of the number of seconds of the CPU devoted to the process
and the number of the seconds of the CPU consumed by the kernel on behalf of the pro-
cess. These statistics are listed, in subsequent sections, also for the proposed modifica-

tions of the marching-cube algorithms. All the statistics are carried on a Sun Sparc4

workstation 2. In all the statistics, the same threshold value is used and the unit for the

time is second.

1. From SoftLab Software Systems Laboratory, University of North Carolina.
2. Sun workstation is a registered trademark of Sun Microsystems, Inc.
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Table 5.1.Statistics on the original marching-cube algorithm

Volume Data 16x16x16 33x33x33 256x256x20
cube sphere CT
isosurface/cube (%) 43.50% 14.53% 23.64%
polygons created 2,929 9,576 168,027
surface generation time 5.5 20.2 374.4
rendering time 16.6 38.9 778.0
total execution time 22.1 59.1 1152.4

5.4.1 Results of the redundancy removal algorithm

[n Table 5.2., the statistics are listed for the redundancy removal algorithm on
the same objects as in Table. 5.1. The last two rows list changes in the number of poly-
gons produced and time spent by the modified algorithm as a percentage of the original
value. The results show that for the 33x33x33 sphere, the redundancy removal algo-
rithm produces 46.26% less triangles, and thus saves 52.62% execution time. For a real
CT data, the algorithm reduces 11.33% triangles, compared with the results by the orig-

inal algorithm.

Table 5.2.Statistics on the redundancy-removal algorithm.

Volume Data 16x16x16 33x33x33 256x256x20
cube sphere CT

isosurface/cube (%) 39.35% 9.74% 23.47%
polygons created 2,657 5,146 148,979
surface generation time 25 74 3203
rendering time 13.5 20.6 784.1

total execution time 16.0 28.0 1104.4

A polygons / original 9.28% 46.26% 11.33%

A total time / original 27.60% 52.62% 4.16%
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5.4.2 Results of the middle-point improvement algorithm

In Table 5.3., the same statistics are listed for the middle-point algorithm on the
same objects as in the previous tables. The middle-point algorithm does particularly
well for the CT data in that it produced 34.39% less triangles, almost 60,000 triangles in

this case. The algorithm works well for the other two objects as well.

Table 5.3.Statistics on the middle-point algorithm.

Volume Data 16x16x16 33x33x33 256x256x20
cube sphere CT
isosurface/cube (%) 43.50% 14.53% 23.64%
polygons created 1,468 5,617 110,229
surface generation time 3.2 14.9 277.4
rendering time 12.8 28.2 464.3
total execution time 16.0 43.1 741.7
A polygons / original 49.88% 41.34% 34.39%
A total time / original 27.60% 27.07% 35.63%

Fig. 5.6 and Fig. 5.7 are the 3-D visualization results of the two sets of mathemat-
ically created data. In each figure, the visualization results using the original and the
middle-point algorithm are presented. The visualization results of the two approaches
are visually identical, which indicates that the modification does not cause any visible

degradation in the generation of the reconstruction.
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Figure 5.6 The reconstructed cube using the original and the middle-
point algorithms. Left: original; right: the middle-point.

Figure 5.7 The reconstructed sphere using the original and the middle-
point algorithms. Left: original; right: the middle-point.

5.4.3 Results of the modified marching-cube algorithm

In Table 5.4., the statistics are listed for the modified algorithm including the

redundancy removal and the middle-point algorithm. The high percentages listed in the



129

last two rows for all the three objects used indicates that the modified algorithm is much
more efficient than the original marching-cube algorithm, especially when large
datasets are involved. The modified algorithm saves a great amount of memory space

by producing even fewer polygons, and saves a great amount of computational time.

Table 5.4.Statistics on the integration algorithm.

Volume Data 16x16x16 33x33x33 256x256x20
cube sphere CT

isosurface/cube (%) 39.35% 9.74% 23.4%
polygons created 1328 3192 92,786
surface generation time 2.9 8.2 262.2
rendering time 12.2 16.0 406.9

total execution time 15.1 242 669.1

A polygons / original 54.66% 66.66% 44.77%

A total time / original 31.67% 59.05% 41.93%

5.5 Summary and Conclusion

Efficiency is an important issue in volume modeling because large amounts of
data are involved. Two efficiency improvements of the marching-cube modeling algo-
rithm have been proposed in this thesis. One modification deals with the redundancy
problem, i.e., generating redundant points and lines, existing in the original marching-
cube algorithm. It is shown that the grid points on the isosurface have to be treated dif-
ferently from those inside the isosurface to prevent the redundancy problem. The other
modification uses middle-points to avoid linear interpolation to locate the vertex of a
polygon, and thus to increase computational efficiency. The use of middle-point algo-
rithm also allows co-planer triangles to merge to polygons. The two proposed modifica-

tions have been integrated into a modified marching-cube algorithm such that it first
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detects and prevents the generation of redundant polygons, and then uses the middle-
point algorithm for isosurface generation. Results show that the modified marching-
cube algorithm significantly reduces the number of polygons generated and thus
increases the computation efficiency for surface generation and rendering. Since vol-
ume data are usually large datasets, this modeling algorithm with increased efficiency
will be a further step in the direction of real-time implementation of surface generation

algorithms.
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Chapter 6

Object Rendering

Creating a realistically looking image of polygon meshes generated by a surface
modeling algorithm, as discussed in the last two chapters, is the task of object render-
ing. Rendering simulates the interaction of lights with objects represented by polygon

meshes.

Rendering starts by traversing the database produced from the modeling process
and ends with the generation of a 2-D image [25]. It usually involves the following
steps, where the order may differ from one rendering algorithm to another, depending
on what algorithm is employed for shading [33] [71], surface determination [6] [14]

[75] and scan conversion [90].

« Data Traversals: The modeling process produces a polygon mesh data-
base. Data traversal is a process of going through the database to guaran-
tee that all the primitives in the database will be fed into the remainder of

the rendering pipeline.

» Coordinate Transformations: All the primitives generated by the volume
model are in the modeling coordinate system. Coordinate transformation
is a process of converting coordinates of polygon meshes from the mod-
eling system to the world coordinates by transforming the vertices of

each polygon with a transformation matrix.
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Trivial Accept/Reject Classification: This stage is a process of rejecting
all primitives, which are wholly outside the view volume, from the rest of
the rendering pipeline, since they will not contribute to the final image

but take processing energy.

Lighting: Lighting is a process of assigning color values to primitives
according to the properties of object surfaces and light sources in the
scene. It actually involves illumination which assigns a color to a point
on the object surface, and shading which assigns color values to the

whole primitive.

Projection from 3-D to 2-D: The purpose of projection is to project,
either perspectively or parallelly, the primitives in 3-D space to a projec-
tion plane. This projection actually will transform primitives from the

world coordinate system to the screen coordinate system.

Visible Surface Determination: When viewing an object from a certain
position, a viewer will only see an object partially or not at all if it is
obscured by other objects. Visible surface determination determines
which part of an object is visible from a defined camera position. It is

usually carried out during the scan conversion process.

Scan Conversion: This stage is a process of converting polygons repre-
sented by vertices to component pixels into frame buffer for display. On

each scan line, the pixels falling within a polygon are evaluated.

Display: This is a process of displaying the colors stored in the frame
buffer. If the results are not satisfactory, a user can change either the
properties of objects or the viewing position and carry out the whole ren-

dering process again until a desired result is reached.

Using polygon meshes to create complex objects is widely used in computer
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graphics. Thus, there are many software packages and hardware implementations avail-

able for polygon mesh rendering. In this thesis, the rendering task is accomplished by

programming a popular computer graphics C library named SIPP. SIPP! stands for Sim-
ple Polygon Processor. It is a C library for 3-D scene creation and rendering. The fun-
damental primitives in SIPP are polygons and polygon meshes. A 3-D scene is built up
of objects whose surfaces are a number of connected polygons. Polygons are repre-
sented by their vertices. Vertices must be given counter-clock-wise when looking at the
front side of a polygon. Polygons can be rendered with Phong, Gouraud or flat shading
which will be discussed in Section 6.3. Polygons can be rendered as a line drawing
without shading at all. A scan-line z-buffer algorithm is used for surface determination
and scan conversion. Using SIPP functions to write a program, a user will define the
following parameters: objects which are polygons meshes generated from the modeling
process; properties of object surfaces, including their colors, orientations, etc.; shading
mode such as Phong shading, Gouraud shading, or flat shading, or a wire-frame with-
out any shading; a camera position and a file format that the rendered image writes
into. After the program is compiled, then SIPP can carry out the rendering process. The
output file format of SIPP is usually Portable Pixel Map (ppm) or Portable Binary Map

(pbm), or users can define their own file format. For ppm or pbm format files, a special

program called xv? can be used to display the rendered images.

In the present program written in SIPP, users only need to supply parameters such
as surface properties, camera position, shading mode and light sources to create a real-
istic looking image. In this chapter, the discussions will be focused on the rendering

stages involving these parameters. Viewing specifications for a camera position will be

1. SIPP -- Copyright of Equivalent Software HB, Linkoping Institute of Technology,

Sweden.

2. xv is a public domain program. Copyright of University of Pennsylvania.
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discussed briefly in Section 6.1. For the lighting stage, the illumination models and
polygon mesh shading models will be discussed in section 6.2 and 6.3. The rendering
pipeline used for typical renderings will be in Section 6.4 followed by a summary of

this chapter.

6.1 Viewing Specifications for Projections

Projection from 3-D to 2-D is the process of converting 3-D objects to a 2-D
screen for display [54] [64]. Projection depends on the viewing position and the view-
ing volume. In computer graphics, one way to specify viewing parameters for a per-
spective projection is illustrated in Fig. 6.1. Six parameters are needed: viewing from is
the position of a camera; view at is where the camera focuses at; view up is the up direc-
tion vector; view plane normal is parallel to and defined by the vector from view from to
view at,; W and H are the width and the height of the viewing window respectively. In
SIPP, the viewing window width # and the height H are equal. One parameter called
Jfocal is used instead of W or H. focal is the ratio between half of the view plane height
or width and the distance from viewpoint to the view plane. Overall, the SIPP package
uses only four parameters to specify a viewing position, namely view from, view at,
view up and focal. The projection from 3-D to 2-D can be converted to a 4x4 matrix as

in any projection. Details of projection matrixes can be found in [25].
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View up vector
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Plane

View at

. View plane normal
View from

Figure 6.1 One way to define perspective viewing parameters.

6.2 Illuminations

[llumination is a local shading which determines the color of a point on an object
in terms of the object’s surface properties, position, orientation and the light sources
involved [25]. Properties of an object’s surface include its original color, shininess,
transparency etc. Colors of object surfaces may differ from each other even if they
have the same characteristics, because they are located at different positions and thus
exposed to the light sources differently. A light source can be a point light from which
rays emanate from a single point such as a light bulb, or it can be a directional source
from which rays all come from the same direction such as the light from the sun. In
order to consider all these factors, the Phong illumination model is proposed [70] as:

I, = 1,k,0, + au]pl[kdOdlcosO + W(6) cos"a] 6.1)
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in which
I, is the intensity at a certain wavelength.
I,y is the light source’s ambient intensity at a certain wavelength.

k, is the ambient reflection coefficient of an object, ranging from zero to one. A
higher value of K, corresponds to more ambient light being reflected from the object.
Ambient reflection represents a diffuse, non-directional source of light existing in the 3-

D environment which emanates equally from all surfaces from all the directions.

Oy, is the diffuse color of an object at a certain wavelength.

Iy

2 1s the point light source’s intensity.
k4 is the object’s diffuse reflection coefficient which is a constant between zero

and one. Dull matter surfaces produce diffuse reflection. Diffuse reflection is indepen-
dent of viewing position because it reflects light with equal intensity in all directions. It

only depends on 8.

O is the angle between the light and the object surface normal at that point. If ¥
represents the surface normal at the point and L represents the vector from that point
to the point light source, then

cos® = NeL.

W(®) is typically set to a constant k, the material’s specular-reflection coefficient,

which ranges from zero to one. Shiny objects such as glass or metal exhibit specular

reflection. A high k; indicates more specular reflection of light from the object. The

value of £ is selected experimentally to produce pleasing results.

cos"a is used to describe specular reflection. It is assumed that maximum specu-

lar reflection occurs when a is zero and it falls off sharply as a increases. This rapid



137

fall-off is approximated by cos”a , where # is the material’s specular reflection expo-
nent. o is actually the angle between vector R, namely the mirror vector of L, and the
vector V which is from the point to the viewer, as illustrated in Fig. 6.2.

Jan 1s a light-source attenuation factor which simulates the attenuation when an

object is farther away from a light source. If 4| is the distance that the light travels

from the point light source to the surface, then the f;;; can be either one of those follow-

ing:

_ 1
/;m'_

or

= ( 1)
fau max ¢t Czdl_+ c3d[.2 ’

in which ¢, ¢, and cj are user-defined constants associated with the light source. All
the vectors illustrated in Fig. 6.2 considered, Eqn. 6.1 can be rewritten as:
n

[k = [akkaoal. +f;ur1pl I:kdodl (N L) + ks (R ) V) ] (6.2)
If the light source is not a single colored light source, Eqn. 6.1 and Eqn. 6.2 will be
applied to each wavelength in the light source, and the color assigned to the point P
will be the summation of all the contributions of each wavelength. If multiple light
sources are involved in a scene, the final color assigned to the point will be the summa-
tion of all the light sources involved, i.e.,

=330

light A
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Figure 6.2 The vectors used in the Phong illumination model. L is the
vector from point P to the point light source. N is the normal of the

surface at point P. R is the mirror reflection vector of L. V is the

vector from the viewer to the point P.

It should be noted that the Phong illumination model is a rather general one. Its
simplified form leads to other simpler illumination models. One example is obtained by
ignoring the last two terms in both Eqn. 6.1 and Eqn. 6.2; the result, as in Eqn. 6.3, is
called the ambient illumination model, which describes the effect of ambient light. The
ambient light can only produce an even intensity over an object and therefore makes

the object look flat.

I, =I,k,0 (6.3)

a~’aki
Another example is obtained by ignoring only the last term in Eqn. 6.1 and Eqn. 6.2;
this yields the so-called diffuse illumination model as in Eqn. 6.4 which can be used to

produce a realistic image if only the dull objects are presented in the scene.

L, = 1kOp +foud 3 kaOpn (N L) (6.4)

Since the Phong illumination model is more general, it is commonly used for illumina-

tion.
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6.3 Polygon Mesh Shading

The shading process assigns colors to a more general frame, not only to a point as
in the illumination process. In principle, any surface can be shaded by calculating the
surface normal at each visible point and by applying the desired illumination model at
that point, but this is certainly a very expensive way to shade an object. An object rep-
resented by polygons and polygon meshes can take advantage of the intrinsic proper-
ties of polygons to increase the efficiency and reduce the cost in shading objects, and
this makes the modeling using polygon mesh representation more attractive. The fol-

lowing are commonly used shading modes for polygon meshes.

6.3.1 Constant shading:

This process calls one of the illumination models to calculate the color of a poly-
gon using the normal of the polygon and assigns the color to the entire polygon. Since
shading one polygon calls the illumination model only once, it is a very effective
approach [25]. However, constant shading is only correct if the polygon represents the
actual object surface. For a polygon mesh which approximates a curved surface, if each
polygon is shaded by constant shading, it is easy to distinguish neighbors whose orien-
tation is different. The different orientation of neighbors, in general, will produce a fac-
eted appearance after shading as a result of the different intensities along their borders.
This faceted appearance will make the dark facet look darker and the light one look
lighter if the diffuse model or the specular reflective illumination model is applied. The
constant shading is correct for polygon mesh shading if both of the following two

assumptions stand:

« The light source is at infinity, so that N e L is constant in Eqn. 6.2 across

the polygon surface.
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» The viewer is at infinity, so that N e 7 is constant in Eqn. 6.2 across the

polygon face.

6.3.2 Gouraud shading:

Gouraud shading is an interpolation shading method which can reduce the rigid
appearance of an object resulting from constant shading [33]. Gouraud shading is also
called intensity interpolation shading or color interpolation shading. The basic idea of
Gouraud shading is the determination of vertex colors for polygon meshes. The color
of a point in a polygon is interpolated between two vertices along a polygon edge and
between two edge points on the scan line as illustrated in Fig. 6.3. The normal for a ver-
tex can be obtained either from the analytical description of a surface or by approximat-

ing it from the average of the surface normals of all polygonal facets sharing the vertex

as illustrated in Fig.6.4, where the averaged normal N, = 1 ( z N, )
n

l<i<n

6.3.3 Phong shading:

Phong shading is also known as normal-vector interpolation shading [70]. It inter-

polates the surface normal vector N instead of the intensity as in Gourard shading. The
interpolated normal is normalized, and a new intensity is calculated by calling a
desired illumination model. For Gouraud shading, the interpolated intensity is always
equal to or smaller than the original intensities which leads to the effect that no high-
light would occur inside an polygon. Phong shading can produce more faithful specu-
lar-reflection effects because it only interpolates normals on visible points. However,
since Phong shading interpolates the normal, normalizes each interpolated normal, and
calls an illumination model at each scan line point, it is more time consuming and

expensive.
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Figure 6.3 Color interpolation along polygon edges and scan lines. The

color at point P is interpolated between two edge points I, and Iy,

[, is interpolated by [, and I4; Iy, by I, and I5.

Figure 6.4 Normal calculation for a vertex shared by polygons. The

normal at the shared vertex is the average of the polygon normal

sharing that vertex.
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6.4 Rendering Pipelines

As mentioned earlier, a conceptual rendering pipeline depends on how an algo-
rithm uses shading, visible surface determination and scan conversions. The following

are the two typical rendering pipelines.

6.4.1 Gouraud and flat shading with z-buffer

The rendering pipeline for Gouraud and flat shading with z-buffer visible surface

determination is shown in Fig. 6.5.
Data Base Coordinate Trival
Traversal Transformation Accept/Reject

r
— Lighting —%4 Projection l._.9 Scan ‘
ghting from 3D 1o 2D Conversion
Z-Buffer Surface .

Figure 6.5 The rendering pipeline for the Gouraud, flat shading and z-

buffer visible surface determination.

6.4.2 Phong shading with z-buffer

The pipeline for Phong shading is almost the same as the previous one except
that the lighting process is carried out at the scan conversion stage instead of before the

projection stage. This difference occurs because Phong shading interpolates the normal
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instead of the intensity. Every point is needed in order to apply the illumination model
to calculate a color. Thus only visible points during the z-buffer surface determination

are evaluated.

Data Base Coordinate Trval
Traversal Transformation Accept/Reject
Scan Z-Buﬂ'e.r Sqrface Disal
Conversion Determination / isplay
Lighting

Figure 6.6 The rendering pipeline for the Phong shading with the z-

Projection
from 3D to 2D

buffer visible surface determination.

6.5 Summary and Conclusion

[n summary, a rendering process produces a realistic image of 3-D objects from
volume modeling. Rendering involves data traversal, coordinate transformation, trivial
acceptance, projection from 3-D to 2-D, scan conversion, lighting, visible surface deter-
mination and display. Using polygon meshes in object representation can take advan-
tage of the rapid development of computer graphics in software and hardware. In this
thesis, a C rendering library called SIPP is used as part of rendering algorithm imple-
mentation. Users can choose different shading models, to define object properties, the
light sources involved, and the camera position. The application of SIPP in this thesis

allows the whole visualization system to be built efficiently.
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Chapter 7

User-interface Design And Implementation

The preceding chapters have focused on each process stage of the 3-D visualiza-
tion system, namely data acquisition, modeling, and rendering. In this thesis, each of
the process is implemented as an individual module for easy debugging and mainte-
nance. Each module, especially for modeling and rendering, needs a large set of param-
eters and options to define objects and the rendering environment. Mistakes may occur
if these parameters are defined using command lines. This is especially true for users
without intensive experience in visualization. A graphical user interface can hide the
operation details from the user, allowing a new user to learn basic commands fast [25]
[24] [55] [72]. A user-interface, MicroVisual, thus is designed and implemented which
integrates the modeling and the rendering process. The data acquisition process is not
included in the user interface for two reasons. The first reason is that the MicroVisual
can be used as a general volume data visualization system dealing with any kind of vol-
ume data such as from medical imaging applications. The other reason is that the data
acquisition software can be also used as a tool for microscope image quality enhance-

ment and not only for visualization purpose.

The development of MicroVisual involves two steps: the design and the imple-
mentation [23] [55]. The design step involves identifying the user requirements and
determining the functions needed to specify the parameters and commands required for
visualization. Possible inputs, outputs and error during execution for these functions

have to be also determined. Implementation involves choosing a proper development
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tool to implement the user interface. In section 7.1, the design of MicroVisual will be

discussed and the functions will be presented in section 7.2. In section 7.3, the reasons

for choosing Tcl/Tk! as an implementation tool are discussed. The last section summa-

rizes the MicroVisual design and implementation.

7.1 The Design of MicroVisual

[n the design of a graphical user-interface like MicroVisual, the following consid-
erations are important [25] [24] [72]. Firstly, the system should be simple and intuitive,
hiding operating details from users as much as possible. A user-interface thereby
allows a user, with or without extensive computer knowledge, to master the system
quickly and easily. Secondly, the system should provide an on-line Help to guide a user
when necessary. Thirdly, the system should be able to recover from user mistakes which
are unavoidable during the system operation. Finally, the system should provide default

values for some of the options and parameters to minimize the start-up time.

The system described here is used for volume data visualization which involves
images as input and output, selection of various of parameters and options for model-
ing and rendering, and visualization commands. Three groups of functions have been
defined: parameter and option entry functions, file manipularion functions. and visual-

ization command functions.

The first group, parameter and option entry functions, is used to enter parameters
and options required for modeling (such as isovalue, volume size etc.), rendering (such

as lighting, object color, camera positions etc.) and options (such as inversion of vol-

1. Tcl/Tk is a public software developed by Dept. of Electrical Engineering and Com-

puter Science, University of California at Berkeley.
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ume gray values, cutting the volume etc.). The second group, file manipulation func-
tions, is used to manage (such as choose, save, open etc.) two kinds of files. One kind of
files are MicroVisual files which store parameter and options information for a particu-
lar application. The other kind of files are data files, i.e., image files. The third group of
functions, visualization command functions, are used to execute visualization com-
mands which include basic visualization (modeling and rendering) and partial visual-
ization (such as only rendering by omitting modeling or visualizing only the volume

box).

7.2 Description of MicroVisual

MicroVisual starts with a main menu window presenting three options to a user,

as shown in Fig. 7.1.

Figure 7.1 The MicroVisual start window

The Help option, if clicked, starts a help window in which explanations are given
about what the parameters are, how to choose the parameter values, and how to operate

MicroVisual. The contents of the Help window are listed in the Appendix.
The Exit option enables the user to exit the MicroVisual at any time.

If File is clicked, a menu is brought up as shown in Fig. 7.2. The options in the

menu can be categorized into three groups: Create for parameter and option entry func-
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tions; Open, Save, Save As and Select Images for file manipulation functions; and
Visual Bounding Box. Visual Images and Rendering Only for visualization command

functions.

The last function, Quit, provides the user the option to exit the program from the

command window at any time.

Figure 7.2 MicroVisual command menu.

7.2.1 Parameter and option entry windows

If Create is chosen, three parameter windows are brought up: image and shading

parameter window, lighting window and cutting plane parameter window.

7.2.1.1 Image and shading parameter window

The image and shading parameter window is shown in Fig. 7.3 and contains three

sets of parameters and options: image parameters, options and shading parameters.

Image Parameters: They contain information about the input volume data and



148

are used in the surface generation process. They include a threshold value for the isos-
urface, the size of the input volumetric dataset (i.e. its dimensions in X, y, z axis, xdim,

ydim and zdim) and the distance between two consecutive slices (dz).

Figure 7.3 The image and shading parameter window.

Options: A user can choose the following options to be either on or off. The Sta-
tistics option can be chosen when the user wants to know the information of generated
isosurface which includes the percentage of voxels in the volume intersected by the iso-
surface, the number of polygons generated and so on. The Curting option allows the
user to define a cutting plane and to cut through the input volume to reveal inner struc-

tures of the volume data. This option will be discussed in detail later in this section. The
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Invert option is used to invert the input images. This feature enables the system to con-
sistently assume that the background of an image corresponds to black and that the

objects correspond to non-zero gray color levels.

Shading parameters: They are used in the shading and rendering process of
polygon meshes generated by the modeling process. The user can choose a shading
mode, namely the wire-frame, Gouraud or Phong shading, and the size (resolution) of
the reconstructed image; can choose a desired background color, and choose desired
properties of the objects including their colors, shine and opaqueness; and, can choose
the camera position. i.e., viewing specification which have been discussed in Section

6.1 of Chapter 6.

To facilitate the difficult task of defining a camera position in 3-D space on a 2-D
screen, three supporting features have been added. First, a default value for each of the
parameters and options is supplied for the user to start the work; Secondly, a Help
menu is provided in which instructions are given on how to choose proper values for
the parameters. Thirdly, a quick rendering process is available using the Visual bound-
ing Box visualization command. This command generates a view of the box surround-
ing the volume data using the current shading parameters and allows the user to
quickly decide if the current parameters are appropriate to generate a desired view.
After some sessions using MicroVisual, the user should be confident to choose appro-

priate shading parameters.

7.2.1.2 Lighting parameter window

The lighting window, as shown in Fig. 7.4, is used to specify lighting parameters
used in rendering. Using a separate window for the lighting parameters will allow the
dynamic expansion of the numbers of light sources involved in the rendering. Any
light in the light parameter window can be deleted by the Delere button. The color of a

light is defined by three numbers corresponding to its red, green and blue components.
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The position of a light is defined by its x. y. z coordinates.

Figure 7.4 The lighting parameter window.

7.2.1.3 The cutting parameter window

The cutting operation allows the user to section the volume along a desired plane
and to generate the view along a cutting plane so that it can reveal internal structures of
a dataset, which is impossible to do with physical sectioning. The cutting operation is

one of the most useful features in the visualization system.

To define a plane, three points on the plane are needed. A point can be defined in
two ways: through the keyboard or through a canvas presented on the screen. To define
a point in 3-D space on a 2-D display, one possible method is to use two canvases, the
x-y plane canvas and the y-z plane canvas, as shown in Fig. 7.5. This method corre-

sponds to the projection of a point onto the x-y plane and then to the y-z plane.
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Figure 7.5 Two 2-D canvases used to define a cutting point.

In one canvas, the user can define the x. y values of the point by clicking the
mouse in the x-y canvas. The user defines the z value and/or the y value of the point by
clicking the mouse in the y-z canvas. Any y value defined or changed in one canvas
would be reflected in the other one. A point in 3-D space is then determined when its
(x, y, z) values are defined. The system uses a mouse with three buttons, and each of
the buttons is used to define one of the three points respectively. Three different colors
are used to distinguish the three points. Although using two canvases can uniquely
define a point in 3-D space, this method doesn’t reveal the spatial relationship among
the three points and the relation of the defined cutting plane to the input volume. A 3-D
canvas with a wire frame box representing the input volume is introduced as shown in
Fig. 7.6. The three points chosen from the two 2-D canvases will be automaticaily
transformed to the 3-D canvas. A triangle will be formed to represent the cutting plane

and will be shown in the 3-D canvas.
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Figure 7.6 A 3-D canvas to define a cutting plane.

Through the 3-D canvas, the user can see the shape of the input volume, the
defined points, and the cutting plane relative to the volume. Further, this 3-D canvas is
not only a display tool for the two 2-D canvases, but can also be used as an alternative
in defining the cutting plane. This second technique to define the cutting plane is based
on defining three points on the edges of the volume as the three points on the cutting
plane. The user can click along the volume edges to determine a cutting plane point.
The point then will be transformed and displayed in the two 2-D canvases. Any changes
in one of the three canvases will be reflected in the other two canvases. Thus the over-
all cutting plane definition window has three canvases as illustrated in Fig. 7.7. An
example of a cutting plane is also illustrated in Fig. 7.7. The Redraw button clears all
the points and plane on the three canvases and allows the user to redefine the cutting

plane.
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Figure 7.7 The cutting parameter window.
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7.2.2 File manipulation functions

The file manipulation functions manage two kinds of files, input image files and
special MicroVisual files which contain saved parameters and options. The Select
Images command is used to handle image files, and, if selected, it brings up a window

as shown in Fig. 7.8.

Figure 7.8 Image selection window.
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The bottom box in the window is the list of the selected images which, stacked
together, form the volume data. Initially it is an empty list and the user can add or delete
images from the image list in three ways. One way is to highlight the desired images
by clicking on the image file name, then clicking the Add or Delete button on the right
side of the window. The second way is to double click the image file name to add it to
the list. The third way is to drag the mouse through the image file names, and then
click on the Add or Delete. The third method is especially useful when a large number
of images have to be selected, and the images are listed consecutively. The user can
also change directories by double clicking on a directory name. A Cancel button will
allow the user to quit the select image process. After the images have been selected, a
Done button will allow the user to exit the window with selected images. The system
will check the size of the selected images with that listed in the parameter and option
window. If there is a mismatch, an error message window will pop up to direct the user

to correct the error.

The other kind of files the file manipulation functions handle is special MicroVi-
sual files. These files are used when a user wishes to save the parameters in the parame-
ter and option windows for further study. The Save As command allows the user to
save all current parameters and options into a file specified in the bottom of the file
selection window as in Fig. 7.9. When these parameters are requested again, clicking on
the Open command as in Fig. 7.2 brings up the file selection window. The saved param-
eters file can then be opened again choosing the desired file and clicking on the Open
button on the left. The image and shading parameter window, the light window and the
cutting window pop up just as when choosing the Create command and all parameters
are assigned the values saved previously in the file. The Save command saves the
parameters to a default file .mvp if no previous Open function is chosen, or to the

opened file name if an Open function has been invoked previously.

Only one set of parameter and option windows is allowed during the activation of

MicroVisual. If the user tries to open or create a new set of parameter windows while
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there is one already active, the system asks the user whether to close the old one and

open a new one, or to cancel the command.

Figure 7.9 File manipulation window.

7.2.3 Visualization commands

Once all the parameters, options and images are specified and selected, the user
can visualize the selected volume using the Visual Images command. If the user tries to
visualize objects before selecting images, an error message window pops up to notify
the user to select images first. The Visual Images function calls the surface generation
routine to generate a polygon mesh and then calls the shading and rendering routine to
render the polygon mesh, and finally invokes the xv program to display the recon-

structed 3-D image.
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A user often needs to change shading parameters to get a satisfactory result or
multiple views of the objects need to be generated. In such cases, only rendering needs
to be carried out again. The command Rendering Only is built for this purpose, omitting
the surface generation, thereby speeding up the whole process. Whenever this com-
mand is chosen, a warning message window, as in Fig. 7.10, pops up to remind the user

that this command should be used only if shading parameters have been changed.

Another visualization command is the Visual Bounding Box command as
described in section 7.2.1.1. Since only twelve edges of the input volume (wireframe)
are visualized, this command quickly gives the user a view of how the volume is related
to the camera before the actual volume data is visualized. The user can change the cam-

era position accordingly until a desirable position is reached.

Figure 7.10  The warning message window for the Rendering Only

Command.

When any of the above three visualization commands is chosen with the Cutting
option on, then a window, as shown in Fig. 7.11, will pop up to guide the user to

choose proper camera positions so that the user looks straightly at the cutting plane.
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Figure 7.11 Suggestion window for shading parameters if cutting option

is chosen.

7.3 The Implementation of the MicroVisual

A properly designed user interface is not be adequate if it lacks good implementa-
tion [25] [69]. The critical point in implementation is the choice of the right tool for
software development. A software tool with the following features is the most desir-
able one to be used for the implementation: It should be easy to use on the computer
system that MicroVisual is operated on; it should have good portability; it should be

easy to maintain after the implementation.

Since the MicroVisual is to be run on a Sun workstation, the first option is to

implement the package using C and the X7ib object library provided with the X-win-
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dow systems'. Code developed with these tools is likely to be portable since it « 1n be

compiled with very little change for any Unix? machine with a C complier and the X
library. However, it requires a significant effort since programming with X7ib is rather

complicated, and so is the debugging during implementation and maintenance.

There is a commercial package called DevGuide 3, which can be used to imple-
ment MicroVisual. DevGuide provides a graphical interface for developing user-inter-
face packages. Objects such as windows, menus, text widgets can be selected and
manipulated from the icons in DevGuide, and a C code can be generated from the
selected and manipulated icons. Implementing MicroVisual is certainly easy using this

package, but it presents three problems. The most serious problem is that the code pro-

duced by DevGuide generates a user interface with the OpenLook* standard which will
soon be replaced by the more popular OSF/MOTIF (same as footnote 3) standard.
Also, the OpenLook standard is specific to Sun workstations. Thus if DevGuide is used
to implement MicroVisual, its appearance is not up-to-date, and it is only useful on a
Sun platform. Furthermore, the code produced by DevGuide is not very efficient. Since

it is a commercial package, the distributions of MicroVisual would be also complicated.

A more popular tool for implementing the user interface is Tcl/Tk. Tcl stands for
Tool Command Language and Tk stands for Toolkit. Tcl/Tk is a public domain software

which allows MicroVisual, when implemented, to be distributed freely. This tool is

also available on a variety of platforms (e.g. [BM 3, HP 6, SGI7 and SUN), and hence

The X-window system is a trademark of Massachusetts Institute of Technology.
Unix is a registered trademark of AT&T.

DevGuide is a registered trademark of Sun Microsystems, Inc.

OSF/MOTIEF is a trademark of the Open Software Foundation, [nc.

IBM is a registered trademark of International Business Machine Co.

HP is a registered trademark of Hewlett-Packard Co.

SGI is a registered trademark of Silicon Graphics, Inc.

Nk WD -
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any code produced with it is portable to those same platforms. Tcl is an interpretive
script language like a Unix shell. It supports the use of variables and allows the user to
define procedures with arguments and various strings. Thus, it is able to handle files and
manipulate mathematical formulas. Each function in MicroVisual can be written in Tcl
scripts. The Tcl toolkit, TK, contains modules for developing graphical user interfaces
for the X-window systems. These modules can be used for setting up windows, and
defining text widgets, scrollbars, menu hierarchies and other basic graphical user inter-
face elements. Tcl/Tk allows a user to implement the MicroVisual more easily. The dis-
advantage of using Tcl/Tk is that it is an interpretive language, and thus it is not as
efficient as writing the interface in a language such as C. But this disadvantage can be
compensated by the fact that the Tcl scripts can be converted to C code using a special

tool provided with the Tcl/Tk package.

The feature of easy implementation, portability and availability made Tcl/Tk the
proper choice to implement MicroVisual. An early version of the MicroVisual was
implemented as an undergraduate project [65]. This version is expanded and modified

to the current version presented in this section.

7.4 Summary

A graphical user interface package, called MicroVisual is designed to integrate the
surface generation and rendering process for the visualization system. The user-inter-
face system hides operating details from users and allows them to operate the system
quickly. Excluding the data acquisition, MicroVisual is a general visualization system
which can be used to visualize different kinds of volumetric datasets, such as CT and
MRI medical data. Meanwhile, the data acquisition process can be used as a tool for

microscope image enhancement.
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MicroVisual provides an on-line Help menu, undo features and default values for
parameters to help the user to use the system easily. Three graphical canvases are also
provided for the user to define a cutting plane. The cutting operation is an important
feature of the system that can be used to reveal the internal structure of data volumes.

With its portability, availability and easy for implementation, Tcl/Tk tool is chosen to
implement MicroVisual.
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Chapter 8

Results of 3-D Visualization

The system developed in this thesis can be used to visualize volume data in many
application areas. Visualization of serial microscope images obtained by optical sec-
tioning is one of the applications. Visualization of medical images obtained from CT or
MRI or physical sectioning is another. Visualization of volume data obtained by a con-
focal microscope is the third application area. In all these applications, the means for
data acquisition are different, but once a series of images is available, it can be visual-
ized using the interactive visualization system developed in the thesis. Volume data
modeling used in the visualization system is carried out by an isosurface algorithm,
and a modified version of the marching-cube algorithm. The rendering process is car-
ried out by using the polygon rendering C library SIPP. The user-interface, MicroVi-
sual, facilitates the use of modeling and rendering. The 3-D visualization system offers
functions such as rotation, zooming and cutting for users to examine the objects under

study.

In this chapter, some representative examples obtained using the 3-D visualiza-
tion system are presented. Simple objects such as cubes and spheres, whose volume
data are created by voxelizing their mathematic formulae, are used to demonstrate the
functionality of the interactive visualization system. Examples of 3-D visualization of
simple objects are presented in Section 8.1. Volume data from medical imaging show
that the interactive visualization system has the capability to generate realistic 3-D

views from real data. Three-dimensional visualization results of volume data for medi-
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cal applications, such as CT and MRI images are presented in Section 8.2. Results of 3-
D visualization of serial microscopy images are presented in Section 8.3 and it is
shown that these 3-D views can be used as a tool to visualize the 3-D relationships of
microscopic structures. It will help users to gain an understanding of the objects of

interest and allow users to examine the objects in new and novel ways.

8.1 Volume Data Generated From Mathematical

Formulae

Volume data of simple objects, such as cubes and spheres, are generated by
voxelizing their mathematical formula. These simple objects are used to test and to
demonstrate the functionality of the visualization system. Two simple objects are gener-
ated, namely cubes and spheres. Combinations of cubes and spheres can yield more

complicated synthetic objects.

The volume data of a cube is generated by voxelizing the following formula:

X=X, 0rX =Xy, Y, SYySy,,z, Sy<z,

_ , y=yaory=yb,xa_<_xbe,za.<_::S;b
f(x,y,2) = .o e (8.1)

Z=Z0rz=2p, X, SXSX, YV, SVYSY,

0, otherwise
where x,, v, z, and x;, yp, zp are the two boundaries, i.e., walls, of the cube on the

three axes respectively. On the same boundary, one parameter minus the other such as

(Xa2-X41) is the thickness of the wall.
The volume data of a sphere is generated by voxelizing the following formula:

<
I, r,Srsry

flx,y,2) = {

0, otherwise



164

[2 2 2 . ..
where r = §x" +y +z and r, and ry are the inner and outer radii of the sphere

respectively. When r, is equal to zero, the sphere is a solid.

In Fig. 8.1, the results of 3-D visualization of a cube, with a length of 14 pixels in
a 16x16x16 volume dataset are presented. Each pixel in the volume data is 8 bits. The
size of the reconstructed image is 256x256. In this chapter, all the volume data are 8
bits per pixel, and the reconstructed images are 256x256 unless otherwise indicated.
The outside frame represents the size of the volume with the red line representing the
x, the green for the y and the blue for the z axis. This frame of volume boundary and
the colored three primary axes can gives the user an understanding of the orientation of

the volume relative to the viewing position.

blue

green
red

Figure 8.1 A result of 3-D visualization of a 16x16x16 volume data with
a cube inside. The outside box represents the size of the volume,

and the actual size of the cube is 14.
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Figure 8.2 A result of 3-D visualization of a 33x33x33 volume with a

sphere inside. The radius of the sphere is 14.

In Fig. 8.2, the result of 3-D visualization is presented for a 33x33x33 sphere of
radius of 14. The structure shown on the surface of the reconstructed sphere is due to
the low resolution in the volume data generated. The surface will become smoother as

the resolution increases.

The results of 3-D visualization shown in Fig. 8.1 and Fig. 8.2 indicate that the
system established can accurately reconstruct objects of interest. The system also pro-
vides functions such as rotation, zooming and cutting to allow users to gain more pre-

cise insights of the objects under study. These functions are demonstrated as below.

Rotation: The ability for a visualization system to change the viewing perspec-
tive and thus rotate objects gives users more precise information about the objects
under study. In Fig. 8.3, two perspectives of 3-D visualization of a 16x16x16 volume
are shown. One perspective with viewing direction along the (1,1,1) vector in the vol-

ume coordinate produces a perfect cube as shown in Fig. 8.3 (a). However, in the other
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perspective with viewing position along the (-1, -1, -1) vector, one can see that the

cube is not an exact cube and one wall is missing as shown in Fig. 8.3 (b).

(a) (b)

Figure 8.3 Two perspectives of a 16x16x16 volume data which consist
of a cube with five walls. The second view reveals that the cube is

not a perfect cube but has one wall missing.

Zooming: This feature allows a user to reconstruct a volume along a desired path
and to zoom closely towards the feature the user is interested in, and to create an anima-
tion sequence. A 49x49x49 volume is generated to demonstrate the zooming function.
The 49x49x49 volume consists of 13 equal sized spheres, symmetrically located about
the center of the volume. In Fig. 8.4, the results of 3-D visualization of the volume is
shown in sequence. These results, from left to right and top to bottom, represents a
zooming effect along the (1, 1, 1) vector towards the center of the volume, aiming at the
center sphere. The display program, called xv, is modified so that the program can load
sequential images and play the sequence forward and backward to create animation

using the sequence.
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Figure 8.4 The zooming sequence, left to right and top to bottom, of a
49x49x49 volume. This particular example of zooming is aiming

towards the center sphere.

Cutting: A very useful operation of the visualization system is the cutting opera-
tion. The cutting operation is an operation in which a user defines a cutting plane and
cuts the volume into two parts. Interesting features present in an objects are often not
guaranteed to be parallel to the physical cutting planes. Thus it is often difficult to inter-
polate these features. The visualization system developed allows users to define a vir-
tual cutting plane and virtually cut the volume to present the features of interest. A
cutting operation is also very useful to reveal internal structures obscured by other
parts of the objects. In Fig. 8.6, a sequential examples of cutting operations are pre-
sented. The cutting planes are parallel to each other and to the z-axis, starting the far
side towards the origin of the volume as shown in Fig. 8.5. Two cutting sequences of a

49x49x49 volume are generated and are shown in Fig. 8.6. The sequence in the left col-
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umn represents the view inside the object on one side of the cutting plane, while the
corresponding right column the view inside the objects on the opposite side of the cut-
ting plane. The image sequences generated are loaded by the modified xv program to

create the effect of moving through the objects under study.
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Figure 8.5 The illustration of the cutting planes used for the cutting

sequence as shown in Fig. 8.6.
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(continue on to the next page....)



(continued from the last page....)

Figure 8.6 The cutting sequence of 49x49x49 volume data. The cutting
planes are parallel to each other and to the z-plane. The left column
are images from one side of the cutting plane and the right column

are images from the opposite side of the cutting plane.
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8.2 Medical Images

Three-dimensional visualization of volume data has been used extensively in
medical imaging due to its promise as a tool for clinical diagnosis and as a tool for
communications between physicians and patients. Visualization of volume data at the
anatomy level can serve as an educational aid too. In this section, example results of 3-
D visualization from medical data obtained from CT or MRI or physical sectioning are
presented to demonstrate the ability of the interactive visualization system to generate

realistic images for medical volume data.

8.2.1 Physically sliced images

The data used here are from the Visible Human Project, National Library of Medi-
cine !. A frozen cadaver body was physically sliced and serial images of the body are

obtained by imaging each individual slice. The volume data of the heart?, whose size is
47x43x57, are obtained from segmentations of the serial images. Fig. 8.7 shows the

result of 3-D visualization of the heart.

1. More information can be found under: http://www.nlm.nih.gov/.
2. Thanks to Mr. Kris Caputa at University of Victoria for providing this volume data.


http://www.nlm.nih.gov/
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Figure 8.7 The reconstructed result of a human heart. The volume has
the size of 43x47x53.

[t should be noted that in this application, physical sectioning instead of optical
sectioning has been used for data acquisition. The scale of objects involved in medical
application, such as organs, is usually large enough so as to introduce marks before
physical slicing is applied. The registration among sections can then be carried out
after physical sectioning. The volume data of the heart presented here are registered
with each other after physical sectioning. For microscope specimens, however, intro-
ducing marks before physical sectioning is almost impossible due to their micro scale.
This illustrates the difficulty of data acquisition for microscope images and the neces-

sity of introducing techniques of optical sectioning for data acquisition.

8.2.2 CT images

The CT volume data presented here is a cadaver head. The original CT volume

data' were taken on the General Electric CT Scanner and provided courtesy of North
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Carolina Memorial Hospital. In Fig. 8.8, eight images out of 113 in the volume are
shown. The size of each image in the volume is 256x256. The distance between consec-
utive images is estimated as 1.9 mm. Each pixel in the original CT data is 16 bits. The
whole volume size, thus, is 14,811,136 bytes, that is, almost 15 MB. The volume has
been linearly converted to 8 bits per pixel which cuts down the size to half of the origi-
nal size, which is still over 7MB. The massive data involved in the visualization indi-
cates that increasing the efficiency of a visualization system is a very important issue.
Two perspectives of the reconstructed head are presented in Fig. 8.9 and Fig. 8.10. The
results of 3-D images show that there is noise around the mouth area, but this noise
actually is due to the noise presented in the original images. The stripes behind the

head are visible from the top of the original images as shown in Fig. 8.8.

Figure 8.8 Part of CT images from a 256x256x113 cadaver volume.

1. The CT and MRI data are from the Chapel Hill Volume Rendering test dataset, pro-
vided by Software Systems Laboratory, University of North Carolina, USA.
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Figure 8.9 Results of 3-D visualization of the CT cadaver head.

Figure 8.10 Another view of the CT reconstructed cadaver head.
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8.2.3 MRI images

The MRI volume data presented here is a human head with skull partially
removed. The volume data were taken on the Siemens Magnetom and provided cour-
tesy of Siemens Medical Systems, Inc., Iselin, NJ. Data were edited (skull removed) by
Dr. Julian Rosenman, North Carolina Memorial Hospital. The volume data have been
linearly converted from 16 bits per pixel to 8 bits per pixel. The distance between con-
secutive images is estimated as 1.6 mm. In Fig. 8.11, eight MRI images from the
256x256x109 volume are shown. Three results of 3-D visualization of the volume data
are presented from Fig. 8.12 to Fig. 8.14. The results of 3-D visualization of the MRI
images are smoother than those of CT images because of larger dynamic range in the
original volume data. The noise around the mouth shown in Fig. 8.13 and Fig. 8.14 is

actually from the breath of the patient, which can be identified clearly in Fig. 8.12.

Figure 8.11 Part of the series of MRI volume images.
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Figure 8.12 One reconstruction result of a MRI volume data.

Figure 8.13 Another perspective of the serial MRI image Visualization.
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Figure 8.14 Another perspective of the serial MRI image visualization.

Three-dimensional visualization of real medical data using the interactive visual-
ization system developed in this thesis show that this system can reconstruct realistic
looking images of the objects of interest form medical volume data such as serial
images from CT and MRI. Thus, the interactive visualization system presented is very
general and it can be used for other volume data as well as for serial microscope

images.

8.3 Serial Microscope Images

8.3.1 Confocal laser scan microscope images

A Confocal Laser Scan Microscope (CLSM) generates volume data of a speci-

men by collecting image information only on the focal plane of the microscope, and by
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moving the focal plane through the specimen. Visualization of serial CLSM images is
not the objective in the development of the visualization system. Rather, it is related to
the visualization of serial light microscope images. However, visualization of CLSM
images can, once again, demonstrate the generality of the interactive visualization sys-
tem developed. However, it should be pointed out that a CLSM is very expensive
equipment in contrast to optical sectioning which is a far more economic way to acquire

volume data.

The volume data used are a small portion of a paper fiber' with the size of

75x45x93. Fig. 8.15 shows the partial images from the volume data.

Figure 8.15 Partial images in the fiber volume. The volume is 75x45x93.

Each image in the figure is 10 images apart.

1. Thanks to Dr. Jim Proven of University of Victoria and Mr. Ran Guin of Pulp and
Paper Research Institute of Canada at Vancouver for providing this fiber volume.



179

In Fig. 8.16 and Fig. 8.17, the two results of 3-D visualization of the paper fiber
are presented. The fiber surface is set to be transparent. The bright pipe inside the fiber
represents the hollow part inside the fiber. In the first perspective, the node on the top
of the fiber can be clearly seen, and in the second perspective, the bent end can be also

seen clearly.

Figure 8.16 Reconstruction result of the fiber volume shown in Fig. 8.15.
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Figure 8.17 Another perspective of the reconstructed fiber volume.

8.3.2 Serial images from a transmitted light microscope

A pollen grain specimen is used as an example of visualizing serial microscope
images. Serial microscope images of the pollen are obtained by moving and recording
images of the specimen at constant interval (4um) so that the focal plane of the micro-
scope moves through the top to the bottom of the specimen, resulting in 21 sections.
Each image is 298x276 with pixel distance 0.5um, and it is shown in Fig. 3.7. Each
image is processed with the proposed 3-D qptical sectioning algorithm, the PMCI algo-
rithm presented in Chapter 3, to remove out-of-focus information. The processed
images from optical sectioning as presented in Section 3.4.2 are used as serial micro-
scope images for visualization. In Fig. 8.18 and Fig. 8.19, two reconstruction results of
the pollen volume data are shown. The two figures reveal the spatial relationships of
the protrusions of the pollen which is difficult to mentally visualize from the serial
images shown in Fig. 3.7. This confirms that a 3-D visualization system can help users

gain further understanding of the objects under study.
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Figure 8.18 The reconstruction result of the pollen volume data acquired

by optical sectioning with the PMCI algorithm.

Figure 8.19 Another perspective of the pollen volume data.
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8.4 Summary and Conclusion

The results of 3-D visualization of a variety of volume data using the interactive
visualization system developed are shown in this chapter. These results indicate that
the system is fairly accurate in its ability to produce realistic images of the 3-D objects
of interest. The functions such as rotation, zooming and cutting of the system provide
users a means to closely examine the objects of interest and thus enable the users to
gain objective insights of 3-D information of the objects. The results of 3-D visualiza-
tion of serial microscope images indicate that the optical section algorithm proposed
and the modification of the modeling algorithms are effective and efficient. The fact
that the interactive system can be used for various volume data, real or synthetic, indi-

cates that the system can be used as a general visualization system.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

This thesis deals with 3-D visualization in microscopy, a fast evolving research
application area. A 3-D visualization system for serial microscope images has been
developed, extending the techniques of volume visualization which has been tradition-
ally active in medical applications into microscopy and cell biology. The 3-D visualiza-
tion system includes three main processes: data acquisition, volume data modeling and

rendering.

The thesis makes contributions in volume data acquisition of collecting serial
microscope images which has long been a big burden for 3-D visualization in micros-
copy. In this thesis, the concept of optical sectioning is used and an algorithm for it, the
partial-minimization-and-constrained-iterative algorithm (PMCI) is proposed and
tested for volume data acquisition. Optical sectioning turns out to be an efficient and
effective technique for collecting and processing serial microscope images. It avoids
many problems of physical sectioning such as registration, harming living cells, curling
and compression of specimens. Optical sectioning has also advantages over using a
CLSM in terms of cost and harming living cells. The proposed PMCI algorithm breaks
the 3-D problem into 2-D problems to avoid computationally expensive 3-D convolu-
tions and 3-D Fourier transforms. The new algorithm has been shown to give good

results at a fraction of the computation cost of 3-D deconvolution. The PMCI also
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offers flexibility to the user to control the computation complexity and the degree of
approximation by choosing the number of planes above and below the focal plane
involved in the minimization. In addition, the algorithm can serve as a general purpose
image restoration algorithm to remove haze from defocus so as to enhance the quality

of single microscope images.

This thesis has studied another important issue in data acquisition of collecting
serial microscope images, i.e., the defocused imaging properties of transmitted light
microscopes. In this thesis, these properties are studied by analyzing its defocus point
spread functions and optical transfer functions. These functions are obtained by two
approaches: direct measurements and theoretical calculations. The study reveals that a
defocused transmitted light microscope tends to discriminate high frequency informa-
tion and thus introduces haze to images. The maximum intensity of a defocused PSF
drops rapidly with increasing defocus. For high numerical aperture objective lenses,
the maximum intensity drops dramatically even for a small amount of defocus. An
extensive comparison of the results from direct measurements and mathematical models
are carried out in the thesis since this issue has not been adequately addressed in the lit-
erature. The purpose for the comparison is to verify whether these two approaches lead
to similar results. The comparison reveals that for a low magnification and low numeri-
cal aperture objective lens of a microscope, the theoretical results match the experimen-
tal ones. However, for a high magnification and high numerical aperture lens, these two
methods produce different results in terms of the diffraction patterns and sizes. The the-
oretical approach produces more diffraction rings and larger diffraction patterns, and
thus introduces more haze to the final images. Possible causes of these disagreement

for objective lenses of high numerical aperture have been discussed.

The modeling of serial microscope images has been considered and several exist-
ing volume data modeling algorithms have been studied. It is concluded that isosurface
modeling is effective and efficient for modeling serial microscope images. This is in

part due to the fact that cell walls possess only a small percentage of voxels in the vol-
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ume data. The marching-cube algorithm is considered as a good choice because it offers
not only high resolution but also allows the construction of cutting views to reveal
internal structures of the volume. A modified marching-cube algorithm is proposed
with two modifications of the original algorithm. One modification is to detect and pre-
vent the redundancy problem. This is related to the fact that the grid points on the isos-
urface have to be treated differently from those inside the isosurface to prevent the
generation of redundant points and lines which occur in the original marching-cube
algorithm. The other modification is to use the middle-point algorithm to avoid linear
interpolation to locate the vertex of a polygon, and thus to increase computational effi-
ciency. The use of the middle point algorithm also allows co-planar triangles to be
merged to polygons. Results show that the modified marching-cube algorithm pro-
posed in the thesis can significantly reduce the number of polygons generated and thus
increase the computational efficiency for surface generation and rendering. This model-
ing algorithm with improved efficiency will be a further step in the direction of real-

time implementation of surface generation algorithms.

An interactive visualization system, MicroVisual written in Tcl/tk, is developed
to facilitate the modeling and rendering processes. The interactive visualization system
together with the data acquisition algorithm proposed in the thesis form a 3-D visualiza-
tion system for serial microscope images. The 3-D visualization system offers func-
tions such as rotation, zooming and cutting for users to examine objects from various
views and visualize their internal structures. The results of 3-D visualization presented
in Chapter 8 show that the 3-D visualization system has realistically reconstructed
objects of interests from serial microscope images as well as from various volume
datasets such as CT and MRI medical images. Thus, the 3-D visualization system

developed is efficient and effective in many application areas.
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9.2 Future Work

The work presented in this thesis indicates that several extensions can be made.

They are:

investigate the cause of the disagreement between direct measurement and mathe-
matical modeling of the defocused PSF and OTF for high numerical aperture lenses.
The result of such an investigation will enable users to choose either approach to
obtain defocused PSF and OTF for optical sectioning with high numerical aperture

lenses.

apply sophisticated constrained-iterative minimization algorithms, such as regular-
ized Tikhonov-Miller filters, to the existing PMCI algorithm for the minimization of
the errors between the observed images and the estimated images so that the PMCI

algorithm can produce even better optical sectioning results.

develop algorithms to further reduce the number of polygons generated and thus to
further increase the efficiency of modeling of a 3-D visualization system. The algo-
rithms for polygon reduction include specific algorithms to reduce the number of
polygons that the marching-cube algorithm generates, and general algorithms to
deduct the number of polygons on polygon meshes as used in many computer graph-
ics applications. A significant efficiency improvement will lead to real time visual-
ization and animation.

enhance functions of the 3-D visualization system. A measuring function can be
added so that the system can give numerical information of objects of interest, such
as the size and volume of a cell. Algorithms for multiple thresholds for the march-
ing-cube algorithm can be developed so that multiple surfaces of different objects
can be visualized. The algorithms for multiple thresholds will yield similar visual-
ization results to those from volume rendering modeling where multiple objects are

visualized.
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Appendix

Help menu for MicroVisual

QUICK REFERENCE FOR VISUALIZING A VOLUMETRIC DATASET:
1. Create or Open a parameter file.

2. Set or change the parameters.

3. Select Images to visualize.

4. Choose Visual Images or Rendering Only or Visual Bounding Box.

5. Examine the result and adjust the parameters.

6. Save parameter window to a file if desired.

TO VISUALIZE A VOLUMETRIC DATA SET:

1. Type 'MicroVisual' to start the program.
An icon with three sub-icons, namely 'File | Help | Exit' will appear.
Help icon is used to open a help window if it is clicked.
(clicking means one click in this manual unless otherwise specified.)
Exit icon is used to exit the MicroVisual program if it is clicked.

File icon is used to do most of the operations needed for visualizing a volumetric
dataset. By clicking File, another icon will appear with the following options to choose:
‘Create | Open | Save | Save As | Select Images | Visual Images | Rendering Only |
Visual Bounding Box | Quit'. Move the cursor to the desired operation which will be
highlighted, and a click will carry out the highlighted operation. The function of each
option is as following:



Create: to create a parameter file by changing the default values with the
desired values.

Open: to open a pre-stored parameter file.

Save: to save the parameters to the parameter file in use.
Save as: to save the parameter file to a distinguish file name.
Select Images: to select images for visualizing.

Visual Images: to visualize selected images which including surface genera-
tion and surface rendering.

Rendering Only: to render surfaces. This option is used only if image
parameters and cutting plane haven't been changed.

Visual Bounding Box: to visualize only the volume under the current cam-
era  position. This option is used to have a quick check as to how the
camera position is composed.

Quit: is to quit the program.

1. Open or create a parameter file by clicking the 'File' menu and choose Open
or Create, If Create is chosen, four windows will appear. If Open is chosen, one
window will pop up in which all the files and directories in the current directory all
listed. Choose the desired file to open by clicking on the file and click OK button on
the right, or double click the file name. Or click on... to go to the desired directory.
After the open file is chosen, also four windows will pop up just like using Create.

2. Change parameters in the Parameters and Lighting Parameters windows as
desired by clicking in the corresponding box, deleting the old one and input the new
value. There are three groups of parameters in the Parameter window: /mage Parame-
ters, Options and Shading Parameters.

Image Parameters:

Threshold: is the value distinct objects of interest from background.

Xdim: is the volumetric dimension along x-axis.
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Ydim: is the volumetric dimension along y-axis. Xdim x Ydim is the
image size of the volumetric data.

Zdim: is the volumetric dimension along Z-axis. It is the number of
slices in the volumetric data.

dz: is the distance between two consecutive slices. It uses the same length

unit as that of two pixel distance of the images.

Options:

Statistics: is an option for collecting information about how many cubes
contain objects of interest and what percentage of the overall volume is
represented by the object over the overall volume.

Cutting: is the option to allow a cutting operation on the volume.

Invert: is used when the background corresponds to white and the object

corresponds to black. The program defines background as black.

Shading Parameters and Light Parameters:

Mode: has three options: Wire: for wire frame plot of the reconstructed
object; Gourard: for Gourard shading; Phong: for Phong shading.
Both Gourard and Phong shading will give a realistic results, and
Phong shading is more realistic although it takes longer time to
render.

Size: is to define the size of the final reconstructed image.

Output Name: is to define the file name of the reconstructed image.

Background: is to define the background color by assigning intensity
values to three colors. Same intensities of the three colors will give
a white (1.0) or black (1.0) background.

Object color: is to define the object color properties.
color intensity: red, green and blue. Values are between 0-1.
ambient: is the object intensity without a light, value is between 0-1.

specular: is the reflection ratio of the objects, value is between 0-1.
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shine: is the shininess of an object. Value is between 0-1.

Camera: is to define the viewing position.
location: xfrom, yfrom and zfrom, the position the camera view from.
view at: xat, yat and zat, is where the camera is focusing at.
orientation: xup, yup and zup, is to define where is the up axis.
The vector of (view_from - view_at) must NOT be parallel to the

view_up vector.

3. If a cutting operation is ON, choose three points, to define the cutting plane,
in Cutting window by double clicking the three buttons of the mouse respectively.

4. Save changes to a file either through Save which will save the file to the
opened parameter file, or Save As to a new file. Both Save and Save As are under

File menu.
5. Select images by clicking on Select Images under File menu.

6. Visualize images by clicking on Visual Images under File menu. The visual
images process includes two main parts: surface generation and rendering.

7. If the visualization result is not satisfactory because of the shading parameters
or new results are desired from different shading parameters, change these parame-
ters and use Rendering Only to do rendering and skip the surface generation process
which will save processing time significantly. Rendering Only is also under File

menu.

8. Visualize Bounding Box under File menu is used when only a tentative
view is desired of how the input volumetric data is related to the camera used. Cut-
ting option must be kept OFF if this command is used.

9. Quit to quit the program.





