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A Measurement Method for Fish Surface Area and Volume Based on

3D-Coordinate Using an Image Processing Method

Jotje Rantung

Department of Mechanical Design Engineering,

The Graduate School, Pukyong National University

Abstract

The fish processing industry requires technological solutions that focus on
automating the processing task to increase production, and reduce time and costs. In
the fish processing industry, measuring the surface area and volume of fish is an
important step in the whole process. The technology advances in an image processing
method enables the application of new techniques to measure surface area and

volume of fish precisely, fast and accurately.

This dissertation presents a measurement method for fish surface area and
volume based on 3D-coordinate using an image processing method. Three
measurement methods for fish surface area and volume in this dissertation are
proposed: an analytic method and a partition measurement method for fish surface
area and volume, a real-time measurement method for fish surface area and volume,
and a real-time measurement method of moving objects for fish surface area and

volume. To do this task, the followings are done.

Firstly, the overview of the measurement methods proposed in this dissertation
is provided. This dissertation presents mathematical modeling useful for calculating
fish surface area and volume, reviewing image processing methods, stereo camera
and moving object tracking. For mathematical modeling, the fish shape is considered
to be ellipsoidal. Mathematical modeling consists of an analytic method and a
partition method applied for image processing to measure fish surface area and
volume. The image processing methods used for this dissertation are focusing on

image segmentation by using mathematical morphology and edge detection. The

vil



pinhole camera model is adopted to define the modeling of stereo triangulation for
obtaining camera parameters. For moving object tracking, Kalman filter for multi-

object tracking is presented.

Secondly, the structure hardwares of the measurement systems used for the
above three measurement methods for measuring fish surface area and volume are
presented as follows: the measurement system on analytic and partition measurement
methods for fish surface area and volume, the measurement system on real-time
measurement method for fish surface area and volume, and the measurement system
on real-time measurement method of moving object. The structure hardwares are
developed with mechanical and electrical parts such as personal computer (PC),
monitor screen, LED lamp, HD camera, stereo camera, frame, fixed or moving

plywood panel, etc.

Thirdly, an analytic and partition measurement methods for fish surface area and
volume are proposed. The measurement method is implemented in offline. The
image processing method is built in Matlab programing language. The images are
captured by using high density (HD) camera to acquire digital profile images used
for image acquisition. The digital profile images are extracted as segmented image
and used for measuring fish surface area and volume. The actual length, height, and
width of the fish in millimeters are measured. These are used to calibrate the length,
height, and width in pixels of a feature extracted from the profile digital image of the
fish. Camera calibration constant, image preprocessing, image segmentation and
feature extraction are utilized in the algorithm to calculate the fish surface area and
volume. The measurement results of the fish surface area and volume of the partition

method is compared with those of the analytic method to prove its validity.

Fourthly, a real-time measurement method for fish surface area and volume is
proposed. It is shown that the proposed partition measurement method using image
processing methods is valid because the difference between experimental results
using an image processing method and analytical method was small. However, this
method is built in offline. The main problems of an image captured by the video
camera result in excessive information, complex disparities, and the change of the
shape and appearance of an object due to lighting conditions. Therefore, a method

to extract the foreground object image is needed to solve these problems. A real-time
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image segmentation method is proposed to solve these problems. To execute this
tasks, a stereo camera is used. The real-time image segmentation is developed by
using library available in open source computer vision (OpenCV, C++). The real-
time image segmentation is done by combining HSV color space, threshold value,
mathematical morphological transformations, and contour detection techniques to
extract objects in a graph-based image. A 3D coordinate measurement of fish surface
area and volume by using stereo camera is used. By using the 3D coordinate
measurement, the length, width, and height (mm) of the fish image are obtained. Fish
surface area and volume are calculated from the length, width, and height of the fish

image.

Fifthly, a real-time measurement method of moving objects for fish surface area
and volume is proposed. In this method, an object is moving on a moving plywood
panel driven offline by a motor and a stereo camera determines the size of the object.
The real-time image segmentation of moving objects is developed by using library
available in open source computer vision (OpenCV, C++). To determine the size of
objects which cannot be contained within the camera field of view, it is useful to
track their contours. To complete this task, the following steps are done. The first
step is that the segmented object is shown in the target view. The second step is that
each image is classified and stored in computer as image library. The third step is
that a stereo camera automatically identifies the targeting object by matching the two
views of the contour. The final step is to reposition the stereo camera at the reference
position relative to the planar contour, and measure the object centroid and the object

size.

Finally, the experimental results are shown to verify the effectiveness and

applicability of the proposed three measurement methods.

Keywords: Image processing, Image segmentation, Real-time image
segmentation, Stereo camera, 3D coordinate measurement, Fish surface area

calculations, Fish volume calculations, Moving object.
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Chapter 1: Introduction

1.1 Background and motivation

The heavy duty of the tasks conducted in the fish sorting activities
is operations performed by human operators. The operations are highly
time-consuming and prone to produce stress and fatigue to their human
operators due to the nature of the conditions under which they take
place. Fig. 1.1 shows fish sorting activities to produce ergonomic
hazards due to high speed conveyor belt, repetitive work, long-

standing, and abnormal posture [1].

Fig. 1.1 Fish sorting activities performed by human operators

with unprotected handling.

Fig. 1.2 shows a fish plant workers inspecting fish on a conveyor

belt.



Fig. 1.2 A fish plant workers inspecting fish on a conveyor belt

In food processing industry, a volume is useful for size sorting,
quality grading, and microbial concentration [2]. If volume of a food
product can be determined, the other physical properties such as mass
and density can be easily estimated. In egg, volume is related to many
important things in bird life such as female mass, egg composition,
nesting success, hatchling size, and nestling survival. In bread, volume
is a good indicator for gas retention properties of dough, quality of
flour. In fish shape, the important physical properties are their surface
area and volume [3, 4]. Their surface area and volume are an essential
part of fish processing problems. The surface area of the fish affects

the salting process, i.e. the area and the thickness of the salt.



Furthermore, knowledge of surface area of fish shape is required as an
integral part in heat and mass transfer calculations and in determination
of physical properties such as gas permeability, weight per unit surface
area, and respiration rates. Fish volume is one of the important issues
in the production and processing of food product. Volume together
with other physical properties plays an important role in calculating
water loss, heat transfer, quantity of pesticide applications, respiration
rates, etc. Similarly, the volume of the fish affects the speed of cooling
and freezing which is ultimately useful for the determination of load

and cooling costs [5, 6].

To measure the surface area and volume of food product had
become an issue in measurement technique. Theoretical estimations
based on product principal dimensions and weights were investigated
for eggs in [7], apples, carrots, oranges and lemons in [8]. In [9],
experimental methods were developed to measure surface area and
volume of pears and plums. The tape method for surface area
calculations, gas displacement and water displacement method for
volume measurement were most commonly used [10]. However, the
tape method is labor-intensive and subject to human error. Similarly,
volume measurement cannot be performed for fish shape by using a
gas displacement method and water displacement method because of

the shape of the fish with cavities in the gills and mouth.

Because of these increasingly stringent requirements in food
processing, and a result of advances in the available digital hardware
and in image processing techniques, there has recently been much
interest in using digital image analysis for grading systems [11]. A first

step toward image processing methods was implemented when a



photographic method was proposed to estimate surface area and
volume of eggs [12]. In this method, the top and bottom of the eggs
were considered as segments of spheres and the sections were
considered as cylinders. Even though it had good results, this method
was very time-consuming and it was not practical for a large number

of measurements.

Nowadays, the use of image processing is gaining interest for
determining the surface area and volume of fruit. Sabliov et al. [13]
used an image processing algorithm to determine surface area and
volume of axisymmetric agricultural products. In [14], the
methodology developed by Sabliov et al. [13] was used to measure the
surface area and the volume of agricultural products. Two methods to
predict the volume of Alaskan Pollock by image analysis were
developed by [15]. In this proposed methods, the first method used
dimensional measurement from images and correlated it to
experimental volume. The second method used the cubic splines
technique [16] and applied it to Alaskan pollock images. For the
accuracy of volume prediction, this proposed method was compared to
the volume measured experimentally. However, for effectiveness in
calculations of fish surface area and volume, the image processing

method in this proposed method is needed to be improved.

Prior to the calculations of fish surface area and volume, object
detection and image segmentation is applied. The images captured by
the video camera results in excessive information and complex
disparities. The main problem is that shape and appearance of regions
change significantly for images of scenes obtained from different

viewpoints or different lighting conditions. Therefore, a new method



to extract the foreground object image is needed. Image segmentation
is the initial task of analyzing images. Because of the gray color,
texture, color, and different shapes, the image is divided into different
regions with consistent characteristics. A threshold segmentation
method was proposed in [17]. In this work, a novel method of Particle
Swarm Optimization, called Golden Ratio Particle Swarm
Optimization (GRPSO), was based on Golden Ratio. GRPSO was used
for determining optimal thresholds to improve image segmentation.
Generalizing edge detection to contour detection for image
segmentation was proposed in [18]. In this approach, an extended
image partition of image segmentation by requiring that the image
model was sharply decreased in its energy. A novel method concerning
image transition region extraction and segmentation was proposed in
[19]. In this proposed method, the local variance of different areas of
an image was employed for transition region extraction and
segmentation. Fish contour extraction from images was proposed in
[20]. In this proposed method, the fish image segmentation was
obtained through a combination of the K-means -clustering
segmentation algorithm and mathematical morphology. Those
proposed methods above aimed to improve the quality of image
segmentation. But in the application, the image was taken first and
processed. To solve this problem, real-time image segmentation is
done. The real-time image segmentation method consists of two parts,

the pre-processing method and the segmentation method.

The accuracy of applying stereo camera for 3D coordinate
measurement is closely related to the accuracy of the camera
calibration, and especially correction of camera distortion. Improper

distortion models produce distortion residues which will be directly
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projected back to the reconstructed 3D scene. This inaccuracy can be
a serious problem in 3D measurement applications such as
stereographic reconstruction. A method for recognizing an object of
feature descriptor for being texture-less was proposed [21]. This
method performed an initial dense descriptor computation to capture
2D and 3D gradient image information and aggregate the point-based
information into local histograms. However, the image histogram was
not suitable for real-time image segmentation. Many computer vision
techniques have been investigated to produce complete 3D models.
The computer vision techniques based on combining multi-view range
images into complete 3D models were proposed in [22-24]. In [25-26],
complete 3D models were proposed based on photographic image
processing using volumetric reconstruction techniques such as voxel
coloring and shape-of-silhouette. However, those methods require a lot
of cameras, thus making it difficult to adjust the device. A multi-view
3D modeling system based on stereo camera techniques was proposed
in [27]. This work presented a computer vision system to automatically
generate 3D computer models by combining multi-view range images
of real objects. 3D measurement using a fish-eye camera based on
Epipolar-Plane Image (EPI) analysis was proposed in [28]. This paper
proposed a method for taking 3D measurements using multiple fish-
eye images acquired with one fish-eye camera. However, this work

could cause distortion in the fish-eye image.

In this dissertation, a 3D coordinate measurement method using a
stereo camera system is used. The stereo camera system based on real-
time image segmentation is designed to develop automatic

measurement systems.



To obtain exact position of the object using the stereo camera is very
important for measuring the 3D coordinate. Prior to calculation of fish
surface area and fish volume, the image geometric distortions must be
in correct position. Fig. 1.3 shows the image correction result from the

distorted image (a).

(b)

Fig. 1.3 Image correction. (a) Distorted image, (b) Corrected

image

To bring the stereo camera in the precise position for measuring the
target object, a vision direction system is used. 3D metrology and
tracking systems including laser tracker and laser radar were
introduced in [29]. Positioning sensing of the industrial robot was
introduced in [30]. A comprehensive convergence method was
introduced. Indoor GPS (Global Positioning System) was introduced
in [31]. This proposed method presented the development of state-of-
the-art, high speed, high accuracy, 3D laser radar technology. However,
these systems were highly limited in terms of speed and workspace,
and generally very expensive. The fast 3D position measurement with
two unsynchronized cameras was proposed in [32]. This work
described a vision system with two normal unsynchronized cameras
for calculating the 3D position of objects at the rate of 60 fps. The 3D

position was measured as center point in 3D through the detected
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position on the image at the latest frame, and a 3D position was
estimated by calculating previous frames. However, the
synchronization in shutter timing of cameras should be used to process
more images per second than a synchronized camera system. In [33],
a measurement method for object distance by utilizing a camera was
proposed. In this proposed method, a distance measurement method
was done by using a mirror based on a camera. A sequence of reflected
images was captured by a camera in front of a mirror. The images are
then analyzed to obtain distance information. The distance
measurement is based on the idea that the corresponding pixel of an
object point at a long distance moves at a higher speed in a sequence
of images. In [34], the distance and size estimation of an object was
proposed by implementing a real-time stereo camera system. In this
proposed method, before applying a connected component analysis
method and a blob extraction technique, the object was firstly detected
in both images, and then segmented. This method provides accurate
distance and size estimations. In [35], a method for evaluating the
three-dimensional measurement accuracy with parameter sets using a
pair of stereo images was proposed. The pair of stereo images were
acquired by REAL-3D-WI. This proposed method applied the concept
of offline measurement. In [36], a stereoscopy technique for measuring
distance was proposed. This algorithm was implemented using Matlab
program. The distance measurement was done by representing
stereoscopic images in offline method. C. Igathinathane et al. [37]
proposed an application of 3D scanned imaging methodology for
volume, surface area, and density evaluation of densified biomass. In
this proposed method, a 3-D laser scanner as a measurement device

was used, and to analyze 3D images were using image processing



software. Development of a simple three-dimensional machine-vision
measurement system for in-process mechanical parts was proposed in
[38]. In this method, a machine-vision was used to build a three-
dimensional measurement system using a perspective transformation.
The feature points in the world coordinate system were used to
calculate the measurement data. In [39], a method for reconstructing
3D environment using fish-eye images based on EPI analysis was
proposed. This proposed method enabled easy and stable matching of
feature points. In EPI analysis, the movement of the camera was
restricted to make fixed epipolar constraints between images, which

facilitated the search for corresponding points.

K. Shimada at al. [40] proposed a high-speed 3D measurement
method of a moving object using stereo vision. This proposed method
used a high-speed 3D sensing system with active target-tracking, and
a high-speed projector mounted on a two-axis active vision system. M.
J. Kang et al. [41] proposed a distance and velocity measurement
method of a moving object using a stereo camera system. In this
proposed method, the stereo camera system was considered similar to
the human eye. The distance and velocity of the moving object were
measured using the disparity of two camera images acquired from the

stereo camera.

Technological advances using image processing procedures have
been mentioned above. A few of novel techniques were implemented
using an image processing method useful for many tasks. There are
several issues to be associated with using image processing methods
used for measurements such as size, volume, distance and velocity of

a moving object, and 3D measurement. However, none of the methods



mentioned above developed a measurement method for surface area
and volume based on a 3D coordinate, neither the real-time nor moving
objects were done. Therefore, a new measurement method for surface
area and volume are needed. The new measurement method needs to
be designed based on the 3D coordinate using an image processing

method.

1.2 Objective and researching method

The objective of this dissertation is to present mathematical
modeling and image processing methods used for calculating fish
surface area and volume, the system description used for calculating
fish surface area and volume, a partition measurement method using
image processing, a real-time measurement method, and a real-time

measurement method for moving objects.

To develop a partition measurement method using image processing,
the followings are done. Firstly, image acquisition and image
calibration are done. Secondly, fish image shape is segmented to
determine surface area and volume for computation. Thirdly, surface
area and volume of fish are calculated by image processing technique.
Finally, the fish surface area and volume with experimental results of
the proposed partition measurement method using image processing

method are compared to those of analytical measurement method.

To develop a real-time measurement method, the followings are
done. Firstly, the stereo camera is calibrated to correct its intrinsic
parameters and distortion parameters. Secondly, real-time image
segmentation is done by combining threshold value, mathematical

morphological transformation, and contour detection techniques to
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extract objects in a graph-based image. Finally, the object coordinate,

surface area and volume of the fish are measured.

To develop a real-time measurement method for moving object, the
followings are done. Firstly, segmented object is shown in the target
view. Secondly, a selected contour is automatically extracted and its
image shape is stored. Thirdly, a stereo camera automatically identifies
the targeting object by matching the two views of the contours. Finally,
the stereo camera is repositioned at the reference position relative to

the planar contour, and measure the object centroid and the object size.

1.3 Problem statements

The problem statements considered to design a measurement
method for fish surface area and volume based on 3d-coordinate using

an image processing method are described as follows:

1. To derive mathematical model useful for calculating fish surface
area and volume.

2. To design a partition measurement method using image processing.

3. To design a real-time measurement method based on 3D coordinate.

4. To design a real-time measurement method for moving objects.

1.4 Outline of dissertation and summary of contributions

Chapter 1: Introduction

This chapter presents background and motivation, Objective and
researching method, problem statements, and the outline of contents

and the summary of contributions of this dissertation.
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Chapter 2: Mathematical Modeling and Image Processing
Methods

This chapter presents the mathematical modeling useful for
calculating fish surface area and volume. For mathematical modeling,
the fish shape is considered to be ellipsoidal. The mathematical
modeling consists of an analytical measurement method and a partition
measurement method applied for image processing for calculating fish
surface area and volume. This chapter also presents the overview of
image processing methods used for image segmentation, the main
principle of stereo camera used for real-time image segmentation and
3D coordinate measurement, and moving object tracking using

Kalman filter.
Chapter 3: System Description

This chapter describes the structure hardwares used for the
proposed measurement methods. The first one is structure hardware
used for analytic measurement method and partition measurement
method using image processing. The second one is structure hardware
used for a proposed real-time measurement method. The third one is
structure hardware used for a proposed real-time measurement method

for moving objects.

Chapter 4: Analytic and partition measurement methods for

fish surface area and volume

This chapter presents an analytic and partition measurement
method. For the fish digital profile images are obtained by stereo
camera. The profile images are extracted using image segmentation for

calculating surface area and volume. For image calibration, the actual
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dimension of the fish is measured and used to get a calibration constant
to calculate surface area and volume from shape features extracted
from the profile images of the fish. Image processing and analysis
consists of preprocessing, segmentation and feature extraction. A
method to perform fish surface area and volume calculations is
presented. To verify validation of the proposed partition measurement
method, the experimental results of the proposed partition method are

shown compared to those of the analytical measurement method.

Chapter 5: Real-time measurement method for fish surface

area and volume

This chapter presents a real-time measurement method for fish
surface area and volume. The segmentation process is done in real-
time on the video frame by stereo camera. The intrinsic and extrinsic
parameters are obtained through the stereo camera calibration. To
develop a real-time image segmentation method, a library available in
open source computer vision (OpenCV, C++) is used. It is done by
combining HSV color space, threshold value, mathematical
morphological transformations, and contour detection techniques to
extract objects in a graph-based image. A method to perform the real-
time image segmentation is presented. The method is designed to
perform fish surface area and volume calculations using open source
computer vision (OpenCV, C++). This chapter also presents the 3D
coordinate and measurement of fish surface area and volume by using
stereo camera. To verify the validation of the proposed real-time
measurement method, the experimental results of the proposed real-
time measurement method are shown compared to those of the

analytical measurement method.
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Chapter 6: Real-time measurement method of fish surface area

and volume for moving objects

This chapter presents a real-time measurement method of moving
objects for fish surface area and volume. A stereo camera is used for
acquiring 3D information from moving objects and determines its size.
The size of the moving object is obtained by tracking its contour. To
complete this task, the following steps are done. The first step is that
the segmented object is shown in the target view. The second step is
that a selected contour is automatically extracted and its image shape
is stored. The third step is that a stereo camera automatically identifies
the targeting object by matching the two views of the contour. The final
step is to reposition the stereo camera at the reference position relative
to the planar contour, and measure the object centroid and the object
size. To verify the validation of the proposed real-time measurement
method of moving objects, the experimental results of the proposed
real-time measurement method of moving objects are shown compared

to those of the analytical measurement method.
Chapter 7: Conclusions and Future Works

This chapter presents the conclusions for this dissertation and some

ideas for future works are presented.

Chapter 2: Mathematical Modeling and Image
Processing Methods

This chapter presents the mathematical modeling useful for

calculating fish surface area and volume. The fishes are considered as
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ellipsoidal shapes to get analytical models for estimating their surface
and volume. The mathematical modeling consists of an analytical
method and a partition method applied for image processing to
calculate fish surface area and volume. Section 2.2 presents image
processing methods used for image segmentation. Section 2.3 presents
the main principle of stereo camera used for real-time image
segmentation and 3D coordinate measurement. Section 2.4 presents a

moving object tracking method with Kalman filter.

2.1 Mathematical modeling to measure fish surface area and

volume
2.1.1 Analytical method

2.1.1.1 Surface area of ellipsoid

Equation of a standard ellipse on an arbitrary point (x,y) as shown

in Fig. 2.1 is as follows:
ER A 2.1)

where a is the semi-major axes, and b is the semi-intermediate axes as

shown in Fig. 2.1.
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(a) Ellipsoid model
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(b) Green’s theorem orientation

Fig. 2.1 Ellipsoid model

A= HDI dA (2.2)

where A is the area of the region D bounded by a standard ellipse.

According to Green's Theorem, if%—g—fz 1, area of Eq. (2.2) is

represented by taking line integral as follows:

00 oP
A= j _[D(ﬁ—g—ﬁ—yjdA = UjC(de+Qdy) (2.3)
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where C is a boundary of the region D, P and Q are the continuous

vector field defined on a region D in [ °.

Putting P=0 and O=x in Eq. (2.3) yields:
Ox
A=[ﬁcxdy=ijadA=ﬂDdA=AorA:Dijdy (2.4)
Putting O=0 and P= —y in Eq. (2.3) yields:

A =[ﬁc—ydx=—ﬂDa(a;yy)dA=ﬂDdA =dord=— ydx  (2.5)

From Eq. (2.4) and Eq. (2.5), the followings are obtained as

24 = mD (xdy — ydx), or

A== {1f, ey —yao) | =2 ), G =30 = S {f, 00T ) 26)

From Eq. (2.1), the ellipse can be parameterized as follows:

2

2 2
X ' X
—2+y—2:cos2(t)+sm2(t)=1, or —chosz(l‘) -> x:acos(t) and
a

2

Y —sin’(¢) > y = bsin(?).

b

The ellipse can be parameterized by

o(t)=(x,y)=(acost,bsint) with 0<¢<2x. The elliptic area is

obtained from Eq. (2.6) as follows:
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2w
A= % I (—bsin(t),acos(t))-(—asin(t),bcos(t))dt
2(; 2.7)
_ % [ (absin® t +abcos® ydt = - ab
0

The estimation of ellipsoid at arbitrary orientation is shown in Fig.
2.2. S is ellipsoid surface area, and V is ellipsoid volume. General

equation of a standard ellipsoid on an arbitrary point (x,y,z) is as

follows:
xz y2 22
st @8

where a is the semi-major axes, b is the semi-intermediate axes and ¢

1S semi-minor axes.

Fig. 2.2 ellipsoid at arbitrary orientation

From Eq. (2.8), partial derivatives 0z /dx and 0z / Oy are obtained

as follows:

<y
oz _ a’ (2.9)

e

18



6_=_ - - (2.10)
")
a b

Surface area of any three-dimensional object represented by

z=f(x,y) is given by

oz\ (éz ’
S:.[J\/H(aJ J{a_yj dxdy (2.11)

where S is the surface area and R is the orthogonal projection of the

object z = f(x,y) in the XY-plane as shown in Fig. 2.3. R is the elliptic
disc represented by ((x* /a*)+(»” /b)) <1lin the XY-plane.

Fig. 2.3 shows the general standard ellipsoid, where x, y, and z are
coordinates, « is the semi-major axes, b is the semi intermediate axes,
and c is the semi-minor axes. & is the perpendicular distance between
the  elliptic  sections  of (¥’ /b*)+(z°/c”)=1 and

2 2
bz(l—yk2 Ty cz(l—Zkz =l

A point ¢ in Fig. 2.3 is a point of centroid of two ellipses of

2 2 2 2
X u y z

2

=1 and + =
a’> b*cos’@+c’sin’ 0 b*(A-k’/a*) c(-k*/a”)

b

(—a<k<a),and ¢ is the eccentric angle of the point g. € is the

eccentric angle of the point P in Fig. 2.4.
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Fig. 2.3 General standard ellipsoid
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Fig. 2.4 Ellipse and its auxiliary circle

dn and dp are defined as the lengths of p and §s in Fig. 2.3
respectively. By putting x=acos¢, y=bcosb, z=csinf, and

dx/dy =sin¢@,dl: and dl, are as follows:
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2
dl, = l+(%j cz’xz?«/dyz+dz2
y

y (2.12)
= sin ¢/ b2sin’0 + c*cos*0d0 = udo
2
dl, = lw{QJ dx =~ dx’ +du’
dx (2.13)

= \/(bz cos’ 0 +c”sin’ t9)cos2 ¢+a’sin’ pd¢

A surface element in the surface area of the ellipse is written as
(dl1,dh). Since the ellipsoid is symmetrical about the coordinate planes,
the total surface area S is given by:

n/2 /2

S=8 j j (dl)(dL,) (2.14)

Substituting the values of Egs. (2.12) and (13) into Eq. (14) and
putting ¢ =cos¢ yields:

/2 7w/2

S=8'[ '[(Sin¢\/b2SiH20+C2COS20)
0 0

X (\/(b2 cos’ @ +c” sin’ 6’)cos2 ¢+a’sin’ ¢)d0d¢
/2 7w/2

:8'[ '[(sinqb\/bz sin’ 0 + ¢’ coszﬁ) (2.15)
0 0

X (\/(b2 cos’ @ +c’sin* 6 —az)cos2 p+a’ )d0d¢
/21

=8 | I(\/bzsin20+c2 coszé’)x(\/az—At)dtdO
00
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where A =a’—(b>cos’ 0 +c’sin’ ).
Taking B = JA/a, and substituting in Eq. (2.15) and simplifying
yields:

/2

S=4] (\/b2 sin” 0 + ¢ cos’ 9)be2 cos? 0+ ¢’ sin’ 0d6
0

(2.16)
i arcsin(B)
+ 4a I (\/b2 sin® @ + ¢* cos® G)X(Tjdﬁ
0
where
2 2 2 .2
B a_xﬁi:\/l_(b cos Ga-iz-c sin Gj 2.17)

The proof of Eq. (2.15) is shown in Appendix A.

The eccentricity of standard ellipse ¢ is obtained by putting 6= 0 in
the prolate ellipsoid from Eq. (2.17) as follows:
o O

et by B (2.18)

a a

where ¢ is the eccentricity of the ellipse (x*/a’)+(y*>/b*)=1.

The surface area of the general ellipsoid can be computed using Eq.
(2.18). To evaluate the surface area of the general ellipsoid depends on
the parameters a, b, and c. The semi-intermediate axis and semi-minor
axis are equal for the prolate. By inserting ¢ ~b and by substituting
the value of B into Eq. (2.18), the surface area of the prolate ellipsoid

1s obtained as follows:
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S =2xb*+2n (a_b} arcsin(&) (2.19)
€

The proof of Eq. (2.19) is shown in Appendix A.

Thus, the surface area of the general ellipsoid can be computed
using Eq. (2.19) with ellipse eccentricitye. The developed expression
depends only on the parameters a = L/2, b= W/2, c = H/2, where L, W,
H, respectively, as length, width, and height of ellipsoid.

2.1.1.2  Volume of an ellipsoid using triple integral.

Equation of the ellipsoid is Eq. (2.8). It is easier to calculate the
volume of the ellipsoid using generalized spherical coordinate by
taking x=apcos@sinf, x=apcospsinf, y=>bpsin@sinf, and
z=cpcosb. x, y, and z are coordinates, a is the semi-major axes, b is

the semi intermediate axes, ¢ is the semi-minor axes. Based on
mathematics convention, the symbols for the radial, azimuth, and

zenith angle coordinates are taken as p, ¢ and 6, respectively.

dxdydz =|1|d pdpd6 (2.20)

where |/| = abcp’ sin @

The generalized spherical coordinate ranges within the limits:

0<p<l,0<p<=, 0<0<

oy
NN

The volume of the ellipsoid is
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V =8'[”Rdxdydz
= Sabcﬂj‘2 do lpzdp”j‘z sin0do =i7rabc (2.21)
0 0 0 3

where parameters a = L/2, b= W/2, ¢ = H/2, as L,H,W are the length,
width, and height of ellipsoid, respectively.

The proof of Eq. (2.21) is shown in Appendix B.

In order to calculate the volume of fish that is considered to be
ellipsoidal, the analytical volume Eq. (2.22) of an ellipsoid is used as

follows:

V=%-L-W-H (2.22)

2.1.2 Partition method applied for an image processing method

To evaluate the edge surface area of an elliptical disc, a
representative edge length is obtained by three different technique (Fig.
2.5). The first one is the edge length parallel to the major axis such that
when all such discs are assembled, they provide a step-ladder or stair-
case-like appearance for a smooth ellipsoid as shown in Fig. 2.5(a).
The second one is the edge length inclined to the major axis where the
curves connecting the edges of the two discs are assumed to be inclined
straight lines. When such elliptic frustum discs are assembled, the
outline is a series of inclined lines, which approximates the elliptical
arc. The third one is the elliptic arc edge length, where the disc

thickness is considered as equivalent to the length of the original itself.
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Consider a partition disc on Fig. 2.5(b). By rearranging
(*/a*+y*/b*)=1 for y, the following are given. In Fig. 2.5(e), if Ax and

Ay is small enough, the curvature in the segment Ap can be derived as

Ap =\JAX + AY® (2.23)

By taking limitation of Eq. (2.23), the following is obtained.

dp =, /1 +(ﬂj dx (2.24)
dx

The Cartesian equation for an ellipse centered at origin is
X 2N (2.25)

where a and b being the semi-major and semi-minor axes of ellipse.

By take differentiating Eq. (2.25) and substituting Eq. (2.24), the

followings are obtained:
2xdx e 2ydy —b%l

d
2 2 =0 2= 2
a b an _macy

b*x’ b*x? b*a’
dp= |1+ dx= |1+ dx= [1+———dx 2.26
p \/ a*y? \/ a*y? \/ az(az_xz) ( )
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< c

(9] B

OB: Edge length parallel to X axis
AB: Edge length inclined to X axis

le):: Elliptic arc edge length

(c) Deta1.IS of ell{ptlcal disc (d) Details of disc edge
section details
length
YA
7] Ap
Ay Ap
b X A
(an) Ax " Ax

(e) Disc element

Fig. 2.5 General ellipsoid partitioned into discs and geometry

orientation.

26



From Eq. (2.26), the perimeter of an ellipse p can be obtained by
taking the integral of this expression over the domain of the ellipse in

interval [—a, a] as follows:

(d_pJ (@jl : (W I G A
a

2 2 2 2 2
dx dx a —x ) a (a -X ) 2.27)
a’-x'e
2 2
a —x
where an eccentricity of ellipse ¢ is given by Eq. (2.18).
By taking z=x/a, thus dx=a dz Eq. (2.27) become
1_ 2 2
dp=a : & f dz (2.28)
-z

Taking z =sin@, the dz=cosfd6 and substituting them into Eq.

(2.28) yields:
flgsme c0s0d0 a/lesm@ 0s0d0
Isinlf (2.29)
=a\1—-¢g*sin QdQ

By taking integral of Eq. (2.29), the perimeter of an ellipse (p) is

/2 /2

p=4a j J1-£?sin’ 0d0 = 4a j (1-x)'do (2.30)
0 0

where x = &% sin” 0.

Unfortunately, the result of the Eq. (2.30) cannot be given in the

usual analytic function. Therefore, the perimeter (p) of the ellipse can
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only be calculated using the sum of the series or the approximation

formula. By using Binomial solution, perimeter of an ellipse is

obtained approximately as follows:

" n(n—l)x2 n(n—l)(n—2)x2
(1-x)" =1-nx+ o —

! 3!
n(n—l)(n—2)(n—3)x2
4!
n(n—1)(11—2)(11—3)(11—4))62 2.31)
5!
I’l(l’l—1)(1’1—2)(1’1—3)(1’1—4)(1’1—5))62

6!

~1—nx

For n=1/2 and from Egs. (2.30) and (2.31), perimeter of an

ellipse is given approximately by

/2 /2

p= 4aI\/1 2 sin’ 0d6 = 4aj(1 x)2d9

i
2

5
4aj(1——xJ W= 44(1—%82 sin? 0}1@ (2.32)
0

2 2
=2ra l—g—(lJ
M\2
The proof of Eq. (2.32) is shown in Appendix C.

2 2 _
For a normalized ellipse, &° = l—b— =1- Call) _azh

an =
2 2
a

(1+h) a+b’

by using Gauss-Kummer series, the ellipse perimeter is obtained as

follows:
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» :n(a+b)(l+(%j2h2J (2.33)

The proof of Eq. (2.33) is shown in Appendix C.

The perimeter of an ellipse can be simplified [42]. Because 4’ is

very small, the perimeter of an ellipse in Eq. (2.33) can be written as

pzﬂ(a+b).

2.1.2.1 Surface area and volume of an ellipsoid.
Next, consider a partition disc on Fig. 2.6(a, b and c) as follows:

For the i" partitioned disc, the following equation is given as:

2 2

%vtz—z:l, fori=2,3,---,n/2 (2.34)

b c : ;

where b =—,/a’+k’,c,=—+a’+k’, k is the distance from
a a

standard x-axis to the i disc.

Perimeter the i™ partitioned ellipse is given as p, =7n(c, +b,).
Furthermore, i is defined as /; and I, set as disc of the left and right,

respectively.
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(c)

OB: Edge length parallel to x axis

AB: Edge length inclined to x axis
ACB: Elliptic arc edge length

(&1

Cli dti

(b, =b,) +(dt) = At

OB: Edge length parallel to X axis
AB: Edge length inclined to X axis

(d) 4cB: Elliptic arc edge length

[

[

i ) AN .
70N S /T\ \ |
[\ Fiva ! S

d_ 51 TR [
-} ._._!.._ _________ 1=t kil _1._._|._. v_
v g ! g :
\ i/ N !
~ \\L/_,I__ ! |
! y o
Cii dt;

(e) !
Fig. 2.6 Partition of left disc i1 and right disc i»
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In Fig. 2.6(d) and Fig. 2.6(e), line 04 is very small (as pixel of an

image) and approximated as OA=(b,—b,,)=(c, —c,) as prolate
ellipsoid, and OB = dt, is obtained. For very small length ofﬂ?, it is

approximated as UCB=4B as follows:

At, = AB = \[(b, —by,)* +(d1,)’ (2.35)

The surface area and volume of each disc can be calculated as

follows:
S, =m(b+c)At, (2.36)
n/2
S§=Y8, fori=23,-,n/2 (2.37)

Area of each disc is calculated as average area of left and right
planes, and dft; is very thin and set as a pixel. The volume of each disc

can be calculated as follows:
V, =nAt,(bc,) (2.38)
n/2

V=>V fori=23,n/2 (2.39)

where b, =W, /2and b,, =W,,/2 denote heights of the discs of the
left and right planes in top view, ¢, = H,, /2 and c,, = H,, /2 denote

widths of the discs of left and right planes in side view, respectively,

dt, denotes as the thickness between disc of the left and right planes,

and n denotes the number of boundary point of the fish contours.
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2.2 Image processing methods

2.2.1 Pre-processing of image

From RGB color image, it is transformed to HSV color space. H,

S, and V components are obtained using transformation equations

described as follows [43]:

Hue calculation:

0° for Cmax—Cmin =0
60°><G;B' for Cmax =R'
Cmax—Cmin
H= 1 pt 2.40
60°><B—R' for Cmax =G' (2.40)
Cmax— Cmin
60°><B;R_ for Cmax = B'
Cmax— Cmin

Saturation calculation:

0 for Cmax=0
S = o i 2.41
Cmax—C min Rl w0 ( )
C max

Value calculation:

V = C max (2.42)
where R‘=i, R‘=£, andR'=i.
255 255 255

The object can be easily separated from its background in S and V'

components. Gaussian filter is applied to reduce noises to both S and
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V' components. A grayscale image is then constructed by calculating

the average of S and V' component.

2.2.2 Region labelling

Region labelling is the division of an image into objects or sets of
connected pixels [44]. Generally, the 1’s in a binary image form the
objects, and the 0’s form the background. Two object pixels are
directly connected to one another if they are neighbours of one another.
Pixel neighborhoods can be defined in terms of 4-connectivity in
which the two pixels share a common side, or of 8-connectivity in
which the two pixels share either a common side or a common corner

(see Fig. 2.7).

(a) (b)

Fig. 2.7 Black object pixel with (a) 4-connected and (b) 8-

connected neighbours shown in grey.

The region labeling process begins by scanning the binary image
for the first instance of an object pixel. A search algorithm is then
implemented to locate all pixels connected to the initial pixel so that
the connected pixels can be assigned to the same region, namely region
one. After this, region one may be removed from the binary image (by

setting each of its pixels to the value of the background) and the
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process of locating another object pixel and its connected pixels may

be repeated. The process continues until all object pixels have been
labeled.

Fig. 2.8 shows an example of a binary image (a) with three labeled
objects if connectivity is defined as 4-connectivity (b), or two labeled
objects if connectivity is defined as 8-connectivity (c). In this

dissertation, 4-connectivity is used for the purposes of region labeling.

o|o0j0|j0 |00 g/ojoj0o|0|0
1/1/1(0{0|3 1 1|1(0|0(2
11/0(0|3|3 11|0(0|2|2
o(0j0|0[3 |0 g/0j0|0(2]|0
0|0(2|2 |00 602|200
0(0j2|2(0]|0 0/0(2|2(0]|0
(a) Binary image (b) Three 4- (c) Two 8-
connected objects connected objects

Fig. 2.8 Binary image with three labeled objects.

2.2.3 Binary morphology

Binary morphology [45,46] is a non-linear branch of image
processing that is used to alter the geometrical structure of a binary
image. The two fundamental processes of morphology are erosion and
dilation. These processes are used for the alteration of an image with
another image called a structuring element. The structuring element is
usually smaller than the image. Fig. 2.9 shows an example of erosion

and dilation of an image.

Erosion uses a structuring element to reduce the number of 1’s or
non-zero pixels in an image. The origin of the structuring element is

overlaid over each pixel in the original image. Only if every non-zero
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value of the structuring element is contained in the original image, the
corresponding pixel in the resultant image should be set to 1. The
erosion of an image / by a structuring element B is written as /®B. [
and B are treated as the sets of non-zero pixels in the images. Fig. 2.8(a)

shows an example of a binary image with ‘ones’ shown as black color.

(a) Binary image with structuring element

(b) Eroded image

(c) Dilated image

Fig. 2.9 Binary, erosion, and dilation of an image.

Fig. 2.10 shows the coordinate locations of the black pixels from
the set of / which completely describes the binary object. Fig. 2.10(a)
shows the 6x6 binary image and expressed in Eq. (2.41), and B in Fig.
2.10(b) describes 2x2 structuring element of the binary object and
expressed in Eq. (2.44).



1

B ={(0,0),(0,1),(1,0)}

0
1
2
y3
4
5

(a) 6x6 binary image A

0123 45

{(O,l),(O,Z),(l,l),(l,2),(2,1),(2,4),(2,5),(3,4),(3,5)} (2.43)

(2.44)

y0
1

(b) 2x2 structuring
element B.

Fig. 2.10 Coordinate locations of the black pixels.

Erosion of an image / by the structure element B is given by the set

operation of /@B is defined as follows:

[®B={peF2‘(p+q)eI, foreveryqu} (2.45)

where F” is the two-dimensional space of an image, and p and ¢ are

pixel location. The erosion is the centroid of the translations of / by

—B. In the case of Fig. 2.9, =B is as follows:

~B={(0,0),(0,~1),(~1,0)}

(2.46)

Since -B has 3 elements, in this case there are 3 translations of / as

follows:

Loy
1

I(*LO)
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(a) (b)

Fig. 2.11 Structuring element. (a) Erosion, (b) Dilation of the
binary image shown in Fig. 2.10(a) using the structuring element
shown in Figure 2.10(b).

The centroids of [ I and /

00)> Lo 1)> (10, are the set of the pixels in
the eroded object as shown in Fig. 3.10(a). This centroid consists of

three pixel coordinates: (0,1), (1,1), and (2,4).

Dilation uses the structuring element to increase the number of
non-zero pixels in an image. The origin of the structuring element is
overlaid over each pixel in the image in turn. If the image pixel is non-
zero, then each pixel is added to the resultant image. The dilation of an

image / by a structuring element B mathematically defined as follows:
I@B:{(p+q)|pel,qu} (2.47)

Thus, dilation is the union of the translations of / by B. In this case,
a structuring element of B has three elements, the three translations of

1 as follows:

[(0,0) = {(0’ 1)3 (Oa 2)3 (13 1)3 (13 2)3 (23 1)7 (2’ 4)’ (2’ 5)’ (3’ 4)’ (3’ 5)}
I(O,l) = {(0’ 2)3 (Oa 3)3 (13 2)3 (13 3)3 (23 2)3 (2’ 5)’ (2’ 5)’ (3’ 5)’ (3’ 5)}
I(I,O) = {(1’ 1)3 (13 2)3 (23 1)7 (23 2)3 (33 1)3 (3’ 4)’ (3’ 5)’ (4’ 4)’ (4’ 5)}
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The union of the sets of 7,1, and [, gives the coordinate

of the pixels in the dilated object as shown in Fig. 2.11(b).

The morphological operations of opening and closing are defined
as combinations of erosions and dilations of a binary image [47]. The

opening of an image / by a structuring element B is defined as follows:
[o-B=(IGB)®B (2.48)

Opening a binary image smoothes the contours of objects within it,

by eliminating small islands and sharp spikes in image.
The closing of an image / by a structuring element B is as follows:

IIB=(I®B)®B (2.49)

Closing a binary image smoothes the contours of the objects within

it by eliminating small holes and fusing narrow break lines.

012 3 45 012 3465

O kW N = O

O B W N = O

(a) (b)

Fig. 2.12 Opening and closing (a) Opening, (b) Closing of the
binary image shown in Fig. 2.10(a) using the structuring element
shown in Figure 2.10(b).
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2.2.4 Image edge detection

2.2.4.1 Sobel operator

In the edge detection, to detect solid shape is a very special
thing. It has a strong edge that can quickly change brightness and color.
In using colored images, the edge detection has to be applied on each
channel of the image. Most of the simple edge detectors like Sobel can

identify strong edges.

The edge of an object was obtained by convoluting the grayscale
image G with Sobel operator [45]. Sobel operator performs edge
detection by determining the gradient of the grayscale image G with
respect to horizontal and vertical directions. The gradient of a pixel in

G is calculated by using operators of Eq. (2.50). A pixel in G is an edge
if (G} +G;)"* 2 Th in the pixel for some threshold value Th.

3 -1 L 1T
G =0 0 0 G=[=20 2] (2.50)
1 9N —1—0—3

2.24.2 Kernel design

The robustness of noise is important because the algorithms
applied should also work with automatic systems. To reduce noise can
be done by smoothing filters with the kernel size. To design 2-D filter

kernel can be written in the form as follows [48]:

H(p,0)=H,(p)H,(0) (2.51)
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1 if0<p<n/2
H,(p)= (2.52)

0 else
where H indicates polar frequency response, p is the radial frequency,

and 6 is the angular frequency.

The radial component of the low-pass filter kernel is an
approximation of the ideal 1-D low-pass filter with a cutoff at w/2
radians by assuming 2:1 subsampling in each spatial dimension

between successive pyramid levels.

2.2.43 Graph cut

Graph cut is a technique based on powerful graph cut algorithms
from combinatorial optimization [49, 50]. In the graph cut algorithm,
the image to be inspected is represented as a 2D weighted graph like
in the live wire segmentation technique [51]. Every node in this graph
can be in one of two states: an object pixel and a background pixel.
Therefore, an internal probabilistic color model is needed [52], which
is initialized based on the user input. The weights on the links are
defined by an energy function which consists of both region and
boundary information. The approach uses the min-cut/max-flow
algorithm to find a binary (object/background) segmentation of the

image.
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Background Background
terminal . terminal
n-link

@ o e o e
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@ @ D 'SP
Objeci R t-link " Objeaty
terminal tenminal

(a) (b)
Fig. 2.13 A graph and the corresponding cut.
(a) Graph, (b) Cutting through the graph

The graph cut algorithm is based on a graph ¢(v, &) which consists
of nodes v =1U{s,t} directly connected by two-way direction of

weighted edge &. The nodes correlate to the pixels of an image 7 except
for two additional terminal nodes {s,¢} which are called source s and

sink 7. Each graph edge is assigned as some nonnegative weight, cost

or energy (g, p), where the inverse direction @(p,g) can have a

different weight. Edges connecting only nodes from / are called n-links,
whereas the edges from nodes to terminal nodes are called #-links.
Nodes of 7 are only connected to their direct neighbors N and to both

terminal nodes S and 7 as shown in Fig. 2.13(a).

The minimum cut or min-cut of this graph can then be used to
minimize certain energy functions. A cut partition is a graph into two
distinct subsets S and 7 such that the terminal nodes s and t are
elements of the sets S and 7, respectively. The cut is, therefore, also

called s-z-cut. Fig. 2.13(b) shows such a cut through a graph.
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A cut-set C, eC is a set of edges (p,q) such that p €S and
q €T.The cost |Q| of a cut is the sum of the weights or costs w, over

the edges in the cutset C,. The minimum cut problem is to find the cut

with the minimum costs among all cuts.

|Cmin = argmcin|C,.| (2.53)
with
(o -, Z) Wy (2.54)
P.q)el;

Furthermore, the edges in C, can be split into #-links and n-links.

When making a cut, for each node p the cut contains a #-link, either the

edge (p, s) or (p, ?).

Additionally, the cut can also contain z-links connecting the node
p with its neighbor ¢, and such that p € S and g € 7. The selection of
the #-link (p, s) or (p, ?) at node p can be modeled using a predicate Dp
(f») for selecting (p, s) or (p, £), respectively. Therefore, the cost of the

cut can now be written as follows:

cl=2D,(/)+ > w, (2.55)
rel S dod

This formulation is a special case of an energy function. It can be

expressed in the generalized form as follows:

E(x)=YU,(x)+L >, V, -5(x,,x,) (2.56)

pel (p.g9)eN
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1 ifx #x
P (2.57)
0 otherwhise

5(xp,xq):{

where U,(xp)is a function derived from the observed data, A is a
weighting constant between the regional term and data constraint, x,
and x, are binary values of variables p and ¢. V), , measures the cost of
assigning the labels f,, f; to the adjacent pixels p, ¢ and is used to
impose spatial smoothness. The boundary term or regularizing
constraint and the additional sub modularity constraint [53] is as

follows:

v, 0,00+, (L)<, (0,1)+V, (1,0) (2.58)

2.3 Stereo camera

2.3.1 Pinhole camera model

The pinhole model [54], an ideal non-distorted model, is the
simplest and most common camera model shown in Fig. 2.14.
C-X/Y.Z.and O, — XY, Z, are the camera coordinate frame and
the world coordinate frame, respectively. A point By, (X,,,Y,,,Z; ) on

an object in the world coordinate frame is a point P, = (x,,)») image on

the image coordinate plane.
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2D computer coordinate
Projected Image (pixel coordinates)
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X
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RY. tv

co ‘e

(

World
Yy coordinate
system

Fig. 2.14 Pinhole camera model
The transformation between the camera coordinate frame and
world coordinate frame is represented by R’ and ¢’. The R' is a
rotation matrix and ¢ is a translation vector from the world coordinate

frame to the camera coordinate frame, respectively. The relation

between P,, and P, can be written as follows:

XW

£ 00 y
sly|=|0 f O|[R" ¢] ; (2.59)

z| |0 0 1 !

where s is uncertainty nonzero scale factor of camera, and f'is focal

length.
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The transformation from the image coordinate to the screen

coordinate is obtained as follows:

u P. 0 wul|«x
vi=l 0 B, vy (2.60)
1 0 0 11

where u and v are image projection, (uo,v0) are the principal point, and
P, and P,y are the number of pixels per unit distance on the image

frame in the x and y directions, respectively.

From Eq. (2.59) and Eq. (2.60), Eq. (2.61) is obtained as follows:

X’ Xw

u = V" U, Y" b
sivi=| 0 f, w|[R 2] iy =A[R" ] /| @6

1| S0/ o i h

where f.=Puxf and f,=Py.f as the focal length of the camera in terms of
pixels dimensions in the x and y directions, respectively. 4 is the
intrinsic parameter matrix of camera, and [R" ¢'] is the extrinsic

parameter of the camera.

The pinhole camera model can be defined by providing two sets of

parameters: the extrinsic parameters and the intrinsic parameters.

2.3.2 Extrinsic camera parameters

The extrinsic parameters of the perspective camera are all the
necessary geometric parameters that allow a change from the camera
coordinate system to the external coordinate system, and vice versa.
From Fig. 2.14, transformation from the camera coordinate system C

to the external world coordinate system I can be accomplished using
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a translation # and a rotation R. The translation vector ¢ is a
transformation in position of coordinate 3-dimensional translation
vector. The rotation, in turn, transforms the corresponding axes of each
system. This rotation transformation R is described by the orthogonal

matrix with 3x3 dimension.

For a given point P, the camera coordinate C and the external world

coordinate ¥ are connected by the following equation:
P.=R(P, —-t) (2.62)

where P. is a point P in the camera coordinate system, P, is its point
in the world coordinate system, R stands for the rotation matrix and #
is the translation matrix between origins of the two coordinate systems.

The matrices R and 7 can be specified as follows:

RI Rll RIZ Rl3 tl
R=|R,||R, R, R,| t=0w-0c=|t, (2.63)
R3 R31 R32 R33 t3

where R; denotes an i™ row of the rotation matrix R, i.e.

R=[R,R,,R,]for i=1~3.

il

2.3.3 Intrinsic camera parameters
The intrinsic camera parameters can be summarized as follows:

1. The parameters of the projective transformation itself: For the

pinhole camera model, this is given by the focal length f.

2. The parameters that map the camera coordinate system into the

image coordinate system: Assuming that the origin of the image
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constitutes a point ¢ =(u,,v,) in a central point and that the

physical dimensions of pixels (usually expressed in um) on a
camera plane in the two directions are constant and given by P,
and P, a relation between the image coordinate (u,v) and the

camera coordinate (x,y) can be stated as follows:

x=W—-v,)P,

y=(v-u)P, (2.64)

where a point (x,y) is related to the camera coordinate system C,
whereas (v,u) and (vo,uo) are related to the system of a camera
plane system.

3. The radial distortions can be modelled by providing a nonlinear
correction (offset) to the real coordinate of a given image point.
This can be accomplished by adding even-order polynomial terms

as follows:

u \%

X, =—7, V), =—5— 2.65
U+ kit + ket . 1+kp? +kyrt (2.69)

where 7> = x> + y2, ki and k> are the new intrinsic parameters of

the perspective camera that model the influence of the radial
distortions of the optical system; u# and v are the ideal coordinate
with no distortions of a given image point; and x, and y, are the
modified coordinate reflecting the radial distortions.

2.3.4 Two pinhole camera model

Fig. 2.15 shows the two pinhole camera models [55].
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(b) Coplanar image planes
Fig. 2.15 Two pinhole camera models.

Fig. 2.15(a) is a schematic of the epipolar geometry associated with

two pinhole camera models. Fig. 2.15(b) is the two cameras that have
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coplanar image planes and co—linear and x—axis. The right camera is
arbitrarily chosen as the reference camera. In the figure, left and right
cameras do not have coplanar image planes. Nonetheless, this serves
as a good opportunity to briefly discuss epipolar geometry. An epipole
is defined as the point of centroid of the image planes with the epipolar
line joining the optical centers of the left and the right cameras (e; and
er in Fig. 2.15(a)). When a point is seen in the reference image, its
location in the other image could be anywhere along the epipolar line
generated by the centroid of the epipolar plane (i.e., the plane formed
by the epipoles e; and e; and the point Pg) with the image plane of the

other camera.

Now consider the case of two pinhole cameras which have
coplanar image planes, parallel optical axes, and colinear x-axis
separated by a distance B as shown in Fig. 2.15(b). In this particular
case, the epipolar geometry reduces the epipoles of both cameras to lie
on the same rows in each image plane. The epipolar lines coincide with
horizontal rows of the image and image point correspondences can be
reduced to search along rows. The epipolar line associated with a point
Py is reduced to the same horizontal row at which the point was

detected in the reference image.

The disparity do is defined as pixel distance between the image
point of Po in the reference camera (po, = (xo,,)0,)) and the
correspondent point found in the secondary image (po; = (xo0,,)0,)) as
follows:

dy =Xy, =X, (2.66)
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By knowing the disparity and the separation distance between
cameras (baseline) B and using similar triangles, the following relation

can be used to determine the depth associated with po,:

AL (2.67)
B—d,

PO(XO:YO:ZO)

Fig. 2.16 Triangulation of two pinhole camera models.

By using similar triangles from Fig. 2.15(a), a point in 3D
Euclidean space (X,Y,Z) can be transformed into the image coordinate

using the following relation:

xz—f'X
Z

(2.68)
_ Y
Y=g
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With Zy known, the distance in Xp and Yy can be deduced from

equations as shown in Fig. 2.16.

X, - Z B+x, )-Z
XOZM ,oron(#—B
fZ ; (2.69)
YO:yO,l 0 or YO:yo,r 0
f

By repeating the above calculations for all pixels p;, in the reference

image, a 3D depth image can be easily produced.

2.4 Moving object tracking with Kalman filter

By using the real-time image segmentation algorithm, it can obtain
the center positions of moving objects as detected. Because the
presence of the noise on the environment, sometimes an object's
centroid of a moving object does not indicate its accurate location. The
position needs to be determined further to track each object. Through
the contour tracking approach described in this section, it is possible to

obtain a real position of each object.

2.4.1 Typical Kalman filter

Typical Kalman Filter (KF) addressed the problem of extracting
the useful signal from noisy measurement variables [56]. Kalman filter
is a mathematical estimator that predicts and corrects the states of a

wide range of linear processes [57].

In Kalman filter, consider a tracking system, and subscript &
indicates the discrete time. The objective of the typical KF is to

estimate a state vector at the present time for the measurement at the

51



previous time. The mathematical description of the typical Kalman

filter is as follows:
1. Process equation

By assuming that the velocity is constant during the sampling

interval, the process equation is expressed as follows:
X, =Ax,_, +w,, (2.70)

where A is the transition matrix and x; is the state vector at a present

time k, xi; is the state at the previous time k—1, and wy is the

Gaussian process noise N(:) with the following normal probability

distribution p(w) as follows:

p(w) ~ N(0,0) (2.71)
where Q is the process noise covariance matrix.
2. Measurement equation

z, =Hx, +v, (2.72)

where H is the measurement matrix and z; is the measurement vector
at the present time k, v is a measurement noise vector with the
Gaussian measurement noise N(-) with normal probability distribution

p(v) as follows:
p(v)~ N(0,R) (2.73)
where R is the measurement noise variance matrix.

3. Time update equations
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Egs. (2.68) and (2.70) describe a linear model at the present time 4.

As xi is unmeasureble directly, the measurement vector z; is used to

update the unknown states xx. Apriori estimate state vector x, and a

estimate covariance error X, is obtained for the next time step k as

follows:
X, =AX,  +w, (2.74)

The estimate variance P, is the mean squared error in the estimate

x, as follows:
P =AP_ A" +0 (2.75)

where B, is a matrix representing error covariance in the state
prediction at time k—1 and Q is the process noise covariance (or the
uncertainty in our model of the process).

4. Measurement update equations

These equations are associated with the feedback of the system.

The objective is to estimate aposteriori estimating x, which is a linear
combination of a priori estimate x, and the new measurement vector

z,. The equations are given as follows:

K, =P H (HP H' +R)" (2.76)
2, =%"T+K,(z, -HE) (2.77)
2, =%"T+K,(z, -HE) (2.78)
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where Kj is the Kalman gain computed by measurement update

equations at time k. After that aposteriori state estimate x, and

aposterior error estimate P, are computed by the measurement z; at
time k. The time and measurement equations are calculated recursively
with previous aposteriori estimates to predict new apriori estimate.
This recursive behavior of estimating the states is one of the highlights

of the Kalman filter.

2.4.2 Multi-object tracking using Kalman filter

The geometric of object features include location, shape, and center
of mass (centroid) of a moving object, etc. This proposed method uses
camera with sampling time 30 fps. Thus the size of the center position
and the tracking window of the moving object in the adjacent two
frames are little changed. Therefore, the centroid and the size of the
tracking window as the feature value to describe a moving object is

chosen.

The Kalman filter for the tracking model consists of three sub-
modules: the motion model, feature matching, and the model update.

These three sub-modules are described as follows:
1. Motion estimation model

The Kalman filter used to track objects is defined in terms of the

motion model, and the measurement equation as follows:
X, =[Xo45 Yorsli> My Vi Vyioo Ve Vik ]T (2.79)

where, xox, Vo represent horizontal and vertical coordinate centroids,

lr, hi represent half-width and half-height of the tracking window,

54



VeisVyusViks Vi Tepresent their speeds at time k, respectively. The
next is {(x,,y,)|k=1,---,m}represent the location information for the

k™ detected object in x-axis and y-axis directions, and

{(v,,v,)| k=1,---,m} represent the velocity of the ™ object.

The measurement vector of the system at time k adopts the
following form:

< :[xo,kayo,kalkahk]T (280)

The moving model for the k™ object is defined by a nonlinear

system as follows:

{xk(n) = x, (n—1)+v, (n-1)dt (2.81)

)=y, (n=D+v, (n-1)dt
where 7 is number of objects

In the following, 4 is the transition matrix and H is the
measurement matrix of the tracking system along with the Gaussian
process wi and measurement noise vector vx. The noise value is entirely
dependent on a tracking object and the settings are adjusted empirically.

Accordingly, the transition matrix 4 with k=1,---,m can be

represented as follows:

4 0 0
0 A4, :
A= . ) (2.82)
: . 0
0 0 4

where
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1 d&4 0 0 0 0 0 O
0O 1 d 0 0 0 0 O
O 01 000 O O
O 0 01 00 O o

A = (2.83)
O 0 0 001 0 O0 o
O 0 0 00 1 d o
0O 0 0 0 0 0 1 dat

00 0 000 0 1]
where dt is time step.

Measurement matrix H can be described as follows:
1.0 000 00O
01 00 O0O0O0TO0

H = (2.84)
0O 01 00 0 0O
0001 0 O0O0TUO

After the state equation and the measurement equation of a motion
model are defined in the next frame, Kalman filter can be used to
estimate the object’s location and size in a small range, and to get

trajectories of moving objects.
2. Feature matching

A centroid and a tracking window are describing state of each

moving object, the horizontal and vertical coordinates centroid and the

area of the i object in the k™ frame are described asx!,y!, and S!,

respectively.
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The first one is the centroid distance function between the i object
in the k™ frame and the j™ object in the (k+1)™ frame represented as

follows:

‘\/(xllc _)CI{H)2 + (yllc _yI{+l)2

\/(‘x;{ - )CI{H)2 + (yllc - yI{Jrl)2

DG, j)= (2.85)

Max

The second one is the area difference between the i™ object in the

k™ frame and the j™ object in the (k+1)™ frame is as follows:

i J
‘Sk =8/

Max‘S,i -8/,

AG, ) = (2.86)

where S| =411/ is the area of the tracking window k™ frame of the i

object.

The smaller the value is, the closer the two objects' shape is. With

these definitions, the cost function is defined as follows:
Vi, j)=aD(i, j)+ BAG, j) (2.87)

where o+ f =1,0=0.8, p=0.2. The smaller the cost function’s value

is, the two objects are more likely to have correspondence.
3. Model update

To find the minimum value of the cost function, use the feature of
the first frame to update parameters of the Kalman filter motion model.
This frame is used as the input in the next frame. The process is done

until the moving objects disappeared.
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Chapter 3: System Description

This chapter describes the three structure hardwares used for the
proposed measurement methods for fish surface area and volume. The
first one is structure hardware used for a proposed analytic
measurement method and a proposed partition measurement method in
chapter 4. The second one is structure hardware used for a proposed
real-time measurement method in chapter 5. The third one is structure
hardware used for a proposed real-time measurement method for

moving object in chapter 6.

3.1 Structure hardware of a proposed analytic and partition

measurement methods

The computer vision system used for calculating the fish surface
area and volume consists of software and hardware. The software for
image processing is designed in Matlab programing language. The
structure hardwares of image acquisition is developed to measure a fish
shape object. The structure hardwares consists of one personal
computer (PC), one monitor screen, two LED lamps, one high density
(HD) camera, one platform, and one frame as shown in Fig. 3.1. This
structure hardware is used for a proposed analytic and partition

measurement methods in chapter 4.
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computer

Personal Electrical A
power source
MOI‘I\i‘tOI‘ |

HD
Camera

Fish (\)bject
Platform
Parts Descriptions
Pegsongl Intel® Core™ i3-3220 @3.30Hz 8GB
computer
Monitor screen 19” LCD Samsung
LED lamp W -220V
HD camera Canon; EOS 550D, Japan
Platform Plywood
Aluminum profiles
.
BED
780
Frame
740
14
500 !
560

Fig. 3.1 Structure hardware of the proposed analytic and partition

measurement methods
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3.2 Structure hardware of a proposed real-time

measurement method

In this dissertation, the ZED stereo camera as a stereo camera is
used. The ZED stereo camera has output resolution of 4,416x1,242
pixels at 15 frames per second (fps) and 3,840x1,080 pixels at 30
frames per second (fps), the depth range of 0.5 — 20 m, baseline of 120
mm, and field of view 110°. The ZED is a 3D stereo camera for depth
sensing, motion, tracking and real-time 3D reconstruction [58]. The

prototype of a stereo camera to determine a 3D coordinate is shown in

Fig. 3.2.

120

Baseline 1

(O 0 ) =
\ = = Jl

-+

Fig. 3.2 Prototype of ZED stereo camera

The hardware structure for real-time image segmentation is shown
in Fig. 3.3. The hardware structure consists of a personal computer,
one ZED stereo camera, two light sources, and a platform. All tests are
done using a personal computer with an Intel Core(TM) 13-3220 CPU
@ 3.3GHz and 8 GB ofram with a Windows 7 64-bit operating system.
This structure hardware is used for a proposed real-time measurement

method in chapter 5.
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Electrical

Personal power source
computer

Monitor

y.4
1
Platform Fish object

Parts Descriptions
Personal Intel® Core™ i3-3220 @3.30Hz 8GB
computer
Monitor screen 19” LCD Samsung
LED lamp W -220V
Platform Plywood
Aluminum profiles

Unit in millimeter

Frame
560
Resolution 4,416 x 1,242 pixels
ZED stereo Depth range 0.5-20m
camera Baseline 120 mm
Field of view 110°

Fig. 3.3 Hardware structure of a proposed real-time measurement

method
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The camera device for video input is a ZED stereo camera as a
stereo camera. Hardware structure and software are developed to
perform real-time image segmentation of fish shape object similarly to
the real fish processing line. The software used for image processing
and analysis is open source computer vision (OpenCV, C++) with

visual studio compiler.

3.3 Structure hardware of a proposed real-time measurement

method for moving objects

The targeting objects are the fish placed on the moving platform.
The stereo camera is mounted perpendicular to the moving platform.
The stereo camera uses a ZED stereo camera, as explained in section
3.2. Image processing on the video stream is developed in C++ by
using the Qt framework, open source computer vision library
(OpenCV), and the visual studio compiler. The hardware structure
used for a proposed visual moving consists of a personal computer, one
ZED stereo camera, two light sources, and platform. All tests are done
using a personal computer with an Intel Core(TM) i3-3220 CPU @
3.3GHz and 8 GB of ram with a Windows 7 64-bit operating system.

The testing environment is constrained to a solid color background
in the back of the scene. Solid color background intends to minimize
scene noise. Thus, the work can focus on applying the algorithm rather
than solving noise problems. Fig. 3.4 shows the structure of the
proposed visual moving method. This structure hardware is used for a
proposed real-time measurement method for moving objects in chapter

6.
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ZED
Stereo
Camera

Personal
computer

Monitor

Fish object

Frame

Electrical
power source
wer

ZED stereo
camera

Parts

Descriptions

Personal computer

Intel® Core™ i3-3220 @3.30Hz 8GB

Monitor screen

19" LCD Samsung

LED lamp W -220V
Platform Plywood
Aluminum profiles
Frame

Resolution 4,416 x 1,242 pixels
Fish ZED stereo Depth range 0.5-20m
camera Baseline 120 mm
Field of view 110°
Stepper motor 24 V DC

Fig. 3.4 Hardware structure of the proposed real-time measurement

method for moving objects
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Chapter 4: Analytic and Partition Measurement

Method for Fish Surface Area and Volume

This chapter proposes an analytic and partition measurement
method for fish surface area and volume. This measurement method is
built in offline and uses digital images captured by HD camera as
object measurement. The measurement system was explained in Fig.
3.1 of section 3.1. In the application, the partition method uses image
processing methods for calculating the fish surface area and volume.
The fishes are considered as ellipsoid shapes on three view sides to
appropriate analytical models for estimating their surface area and
volume. To calculate the surface area and volume of fish using the
partition method, Egs. (2.34) ~ (2.7) in section 2.1.2.1 chapter 2 are
used. The calculation results using partition method are compared to
the analytical method using Eq. (2.19) and Eq. (2.22) in section 2.1.1.1
and section 2.1.1.2, respectively. To do this task, the followings are
done. Firstly, image acquisition and calibration are done. Secondly,
fish image shape is segmented to determine surface area and volume
for computation. Thirdly, surface area and volume of fish are
calculated by image processing methods. Finally, the effectiveness of
the partition measurement method is compared with that of the

analytical method through experimental results.

The software is built to process the images of fish and to perform
calculations for its surface area and volume using information
extracted from the proposed partition method. The image processing

algorithm is built in Matlab programing language. The processing step

64



for calculating fish surface area and volume consists of image
calibration, image acquisition, preprocessing, image segmentation,
feature extraction, and calculating of fish surface area and volume as

shown in Fig. 4.1

( Fish
v

Image Image acquisition
calibration 2 *q

)
)
Preprocessing ]
)

Data acquisition

v

Segmentation

v

Feature
extraction

v

( Fish surface area )
and volume
calculations

(. J

Calculate difference
between two methods

Fig. 4.1 Processing step for calculating fish surface area and volume

4.1 Data acquisition

The data acquisition stage of this proposed method consists of two
parts: image acquisition and image calibration. For image acquisition,
the fishes are captured to acquire digital profile images. The profile
images are extracted as image segmentation used for calculating
surface area and volume. For image calibration, the actual dimension
of'the fish is measured and used for finding a calibration constant value
to calculate surface area and volume from shape features extracted

from profile images of the fish.
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4.1.1 Image acquisition

The images of fish are captured by using HD camera located on the
top of the fish object. The HD camera is a camera with two-
dimensional array of light sensing elements on a chip. The sensor
element is placed spatially to fit the pixels in an image. These sensors
form the values of red, green and blue (RGB) for each pixel in the
output digital image as they are exposed to light. Thus, the RGB image
consists of three intensity ribbon matrices for R, G, and B. Each of the
bands forms a grayscale image. Conventionally, intensity values
usually range from 0 (dark) to 255 (bright), but they are also often
scaled to run from 0 to 1 so that they can be interpreted as full intensity

proportions.

Each sample of the fish is placed on plywood with green color to
control the light level when photographs are taken. Each sample image
is taken using an HD camera as shown in Fig. 4.2 below. The sample
picture is taken in two positions, i.e. top view and side view. For image
analysis, each sample image is converted into binary image. The pixel
which is generated by the binary image is processed using the image
processing mentioned in chapter 2. Pixels of each fish image are used

to calculate the surface area and volume of fish.
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HD Camera HD Camera

-

Side view
' Top view
a1 | o W
Plywood Plywood

Fig. 4.2 Top view and side view of image acquisition

4.1.2 Image calibration

The fish image is calibrated for size by using one sample image
captured by HD camera. The physical dimension of the fish in
millimeter are measured by using vernier caliper. The image
calibration result of one fish object is used as a calibration constant
value for measuring fish surface area and volume measurement. The
size in millimeter is obtained by measuring the number of pixels from
the outermost distance of the fish images as shown in Fig. 4.3. The fish
image processing results used for image calibration is shown in Fig.
4.4. An example of one fish has its dimension of 290 mm (L) x 51.1
mm (H) x 38.22 mm (W), and calibration result is obtained as 1 pixel
= 0.0251 mm for (L), 1 pixel = 0.00557 mm for (H), and 1 pixel =
0.00475 mm for (W) .

67



Side-view S

Fig. 4.3 Fish measured from two sides by using vernier caliper
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Fig. 4.4 Fish image processing results used for image calibration
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Table 4.1 Algorithm to perform fish surface area and volume

calculations using Matlab

Algorithm 1. Algorithm to perform fish surface area and volume
calculations using Matlab
1. Inputimage: image file captured by HD camera in format
joint photographic experts group (.jpg).
Resize the two dimensional input image
Read the image; imagel, image2
Get the number of clusters to be formed
Convert the color image into hsv image
Convert the color image into its corresponding gray
image:
h=hsv (,:, 1); ( Hue image).
s = hsv (:,:, 2); ( Saturation image).
v = hsv (3,:, 3); ( Value /intensity image).
6. Convert a grayscale image into a black-white (bw) image
with corresponding bw level

bl Pl Bead g

7. ' Create an array consisting of all ones and find edges

8. Apply morphology erosion to bw image with ones

9. ' Creates a square structure element with a width of pixels.
10. Apply morphology closing to “bw image with ones” by

adding square structure element

11. Remove small objects from binary images by applying
area opening

12.  Apply image complement to change black image to white
image.
Output image as Segmented_1 and Segmented_2

Pseudo-code implementation to calculate fish surface area and
volume using image output Segmented 1 and Segmented 2

13. s=0; ] Set s for beginning
v=0; ] Set v for beginning
b old=0;
c_old=0;
cal h.; 1 Set h calibration constant
cal v.; ] Set v calibration constant
for i=1:size(bwl,1) ;
b=size(1);
s1=0;
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v1=0;
for j=1:size(bw1,2)
if (bwl(i,j)==1)
b=b+1;
end
end
end
for k=1:size(cwl,1);
c=size(i);
s1=0;
v1=0;
for 1=1:size(bwl,2)
if (bwl(k,1)==1)
c=c+l1;
end
end
sl=pi.*cal h.*cal v.*((b_old+b)+(c_old+c))/2;
vl=pi/2*cal h.*cal v.*((b_old.*c old)+(b.*c));
s=s+sl;
v=v+vl;
b old=b;
¢ _old=c;
end
surface=num2str(s,5);
volume=num2str(v,5);

15. surface=num?2str(s,5); I Fish surface area result
16. volume=num2str(v,5); [J Fish volume result

4.2 Image processing and analysis

Algorithm 1 proposed in Table 4.1 is the algorithm to perform the
fish surface area and volume calculations by using image processing
methodology. This algorithm are executed in Matlab programing

language.
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4.2.1 Preprocessing

The first stage to process the fish image before the segmentation
process is resizing. For the example, the original image captured by
HD camera has 1280x1024 pixels frame resolution. The image with
1280x1024 pixels frame resolution is a large image and would be very
computationally time-consuming for image processing. For this reason,
each image needs to be resized to form smaller images of the relevant
portions for future processing. The process of forming a resized image

for each fish is summarized in Fig. 4.5.

An original image with 622x311 is resized to 447x105 pixels
resolution image. This image will be used in segmentation and feature

extraction to obtain segmented image.

Original RGB image l

Resized RGB image

Fig. 4.5 Process of forming a resized image
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4.2.2 Image segmentation and feature extraction

Fig. 4.6 shows the flowchart of image segmentation and feature
extraction. Feature extraction is a prerequisite for image segmentation.
Extracting an image is a procedure to segment a particular shape or
structure in an image. The contour of the fish is extracted from digital
images captured by the camera. The steps of extracting an image are
image segmentation, noise reduction, and edge detection. The image
threshold is used as an image segmentation. Generally, a grayscale

image is transformed into binary images as follows:

L if fny) 2T,
g(x,y>={ 2D (4.1)

0 if f(x,y)<T,

where g(x,y) is the binary image of the grayscale image f{x,y) and 7)
denotes the threshold value. In this case, the best threshold selection is
done manually. Since the Gaussian filtering method allows the edge to
be preserved in filtering out the unwilling noises, it is then employed
to reduce noises within the segmented image. Finally, the edge of the
fish is detected by the Sobel edge detector from an image filtering

noises using the Gaussian filtering method.
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INPUT:
imagel (upview),
image? (sideview)

v
Preprocessing:
Resizing image
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v
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v

v

Converts the grayscale image into
a binary image. (bw)

Create (“disk”) morphological
structuring element. (se)

Perform morphology close operation
on image (bw) with (se). (bw?2)

Perform morphology opening to
(bw2) to remove small objects from
binary images. (bw3)

v

Create contour plot of image data to

(bw3)

v

Apply perim to (bw).

v

Create (‘square’) morphological
structuring element. (se2)

Perform morphology erode to (bw3)
with (se2)

v
OUTPUT

Segmented image
v

Fig. 4.6 Flowchart of image segmentation and feature extraction
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Fig. 4.7 shows results of fish image segmentation and shape

extraction.

(a) Grayscale image

(b) Segmented edge image with Sobel edge detection

(c) Extracted contour image

(d) Thresholded image with noise filtering and filling holes inside
the extracted edge image (c)

(e) Image complement of the image (d)

(f) RGB color image with the extracted contour image

Fig. 4.7 Results of fish image segmentation shape extraction
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Fig 4.7(a) is a fish grayscale image. This image is an image that
contains noise. Fig 4.7(b) is a segmented edge image with applying
Sobel edge detection. Fig 4.7(c) is an extracted contour image from the
edge image. This image is obtained by creating a contour plot to the
binary image resulted from performing morphology closing and
opening. Fig. 4.7(d) is a thresholded image with noise filtering and
filling holes inside the extracted contour image from Fig. 4.7(c). Fig
4.7(e) is the image complement of image in Fig. 4.7(d), and Fig. 4.7(f)
is a final process of image segmentation by combining the original
RGB color image and the extracted contour. The result in Fig. 4.7(f)
shows that the original RGB color fish image is successfully
partitioned from the background image. Next step for image analysis

used in this dissertation will use this result.

4.3 Experimental results

4.3.1 Image segmentation results

Fig. 4.8 shows images converted from the RGB color images (a)
and (b) into the HSV color images (c) and (d) in upview and sideview
of a fish. The image segmentation is implemented based on the color
threshold approach. In this case, the threshold value (7%) is done
manually, and the RGB images are converted into HSV color images
without any modifications or improvement method. Fig. 4.9 shows the
grayscale images (a) and (b) with a threshold corresponding to an

intensity RGB image.

Images in Fig. 4.8(a)~(b) contain large amounts of noise. Fig. 3.10

shows holes when these images in Figs. 4.10(a) and (b) are converted
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to black and white (bw) format. They have holes in the parts of the fish
body. To solve this problem, a smoothing filter is applied. This

discussion in detail is carried out in section 4.3.2.

(a) RGB color image: upview

(b) RGB color image: sideview

(c) HSV color image: upview

(d) HSV color image: éidevié;i

Fig. 4.8 RGB images and HSV images in upview and sideview
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(a) Grayscale image: upview

(b) Grayscale image: upview

Fig. 4.9 Upview and sideview grayscale images

(a) Upview

(b) Sideview

Fig. 4.10 Upview and sideview bw images with noise
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4.3.2 Contour extraction and region filling

Defected fish skin has the color different from healthy skin. A
defected part of the fish skin leads to false segmentation, and is often
segmented as the foreground of the object. Fig. 4.10 shows of a fish
skin bw images. The figure show holes in the body ofthe fish, but these
are not the foreground. To solve this problem, mathematical
morphology, a contour extraction, and region filling technique are

applied.

Scanning pixel is performed to seek the contour point. The list of
pixels belonging to the shape is the white color, and the different color
of the pixels which are not part of the shape is the black color. For the
left contour of the object, the pixel is scanned from left to right and
from bottom to top in the image. In each scan line of the image, the
pixel is judged from left to right whether it belongs to the foreground
object. When the current pixel belongs to the object, this scanning
process is a break and goes to the next scan line. The same rule is
applied to every scan line. Therefore, left side contour is extracted and
each pixel in the contour is marked. This process is performed on all
other three directions in turn: from top to bottom, from right to left,
and from bottom to top. In each contour extraction process, those
marked pixel is not scanned again. The region wrapped by the four
contours is decided as a final foreground region. In this extraction
process, the coordinate of every pixel in contour are recorded for the
next step, region filling. Note that this approach is only effective for

the binary image.

For a pixel in the contour, its coordinate is recorded in the above

process. All pixels, which are scanned before this contour pixel is
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encountered, are set as background. Pixels that are not scanned in the
contour extraction process are set as a foreground object. So the

contour region is filled.

Fig. 4.11 shows the segmented image by edge detection and
contour extraction. Fig 4.11(a) is Sobel edge detection result applied
to a segmented image. Fig. 4.11(b) shows the contour object extracted
from a binary image resulted from performing morphology closing and
opening. The contour of the fish object is acquired, and the contour
line is smooth. Fish surface area and volume can be also obtained by
counting the pixel number in the contour. To count the number of
pixels in the extracted contour image, the gray value is 255. From this,
the number of pixels in the image after region filling can be calculated.

Furthermore, the perimeter of the image can also be calculated.

(a) Using Sobel edge detection method

(b) Contour extraction using morphology closing and opening

Fig. 4.11 Segmented image by edge detection and contour extraction
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Fig. 4.12 shows the region filling result the fish image. It shows
that the region are entirely filled for upview image and sideview image.
Fig. 4.13 shows the original RGB color fish image combined with its
contour. The original fish image is successfully partitioned from the
background image after applying morphology closing and opening,

and contour edge detection.

(a) Upview image

(b) Sideview image

Fig. 4.12 Region filling results of the fish image

Fig. 4.13 Original fish image combined with its contour
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4.3.3 Surface area and volume calculations

The fish surface area and volume can be obtained by measuring the
pixels in the upview and sideview of bw images in Fig. 4.12. With the
end result of black and white image, image segmentation process with
image conversion into several steps is done. This bw image is used to
measure the dimension of fish. The size image calibration in millimeter
is obtained by measuring the number of pixels from the outermost
distance of the fish images as shown in Fig. 4.3. Outermost distances
of fish in millimeter are measured by using vernier caliper as shown in
Fig. 4.3. One sample of fish has its dimension of 290 mm (L) x 51.1
mm (H) x 38.22 mm (W), and calibration result is obtained as 1 pixel
=0.00557 mm for (H) and 1 pixel = 0.0251 mm for (L), and 1 pixel =
0.00475 mm for (W).

By using the proposed image processing method, the surface area
S and the volume V' of the fish are obtained. The error measurement
(em) is defined as percentage differences between the experimental
result of the proposed partition method (PM) and the proposed analytic
method (AM). The error measurement is calculated as follows:

m

(Mj -100% (4.2)

Experiment is conducted for four fishes and their results are shown
in Table 4.2. Based on the partition method, the surface area for fish 1,
2, 3, and 4 are 174,343.81 mm?, 168,702.06 mm?, 172,655.05 mm?,
and 168,458.05 mm?, respectively. The volume for fish 1, 2, 3, and 4
are 312,116.23 mm’, 286,657.97 mm’, 306,497.57 mm’, 284,822.04
mm?, respectively. From Eq. (2.19) and Eq. (2.22), the surface area and
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the volume of an ellipsoid using the analytic method are obtained. The
error measurement between the partition method and the analytic
method of the surface area for fish 1, 2, 3, and 4 are 6.03%, 5.42%,
5.91%, and 5.31%, respectively. The error measurement between the
partition method and the analytic method of the volume for fish 1, 2,
3, and 4 are 5.30%, 4.93%, 5.05%, and 4.81%, respectively. The
process of image segmentation, feature extraction, and measurement

of fish surface area and volume takes 23 milliseconds in computation

time.
Table 4.2 Results of surface area and volume of four fishes
Fishes (Srinr:ll;le e Surface area (mm?)
Partition Analyti Error (en
[ H Y nalleth:d meilizdc E)%ge :
1290|3822 |51.1 | 174,343.81 | 164,428.75 6.03
2287 |37.12| 49.0 | 168,702.06 | 160,028.51 5.42
312893820 50.5 | 172,655.05 | 163,020.54 5.91
4 | 287 |37.00 | 48.9 | 168,458.05 | 159,963.96 5.31
L H W Volume (mm?)
11290 |38.22|51.1 |312,116.23 | 296,406.67 5.30
2287 |37.12 | 49.0 | 286,657.97 | 273,189.71 4.93
31289 |38.20| 50.5 | 306,497.57 | 291,763.51 5.05
4 | 287 |37.00 | 48.9 | 284,822.04 | 271,750.83 4.81
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4.4 Summary

This chapter proposed an image processing methods for fish
surface area and volume calculations. The image samples used to
validate the proposed method were images of four fishes. The HD
camera was used to acquire two images, one from the top view and one
from the side view. Measurement of surfaces area and volumes of four
fishes could be done by experiment through partition method.
Measurements can be done easily, quickly and accurately.
Approximation of the fish’s surface area and volume were done
analytically and by partition method. Experimental results using
samples of four fishes showed that the error between analytical method
and image partition method in surface area were 5.31%~6.03% and the

differences of volume were 4.81%~5.30%.

The difference in error measurement is due to the difference in the
size of the actual fish. The gaps among differences in measurement
results from the four fish samples were small: 0.72% for surface area
and 0.49% for volume between fish 1 and fish 4, respectively.
Therefore, the proposed partition method developed was valid. To
develop an algorithm for estimating surface area and volume of fish in
the future task, it is important also to develop a new image processing

method and an image acquisition system.
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Chapter 5: Real-time Measurement Method for

Fish Surface Area and Volume

The proposed partition method developed in chapter 4 was valid
because the difference between image processing and analytical
method was small. However, this method was built for offline
application. This chapter proposes a real-time measurement method
based on 3D coordinate using stereo camera. The measurement system
used in this proposed method was explained of Fig. 3.3 in section 3.2.
To do this task the followings are done. Firstly, the stereo camera is
calibrated to correct its intrinsic parameters and distortion parameters
rightly. Secondly, real-time image segmentation is done by combining
HSV  color space, threshold, mathematical morphological
transformation, and contour detection techniques to extract objects in
a graph-based image. Thirdly, the object coordinate, surface area and
volume of the fish are measured. Finally, the effectiveness of the
measurement method in real-time based on 3D coordinate is compared

with the analytical method through experimental results.

5.1 Camera calibration

Camera calibration is an important step in 3D computer vision to
extract metric information from 2D images. Focal length is the
important parameter in a measurement algorithm using stereo camera.
This parameter is obtained through the stereo camera calibration. This
parameter determines the strength or weakness of a camera lens to
focus on the object by distorted images. There are four intrinsic

parameters: fx and f; as the focal lengths of the camera in terms of pixel
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dimensions in the x and y direction, and (u0,v0) is the principal point.
The camera usually represents lens distortion that is a radial distortion

given by

u, = {ud = (uu _uO)(l + klru2 +k1r"4) (51)

v, =, —v) 1 +kr’ +kr')

where p(u,,v.) and p(uq,va) are distortion-free and distortion-normalized
image coordinates, respectively. k1 and k> are the radial distortion

coefficients, and r’ =u’ +v> [59,60]. According to the camera model,

focal length is given by

f:%m/mxw;/my) (5.2)

where f; and f, are defined as the focal length of the camera in terms of

pixels dimensions in the x and y direction, respectively.

The important task of the camera calibration is to determine the

four intrinsic parameters and the two distortion coefficients.

The camera calibration follows the procedure proposed in [61].

The recommended calibration procedure as follows:

1. Setup camera, print a pattern and attach it to a planar surface.

2. Take a few images of the model plane under different orientations
by moving either the plane or the camera.

3. Detect the feature points in the images.

4. Estimate the intrinsic and extrinsic parameters of the camera.

The camera system used in this dissertation is a single-head stereo

camera put on the table as shown in Fig. 5.1(a). The camera is
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connected to personal computer using USB cable. The personal
computer is used to process acquired images. The frames obtained
from the camera system are captured and stored on the computer
system using open source computer vision (OpenCV C++) [62]. The
calibration object used in the computation is a planar checkerboard
pattern. The checkerboard pattern is obtained by a laser printer paper.
The use of the checkerboard pattern allows sub-pixel corner detection
of checkerboard corners. The calibration pattern is shown in Figure
5.1(b). Each square box over the calibration pattern has dimensions
25mm % 25mm. Fig. 5.2 shows a set of pairs of close-up RGB images
ofthe checkerboard placed in different positions and orientations. The
RGB images are corrected by taking a variety of focus images that can

cover the entire picture.

(b)

Fig. 5.1 Camera calibration setup (a), and image pattern for

calibrating intrinsic parameter (b)

#

20lViy
TR | Q

Left view Right view

Fig. 5.2 Set of pairs of close-up RGB images of the checkerboard
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Fig. 5.3 Steps of camera calibration.

There are four steps to convert a point from world coordinate to

the computer memory image coordinate [61]:

Step 1 (Transformation from world to camera): Transformation
from a point Let Pyw=(Xw,Yw,Zw) in 3D world space to the point
P=(X,Y,Z) in the 3D camera frame using homogeneous transformation

is represented as follows:

xk rl 2 r3 xw tx
X= yk = 721 rS r6 yw + ty :RX\M+t (53)
Zk r7 I/é n) Zw tz

where R is 3x3 rotation matrix, and t is the 3x1 translation vector.
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Step 2 (Projection): Transformation from 3D coordinate to the

undistortion image coordinate (x,,y,)using perspective projection of

pinhole camera geometry and focal length f is represented as

X

f_

X, :{x”}: z (5.4)
Y fZ
Z

where (x,,y,) is undistorted image point

Step 3 (Lens distortion): Transformation from undistorted image
coordinate to distorted coordinate (x4,ys) with distorted function f; and

lens distortion coefficients &;, for i=1~3, is represented as

X, {ﬂ = 1%, = (L ke e ), (5.5)
d

where 7> =4x}+y. [58,60].

There are two kinds of distortions: radial and tangensial. However

only radial distortion £; is to be considered as shown in Eq. (5.5).

Step 4 (Camera to image): Transformation from distorted image

coordinate to (x4,y4) to computer image coordinate (xz)y) is presented

0
vl bl

Ne (5.7)

S

as

f. :sxd;l,fy :d;l, d =d,
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where s, is an uncertainty scale factor, d. is the center to center distance
between adjacent sensor elements in X direction, d, is the center to
center distance between adjacent sensor elements in Y direction, N 18
number of sensor elements in X direction, and Nz is number of pixels

in one scan line of the image captured by computer.

5.1.1 Calibration intrinsic parameter of camera

Camera intrinsic parameters are calibrated at working distance
about 1000 mm. Chessboard image is used as calibration pattern, and
19" LCD monitor is used to display image pattern. Fig. 5.4 shows an
image pattern for calibrating intrinsic parameters. Table 5.1 shows the

calibration results of the left camera and right camera, respectively.

Fig. 5.4 Image pattern for calibrating intrinsic parameter.
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Table 5.1 Calibration results of the intrinsic camera parameter.

Focal length (pixel) Principal point (pixel)
Camera
fx ]Gz Uuo Vo
Left 940.49 769.00 674.65 180.35
Right 941.49 769.50 675.65 181.25
Distortion Focal length
Camera coefficients pixel/mm (mm)
k k> full, Puy
Left -98.91 11.34 674 180 2.8289
Right -99.01 11.84 675 181 2.8311

5.2 Real-time image segmentation method for fish surface area

and volume measurement

5.2.1 Related work

Image segmentation and stereo camera plays an important role in

application of video processing such as object detection and

recognition. To recognize an object, firstly, the image must be

segmented into the object background and the object to be recognized.

Because the results of image segmentation are often not very

appropriate for some visual tasks, the shape and appearance of the area

change significantly for landscape images obtained from different

viewpoints or different lighting conditions. Therefore, matching a

segmented region in such an image is indispensable. There are a lot of

90




researches in relation to image segmentation and object handling task
with camera as a vision system. Implementation of real-time vision for
tracking task and robot guidance has been introduced [63]. This
method was a basic theoretical approach and simply described a typical
architecture of 3D scene reconstruction. S. Helmer et al. [64] proposed
object recognition using stereo camera, where a model utilized a
chamfer-type silhouette classifier. However, it was easy to lose stereo
depth information. A method using segmentation-based stereo camera
for 3D object recognition was proposed [65]. In this work,
segmentation-based stereo camera was employed for 3D sensing, and
matched with computer-aided design (CAD). This method is not
suitable for real-time processing due to the computational complexity

to combine between pre-processing with CAD matching.

The quality of the segmented image always depends on color,
distance, plan information, and light. Nevertheless, the user did not
stop finding the way to get good image segmentation methods. A
method for image segmentation using mathematical morphology was
proposed [66]. This method used approach based on the watershed
transformation. However, this method was applied to the static image.
An image segmentation algorithm based on threshold segmentation
was proposed [67]. In this work, the segmentation algorithm assumed
that each pixel in the image has its own threshold. However, this
method was applied to the offline method, and threshold-based
segmentation is difficult to be performed if the object has low contrast
with its background. Automatic threshold selection for image
segmentation based on genetic algorithm was proposed [68]. This

paper focused on the issue of automatic selection for multi-level
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threshold for image segmentation. However, this method in

implementation was applied to the offline method.

Image segmentation is done before estimating the actual features
of object recognition. The main problems of an image captured by the
video camera results in excessive information, complex disparities, the
significant change of the shape and appearance of regions. Therefore,
a method to extract the foreground object image is needed. A real-time

image segmentation method must be proposed to solve this problem.

5.2.2 Proposed real-time image segmentation method

In this section, an image segmentation method in real-time is
proposed. The segmentation process is done in real-time on the video
frame by using stereo camera. To reduce complexity and computation
time, hue and value feature spaces are segmented separately before
they are combined. Stereo camera is applied to capture the images of
the fish. In this work, a contour based segmentation and mathematical
morphological method are used for real-time segmentation. Image
segmentation is done by combining HSV color space, threshold,
mathematical morphological transformation, and contour detection
techniques to extract objects in a graph-based image. Software design
is implemented by wusing C++ programming language. For
implementing a real-time image segmentation, a library available in
open source computer vision (OpenCV, C++) is used Library functions
are used for loading image, creating windows to hold an image in real-
time, and saving image. Algorithm 2 explains the real-time image

segmentation used for fish surface area and volume calculations.
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Algorithm 2. Algorithm to perform real-time image segmentation
used for fish surface area and volume calculations

1.

Creates window user interface on OpenCV image processing
tool to adjust the value of parameters in real-time.

Get the centroid of the object by creating a two dimensional
OpenCV image processing tool point as follows:

pt =cvPoint(x, y) (5.8)

(Obtaining XY coordinates from (X,y) from CvPoint)

Segment color images using features color of images
extracted from the HSV space. To convert from RGB to HSV
use standard transformation Egs. (2.40)~(2.42), (assuming
normalized RGB values) first find the maximum and
minimum values from the RGB triplet.

Set a saturation level. Based on human vision perception, the
intensity domination is at saturation level thy: below 0.2.
Color is defined as black at ths.(v)=1 for white=0. v=value(}V)

0.8-v
th =1- 5.9
sa[(v) 255 ( )

The saturation S is defined as

(Gmax—Gmin)/ Gmax, for Gmax #0

S ={ (5.10)

0, otherwise

If saturation § is 0 (zero), hue is undefined (i.e. the color has
no hue, therefore, it is monochrome)

Create a structuring element. The structuring element B is a
3x3 square, that is, B={(-1,-1), (-1,0), (-1,1), (0,-1), (0,0),
(Oal)a (la'l)a (150)5(151)}

Select the centroid based on its magnitude. The centroid is
calculated as follows:

N N N N
xxg(x,y) D> yxg(x,y)
X, = x:lNyle Ly = x:l;:lN (5.11)
lelg(x,y) Z;Z;g(x,y)
p e — &
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where x. and y. are the centroid of a fish, NV is the image length
in the pixel, and g(x, y) is grey level.
7. Apply boundary region by erosion and dilation.
8. Repeat step 3 to 6 until a point (x, y) converge to object image
centroid.
9. Output a binary image.
5.2.2.1 Scene setup

Scene settings play an important role in real-time image

segmentation. Scene settings must be explained in advance to evaluate

the functionality of the algorithm and its components. Four different

objects are tested before being done on fish objects to test the ability

of the proposed real-time image segmentation method as follows:

1.

Different simple objects to test and demonstrate the basic
functionality.
Different size of the objects to test the upper and lower bounds

of objects which can be detected.

. Anobject with different shapes like sharp-edged, elongated and

hairy objects to test the limits of the fixation-based approach.
Textured objects to test the ability to handle multi-colored

objects.

5.2.3 [Experimental results of real-time image segmentation

The proposed segmentation method is designed to detect the fish

object useful for fish processing. The proposed image segmentation

method is applied to different scanning objects before it is applied to

the fish. The various common objects such as a simple object, small
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and large objects, objects of different shapes, and various objects are

used in this experiment.

5.2.3.1 Real-time image segmentation results of various

common objects

The segmentation of simple objects is the basis for testing the
capability of the algorithm. If it fails at this stage, it will probably also
fail for more complex objects. The simple object, in this case, is
defined as objects with constant color. Their shape is convex without
having sharp edges. A segmentation of simple objects can be shown
in Fig. 5.5. Two simple objects with different sizes are all segmented
very well. The location of the contours is optimal. On the other hand,
the quality of the disparity map gets worse for relatively small objects
as there is less depth information available. Only the contour on the
cup shifts slightly from the edge of the object because the color

difference between the object and background is almost the same.

—

Fig. 5.5 Segmentation of simple objects

The size of an object can affect the segmentation process.
Therefore, two different sizes in the scene are evaluated. The scene

contains the small size object and the large size object. Fig. 5.6 shows
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the result of the segmentation of the small object and the large object.
The results of the segmentations produce for both the large object and
the small object are very good. Especially, the segmentation of very

small objects outperforms the expectations.

Fig. 5.6 Segmentation of the small object and the large object

The shape of the object influences the segmentation process and
can also have an impact on the results of segmentation. Fig. 5.7 shows
the segmentation results of several objects with different shape of
objects. The shape includes objects with sharp-edge, elongated object,
and thin object. The experimental results in the segmentation of the
edge detection for the large size are more difficult than those for the
small size. When the large size objects are transformed to log-polar
space, the displayed objects in the scene are deformed to long
horizontal objects as they are bent around the fixation point. Fixation
points are the view focuses on various salient locations. However, the
graph cut algorithm tries to find a short vertical cut to minimize energy

[69]. Therefore, long objects and objects with sharp edges tend to get
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cut off. The graph cut algorithm suffers from the same problem, but it

can counteract this behavior by using the color information.

g‘

Fig. 5.7 Segmentation of the different shapes of objects

5.2.3.2 Real-time image segmentation results for fish object

This section describes the real-time segmentation process of the
fish object. The surface structure of fish skin is categorized as a
textured object. Object segmentation becomes a problem when the
object surfaces have complex texture patterns and generate many local
edges within the same region [70]. Textured objects are the most
difficult objects to segment, where the computation of the texture
gradient is neglected to increase the performance of the edge detection.
The textured gradient is compensated by the large kernel filter in the

edge detection and the color models in the graph cut algorithm.

In the segmentation process, if a segmentation result has low
accuracy, the segmentation is considered as a failure. For segmentation

of fish objects in real time, several trials were carried out to obtain
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satisfactory results. Fig. 5.8 shows the thresholded image that needed
to be inverted from black color to white color after segmentation. As
shown in Fig. 5.8(a), in this image segmentation process, the
thresholded image is overlaid. The failure in segmentation causes
failure in fish detection as shown in Fig. 5.8(b). In this trial, the
segmentation of the fish object is done by choosing a high threshold
(Th=255). Fig. 5.9 shows the image segmentation result of the fish
object by choosing a medium threshold (74=126). Fig. 5.9(a) shows
that an image is not be segmented properly or an image get the wrong
polarity after segmentation. The improper segmentation also causes
failure in fish contour detection as shown in Fig. 5.9(b). Another case
is needed to overcome this obstacle: i.e., image segmentation using the

bounding box [71].

Fig. 5.10 shows the segmentation results of the fish object with
the lowest threshold (7% = 0) and the bounding box. Fig. 5.10(a) shows
that the best result is gained in this trial. Since it has high accuracy, the
feature segmentation results obtained in this trial will be used on the
next step. Next trial is using feature segmentation results obtained in
Fig. 5.10. By applying a graph cut algorithm, the results in Fig. 5.11
are obtained. Finally, image segmentation in the bw image of the object

is obtained as shown in Fig. 5.11(a).

The segmentation results of the proposed method were compared
with the segmentation methods in [8] and [9] as shown in Fig. 5.12.
Fig. 5.12(c) showed that the proposed method obtains good
segmentation result compared to the method by the watershed method

and the method by the threshold value of Fig. 5.12(a) and Fig. 5.12(b).
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As can be seen in Fig. 5.12(a) and Fig. 5.12(b), the results of

segmentation are not perfectly segmented.

(a) Thresholded image

X
(b) Original RGB color image
Fig. 5.8 Segmentation of the fish object with 74 = 255

(a) Thresholded image

(b) Original RGB color image

Fig. 5.9 Segmentation of the fish object with 7/ = 126
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(a) Thresholded image
- S

T

=
L —_—

(b) Original RGB color image

Fig. 5.10 Segmentation of the fish object with 7/ = 0 and bounding

box

(a) Thresholded image

i

T '
(b) Original RGB color image with the contour image

Bounding
Box

L T———

(c) Original RGB color image with the contour and the bounding
box

Fig. 5.11 Segmentation of the fish object with 7/ = 0, bounding box,

and graph cut
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(a) Result for watershed  (b) Result by threshold (c) Segmentation result
transformation value by proposed method

Fig. 5.12 Image segmentation results by watershed transformation,

threshold value, and the proposed method

5.3 3D coordinate measurement using stereo camera

This section proposes 3D coordinate measurement using stereo
camera. Obtaining exact position of an object before measuring the
object is needed for handling the object. Using stereo camera to deter-
mine the object position is very important for measuring the 3D
coordinate. A method for recognizing an object of feature descriptor
for being texture-less was proposed [72]. This method performed an
initial dense descriptor computation to capture 2D and 3D gradient

image information and combined the point-based information into
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local histograms. However, the image histogram was not suitable for

real image segmentation

5.3.1 3D Measurement principle

The 3D position is obtained from stereo triangulation. Firstly, two
images are acquired from a set of 3D test points whose 3D coordinate
are known. Secondly, the estimated 3D coordinate of the same points
are computed from their projections using the calibrated parameters.
Finally, the discrepancy between real and estimated positions is
compared. In this case, the accuracy depends on the calibration of both
cameras. Fig. 5.13 shows the 3D measurement principle using stereo
camera. The projective transformation for the baseline stereo camera
images are searched with the epipolar constraints that the epipolar lines
are horizontal, and the 3D measurement is carried out from the
information of corresponding points. The pairs of baseline stereo
images are generated from the ordinary images with the projective

transformation about the axes of X, Y, and Z.

The triangulation of stereo camera model is shown in Fig. 5.14.
Generally, stereo systems may have optical axes with the fixation point
at a finite distance from the cameras. The left and right image planes
are represented by the segments Iz and L, respectively, and O;
and O are the centers of projection, or optical centers in the left and
right of the camera, respectively. Because the optical axes are parallel,
their point of centroid called the fixation point lies intimately far from

the cameras.
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Fig. 5.13 3D measurement principle using stereo camera
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Fig. 5.14 Triangulation of stereo camera model
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A
>

Base line (B)

Fig. 5.15 Reconstruction of the 3D stereo position

Reconstruction the 3D stereo position is shown in Fig. 5.15.
Triangulation of the stereo system reconstructs the 3D position of each
single observed point P(X,Y,Z) in the camera coordinate frame from its
projections p; and p, on the left and right ideal image coordinate frames
using the known distance B between the center of projection O; and O,
and the common focal length f of the cameras. The distance L is called
as a baseline of the stereo system. Let (x;, y7) and (x,, y;) be the 2D
coordinate of the image points p; and p, with respect to the principal
points as traces of the optical axes ¢; and ¢, as the origins of x,y-image
coordinate, and the x-axis is parallel to the baseline. The 3D XY, Z-
coordinate frame has the distance Z-axis parallel to the optical axes,

the X-axis parallel to the baseline and the image (x,,x,)—axes, and the

Y-axis parallel to the image (y,,y,)—axes. By assuming that the 3D
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coordinate frame has the origin in the optical center of the left camera,
the perspective projection from the 3D camera coordinate (X, Y,Z) to

the ideal image coordinate (x, y) as follows:

=X'f;x=(X_B)'f—B;yl=y,=% (5.12)

X, ;
VA zZ

From Eq. (5.12), the Z coordinate can be determined as follows:

Z=f-BLid (5.13)

where x=pi-ci, X =p,~cr, and d=x,-x; is a disparity that is the difference
in image position between corresponding points in the two images.

Once Z is determined, it is straightforward to calculate X and Y using

similar triangles:

B
X=x- (5.14)

B
Y=y, —— (5.15)

Determination of 3D object coordinate is implemented after
segmentation process. Firstly, the object is recognized to determine the
center of the object, then the principle of determining the 3D

coordinate is implemented. Distance error rate e, is calculated as

‘. :(Z—real .d1stance 100% (5.16)
real distance
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5.3.2 Distance measurement of an object between stereo camera

Fig. 5.16 shows the relationship between the object size in
bounding box (pixels) and the distance which can be used to estimate
the width and height of the object in millimeters. The acquisition of
two stereo camera images showing the same object from different and
known point of views allows the analytic estimate of the target relative
distance, relative position and absolute diameter.

Stereo camera
E

left camera S right camera
visible area b visible area
2
= Bounding box
= or an object
object
v, oy Y
=\
3
1y length

board

stereo camera
overlap area

Fig. 5.16 Object size in function of the distance between the stereo

camera and the object

Fig. 5.17 shows a schematic representation of a distance estimated
with a stereo camera. B is the distance between two cameras, [ is half
of the horizontal angle field of view of the left camera, and ¢ is half
of the vertical angle field of view of the left camera. /% is half of the
horizontal angle field of view of the right camera, and o is half of the

vertical angle field of view of the right camera. From Fig. 5.17, by
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doing analytical computation for the angles of @1, @2 and @3, the
distance to a pixel located in the column x| of the left image and x> of

the right image as shown in Fig. 5.19 can be estimated.

(%1,%2)

Stereo camera

=

left camera P right camera
visible area visible area
2B,
/ z
Y

board

Fig. 5.17 Schematic representation of a distance estimate with a

stereo camera.

The half angle of view of a camera is given by f, = tan™' (D /2 f). D

is the diameter of the camera's field stop and f'is the focal length of the

camera as shown in Fig. 5.18.
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Focal length (f)

Fig. 5.18 Angular aperture of a camera

From Fig. 5.17, by doing geometry principle, distance Z can be

obtained as follows:

For left camera

tan 25 (5.17)

1
Z =B, -tan g, (5.18)

For right camera

Z
tanp, = ——— 5.19
?, ) (5.19)

Substituting Z in Eq. (5.19) for Eq. (5.18) yields:

B -tang
tan ¢, = — ! 5.20
P =g B, (5.20)
Solving Eq. (5.20) for B1, the equation become as follows:
g~ Bane, (5.21)

b tan @, + tan @,

108



By substituting back Eq. (5.21) for Eq. (5.18), the distance Z

between stereo camera and an object can be obtained as follows:

7 (tanqo1 -tanqoz)-B

(5.22)
tang, +tan @,

The scale of the pixels in the image (xScale, yScale) is determined

as follows:

2Z-tan£ 2Z-tang
xScale=———2 , YScale = -2 (5.23)

cols rows

where [ and o are stereo camera field of view, Z is the distance
between stereo camera and object, and rows and cols are image size

(rows, cols).

The relative positions of a pixel (x,y) as follows:

X= (xl —&lej -xScale, y = (yl — rozws j -yScale (5.24)

where (x1,y1) is the relative location of the pixel in one image of the

stereo camera.

The real target fish length L expressed in millimeters can be
calculated from the apparent length L’ in pixels obtained from the left

image of the stereo camera as follows:

L =J(L"cosw-xScale)* +(L"sin w- yScale)’ (5.25)

where o is angle between the x-axis and the major axis of the ellipse

that has the same second-moments as the region.
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The regionprops are used to measure the properties of image
regions. This property is supported only for 2-D input label matrices.
Fig. 5.19 illustrates the axes and orientation of the ellipse. The left side
of the figure shows an image region and its corresponding ellipse. The
Fig. 5.19(a) shows the same ellipse with features indicated graphically;
the solid blue lines are the axes, the red dots are the foci, and the
orientation is the angle between the horizontal dotted line and the

major axis as shown in Fig. 5.19(b).

(a) Image region (b) Corresponding ellipse

Fig. 5.19 Axes and orientation of the ellipse

Fig. 5.20 shows the flow chart to determine the 3D coordinate for
fish surface area and volume measurement. The goal to determine the
3D coordinate is to measure the absolute XYZ coordinate. As mention
in section 1.1 above, image geometry must be in the correct position
used as an object to calculate fish surface area and fish volume. The
correct image geometry is adjusted by stereo camera coordinate
measurement. Therefore, this section proposes the stereo camera
measuring method to determine the absolute XYZ coordinate of the
object. Determination of the absolute XYZ coordinate is done after

the image coordinate calibration.
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Fig. 5.20 Flowchart to determine the 3D coordinate.
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5.3.3 System setup

This section describes system setup used to determine the XYZ
coordinate. The system setup consists of the image acquisition system
of stereo camera used to estimate fish location, and the vision targets

used in the experiments.

5.3.3.1 Stereo camera image acquisition system

Fig. 4.21 shows the experimental setup used in this proposed
method. The image acquisition device used in this work is ZED stereo
camera as a stereo camera. Fig. 4.21(a) shows the prototype of ZED
stereo camera to determine 3D coordinate. Fig. 4.21(b) shows the
experimental setup of the target measurement. The cross-line is used
as a reference to place the target fish at the exact position manually,

and its position can be detected automatically.

The purpose of this experimental setup is to estimate the accuracy
of a ZED stereo camera in the case of detecting the fish target. The
experiment is conducted with a fixed camera, and distances from the
camera to the desired object are 780 mm, 660 mm, and 550 mm,
respectively. The measurement are conducted three times. This
experiment is implemented with a middle-resolution camera and long
distance camera, and the image is taken without the special light on its
surrounding to check whether the proposed algorithm and the accuracy

of measurement can be employed.
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ZED stereo camera

Vision target (fish)

(a) ZED stereo camera and vision target

(b) Experimental setup for target measurement

Fig. 5.21 Experimental setup of the stereo camera image acquisition

system

5.3.3.2 Vision target detection

As mentioned in section 4.2.3.1, a simple object is the basis for

testing the capability of the real-time image segmentation algorithm.
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If it fails at this stage, it will probably also fail for more complex
objects. The simple object, in this case, is defined as objects with

constant color. In this experiment, a cup is used as a reference object

A

(a) Cup used as a reference object

as shown in Fig. 5.22 (a).

(b) Cup thresholded image

-~

(c). Cup séémented image with centroid and centroid position
Fig. 5.22 Cup target detection.

The vision targets tested in the experiments are fish as a real
detected vision object. Fig. 5.23 shows fish target detection. Detected
target settings are the original RGB color image in Fig. 5.23(a),
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threshold image Fig. 5.23(b), and segmented image with centroid
position in Fig. 5.23(c).

(a) Original RGB color image

(b) Thresholded image

Fish contour r
\ o ==

-

eese=escceaa,

- .o

- -
o -

centroid position
red-cross-circle ' (rle d-pixels)

(c) Segmented image with centroid (red-cross-circle) and centroid

position in (red-pixels)

Fig. 5.23 Fish target detection
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The image processing stage involves image segmentation for the
fish object target, the object centroid, and bounding box in pixels. The
white background used in the experimental setup simplifies the
procedure of detecting the background in both RGB color images

obtained with the stereo camera.

5.3.3.3 Fish surface area and volume measurement

The software design is developed in C ++ using the Qt framework
and the open source computer vision library (OpenCV). Fig. 4.24
shows the flow chart of the software developed to calculate the surface
area and volume of the fish. The process begins with obtaining two
synchronous images of the cameras and their subsequent correction by
using the parameters obtained from the calibration. Once the images
are corrected, the fish real-time image segmentation algorithm is
executed individually for up-view image and side-view image. The
proposed real-time image segmentation algorithm was described in
section 5.2.2. It is done for up-view image to obtain fish length and
width in pixels, and the same process is done for side-view image to

obtain fish length and height in pixels.

The first process is done for upview image so that length (L) and
width (W) are obtained, and these results are stored as a save model.
The next process is done for side view to get length (L) and height (H),
and this result is also saved in a save model. For last process, the values

of LWH are used for the calculation process of surface area and volume.

116



Real-time image
segmentation

'

Bounding box,
Center point

v

Original image:
up-view; side-view

Measure length and width

Save length (L)
and width (/%)

Side-view

\
Real-time image
segmentation

v

Bounding box,
Center point

Y

Measure length and height

Save length (1)
and height (H)

A4

Length, height, and width (pixels)

{j

L’ i

A

Y

; ; Calculate the
Image calibration
surface area and
constant
volume

'

Fish surface area (mm?)

Fish volume (mm?3)
Difference (%)

v

Fig. 5.24 Flowchart to calculate fish surface are and volume.
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5.3.4 Experimental results of fish surface area and volume

measurement based on 3D coordinate

Fig. 5.25 shows the representation of the right camera and the left

camera in real-time image segmentation.

(a) Left and right thresholded images

Camera center point

)

Image center point
(red)

Contour (green line)

(b) Left and right original RGB color images

Camera center poin Image center point

(red) \ (red)
> jlo

Contour (green line)  Bounding box (red line)

(c) Left and right original RGB color images with bounding box

Fig. 5.25 Representation of the right camera and left camera
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The white color area of the fish threshold image in Fig. 5.25(a) is
represented by the inside area of the green line in the fish original RGB
color image of Fig. 5.25(b). The white color area in threshold image
and the green line in the original RGB color image are visible for the
left camera and right camera. In other words, image segmentation
works well. It is also indicated by the bounding box in the green line
area, the centroid of the left-right original image (red), and the centroid

between the left camera and the right camera (red).

The length (L), width (), and height (H) of the fish image are
represented by the length, width, and height of the bounding box (in
pixels). The computation of the centroid is required for both images
obtained with the stereo camera system because calculating the surface
area and volume can be limited to one image. Fig. 5.25(a) shows the
thresholded image of the target analyzed in one example image. Fig.
5.25(b) shows the detection results of the fish to be analyzed: centroid
location (red circle), and contour (green line). Fig. 5.25(c) shows the
detection results of the fish to be used for calculating surface area and
volume of the fish. The result obtained in this case shows the centroid
location (red circle), contour (green line), and bounding box in stereo
camera image. One example of the object experiment result is shown
in Fig. 5.25(b) and Fig. 5.25(c). In this result, the image centroid for
the left camera in pixels is (379,184), the center of the image for the
right camera in pixels is (958,191), and the image center is for stereo
cameras in pixels (671,187). From this value, the distance from the

planes of the two cameras to the plane of the pixel can be obtained.

Table 5.2 shows the 2D image coordinate (pixels) of the centroid

in stereo camera. The results of the 3D coordinate (mm) are shown in
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Table 5.3. Based on the experimental results obtained for the
measurement of 3D coordinate as shown in Table 4.3, the smallest
distance error rate is at a distance of 550 mm. After that, a distance 550
mm will be used to adjust the distance between stereo camera and an
object in measuring the surface area and volume of the fish. Table 5.4
shows the measurement results of surface area and volume of four fishes
using 3D coordinate. To calculate the difference between the partition

method and analytic method, Eq. (3.2) is used.

Table 5.2 Image coordinate of the centroid point

Trial Centroid in 2D coordinate (pixels) Real distarice Z (mm)

X Y
687 203 780

1 680 194 660
671 187 550
687 203 780

2 680 194 660
671 187 550
687 203 780

3 680 194 660
671 187 550

120



Table 5.3 Measurement data of 3D coordinate.

Centroid in 3D Real Distance
Trial coordinate (mm) distance Z |error rate e,
X Y VA (mm) (%)
16 20 793.2 780 1.69
1 16 20 667.7 660 1.17
16 20 553.4 550 0.62
16 20 792.9 780 1.65
2 16 20 667.5 660 1.14
16 20 553.2 550 0.58
16 20 791.6 780 1.49
3 16 20 667.1 660 1.08
16 20 552.6 550 0.47

Table 5.4 Measurement results of surface area and volume of four
fishes using 3D coordinate.

Fishes sample size Surface area (mm?)
(mm)

Real-time | Analytic Error e,

L c o method method (%)

11290 |38.22|51.1 | 173,159.92 | 164,428.75 5.31

287 | 37.12 | 49.0 | 167,981.93 | 160,028.51 4.97

289 | 38.20 | 50.5 | 170,715.11 | 163,020.54 4.72

E N VST I \S)

287 | 37.00 | 489 | 166,746.44 | 159,963.96 4.24

L H W Volume (mm?)

11290 |38.22|51.1 | 311,256.65 | 296,406.67 5.31

287 | 37.12 | 49.0 | 286,384.78 | 273,189.71 4.83

289 | 38.20 | 50.5 | 305,330.52 | 291,763.51 4.65

E-N VST N )

287 | 37.00 | 48.9 | 282,648.04 | 271,750.83 4.01
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5.4  Summary

A method for image segmentation and determination of 3D
coordinate for fish surface area and volume measurement by using
stereo camera was proposed. The segmentation process was done in
real-time on the video frame. To reduce complexity and computation
time, the H, S, and V were segmented separately before they are
combined. The result of this segmentation was the targeting object in
which its coordinate was measured. Experiment results show that real-
time image segmentation of the proposed method had a good result.
The experiments demonstrated that the calibration process could
quickly detect the chessboard corners. After the calibration results,
focal lengths of the left camera and right camera were about 2.8289
mm and 2.8311 mm, respectively. The focal length difference between
two cameras was about 0.00221 mm. For desired object distances of
780 mm, 660 mm, and 550 mm, the distance error rate was less than
2% for both distances of 650 mm and 550 mm in three trial times.
However, for 780 mm, the distance error rate was bigger than the two
distances of 550 mm and 660 mm and was more than 3%. 3D
coordinate measurement results showed that distance error was
increased in Z coordinate by increasing the distance and this was
caused by the field of view of the camera. Therefore, for the next
analysis, namely measuring the fish surface area and volume uses a

distance of 550 mm.

The surface area and volume of fish were measured by the
proposed analytic measurement method and real-time measurement
method. Experimental results using sample of four fishes show that the

differences of surface area and volume were 4.24%~5.31% and
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4.01%~5.01%, respectively. The process of real-time image
segmentation, feature extraction, and measurement fish surface area

and volume takes time 0.0018 milliseconds.

The real-time image segmentation, 3D information, and
measurement methods for surface area and volume proposed in this
dissertation could be useful for fish recognition and sorting
applications. The 3D information based stereo camera could be applied

to an automated fish processing system to handle fish on a conveyor
belt.

In the future task, to develop a real-time algorithm for fish surface
area and volume estimation, it is important to develop a new method

for visual moving object detection and a vision acquisition system.
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Chapter 6: Real-time Measurement Method of
Moving Objects for Fish Surface Area and

Volume

This chapter proposes a real-time measurement method of moving
objects for fish surface area and volume. This proposed method uses a
stereo camera for acquiring 3D information from moving objects and
determines their size. The measurement system used in this proposed
method was explained in Fig. 3.4 of section 3.3. To determine the size
of objects which cannot be contained within the camera field of view,
it is useful to be able to track its contours. To complete this task, the
following steps are done. Firstly, a segmented object is shown as the
target view. Secondly, each image is classified and stored in computer
as image library. Thirdly, stereo camera automatically identifies the
targeting object by matching the two views of the contour. Fourthly, at
two contours matching position, the stereo camera measure the object
centroid and the object size. Finally, the effectiveness of a real-time
measurement method for moving objects is compared with the

analytical method through experimental results.
6.1  Proposed measurement method in real-time for moving
object

Moving object detection visually involves segmentation of the
target object in the sequence of images. Accurate visual object

detection must involve tracking the object itself. This section focuses
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on solving the segmentation problem used for moving object detection

and object tracking, and measurement problem of moving objects.

One of the problems of image segmentation is of pigmented skin.
The fish skin is categorized as pigmented skin. The segmentation

problem of pigmented skin is solved by real-time image segmentation.

Fig. 6.1 shows examples of the sequence of image frames of visual
object tracking using stereo camera. The sequence of image frames are
shown by k. Fig. 6.1(a) shows the part of the fish body entering the
camera field of view area. There are no contours detected in this frame.
In Fig. 6.1(b) of the (k+1)™ frame, the left camera and the right camera
can detect the contours of fish. However, there are no bounding boxes
detected in this frame. In Fig. 6.1(c) of the (k+2)™ frame only the right
camera can detect the contours of fish. Therefore, the 3D coordinate
measurement does not work in Fig. 6.1(a)~(c). In Fig. 6.1(d) of the
(k+3)™ frame, the left camera and the right camera can detect the
contours of the fish and have bounding boxes on both cameras. In this

frame, the 3D coordinate measurement is working well.
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(d) (k+3)" frame

Fig. 6.1 Examples of the sequence of stereo camera image frames.

The following steps explain the algorithm used for finishing a

visual moving object detection and measurement method.

Step 1: Segmented object is shown as the target view. This step
consists of detecting and segmenting the targeting object

located in the object image plane. Image segmentation is done
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in real-time applied for online object detection and tracking.

The output of this step is the 2D coordinate of the object.

Step 2: A selected contour is automatically extracted and its image

shape is stored as pseudo code in computer memory.

Step 3: The position of the stereo camera is set based on the reference

Step 4:

Step 5:

position of the object relative to the planar contour.

Create a motion model and determine a tracking window for
a moving object in the stereo camera scene area. The stereo
camera automatically identifies the moving object. In this step,
start moving the object as the first frame. To identify the
moving object is done by tracking its contours. The object
tracking is predicted based on the states estimated using

Kalman filter.

Search the contour of the moving object on the tracking
window in the scene. In this step, the contour of the moving
object will merge with the contour in image classification on
computer memory if they are similar. In this step, the tracking

contour is complete.

Step 6: Measure the fish surface area and the volume based on the

proposed 3D coordinate measurement method. After
measuring, then keep tracking the moving object until it

disappeared.

Step 7: Go to to step 5 for the next frame.

The next discussion will explain the details of these seven steps.

Fig. 6.2 shows the flowchart of the proposed moving object detection

and measurement algorithm.
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Fig. 6.2 Flowchart of the proposed moving object detection and

measurement algorithm
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6.1.1 Real-time image segmentation for moving object detection

This section presents a real-time image segmentation for detecting
a moving object. The real-time segmentation method in section 5.2.2
is applied for the object segmentation. Image segmentation is done
individually for fish side-view and up-view. It is done by combining
the threshold, mathematical morphological transformation, and

contour detection techniques to extract objects in a graph-based image.

Fig. 6.3 shows the image segmentation and contour detection
process used for detecting a moving object. As shown in Fig. 6.4(a),
the input image contains the foreground and background pieces of
information of the object that needs to be solved. After receiving the
image, the threshold method is applied to distinguish between the
background and the object.

A bw image is obtained after applying the threshold 0.75 (scale 1.0)
as shown in Fig. 6.3(b). Then, two morphology of dilation and erosion
are applied to remove noise. The results are shown in Fig. 6.3(c) and
Fig. 6.3(d). The contour of the object is retrieved from the previous
step using the algorithm proposed in work [73]. The contour detection
algorithm provides object information in the image plane including the

centroid location, the orientation, and the area as shown in Fig. 6.3(e).
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(a) Original RGB color image

(b) bw image with threshold 0.75

(c) Dilation image

(d) Erosion image

L

o
'l

(e) Original RGB color image with contour and bounding box

Fig. 6.3 Image segmentation and contour detection.
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6.1.2 Object classification

Object detection includes the following parts: data, features, and
classifier. Data are represented by input images, and a specific type of
feature is chosen from input images. The type of feature represents
different characteristics of objects. In the final stage, the proper
classifier is applied to learn from obtained features and to provide the
ability to detect objects in new images. Every object is treated as
individual image segmentation that pass through a classifier for

identification.

Every object map is created from an individual image segmentation
by classifying each region with one of many available classification
algorithms. Object classification used in this proposed method adopts
a library for support vector machines (LIBSM) principle in [73]. Fig.

6.4 shows the flowchart of the object classification.

/

Object classification

| Segmented image (1) I

Y

Scale

| Segmented image (2) i »| compensation of
mask object

L]
® Y
Determination of

| Segmented image (77) I_

detection history image

n = number of segmented
image

| Type assigment |<—

v

[ classified objects |

Fig. 6.4 Flowchart of the object classification.
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6.1.3 Tracking contour of a moving object

The contour that shows the position of the current object
determined using centroid coordinates, speed, and acceleration. The
next state of the contour is predicted based on the states estimated using
Kalman filter [74]. To get the correct contour in the next frame, the
first centroid of the contour is obtained in a new frame and then the
best contour is estimated by looking for a contour environment. The
best fit of contour is a contour which has the maximum energy as

follows:
E =nF —nB (6.1)

where E is energy, nF'is total number of pixels lying inside the contour
which belong to a foreground object, and #nB is the total number of
pixels lying inside the contour which belongs to background. Pixel

which lies inside the contour is said to be the foreground pixel if
(p.—ATY, " (p.—c)<nk (6.2)

where c is the center of a bin in the object histogram, p. is the color
vector associated with pixel p, X is a covariance matrix and only
contains diagonal terms, 4 is a user defined constants, and n is the

dimension of the feature vector.

At any time £, the position of the contour is defined by specifying
its centroid (x;)r) and predicted by using the discrete time equations as

follows:

{xk =XtV +0.5axJH 63)

Ve =Yia TV +0.5ay,,H
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where

Vik =% =X Vi = Ve~ Via (6.4)

a =V

ax,k = vx,k -V v,k

x,k—12

Vo (6.5)

vk
where v and a are velocity and acceleration, respectively.

After estimating the new state of the contour, the stochastic search
is performed to get the best fit contour. From the contour represented
by a set of points (xk,yx), for (k = 1, 2,--, n), the position of the k*
contour point can be searched. The correct position of the ™ contour
point that is the values of x and y are searched stochastically in the

range as follows:

{(xk -20,) to (x, +20,) 6.6)

(yk _26)/) to (yk +20—y)

where o, and o, are the standard deviation of the prediction error in x

and y direction, respectively.

ox and g, are written as follows:

O =By - X ) +(1- B)o,
6,0 = P =3 +(1-P)o,

where (x, ,—p, ;) and (x, ,—y, ) are the predicted and the exact

(6.7)

values of the contour centroid at time k—1, and f is the learning rate.
After a new position of the contour is gotten, modeling parameters of

the Kalman filter are updated based on the prediction error.
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6.1.4 3D coordinate measurement of a moving object

The 3D coordinate measurement of a moving object uses feature
bounding box in the captured image. Fig. 6.5 shows the 3D coordinate
measurement technique of a moving object. Fig. 6.5(a) shows the
experimental environment used for measuring a moving object. The
first one is that the image segmentation is done in Section 6.1.2 and
classify the feature image. This classified feature image is stored as
pseudo code in computer memory. The second one is that the stereo
camera identifies the targeting object automatically, and tracking its

contours.

ZED
Stereo Camera

Fish object
(a) Experimental environment
Search* window Searcll window
Interesting Best matching
point (centroid) neigborhood
””” |l —~ y =|
,,,,,, - [ | | @
Direction of motion Direction of motion

(b) Targeting object at k frame (c) Position for measuring 3D
coordinate at k+1 frame

Fig. 6.5 3D coordinate measurement technique of moving object
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As shown in Fig. 6.5(b), the object containing a fish image moves
to the stereo camera area field of view with cross-line as a center point
of camera. The object moves until the rectangle containing a fish image
is merged to the rectangle with center point of the camera in the scene
as shown in Fig. 6.5(c). Fig. 6.5(c) shows the exact position of the

object to measure the 3D coordinates of the moving object.

6.2 Experimental results for moving objects

The experiment results illustrated here demonstrate the feasibility

of vision-based measurement of a moving object.

6.2.1 Experimental results of real-time image segmentation

Fig. 6.6 shows one sample fish image implemented for segmented
in stereo camera frame. Fig. 6.6(a) is the original RGB color image
used for example in the real-time image segmentation. Fig. 6.6(b)
shows the thresholded image obtained from the individual step of
object detection and image segmentation step. Perfect image
segmentation yields a good result for contour detection as shown in
Fig. 6.6(c). Fig. 6.6(d) shows a result of an image combining the
original RGB color image with the contour and the bounding box in
the segmentation process. The bounding box and the circle are
obtained in performing the image segmentation. This figure is a final

step of the segmentation process and is used as image classification.

The image classification with contour and bounding box is useful
for performing the real-time moving object detection and object

measurement using a stereo camera.
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(a) Original RGB color image

(b) Thresholded image

(d) Image classification with contour and bounding box

Fig. 6.6 Sample fish image made for segmented in stereo camera

frame
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6.2.2 Experimental results of tracking contour

This proposed method uses sampling time 30 fps. Thus the center
positions of two moving objects in the adjacent two frames are little
changed. Fig. 6.7 shows the experimental results for tracking contour
of two moving objects (fish sideview and fish upview) using stereo
camera. The stereo camera is starting from frame 1 as shown in Fig.
6.7(a), and the frame 2 is the image obtained by moving a plywood
panel more than frame 1 as shown in Fig. 6.7(b). The contours on these
frames are not detected by stereo camera. In these frames, the object is
not shown in the measurement area. The tracking window has been set
in the process of image segmentation and objects classification. This
tracking window is used as a position for measuring surface area and
volume of fish based on 3d coordinates. The object tracking is starting
from frame 3 obtained by moving the panel more than the frame 2 as
shown in Fig. 6.7(c), and the final tracking is frame 5 obtained by
moving the panel more than the frame 4 as shown in Fig. 6.7(e). The
contours on the Fig. 6.7(c) is detected by stereo camera. However,
there is no centroid and bounding box on the object because the contour
is not perfectly covered with the fish shape. The closed contours on
Figs. 6.7(d)~(e) are visible. Therefore, the bounding box and centroid
on the objects are available. Fig. 6.7(e) is the frame position of the
object in performing a 3D coordinate measurement. For each object, a
search is made by the bounding box to define its length, width and

height of a correct object.

Fig. 6.7 shows that the proposed object tracking method in this
chapter has good results. The stereo camera can detect moving objects,

centroids, and track the contours. When the moving objects come into
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the visible scene as a new tracking object, the stereo camera directly

initialize a new tracking window for the new tracking object.

(e) Frame 5

Fig. 6.7 Experimental results of tracking contour using stereo camera
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The tracking results show that the proposed method can correctly
handle a new entry and exit of the moving objects in the area

monitoring scene.

6.2.3 3D coordinate measurement results of moving objects

To measure surface area and volume of the fish in this experiment,
image processing results in Fig. 6.7(e) are used. The result obtained in
this case shows the centroid location (circle), contour, and bounding
box in stereo camera image. By using the 3D coordinate measurement
principle, the length, width and height of the fish are obtained. Table
6.1 shows experimental results of the 2D image coordinate in the stereo
camera for up view and side view. This table shows the image
centroids in pixels of the left camera, the right camera, and the stereo
frame for upview and sideview. From this value, the distance from the
planes of the stereo camera to the plane of the pixel can be obtained.
Table 6.2 shows the measurement results of surface area and volume
of four fishes using 3D coordinate. The difference between the
proposed image processing method and the proposed analytic method

is calculated using Eq. (3.2).

Further, the fish surface area and volume based on the proposed
visual moving object detection and measurement method is confirmed
by comparison with the values of the analytic, offline image processing,
and real-time image processing methods. Table 6.3 shows the
measurement difference of the partition method (offline image
processing method), real-time image processing method, and real-

time-moving object method.
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Table 6.1 2D Image coordinate of the centroid point for moving

object measurement

Centroid in 2D coordinate of upview (pixels)
Distance
Left camera Right camera Stereo frame
Z (mm)
X Y X Y X Y
409 78 977 85 670 231 550
Centroid in 2D coordinate sideview (pixels)
Left camera Right camera Stereo frame Distance
X Y X Y X Y Z (mm)
399 160 966 168 670 231 550

Table 6.2 Moving object measurement results of surface area and
volume of four fishes using 3D coordinate.

Fishes sample size

Surface area (mm?)

(mm)

Real-time . Error

L H W moving objects Analytic e

method "
method (%)
11290 38.22|51.1 174,508.24 164,428.75 | 6.13
2 | 287 (37.12 | 49.0 170,990.46 160,028.51 | 6.85
312893820 50.5 173,861.40 163,020.54 | 6.65
4 1287 1]37.00 | 48.9 168,506.04 159,963.96 | 5.34

L H W Volume (mm?)

11290 38.22|51.1 316,888.38 296,406.67 | 6.91
2 | 287 |37.12 | 49.0 291,903.21 273,189.71 | 6.85
312893820 50.5 311,165.79 291,763.51 | 6.65
4 | 287 |37.00 | 48.9 286,262.32 271,750.83 | 5.34
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Table 6.3 Measurement difference comparison of the proposed
offline, real-time, and real-time-moving object methods.

. Real-time Real-time moving
Fish | Partition method method objects method
sample (Chapter 3) (Chapter 4) (Chapter 5)
Surface area error rate (%)

1 6.03 5.31 6.13

2 542 4.97 6.85

3 591 4.72 6.65

4 5.31 4.24 5.34

Volume error rate (%)

1 5.30 5.31 6.91

2 4.93 4.83 6.85

3 5.05 4.65 6.65

4 4.81 4.01 5.34
6.3 Summary

This chapter proposed a visual moving object detection and

measurement method of fish surface area and volume. The position of

the camera was adjusted perpendicular to the planar contour. To

overcome the variety in color, edge contrast, texture, image size and

noise on the scene, every image was segmented to produce multiple

segmentations. These figures were used as image classification. The

real-time moving object detection and tracking are performed after

image classification.
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The accurate classification was obtained for the proposed method
because the stereo camera could detect objects in the left and right sides
of the stereo camera. All the steps necessary for visual moving object
detection for real-time image segmentation, classifications, and
tracking were done. The measurement of fish surface area and volume
using the moving platform showed good results. Experimental results
of moving objects using the samples of four fishes show that the
differences of surface area and volume were 5.34%~6.13% and
5.34%~6.91%, respectively. The execution time of the proposed

method was 0.008 millisecond.

Difference in surface area and volume of the partition method were
6.03%~5.31% and 5.30%~4.81%, respectively. Difference of surface
area and volume of the real-time method were 5.31%~4.24% and

5.31%~4.01%, respectively.
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Chapter 7: Conclusions and Future Works

7.1 Conclusions

This dissertation proposed a measurement method for fish surface
area and volume based on 3D-coordinate using an image processing
method. The conclusion of this dissertation were summarized as

follows:

Chapter 2: The mathematical modeling useful for fish surface area
and volume calculations was presented. The fishes were considered as
ellipsoid shapes to get analytical models for their surface area and
volume estimation. The mathematical model of the surface area and
volume of ellipsoid was derived using Green’s theorem. The
mathematical modeling consists of an analytic method deriving
ellipsoidal area, surface area and volume, and a partition method
applied for image processing. The image processing method used for
image segmentation was also described. The mathematical
morphology applied for image segmentation was also described. The
main principle of stereo camera used for real-time image segmentation
and 3D coordinate measurement were explained in detail. For moving
object detection, tracking Kalman filter was used. The typical Kalman

filter for multi-object tracking using Kalman filter was also described.

Chapter 3: The hardware structures for fish measuring systems used
for this dissertation were described. The structure hardware was used
for a proposed analytical measurement method and partition
measurement method for fish surface area and volume used in chapter

4, a proposed real-time measurement method for fish surface area and
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volume used in chapter 5, and a proposed real-time measurement
method of moving objects for fish surface area and volume used in
chapter 6. The structures hardware include a personal computer (PC),
monitor screen, LED lamp, HD camera, stereo camera, frame, fixed or

moving plywood panel, etc.

Chapter 4: A partition method for calculating fish surface area and
volume were designed. The fish image was segmented before
calculations of surface area and volume. Image segmentation was done
based on mathematical morphology, image edge detection, and
contour detection. The edge detection applied the Sobel operator and
the contour detection applied Kernels. The sample images used to
validate the proposed method were images of four fishes. The
hardware structure was arranged to apply an image processing method
for fish surface area and volume calculations. It consisted of one
personal computer (PC), one high density (HD) camera, light source,
plywood panel, etc. The HD camera was used to acquire two images,
one from the top view and one from the side view as images acquisition.
The source code used for measurement was built using Matlab
programming language and applied for offline application.
Measurement of surfaces area and volumes of four fishes were done
by experiment through image processing by applying the partition
method. Measurement of surface area and volume of four fishes were
done experimentally through image processing by applying the
partition method. Approximation of the fish’s surface area and volume
in the analytical method was compared to the image processing method.
Experimental results using samples of four fishes showed that the
differences between the proposed analytical method and the proposed

image processing method (partition method) in surface area were
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5.42%~6.03% and the differences of volume were 4.93%~5.30%.
Therefore, the proposed partition method by the image processing

method was valid.

Chapter 5: The proposed partition measurement method used in the
chapter 4 was valid because the difference between the partition
method by the image processing method and analytical method was
small. However, the algorithm was built for offline method. A real-
time image segmentation and a measurement method for fish surface
area and volume based on 3D coordinate using stereo camera were
proposed. The proposed real-time image segmentation method could
solve the problems of an image captured by a stereo camera such as
excessive information, complex disparities, and the significant change
of the shape and appearance of regions. The real-time image
segmentation and 3D coordinate measurement method could increase
the capacity of measurement, accuracy and execution time. For real-
time applications of image segmentation and feature-extraction, open
source computer vision (OpenCV, C++) and ZED camera as stereo

camera were used.

The stereo camera was calibrated to collect its intrinsic parameters
and distortion parameters. Real-time image segmentation and feature
extraction were done to extract objects in a graph-based image. These
were done by combining HSV color space, threshold, mathematical
morphological transformation, and contour detection techniques.
Finally, the object coordinate, surface area and volume of the fish were

obtained.

Experiment results showed that real-time image segmentation of

the proposed method had a good result. The experiments demonstrated
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that the calibration process could quickly detect the chessboard corners.
After the calibration results, focal length of the left camera and right
camera were about 2.8289 mm and 2.8311 mm, respectively. The focal
length difference between two cameras was about 0.00221 mm. For
desired object distances of 780 mm, 660 mm, and 550 mm, the distance
error rate was less than 1.69% for three trial times. For distances of
650 mm and 550 mm, the error rate was less than 0.47%~1.17% for
three trial times. However, for 780 mm, the distance error rate was
bigger than the two distances of 550 mm and 660 mm and was
1.49~1.69%. 3D coordinate measurement results showed that the
distance error was increased in Z coordinate by increasing the distance,
and this was caused by the field of view of the camera. Therefore, to
measure the surface area and volume of fish by the 3D coordinate

technique, a distance of 550 mm was used in this dissertation.

Experimental results using samples of four fishes showed that the
differences of surface area and volume were 4.24%~5.31% and
4.01%~5.01%, respectively. The execution times of image
segmentation and feature extraction in the offline method and the real-
time method were 23 milliseconds and 0.0019 millisecond,

respectively.

The real-time image segmentation, 3D information, and
measurement methods for surface area and volume proposed in this
dissertation could be useful for fish recognition and sorting
applications. The 3D information based stereo camera could be applied

to an automated fish processing system to handle fish on a conveyor
belt.
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Chapter 6: A visual moving object detection and measurement was
proposed. The objects were moving and a stereo camera determined
the size of objects. The size of the objects which cannot be contained
within the camera field of view was determined by tracking its
contours. Real-time image segmentation and feature extraction were
done for each object. Furthermore, a selected contour was
automatically extracted and its image shape was stored as objects
classifications. Finally, the stereo camera tracked the contour of the
object at the reference position relative to the planar contour, and

measured the centroid, the surface area and volume of the object.

To overcome the variety in color, edge contrast, texture, image size
and noise on the scene, every image was segmented to produce
multiple segmentations. The object classification was applied after
individual image segmentation. After that, real-time moving object
detection and tracking were done. The accurate classification was
obtained for the proposed method because the stereo camera can detect

objects in the left and right sides of the stereo camera.

All the steps necessary for visual moving object detection for real-
time image segmentation, classifications, and tracking were done. The
measurement of fish surface area and volume using the moving

platform showed good results.

Experimental results of the real-time moving object method using
the samples of four fishes showed that the differences of surface area
and volume were 5.34%~6.13% and 5.34%~6.91%, respectively.
Mean difference surface area and volume of the offline method and
real-time method were 5.3%~6.03%, 4.81%~5.30%, and 4.4%~5.31%,

respectively.

147



The effectiveness of a measurement method for fish surface area
and volume based on 3D coordinate using image processing method
was shown through experimental results. The proposed partition
measurement method based on partition using image processing,
measurement method in real-time based on 3D coordinate, and
measurement method in real-time for moving objects showed good
results. Therefore, the proposed partitioned measurement method for
fish surface area and volume using the image processing method can

be implemented in automated systems.

7.2 Future works

As for this dissertation, the future works will be made as follows:
® To minimize the measurement error in the offline method,
improving a new image segmentation method is needed.
® Hardware design for object detection and tracking in the real-time
method is needed to improve with two pairs of stereo camera.

® The ability of the real-time method is needed to be tested on real

fish in the water with multi stereo camera.
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Appendix A. The proof of Eq. (2.10) ~ Eq. (2.19)

2 2
X u

X v g
a*  b*cos’+c’sin’ @

5 z?
3 Tt L
b*(1-k*/a*) c(1-k*/a”)

Auxiliary circle,

U (_VZ 422 :bz)

2, 2

T
Y a® b*cos’O+c*sin’ 0

2

Y + z =1
b (-k*/a*) c*(1-k*/a*)

p—

Auxiliary circle, (x> +y* =a?)

Fig. A.1 General standard ellipsoid and its auxiliary circle
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Fig. A.3 Ellipse and its auxiliary circle of (X,U) coordinate

Eq. (2.15) is given as
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/272
§=8 I I (sinq)x/b2 sin® @ + ¢’ cos’ 9)
0 0 (A.1)
><(\/(b2 cos’ @ +c” sin’ 6’)cos2 ¢+a’sin’ ¢)d9d¢

By taking A=a’—(b*cos’@+c’sin’0) and t=cos¢g=>

dt =—singd@, Eq. (A.1) is expressed as follows

/2 7m/2

S=8'[ '[(\/bzsinzé’ntcz coszé’)
0 0

x(\/az(l —cos’ @)+ (b* cos’ O + ¢ sin” §) cos’ ¢)d6’d¢
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0 0
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/2.1

:8'([ '([(\/bz sin® 0 + ¢’ coszé’)

><(\/a2 (@ = (b* cos’ O+ ¢ sin® )1 )dedt
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8 l {(Jbz sin’ 0 + ¢* cos 9)>< '(i;(\/az iy )dt}d@ (A2)

From [75], J: Ja* — At* is obtained as follows:
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Eq. (A.3) can be simplify as follows:

/2

S=4 '[ (\/b2 sin’ @ + ¢? cos? H)X\/bz cos’ 0 +c¢*sin* 0d6O
0

/2 .
+4a'[ (\/b2SiH29+6’2 cosze)x M d0
JAla

0

(A.4)

The semi-intermediate axis and semi-minor axis are equal for the
prolate. By inserting ¢ ~ b in Eq. (A.4) and simplifying it, the ellipsoid

surface area become as follows:

/2

s=4] (\/b2 sin’ 0 + b cos e)bez cos’ 0+ b sin’ 0d0
0

- arcsin(B)
+4a .[ (\/b2 sin’ @+ b* cos’ 0 ) X (Tj do

0

= 4712(&72 b a6+ 4aﬂf(\/b7 J (—arcsg‘(lg)jde
— (N5 <)ol + a5 ) (_arcsj;(@jerﬂ

0 0

S =27b" +2r (a_Bbj arcsin(B) (A.5)

where B = ﬂ
a

By substituting the value of B =¢ into Eq. (A.5) and simplifying, the
surface area of the prolate ellipsoid is as follows:

S =2nb"+2n1 (a_bj arcsin(e) (A.6)
&
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Appendix B. The proof of Eq. (2.21)

Let OABC be the positive octant of the given ellipsoid which is
bounded by planes OAB (z=0), OBC (x=0), OCA (y=0), and surface
ABC. General ellipsoid is as follows:

s+ =1 (B.1)

Fig. B.1 Ellipsoid element

Divide this region R into rectangular parallelepipeds of volume

oxoydz [76]. Consider such an element at P(x,y,z) in Fig. B.1.

" the required volume = § I I IR dxdydz (B.2)

In this region R,
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(1) =z varies from 0 to MN, where

2 2
MN=z=c[1-—-2 (B.3)
a b

(ii) y varies from 0 to EF, where EF = y =b\J1-x’ /b* from the
equation of the ellipse OA4B, i.e.,

B.4
e (B.4)
(ii1) x varies from 0 to O4 =a.

Hence the volume of the whole ellipsoid is obtained as follows:

a pb\1-(2/a?) pefl=(x2 1a®)-(216%)
V= 8.[0 .[0 _[0 dxdydz

J’bm dy

0

e1-(:2 1a®)=(2 %)
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=8j:dx

=53 dxjobmJl—(xz /a®)=(y*/b*)dy
:%La dxj;’ J(p>=y))dy ; when p=b\1-(x* / a*)
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[ 2 2 2 P . 2
=§j”d,{w+p_s'nll} _8 (_x jdx

-
b o 2 27" p| T N
2 3 )4
= 27rbcj l—x—2 x = 2mhe|x _x_z _ dabe (B.5)
0 a a|, 3
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Appendix C. The proof of Eq. (2.32)

The equation for the perimeter of the ellipse is as follows:

/2 /2
p=4a j J1-£7sin’ 9d9=4aj (1-x)"2d6 (C.1)
0 0
where x =&’ sin” 0, n=1/2.

By using Binomial solution, perimeter of an ellipse is obtained

approximately as follows:

n s n(n—l)x2 11(11—1)(11—2)x2
(1-x)" =1-nx+ Y 3

! 3!
+n(n—l)(n—2)(n—3)x2

41
_n(n—1)(11—2)(11—3)(11—4)x2

5!
+I’l(l’l—l)(l’l—2)(71—3)(1’1—4)(1’1—5))62 X
6!
(1-x)" =l—nx+n(n;!1)x2 —n(n_l)§7_2)x2 oo (C.2)

Using Eq. (C.2), the equation for the perimeter of the ellipse Eq.

(C.1) is written as follows:

/2
p=4a [ (1-£>sin’ 0)"dO =S, +S, + S, +8, +- (C.3)

0

S is represented as follows:
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S is represented as follows:
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Pl | gl
— 44 —7(3|0 25 { cos(26’)d0j

2 2 7w/2
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42 49
72'82 82 /2
Lad, = & j cos(20)d0
g8 41

"¢ 1-cos20 P
=4a| - { [—}d@j:%[—z j (1—cos26’)d0j

Now integrate the second term of Eq. (C.5) by substituting

u=20, du=2d0,then d@=%.

Change limits:

When 0=0, u=2(0)=0.

When 0=", u=2%)=1r.
2 2

Substituting to the above forms into the second item

and taking integral yield:
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(C.4)
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of Eq. (C.5)



—”j c0s(20)d0 _% j 0052(“) 82 (sin(7r)—sin(0)) =0 (C.6)

0

Eq. (C.5) becomes as follows:

S, =4a(— e’ +oj:2m(_8_2j 2ral — £ (ljz (C.7)
8 4 "2

S3 is represented as follows:

l(l—ljﬂf(gzsinze)zdé’
202

S, =4a .
2!

1 1 /2 : ]
2(2—1j .([ (gzsmze) do

L 4a — (C.8)
— 4a (‘27] ((sinzé’))zdej
1—cos(20)
(sm 0) (—2 j
_ (1 —cos(20) j (1 - cos(20)j (C.9)
2 2
_ (1 —2c0s(26) + cos’ (20)}
4

Substituting Eq. (C.9) into Eq. (C.8), S3 becomes as follows:

S, =4a H—%j Gj ﬂf(l ~2c0s(20) + cos2(29))d9J (C.10)
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In Eq. (C.10), the following is obtained as:

/2 /2
[ cos(20)d0 = 2[51“229} -0

0 0

Therefore, Eq. (C.10) becomes:

4 /2
S, = 4a —% G [ (1+cos2(20))d0j
0
e 1YF(, cos(40)+1
S Ay e B
g8 J\4)) 2
4 /2
=4a|| -£ (1 (% [ (3+cos(40)) a0
s \a)\2)!

Let u =40, du =4d6 then d0=d7:l.

Change limits:

When 0 =0, u=4(0)=0

When 0 =2, u=4Z)=2x
2 2

s T )

where '[ cosudu =0
0
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(C.12)

(C.13)
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=4a

=4a
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[ (sin*0) d@j

0
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(sin 9 1- cos(26’)j (l—cozs(%’)jz(l—cozs@@)j
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2

1

gj 1 2 cos(20)+ cos (29)) (1 - 005(29)) (C.16)
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8

j 1 2¢0s(20) +cos*(26)
—c0s(20) +2cos’ (20) — cos*(20))

= (%) (1 —3c0s(20) +3cos’*(20) — cos’ (29))

Substituting Eq. (C.16) into Eq. (C.15), S4 yields:

a6 /2
S, =4a [ 1“; j [ (sin*0) d@j

0

= 4q [‘fj&j! (1—3cos(20)+3cosz(29)—cos3(26’))d6’j
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16 )\8)1
/2 /2 1 )
where '[cos(20)=0, jcos(40)=z[sin40]0 =
0 0
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=—cos20 +ECOS 460 cos 20
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From Eq. (C.19), Eq. (C.17) is reduced to:
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Therefore, perimeter of an ellipse of Eq. (C.3), Eq. (C.9), Eq.
(C.14), and Eq. (C.20), is obtained as follows:

e (1Y (&) 1*3Y
(& (1*2*5J2+...
5 \2*%4*6

b2
& =eccentricity = |1 - (—J

(C.21)

2
a

Adding higher terms in Eq. (C.21) yields:
(1Yl e\ 1%30) (&) 1%3*5 )
eSS
M2 3 )\ 2*4 5 \2%4%6
) 1%3%5%7Y () 1*¥3*5%7%9 Y’
e (2*4*6*8} 9 (2*4*6*8*10) Py,

For a normalized ellipse, the following equations is reduced as:

2 2 ”
<92:1—b—2:l—(l h)2: v —~ and fitad b
a A+h)° (A+h) a+b

(C.23)

The Gauss-Kummer series [77] of ellipse perimeter via the

intuitive approximation scheme is outlined as follows:

1Y, (1Y .,
p=ﬂ(a+b)[l+(5j h +(ﬁj h

- ) - ) (C.249)
+( j hﬂ{—j |+
20406 2046(8
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By analogy with the radius of the circle, the effective radius of the

ellipse is defined as » = p/2x. Two natural estimates for r are linear

mean 71 and quadratic mean 72 of semi-axes as follows:

a+b a’+b* "
n= 7 r= 5 (C.25)

By using examples of a=4/3 and b=2/3, the values of » are shown in
Table C.1

Since 71 underestimates » and 7, overestimates » in Table C.1, their

linear mean ;3 and quadratic mean r4 are retrieved as follows:

+ 22\
hym % h ¥
LTk~ 8 C.26
=7 g 4 ( 2 J (C.26)

Both 3 and r4 are underestimated in Table C.1.

Instead of dealing with linear and quadratic means, next consider the

3/ 2 mean as

3/2 3/2\2/3
= (%} (C.27)

Table C.1 Values of r for a=4/3 and 6=2/3

Effective Radius Values
rl 1.02797628
r 1.05409255
r3 1.02704628
4 1.02740233
r’ 1.02778514
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As shown in Table C.1 that »”is underestimated, but it is better than

the others (only about———~= (i=r) x100% = 0.0186% less than less than 7).
l"

To explore the 3/2 mean, the ellipse is normalized to be a+b=2. By
setting a=1+h=4/3 and b=1-h=2/3 (h=1/3). By averaging the binomial

expansions (1+4)*? and (1-h)*2, #’ is obtained as follows:

2/3
r :(1+§h2 P RS SR T
8 128 1024

=1+ch* +c,h* +c,h’ +

(C.28)

where ci, ¢z, ¢3 are undetermined coefficients.

By cubing both sides of Eq. (C.23), c=1/4, c2=0 and ¢3=1/192 are

obtained. Hence

1

SR YLINE. | L (C.29)
FIRETY

h* term in 7' is considered by adding the small difference between
#(r1,r2,73,74) and 7. The difference is 7—'= kih*. By using the data of
C1 and h=1/3, k1=1/64.59 is obtained. This is close enough to 1/64, so

it leads to the assumption that
' 4 1, I, 6
r=r'+kh” =1+—h"+—h" +k,h’ +--- (C.30)
4 64

Repeating the numerical estimation, k, =1/245, which is close to

another perfect square, 1/256. Thus, the refined assumption for the

effective radius of a normalized ellipse is
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1Y 1Y 1Y
r=l+(—j h%{—j h4+(—j J/ (C.31)
2 8 16

The coefficients of Eq. (C.28) is recognized as the squares of the

expansion of (1+x)"*.

Considering the fifth term Eq. (C.31), the following equation can be

obtained as:

1 2 1 2 1 2 1 2
r=l+(—j h%{—j h4+(—) h"+(—j B+ (C.32)
2 8 16 128

Without normalization, the following equation can be obtained as:

1 1 1 1
=rw(a+b){1+=h +—h*+—h° A
r=fle ){ i 64

+
256 16,384
[ (C.33)
zﬂ(a+b)|:1+(§j hz}
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