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DEVELOPMENT OF AN IMAGE-GUIDED ENDOSCOPIC ROBOT FOR COMPUTER-
ASSISTED SURGERY
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ABSTRACT

Laparoscopic surgery is a type of minimally invasive surgery (MIS) that is
performed with several laparoscopic tools as well as a laparoscope equipped with a CCD camera.
Since the working space for controlling a laparoscope in the operating room is usually limited, the
camera operator is required to be highly skilled in controlling the laparoscope, and he/she may
become fatigued after a long period of operation. Thus, our motivation was aimed at resolving the
camera operator problem.

In this research, we developed a new minimally invasive robotics surgery system
(MIRS), which consisted of a new design for the laparoscopic-holder assisting robot and a new
algorithm for image-tracking the tip of the laparoscopic instrument. The laparoscopic-holder
assisting robot consists of three parts: the passive base part, the bending laparoscope part, and the
external manipulator part. For the object tracking part, we developed a new image-tracking
algorithm named the “Adaptive Mean-Shift Kalman Tracking.” This algorithm is based on the
mean-shift algorithm combined with the Kalman filter for tracking the laparoscopic instrument in
laparoscopic surgery. Moreover, the target boundary of the object of interest is automatically
adjusted in the algorithm to increase the tracking performance. In this research, we tested the
operationalized techniques with different scenarios from simulated videos, real surgical videos,
and real-time experiments in a phantom box. The experimental results show there is a high
potential for the proposed MIRS system to be suitable for tracking the tip of the laparoscopic

instrument in real laparoscopic surgery.
KEY WORDS: LAPAROSCOPIC SURGERY /OBJECT TRACKING /
LAPAROSCOPIC ROBOT/

MEAN-SHIFT ALGORITHM / KALMAN FILTER

103 pages
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CHAPTER1
INTRODUCTION

1.1 BACKGROUND

1.1.1 Minimally Invasive Surgery

Minimally invasive surgery (MIS) is new technology of surgery that
performs surgery though small incisions called “ports.” This surgery uses a special set
of surgical instruments to reduce the size of incisions, and to access a target organ
during surgery. With the traditional “open surgery” as shown in Figure 1.1[1], trauma
usually exists at the incision site, thus causing a lot of pain and inconvenience after
the operation. MIS surgery causes less traumas, bleeding, infection, pain, and
scarring. Operative time may be longer, but hospitalization and patient recovery times
are shorter. However, MIS is technically more difficult for a surgeon than traditional
open surgery. The surgeon must be trained extensively to become familiar with
advanced instruments for MIS. For example, with skilled surgeon, the endoscope
operator may become fatigued after holding endoscope for a long period of time. This
may produce the human error. However, surgeons who have more experience can
perform faster surgery and smaller incision, thus reducing the operation time, the

patient recovery time, the pain and any risk that may occur.

Winimally Invasive Surgery Open Surgery

Figure 1.1 MIS and Open Surgery
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Typical MIS involves laparoscopic surgery which is minimally invasive
surgery within the abdominal cavity. During this surgery, the internal abdomen is
insufflated with CO, and cannulas, which is essential metal tubes, through small
incisions about 1-2cm wide to provide entry ports for laparoscopic surgical
instruments. The overview of laparoscopic surgery is shown in Figure 1.2. In addition,
this figure depicts the main instruments including a laparoscope instrument, which is
a camera, for viewing the surgical site, and a surgical instrument. These instruments
differ from the conventional instruments. For example, the working end of the

instrument is longer by approximately 30 cm.

Figure 1.2 Laparoscopic Surgery

The surgical instruments used in laparoscopic surgery. The surgeon
inserted inside the patient’s abdomen enters by the cannula, as shown in Figure 1.3.
These instruments have many motions, such as sliding in and out, rotating about their
axes, and pivoting about the centers of rotation in the abdominal wall. The surgeon
monitors the procedure through a television monitor which displays the abdominal
worksite image provided by a special instrument called “laparoscopic camera or

laparoscope,” as shown in Figure 1.4.
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Figure 1.4 Laparoscope and laparoscopic image

Although MIS technology has many advantages compared to open

surgery, it still has the following drawbacks:

1.

Visualization of the surgical site is reduced. The operation site is viewed on a
video monitor which is a two dimensional image and placed somewhere in the
operating room. Therefore, the surgeon must learn the appropriate geometric
transformations to properly correlate hand motions to the tool tip motions.

The surgeon’s ability to orient the instrument tip is reduced. The motions of the
instruments are restricted by the small incision point; therefore, the surgeon may
not approach particular internal organs or tissues and control the force on the

instruments to manipulate them. As a result, the suturing becomes particularly

difficult.
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3. The surgeon’s ability to feel the instruments interaction at tissue is reduced. The
mechanical advantage designed into MIS instruments reduces the ability to feel

grasping or cutting forces at the handle.

Since the expansion of minimally invasive medical practice remains
limited by the lack of dexterity that surgeons can operate while using current MIS
instruments, MIS combined with the use of robotics has been developed to help the

surgeon. This technique is called “minimally invasive robotic surgery.”

1.1.2 Minimally Invasive Robotic Surgery

Minimally Invasive Robotic Surgery (MIRS) has been introduced to avoid
the drawbacks of manual MIS. It uses a robot to handle a surgical instrument which
first occurred in the early 1970s. Then, the application of robotic manipulators in the
field of laparoscopic surgery has been growing ever since, especially in the early
1990s, where steer-ability and dexterity has increased. The use of robotic systems in
MIS has shown to be very helpful for surgeons in different surgical procedures [3].
The Computer Assisted System (CAS) is aimed to give the surgeon more feeling and
touching by using tactile, haptic force feed-back, and motion scaling technologies.
The laparoscope instrument can give the surgeon’s vision when the images from the
video feed are enhanced with real-time image preprocessing. This robotic surgery

aims the surgeons with smaller incisions and quicker recovery times [4].

1.1.3 Digital Image Processing

An image is defined as a two-dimensional function, f(x,)),where x and y
are spatial coordinates and the amplitude of f at any pair of coordinates (x,y) is called
intensity of the image at that point. Digital image processing (DIP) refers to
processing on digital images by means of a computer algorithm [5]. A digital image
composes of a finite number of elements called pixels (picture elements).Each pixel
has its own location and value.

Image processing has considered in three types which consist of low, mid,
and high level processes. First, low-level processes include primitive operations, such

as image processing to reduce noise, contrast enhancement, and image making sharp.
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This process is described by the fact that both inputs and outputs are images. Second,
mid-level processing on images includes segmentation, description of objects, and
classification of individual objects. This process is described by the fact that inputs
generally are images, but outputs are extracted from input images. Finally, high-level
processing is described the processing of recognizing the desired objects as in input
image which perform the perceptive functions associated with vision. This process is
used for tracking an interesting object in image [6]. Therefore, the high-level
processing, which is the image segmentation, is the useful process to use in the

laparoscopic surgery.

1.1.4 Digital Image Processing for Laparoscopic Surgery

Laparoscopic surgery produces enormous amounts of image sequence
data. The DIP algorithm can be applied to these data to increase efficiency of
laparoscopic surgery. For example, the laparoscope manipulator in the laparoscopic
surgery aims at the surgical site which focuses the field of view of the surgical site.
Specifically, many researchers have been working on automatic control of the
laparoscope [7-11].Since the controller must have the real-time position information
of the instrument tip to control the laparoscope automatically, the DIP methods
become one of efficient approaches to obtain the real-time instrument tip position.

The localization of the instrument tip is depending on the object tracking system.

1.1.5 The Object Tracking System for Laparoscopic Surgery

Object tracking is an important and essential topic in computer vision.
The conceptual process of object tracking has three key steps consisting detection of
the interesting objects, tracking of the interesting objects from frame to frame, and
analysis of object tracks to recognize their behavior. The process of tracking is to
locate the interesting object, which is the laparoscopic instrument tip, over a sequence
of images. With object tracking, there are many issues that need to be concerned, such
as the object has the information loss, noise in image, changing patterns of the target
object and/or the background, non-rigid object structure, object-object and object-
background occlusion, and camera motion. However, many object tracking method

has been proposed solve the problems.
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The object tracking system has two major components. Target
Representation and Localization, a mostly a bottom-up process, are tools for locating
and tracking the target object. Filtering and Data Association, mostly a top-down
process, involve learning the prior information of the object, dealing with the
dynamics of the tracked object, and evaluation of different hypotheses [12].
Therefore, we will use object tracking to locate the laparoscopic instrument tip in this

thesis.

1.2 PROBLEM STATEMENT

One problem of MIS is that the surgeon’s ability to use the surgical
instrument is reduced. Because, most surgical instruments in MIS are the rigid and it
takes more time for the surgeon to become skillful to use these instruments.
Moreover, the surgeons may lose their feelings and visions when using the surgical
instrument in MIS in a long period of time. These problems can be solved by using
the da Vinci Surgical system [13]. However, the da Vinci system is a commercial
system, which is extremely expensive [8]. This big system requires not only a great
amount of setup times, but also many hours of training on animals which raises some
ethical questions. To solve these problems in this thesis, we propose a new robot to
assist holding the laparoscope which will decrease human error. In addition, this
research will use the Digital Image Processing (DIP) algorithm to help controlling

robot which will increase the surgeon’s ability to use the laparoscope.

1.3 RESEARCH OBJECTIVES

This research consists of two main objectives. First, we will design and
develop a prototype of assistant-holder robot for laparoscopic surgery. This robot
proposes a new technique for holding a laparoscope which is easy to use in the
operating room. Second, we will develop the object tracking algorithms to control this
robot. This software will help the surgeon to control the robot. We will test the

performance of this system in simulated situations.
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1.4 THESIS ORGANIZATION

This thesis consists of five chapters. In Chapter 1, an introduction of MIS,
MIRS, DIP, and object tracking system, as well as the scope and objective of my
thesis work will be presented. Chapter 2 summarizes the literature reviews of the
MIRS developments and existing object tracking algorithms for laparoscopic surgery.
The MIRS section will be divided into two parts consisting of the commercial and on-
going research robots, while the object tracking algorithms section will review the
existing algorithms to control the laparoscope and track interesting objects. Chapter 3
will propose the hardware design which is the conceptual design of a new MIRS
system. The conceptual design will explain the all parts of designing in this chapter.
Chapter 4 will propose the algorithms to use in a new MIRS system. The algorithms
consist of the Mean-shift algorithm and Kalman filter. In Chapter 5, the experiment
results of the proposed techniques will be shown. In Chapter 6, conclusion and future

work of this thesis will be provided.
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CHAPTER II
LITERATURE REVIEW

This chapter reviews existing minimally invasive robotic surgery (MIRS)
and the object tracking system for laparoscopic surgery. This chapter begins with the
description of MIRS development which will be divided into two parts: the
commercial and on-going research robots. The next section reviews features and
components of object tracking system and describes the object tracking system to use

in the laparoscopic surgery.

2.1 MINIMALLY INVASIVE ROBOTIC SURGERY

Many researches in the MIRS can be separated into two types consisting
of the commercial and on-going research robots. Examples of the popular commercial
laparoscopic robots include the AESOP (Automated Endoscope System for Optimal
Positioning) by Computer Motion Inc, Goleta, CA [9], Zeus Robotic Surgical System
by Computer Motion, Goleta, CA [10], and da Vinci Surgical System by Intuitive
Surgical, Inc., CA [11]. Examples of the on-going research in laparoscopic robots
include LER (Light Endoscope Robot) by TIMC-GMCAO Laboratory [12], KaLAR
(KAIST Laparoscopic Assistant Robot) by Korea Advances Institute of Science and
Technology [13], and MC’E (compact manipulator for endoscopic surgery) by
Laboratorie de Robotique de Paris [14]. These robots help the surgeons increase their

performance during surgery.

2.1.1 Commercial MIRS Systems
The Zeus Surgical System

The Zeus surgical system [14] has been developed by Computer Motion,
CA which is a full system for robotic surgery consisting of three robotic arms. A

surgeon control is independently attached to the operating table. The left and right
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arms of Zeus surgical system are used to manipulate the surgical instruments and one
robotic arm is used to hold the endoscope, as shown in Figure 2.1. The surgeon
console has a video console showing the video feedback from the endoscope camera.
This instrument is possible to connect both 3D and 2D stereo vision from. In addition,
the surgeon can control the position of this instrument by surgeon’s voice command,
as shown in Figure 2.2. At the console, the surgeon can control the position of the
surgical instruments inside the patient’s body by controlling two handles. Thus, the
motion of surgeon console is scaled and tremors of the surgeon’s hands are
recognizing to achieve a precise micro-manipulation of the instruments inside the

patient’s body.

Figure 2.1 Three robotic arms of the Zeus surgical system [15]

Figure 2.2 Surgeon Console of the Zeus surgical system [15]
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The AESOP System

The Automated Endoscope System for Optimal Position (AESOP) has
been developed by Computer Motion, CA, USA [16]. AESOP was designed to
manipulate a laparoscope which is a rigid endoscope. It has one mechanical arm
which has six degrees of freedom (DOFs) and can control by foot, hand, or voice
commands. The AESOP system consists of a central control unit, a robotic arm, a
laparoscope holder, a hand control, and a foot control, as shown in Figure 2.3. The
robotic arm of AESOP consisting of 6 joints and moving 180° to 360°is used to hold
the laparoscope through the incision point. The workspace of AESOP can be moved
within a diameter of 30cm vertically and 57cm horizontally. Finally, AESOP has a
safe function by using specialized software to control the robotic arm in each joint and

to define the magnitude of translation and rotation.

Figure 2.3 The AESOP system [17]
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The da Vinci Surgical System

The da Vinci surgical system has been developed by Intuitive Surgical,
Inc., CA, USA [18].This system consists of a surgeon controlling console, a cart with
four interactive robotic arms, an endoscopic viewing system, and EndoWrist
instruments. The surgeon controlling console and a cart with four robotic arms are
shown in Figure 2.4. The first robotic arm for holding the endoscope can easily
change, move, zoom, and rotate the field of view through the console. The second two
arms representing the left and right hands of the surgeon hold the EndoWrist
instruments. The last arm is the optional arm to add the third EndoWrist instrument to

perform additional tasks [13].

Figure 2.4 The da Vinci surgical system [19]
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2.1.2 On-Going Research MIRS Systems
LER Robot

LER or Light Endoscope Robot was developed by TIMC-GMCAO
Laboratory [20]. This robot consists of a compact camera-holder robot, which rest
directly on patient’s abdomen, and an electronic box which contains the electricity
supply and robot controller, as shown in Figure 2.5. This robot has 3-DOFs.The first,
an extension motor used to control the endoscope’s insertion depth. The second, a
rotation motor used to control the endoscope’s rotation circle. The third, an inclination
motor used to control the endoscope pan-tilt. There are three ranges of movement
including60° rotate around the vertical axis, 80° tilt from the vertical position, and 20
cm insert the endoscope along its axis. This robot is not only small with a diameter of
110 mm and height of 75 mm, but also very lightweight, approximately about 625 g,
due to its stainless steel material. Thus, the main advantages of this robot are small

workspace and easy setup in the operating room.

camera

endoscope

compression
extension  SPring

motor

inclination
motor

inclination
rack

base ring

stabilization

Figure 2.5 LER (Light Endoscope Robot) [20]
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The KaLAR Robot

The KAIST Laparoscopic Assistant Robot or KalLAR [21] is an
endoscope-holder assistant robot, which has 3-degrees of freedom (DOFs) including
up/down, left/right and forward/backward movement. The KaLAR system was
developed by KAIST laboratory from Korea, as shown in Figure 2.6. The end of this
robot connects to a CCD camera, which can bend. The control of the KaLAR consists
of 2-DOFs motions including up/down and right/left motions that are controlled by
wire-driven mechanism, as shown in Figure 2.7, and 1-DOF zooming mechanism for
the forward/backward movement from the linear-stage is controlled by motors, as
shown in Figure 2.8. These motions are controlled by voice command via a computer.
This system was designed by two main factors including safety and adaptability. For
safety, they designed the robot with the optimized range of motions. The safety of this
robot uses the filtering software to detect wrong commands. For adaptability, they
designed the robot to have a compact size to decrease interference with the primary
surgeon in the operating room. Moreover, this robot was designed to weigh less than 2
kg. This robot uses the commercial laparoscope holder for fixation to the bedside.
Because the holder has multiple degrees of freedom, the robot can be positioned in
various locations of the patient’s abdomen. However, this system has some
disadvantages. For example, it is difficult to apply to general laparoscopic surgeries

due to its limited workspace.

(a) Commercial
\/ Laparoscopic Holder
g
K
‘ backward

(b) 3 DOF Kal AR
\_/ / forward
‘l left
right

Figure 2.6 Simulation of KaLAR in the conceptual design
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Figure 2.7 Conceptual design of bending mechanism

Figure 2.8 Conceptual design of zooming mechanism

The MC’E Robot

The MC’E robot or compact manipulator for endoscopic surgery [22] is a
laparoscopy robot, which moves only the instrument. This robot consists of two parts,
as shown in Figure 2.9. The lower part is a compact spherical 2-DOFs mechanism (®,
and ®;) which has joint axes coincide with the fulcrum point providing an invariant
center. The base of this part is easily installed on the patient’s skin. The convenience
of the installation can reduce the setup time.

The upper part of this robot is mounted on the fulcrum point. It provides
the 2-DOFs for rotation about the instrument axis (O3) and translation along the

instrument axis (ds4). This part has translated the instrument along its penetration axis.
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The rotation motion uses a motor to transmit the instrument through six soft rollers.
Therefore, from the design, this robot is compact and lightweight. Because of a
lightweight robot, it can be easily mounted and moved by a nurse, thus reducing the
preoperative setup time and increasing safety. However, this robot has force
measurement which is not necessary to use in laparoscope-holder robot because the

laparoscope does not touch the surface of organs.

Figure 2.9 The MC’E robot
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2.2 OBJECT TRACKING SYSTEM FOR LAPAROSCOPIC
SURGERY

In object tracking, the important parts that affect the result of tracking
algorithms are object representation and the feature selection. Object representation
can be represented by their shapes and appearances. The shape of object
representation can be described in many types, such as points, primitive geometric
shapes, object silhouette and contour, articulated shape models, and skeletal models.
For points, the interest object will be represented by a point which is the center of the
object. This shape is suitable for tracking a small region of the object in the frame, as
shown in Figure 2.10(a), and (b). For primitive geometric shapes will be represented
by rectangle, ellipse, etc. This geometric shape is suitable for simple rigid objects;
however, they can be used for tracking non-rigid objects, as shown in Figure 2.10(c),
and (d). In object silhouette and contour, the contour is defined the boundary of
object. The silhouette of the object is the region inside the boundary. This shape is
suitable for tracking complex non-rigid object, as shown in Figure 2.10(g), and (h).
Articulated shape models, this shape are composed the part of body parts. The
connection of the body parts are managed by the kinematic motion models. The
component shapes is represented by using the cylinders or ellipses, as shown in Figure
2.10(e). Skeletal models, this skeletal shape will be extracted in the middle axis from
the object contour. The skeletal representation is suitable for tracking both articulated
and rigid object, as shown in Figure 2.10(f).

Feature selection is related to the object representation. It is an important
part in tracking to identify uniqueness of object of interest that the object can be easily
recognized in the frame. There are many features used in tracking algorithm, such as
color space used in the tracking algorithm include RGB (red, green, blue) and HSV
(hue, saturation, value). The primary effects have two physical factors consists of the
spectral power distribution of luminance and surface reflectance properties of the
object, edges are another feature to detect the object boundary. The most popular edge
detection is canny edge detection. The Optical Flow feature provides a dense field of
the displacement vectors which defines the translation of each pixel in the area of

interest. It is usually used motion-based segmentation and tracking applications [23].
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(f (2) (h) (i)
Figure 2.10 Object representations. (a) Center, (b) multiple points, (c) rectangular
patch, (d) elliptical patch, (e) part-based multiple patches, (f) object skeleton, (g)
complete object contour, (h) control points on object contour, (i) object silhouette[23]

The object tracking system can be divided into two major components
consisting of Target Representation and Localization; and Filtering and Data
Association. Target Representation and Localization is a mostly a bottom-up process
of object tracking for locating and tracking the target object. The algorithms for
locating the position of the target object can be divided into three categories. First,
Point Tracking is used for detecting the points in the sequential frames. The relation
of points is based on the previous points which include the position and motion of the
previous result. The simple example of Point Tracking is shown in Figure 2.12(a).
Many algorithms have been proposed for point tracking. For examples, the Harris
detector is tracked by using points on the Mahalanobis distance based on color [24].
The Greedy Optimal Assignment (GOA) tracker uses several motion constraints to
track the point of interesting on the moving object [25]. The SURF (Speeded Up
Robust Features) is based on the feature motions which are proposed to depict the
relationship between local feature motions and object global motion [26], as shown in

Figure 2.11.
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Figure 2.11 Example of SURF The training images for two objects are shown on the
left. These can be recognized in a cluttered image with extensive occlusion, shown in
the middle. The results of recognition are shown on the right[27].

Second, Silhouette Tracking is performed by estimating the region object
in the sequential frames. These algorithms use information inside the edge of the
object which is in the form of density and shape models to track the object. An
example of Silhouette Tracking is shown in Figure 2.12 (¢), and (d). This tracking can
be classified into two subcategories consists of contour tracking, as shown in Figure
2.12 (c), and shape matching, as shown in Figure 2.12 (d). The contour tracking is the
principle application to detect and track the edge of the moving object in the clustered
environment. One approach to solving the tracking problem is the condensation
algorithm which is a probabilistic algorithm, as shown in Figure 2.13.

Third, Kernel Tracking is the aim to track the object shape. The object
shapes are represented in the forms of the rectangular or elliptical shapes and used for
calculating the histogram of the object shape. This result is in the form of
transformation consisting of translation, rotation, and scaling as shown in Figure 2.12
(b). These tracking algorithms are divided into two groups; template and density-

based appearance model tracking and multi-view appearance models tracking.

O ™
Y
) “

fe)

(2)

Figure 2.12 The example of Target Representation and Localization. (a) Different
tracking approaches. Multipoint correspondence, (b) parametric transformation of a
rectangular patch, (¢, d) Two examples of contour evolution [23].
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Charged

Figure 2.13 Example of Contour tracking [28]

Filtering and Data Association which is a top-down process. From result
of this component involves the result of Target Representation and Localization.
These algorithms can track the complex object which moves behind the obstructions.
The main filtering algorithms have two filtering consist of Kalman Filter and Particle
Filter. Although, Target Representation and Localization process is only track the
object in general tracking.

In laparoscopic surgery, many researchers have proposed different DIP
methods to control the laparoscope [7-11]. Omoteer al. [7] presented a self-guided
robotic laparoscope control system which was based on the color tracking method for
laparoscopic surgery. This technique gave better surgical results than the human
laparoscope control system. Casals et al. [8] used shape information of a surgical
instrument as a feature for tracking a target. They used edge detection method and
then verified the result with the pre-defined shape of the instrument. The disadvantage
of this method is that the proposed technique controlled a laparoscopic to work only
in a specific surgical situation. Lee ef al. [9] used color and shape information to
recognize the contour of the surgical instrument. Their method was easy to track the
surgical instrument but did not work well in every situation. All the existing methods
discussed previously are reliable under a normal situation only; however, they may
not work well in all situations. For example, when some part of the instrument is
blocked by some obstacles, those methods are not able to track the target features

correctly. On the other hand, Wei ef al. [10] presented a real-time visual serving
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method for laparoscopic surgery. They made artificial color marks on a surgical
instrument for tracking target features. Therefore, they could use a simple algorithm
to track the object. However, this method required the additional task of attaching the
artificial marks, which could produce many problems, such as the choice of attaching
method and the sterilization of the color mark on the surgical instrument. In the real
surgical situations, the main surgeon’s concern is not the color mark but the surgical
instrument tip, thus the tracking can fail when some of the color mark is covered by
some obstacles or when it is not within the surgical image. Since most existing
methods use a threshold technique to recognize the tracking target feature, they
cannot successfully track the object when some feature information is lost from the
scene. In addition, those existing methods have no adaptability to the changes in the
illumination of the surgical environment. This is risky to apply them to real
laparoscopic surgery.

Due to some limitations of previous methods, in this paper, we propose a
new object tracking algorithm to track the surgical instrument called the adaptive
mean-shift Kalman algorithm, which is based on the mean-shift algorithm and the
Kalman filter. In this technique, the size of target candidate can be adjusted during
tracking processes to increase the chance of tracking. Different scenarios of simulated
videos were tested with the proposed algorithm. In addition, the proposed algorithm is
intended to use for controlling our new laparoscopic-holder assistant robot [29] and

tracking the tip’s instrument in laparoscopic surgery.
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CHAPTER III
METHODS OF HARDWARE DESIGN

In this chapter, we will explain the method of the hardware part in thesis.
The hardware part proposed the conceptual design of a new robot for assistant-
holding the laparoscope in laparoscopic surgery. This chapter will explain the
conceptual design of the new MIRS system which consists of the passive base part,
the bending laparoscope part, and external manipulator part. The last section proposed

the overall of the designed robot.

3.1 CONCEPTUAL DESIGN OF THE NEW MIRS SYSTEM

The conceptual design of a new assistant-holder laparoscope robot is
based on the concepts of on-going research robots. This robot will improve the
working area inside and outside the surgical environment which has limited
workspace. To decrease the working space in the operating room, this robot will be
designed to be small and compact. From on-going research robots as described in
Chapter 11, the conceptual design of the proposed robot will combine the advantages
of those existing robots. Therefore, the important part to design this robot will consist
of three parts: a passive base part, a bending laparoscope part, and an external

manipulator part.

3.1.1 The Passive Base Part

This part uses the commercial medical passive holder that can be climbed
easily on the operating table. The passive base is fixed to the operating table with a
clamp to adjust the robot system at the proper position as shown in Figure 3.1. There
are many advantages to use this passive base part on the new laparoscope-holder
robot. First, it is easily fixed to the bedside. Second, we can easily adjust the

laparoscope in the proper position at the fulcrum point. Finally, it is very lightweight.
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Therefore, we will use this passive base part to setup the proper position of the

laparoscope-holder robot.

Figure 3.1 The passive base part

3.1.2 The Bending Laparoscope Part

The bending laparoscope is derived from the original KalLAR system [21],
as shown in Figure 3.2. This part composes of 2-DOFs for the bending motion inside
the patient’s abdomen and 1-DOF for the motion outside the patient’s abdomen. The
bending motion driven by a wire mechanism determines the internal angle of the
laparoscope. The zooming motion uses a linear guide with a ball screw to move the
laparoscope. The advantage of the bending laparoscope is the flexibility to view wide
areas of the internal patient’s abdomen without making wide motions in the operating
room. Because it can reduce motions of the robot in the operating room and increase
viewing areas in the abdomen, we use this bending laparoscope mechanism to design

the new laparoscope holder.
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Figure 3.2 The bending laparoscope part

3.1.3 The External Manipulator Part

Since the original KaLAR system has a limited view of workspace, we
develop the external manipulator is to extend the workspace of the original KaLAR
system. This external manipulator uses the lower part of the MC’E robot [22], as
shown in Figure 2.9. The main advantage of the new system is a wide view of the
workspace in the abdominal cavity allowing the system to apply to other laparoscopic
surgeries. The external manipulator has 2-DOFs of motions which create the compact
spherical motion for moving the laparoscope. Moreover, this system does not have a
large rigidity problem and has a very simple structure, thus the surgeon can predict
the movements of this system easily and reduce the interference in the system.
Therefore, we will use this external manipulator part to increase the field of view of

the workspace in the patient’s abdomen, as shown in Figure 3.3.
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Figure 3.3 External Manipulator

3.2 THE OVERALL SYSTEM OF CONCEPTUAL ROBOT

The proposed robot is designed from two robots including the KalLAR
robot and the MC’E robot. The design separates into three parts. First, the passive
base part is the commercial medical passive holder. The passive base has many DOFs
for the tip position setup of the laparoscope-holder robot. Second, the bending
laparoscope part is the laparoscope motions of the KalLAR robot. The bending
laparoscope part has 3-DOFsof motions including 2-DOFs for bending motion in the
patient’s abdomen and 1-DOF for the motion outside the patient’s abdomen. This part
is used to reduce motions of the robot and increase viewing areas in the patient’s
abdomen. Finally, the external manipulator part is the lower part of the MC2E robot.
The external manipulator has 2-DOFs of motions to create the compact spherical
motion in the patient’s abdomen. This part use to increase view area of the workspace
in the patient’s abdomen. Combining all different parts, the prototype of the new
laparoscope-holder assistant robot is shown in Figure 3.4. In addition, the each part of

the conceptual robot describe in APPENDIX which is in the Computer aided design
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(CAD) of conceptual robot. The new design of the laparoscope-holder assistant robot
has many advantages. First, this robot can easily be developed because it uses three
motors and simple linkages. Second, this robot can easily calculate the tip of the
laparoscope due to 5-DOFs of motion consisting of 2-DOFs to control the center of
the fulcrum point and 3-DOFs to control the motion of the laparoscope. Third, we can
easily control the laparoscope motion because this robot can be automatically
controlled by computer software. Finally, the proposed robot can easily be set up in a
small workspace in the surgery room without interferer the workspace of the primary
surgeon because it is a small robot. The primary surgeon can control the new robot by
surgeon’s instruction. This new design laparoscope holder assistant robot can help
holding the laparoscope in the laparoscopic surgery, thus reducing human errors and
the operation time in the surgery. The required working area of laparoscopic surgery
is difficult to define because of the working area varies depending on many factors
such as the surgeon’s preference, condition of operating room, and type of surgery.
However, J. Rosen [30] measured the position of the surgical tools which creates a
circular cone of working area with apex angle of 60 degrees. From this result, this
conceptual robot will be able to provide a viewing area with more than that.

Therefore, the overall working area will calculate in the Chapter V.

Figure 3.4 New design of the laparoscope-holder assistant robot
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CHAPTER 1V
METHODS OF OBJECT TRACKING

In this chapter, we explain the proposed research for the software part.
Also, we propose the object tracking component. The object tracking component that
we use in this thesis consist of Target Representation and Localization and Filtering
and Data Association. In the Target Representation and Localization subsection, we
propose the Mean-Shift algorithm. In addition, in the Filtering and Data Association
subsection, we propose the Kalman filter. In this thesis, the two algorithms will be

used in the object tracking system for new MIRS System.

4.1 TARGET REPRESENTATION AND LOCALIZATION

Target Representation and Localization is a main process to be used for
locating and tracking of the target object. Algorithms for target Representation and
Localization can be divided into three categories consist of point tracking, silhouette
tracking, and kernel tracking, as described in the Chapter II. In this thesis, we focus
on kernel tracking, specifically the Mean-Shift algorithm, to locate the target object.
The mean-shift algorithm can be used to locate both rigid and non-rigid objects, as
well as varying-size objects. Therefore, we propose the Mean-Shift algorithm for
tracking the laparoscopic instrument. This algorithm will be described in the next

section.

4.1.1 Mean-Shift Algorithm

A Mean-Shift algorithm [31] is an iterative process for locating the target
object by maximizing the similarity function. The similarity function is the
comparison between the target model, § , and the target candidate, p(y). The target
model and the target candidate are represented by a small elliptical or rectangular area

in the frame. The pixel values in the region of interest (ROI) are used for calculating
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the target model and target candidate histograms. The target histogram calculation is
based on the number of an m-bin histogram, where m is an integer defining the
number of quantization levels in the histogram [32]. Therefore, the target model

histogram can be computed by the following equations:

m
target model: 4= {Qubumrm = Qu a3 ) Gu=1
u=1

(1)
qu=_C ke (llc; 1)
b(;mi (2)
c= 1
B ?:1 k(”xi”z) (3)

where x4, ..., X, is the normalized pixel values at the ith pixel of the target model area,
b(x;) is a color value at pixel x; which depends on the m-bin histogram, » is the
number of data points, k(x) is the kernel function and C is a normalization factor,
which can be set as a constant. Kernel function is the density estimation method. The
inputs are the pixel data at in the ROI which give n data points x, ..., x,. This

equation is computed in the center point x as follow:

SR @
(OREOWICEED

where K(x) = CK(l|x])

The minimization of the average error between the estimate and the true density can

be calculated by using the Epanechnikov kernel as follow:

K, (x) = {C(l —IxlI> Lifllxll <1 )

0 ,otherwise

Another kernel is the Normal kernel as follow:

Ku() = €+ exp [ 3 ] ©
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And another kernel is the Uniform kernel as follow:

c Liflxll <1 (7)
0 ,otherwise

Ky(x) =

where C is the volume of the pixel at x defined as a constant.
In this case, the target model area is defined in the region of interest (ROI)
where the center is the origin of the image. The target candidate histogram can be

computed by the following equations:

target candidate: p(y) = (.0 }u=1.m

u (8)
= PP, B () 5 Y () =1
u=1
() = Cp Z k[”y_hxi”z] )
b(xy)=u
_ 1
sk (52 ] (10)

where x4,...,x,, 1s the normalized pixel locations in the target candidate which

h
defines the center at y in the current frame, y is a 2-D coordinate of the object location
which is the center of target candidate area in the current frame, n, = h is the number
of data points, / is the bandwidth of the candidate area, and C) is a normalization
factor, which can be set as a constant.

To compare the difference between the target model and target candidate,
the similarity function is computed between the target model histogram and the target
candidate histogram. The result of the similarity function is a percentage value which
will be compared among various target histograms. In this work, our the similarity
function is based on the Bhattacharyya coefficient, p(p(y),§), which is commonly
used. The Bhattacharyya coefficient measures the similarity between the histogram of

the model and the candidates[12]. Therefore, the Bhattacharyya coefficient equation

can be defined as follows:
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/\

p(B»),q) = Z Pu(¥)qy = Z 5 (y (11)

The best target candidate field is the minimum distance, according to the
similarity function [33]. In addition, the minimization of the distance between the

target model and target candidate can be derived as shown in below:

From the Bhattacharyya coefficient equation (11) estimates the Bhattacharyya

coefficient equation using:

A Py 1 N 1 N
o: p(p(y),q) = EZ Pu(¥o)qu + EZ u(yO) (12)

We then substitute the following equations in to the estimation of the Bhattacharyya

coefficient equation:

Pu) = Cu Z [”y— | ] and w; = Z pu(yo (13)

b(x)=u
therefore, the minimization of the Bhattacharyya coefficient equation become:

m

L PO, ~ Z 0T + h;Wik[Hy_hxi”z] (14)

where {p, (yo)}u=1_m is the target candidate at the center location yyin the current

frame.
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4.1.2 Mean-Shift Tracking
The main concept of the mean-shift algorithm is to locate the target object
based on the maximization of the Bhattacharyya coefficient. The process to locate the

target object in a single frame consists of five steps. The overall process of mean-shift

tracking is shown in Figure 4.1.

/ Initial Target Image  / /  CumentFrame  /

Target Model (g Target Candidate (5(r,)

R FALSE

Mean-Shift Process

Figure 4.1 Mean-Shift Tracking Process
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For the Mean-Shift tracking, we use these steps to compute each frame of
video sequences. This processing locates the target object which is the target model in
mean-shift algorithm. The tracking process defines the target candidate defines
according to the similarity location of target model at the current frame. The tracking
process uses these steps to locate the new target model in current frame. From Figure

4.1, the five steps of mean-shift tracking can be described in next sections.

In the first frame, we need to initialize {§y },,—=1 ., to be the distribution of the target
model and y, to be the center location of the target in the next frame.

Stepl.
Initialize the new center location of the target in the current frame at the previous

center location y, and compute the distribution of the target candidate at y,:

P(o) = WBuo)u=1.m (15)

Then evaluate the first Bhattacharyya Coefficient.

BC1 = p(p(%0), @) = Z\/m (16)
u=1

Step2.

Derive the weights {w;};—1 _»,, as follows:

Ny (17)

Step3.

The mean shift vector yields the new location y;. This result is used to calculate the
minimization of the distance between target model and target candidate. This process
propagates the current position y, to the new location y,. Therefore, the new location

of the target candidate can be written as follows:



Vera Sa-ing Methods of Object Tracking /32

/)
)

Yo—Xi
h

np
i=1 XiWidg

Z:ZH ng(

(18)

Yo—Xi
h

Where g(x) = —K'(x)

After updating the new center target location at y; , the distribution of target

candidate at y; is computed as follows:

P(y1) = PO u=1.m (19)

Then the second Bhattacharyya coefficient is evaluated.

BC2 = p(3(y.),§) = Z\/m (20)
u=1

StepA.
This process iterates until BC2>BCI; however, if BC2 < BCI, then the new center

target y,, will be updated, as follows:

While { BC1 < BC2}

1
Do {y, = E(yo +v1)} @)

Steps.

This process checks the termination condition of the algorithm based on the predicted
threshold value €. The threshold value is defined as the minimum distance value
between the target model and the target candidate. The condition of this step is

computed as follows:
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if (lyr = woll < €)
{ Stop the process

}
Else (22)
{ Set yo =y
Goto Step 1
}

4.2 FILTERING AND DATA ASSOCIATION

Filtering and Data Association is an adaptive process for an object
tracking system. The input of this component is based on the result of Target
Representation and Localization. These algorithms are able to locate a complex object
that moves behind the obstructions. The main filtering algorithms can be divided into
two types of filter: Kalman Filter and Particle Filter [23]. The kalman filter is simply
an optimal recursive data processing algorithm. The processing estimates all actual
measurement data without considering the precision. In this thesis, we focus on
tracking only one target object; therefore, we use the kalman filter. The main
advantage of the Kalman filter is the ability to estimate state of one target object. The
main advantage of the Particle filter is the ability to track multiple objects, however it
is not suitable to use in this thesis. Therefore, we propose the use of the Kalman filter
to improve the result of the mean-shift algorithm, which is the main process. The
measurements estimate the current value of interested variables based on the result of
mean-shift algorithm. The model of kalman filter algorithm consists of (1) knowledge
of the system and measurement device dynamics, (2) the statistical description of the
system noise, measurement noise, errors, and uncertainty in the dynamical models,
and (3) any information about initial conditions of the interested object [34]. In this
section, we describe the Kalman filter in twos subtopics which consist of Kalman

filter algorithm and tracking.



Vera Sa-ing Methods of Object Tracking / 34

4.2.1 Kalman Filter Algorithm

The Kalman filter [35, 36] is based on a set of mathematical equations
which implement a predictor-corrector step to estimate the result. In mathematical
terms, this filter is a tool for estimating the states of a linear system. The detailed
derivation of the Kalman filter is shown as follows: Appendix. The Kalman filter is a
recursive filter which separates into two steps consisting of prediction and correction
step. The prediction step defines the time update and the correction step defines the
measurement update. Therefore, the overviews of kalman filter as shown in Figure
4.2. The time update equations and measurement update equations are presented in

the next section.

/ Initial estimates for £, and FPq /

Figure 4.2 The process of Kalman filter.

This section describes the filter in the original formulation. The filter tries
to estimate the state x € R™, where n is the number of state estimator, of a discrete-

time process which control by the linear stochastic difference equation as follows:

X = Axk_l + Buk + Wgk_-1 (23)

where A is the n x n state transition matrix, Xxj_, is the n x / state matrix in the

previous time(frame) step, B is the n x [ optional control transition matrix, uy, is k-time

optional control input which is / x / matrix, and wj, is the process noise which is 7 x 1
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matrix or a constant. A measurementz € R™, where m is the number of state
measurements, of a discrete-time process which control by the estimation state as

follows:

2 = Hxy + vy (24)
where H is the m x n measurement transition matrix which relates the state x; to
measurement z,, and v, in the measurement noise which is m » /I matrix or a

constant. The process and measurement noises are assumed to have independent,

white, and normal probability distributions as follows:

p(w) ~N(0,Q) ;Q = [wewy] (25)

p(v) ~N(O,R) ;R

T
[Vivk] (26)
where Q is the process noise covariance, and R is the measurement noise covariance.
A priori and a posteriori estimate errors are defined as e, and ey, respectively. These
estimate error covariance defined in the » x n matrix form at time k. These equations
can be written as:
e = X — X (27)
€k = X — fk (28)
where X, € R" is a priori state estimate or previous estimation state in recursive
process , and X, € R™ is a posteriori state estimate at step k which given a

measurement zj.

These equations can be calculated as a priori and a posteriori estimate error

covarianceP;, and Py, respectively. These equations can be written as:
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P = Elege; '] (29)

P = Eleye] (30)

The goal of the Kalman filter is to determine a posteriori state estimate
Xrwhich computes a linear combination of a priori state estimate X, and a weight
difference between an actual measurement z, and a measurement prediction HXj .
The difference (z;, — HXj) is called the measurement “innovation” or “residual”.

This is called “The probabilistic origins of the filter” as follows:

where K is called the “Kalman gain” which is an n x m matrix. This matrix solution is
used for the optimization problem. Thus, the Kalman gain equation can be written as
follows:

K = P;HT(HP;HT + R)™! (32)

The Kalman gain uses minimized a posteriori estimation error covariance Pj.

Therefore, the replacement of P,by K, can be written as:

P, = (I — KH)P; (33)

where 7 is a n x n identity matrix, Pj is the update equation for the a priori estimate

error covariance with kalman gain.

The estimation state in the Kalman filter iteration is achieved by:

Ry = ARy (34)
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To complete the recursive process, it is necessary to find an equation that projects the
a priori estimate error covariance matrix into the next time interval, £ + /. Therefore,

the a priori estimate error covariance at time k+/ can be written as:

Py = APAT +Q (35)

4.2.2 Kalman Filter Tracking

The Kalman filter tracking is the iterative process of Kalman filter to be
used in the video sequence. The location of target object in each frame is the
estimation result of the Kalman filter. In this thesis, the iterative process of Kalman
filter consists of two steps; time update and measurement update equations. The time
update equations are responsible for projecting in time. These equations consist of the
current state and a priori estimate error covariance for the next time step. The

equations of this step consist of two processes.

1) Project the state, X, in the next time k+/, as follows:

£E+1 =A£k+Buk (36)

2) Project the a posteriori estimation error covariance, Py, ; in the next time k+1/,

as follows:

Py = APAT +Q (37)

The measurement equations use the actual measurement z, to update the state of the

object. The equations of this step consist of three processes.

1) Computed the Kalman gain, K as follows:

K =P H"(HP;H" + R)™* (38)
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2) Update estimate state with actual measurement, z;, as follows:

3) Update the a priori estimation error covariance, Py in the current time 4, as

follows:

P, = (I — KH)P; (40)

From the time update equations and measurement equations, the tracking
process is repeated with the previous a posteriori estimate to predict the new a priori
estimate state. Therefore, the example processing of the Kalman filter tracking is a
combination of the initial estimate state and a priori estimation error covariance, as

shown in Figure 4.3.

/ Initial Target Image / / Current Frame /
Initial estimates for £ and Pg
Measurements  (Z,) /

Kalman gain (&) .

Project into k+/ (,‘%;_1, ‘Bc+1) Update Estimate (X o)
Update Covariance (7 )
Result State Estimate ("%c)

Figure 4.3 The processing of Kalman filter tracking.



Fac. of Grad. Studies, Mahidol Univ M.Eng. (Biomedical Engineering) / 39

4.3 OBJECT TRACKING SYSTEM FOR THE NEW MIRS
SYSTEM

The object tracking system has two components which consist of Target
Representation and Localization and Filtering and Data Association. In this thesis,
we will propose the Mean-Shift algorithm which is an algorithm of the Target
Representation and localization component, as well as the Kalman filter which is an
algorithm of the Filtering and Data Association component. The main purpose of the
mean-shift algorithm is to locate the interested object in the frame. This process is
based on the maximum value of the similarity function which is the Bhattacharyya
coefficient. Therefore, the result is the location of the target object in searching area
or target candidate. The main process of the Kalman filter is based on a predictor-
corrector step to estimate the result in the frame. This process is based on the previous
results from the actual measurement. The results of previous frames are used to
estimate the result in the current frame.

In this thesis, we propose the adaptive mean-shift Kalman tracking based
on the mean-shift algorithm combined with the Kalman filter. The proposed algorithm
has improved the mean-shift algorithm by its ability to adjust to different ROI sizes of
the target candidate. The adaptive mean-shift Kalman algorithm is mainly used to
track the object of interest. The overall process of adaptive mean-shift Kalman

tracking summarized in Figure 4.4 and is explained below.

Initial step: Selection of target model
In the first frame, the user selects the target model which is the predefined

ROI. From the target model, we compute the initial state of the Kalman filter.

First step: Mean-Shift algorithm process

In the next frame, the algorithm defines the target candidate which is at
the same center location as the target model. However, the size of target candidate is
larger than the size of the target model (the size of the region, /). The target model
and the target candidate will be computed to get the second Bhattacharyya coefficient

(BC2) in the mean-shift algorithm.
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Second step: Similarity comparison from the mean-shift algorithm

Firstly, we will define the first similarity threshold value (CTI) to
determine the tracking criteria. This value will be compared with BC2. If BC2 is more
than CT1, then we will update the Kalman filter by using the result of the mean-shift
algorithm in the first step. Thus, the target result in this case will be acquired from the
mean-shift algorithm, and the next sequence frame can be proceeded. However, if

BC2 is less than CT1, then we go to the third step.

Third step: Estimation of the Kalman filter

In this step, the estimate state of the Kalman filter is fed back to the
adaptive mean-shift algorithm. If the tracking result is not in the predefined similarity
threshold value, the algorithm will increase the target candidate up to twice the size of
the current ROI. In addition, this target candidate will define the new location from
current state of the Kalman filter. Hence, the third Bhattacharyya coefficient (BC3) is

computed.

Fourth step: Similarity comparison between the Kalman filter and the adaptive
mean-shift algorithm

We compare the second similarity threshold value (C72) with the BC3
from the third step. If BC3 is greater than C72, then we will use the result from the
adaptive mean-shift algorithm. If BC3 is smaller than C72, then we will use the
estimate state of the Kalman filter and go back to the third step and increase the target
candidate ROI. This process is repeated until the maximum target candidate size is
met. Otherwise, the target result will be acquired from the adaptive mean-shift

algorithm, and the next sequence frame can be proceeded.
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Figure 4.4 The overall of the adaptive Mean-Shift Kalman algorithm
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CHAPTER V
EXPERIMWNTAL RESULTS

This chapter shows two experiment results. The first experiment
represents the overall kinematics of the conceptual robot. In addition, we will
compute the forward kinematics of the main motion to create the working area inside
the patient’s abdomen. This forward kinematics will calculate the overall workspace
of the conceptual robot inside patient’s abdomen. The second experiment represents
the proposed object tracking algorithm which is the adaptive mean-shift kalman
algorithm to track the target object. This experiment is separated three situations.
First, the testing situations are five example videos to test the proposed algorithm in
each problem which define as five cases. Second, the real situations are real videos in
laparoscopic surgery to test the proposed algorithm in all problems. Last, the real time

tracking are experiment in the phantom box.

5.1 ANALYSIS OF CONCEPTUAL ROBOT FOR THE NEW MIRS
SYSTEM

From the conceptual robot design in Section 3.1 we have proposed the
design of new robot with 5-DOFs. In this section, we will explain the overall
kinematics of conceptual design, as well as, compute the workspace of conceptual
robot which performs inside the patient’s abdomen. The overall workspace is

computed in terms of 3 dimensions which consist of depth, width, and height.

5.1.1 The overall kinematics of conceptual design

The conceptual design of the new MIRS system is separated into two
parts: the external manipulator part and the bending laparoscope part. We have
proposed 5-DOFs of motion of robot consisting of 2-DOFs to control the center of the

fulcrum point and 3-DOFs to control the motion of the laparoscope. Therefore, the
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kinematics of this robot will separated in two parts. In the first part, the external
manipulator part has 2-DOFs which control the bending laparoscope part at the center
of the fulcrum point. The 2-DOFs consist of 6; which is the rotation at the X axis
and 6,is the rotation at the Y axis, as shown in Figure 5.1. In the second part, the
bending laparoscope part has 3-DOFs which control the movement of the bending
part and the end of the laparoscope. The 3-DOFs consist of 8;which is the rotation of
the bending part at the X axis; 8,which is the rotation of the bending part at Y axis;

and Ts;which is the translation of the laparoscope at the Z axis, as shown in Figure 5.1.

Figure 5.1 The robot kinematics
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The result of the kinematics equation is the target position which is Prg;ger in Figure
5.1. The target position will depend on the fulcrum point which is Pgepter in Figure

5.1. The Pgepterhas 2-DOFs, so the equation can be written as

Peenter = Rz(ez) * Rx(el)

cos 6, —sin 6,00 10 0 0

) _ |sin@, cos6, 00 _ |0cos6;—sin6,0
where; R,(6,) = 0 0 10 and R,(6,) = 0sin 6, cos6; 0
0 0 01 0 0 0 1

The Prgrger has 3-DOFs whichreference from Pgeper, thus the equation can be

written as
PTarget = Pcenter * TZ(T3) * Ry(93) * Rx(94)
1000
0100
where; T,(T;) = 0017, |

0001
cos 6,0—sin 8,0 1 0 0 0
_ 01 0o O _|0cos 8,—sin 6,0
Ry(93) ~ |sin6,0 cosH, 0 yand Ry(8,) = Osin8, cosf, 0
0 0 o 1 0 0 0o 1

5.1.2 The forward kinematic modeling of the workspace robot

The overall kinematic of conceptual robot has 5-DOFs but the main
motion to produce the large working area at inside the patient abdomen has 3-DOFs.
Because of the motion of bending laparoscope, which has 2-DOFs consist of 5 and
0,, produce very small working area inside the patient abdomen. Thus, the main
motion has 3-DOFs which consist of 2-DOFs at 6, is the rotation at X axis and 6, is
the rotation at Y axis and 1-DOF at T is the translation of the laparoscope at Z axis,
as shown in Figure 5.2. This figure sketches the graphic symbols which draw overlap
the conceptual design. The symbol of main motion represents the three light blue

points which represent 3-DOFs. The symbol of start point represents a dark blue
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point. The symbol of length of each part represents the six blue lines which measure
from the conceptual design robot. The symbol of target location laparoscope

represents a red point. The value of each symbol will explain in Table 5.1.

Figure 5.2 The model of conceptual robot
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Table 5.1 Parameters of kinematic modeling

Parameter Value Unit
T3 0-150 mm.
0, -90 -90 degree
0, If 8, > 0 then-70— 20 degree
If 6, <0 then-20-70
L, (AB) 56 mm.
L, (BC) 60 mm.
L; (CD) 95 mm.
L, (DE) 86 mm.
Ls (EF) 83 mm.
Le (FG) 100 mm.
@, 45 degree
@, 40 degree
D 90 degree

The model of conceptual robot will compute the working area by using
the MATLAB program. This program will calculate the working area in a 3-D space.
The points A — G, which show in Figure 5.2, can be written as the equation form. The
start point is point A which represents at location (0, 0, 0) in a 3-D space. The

equation of point A can be written as

P,=[0001]

The points B — E represents the rotation of 8;. The equation of this point can be

written as

Pg = Py x Ry (@) * T,(Ly)
Pc = Pg * Ry(el) * R, (@1) * T,(Ly)
Pp = P¢xTy(—L3)
Py = Pp * Ry(91) * T,(Ly)
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The point E represents the rotation of 8,. The equation of this point can be written as

Pr = Pg * R;z(6;) * Ry (®;) * T,,(=Ls)

The point G represents the translation of T5. The equation of this point can be written

as

Pg = Pp * R, (@3) * Ty, (—Lg + T3)

The red point represents the position target of conceptual robot in a 3-D space. The

equation of the target will equal the point G can be written as

Ptarget = Pg

These equations can create the example of kinematic model in a 3-D space as shown
in Figure 5.3. This example define the input values which are ; =0, 6, = 0, and

T, = 0.
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Figure 5.3 The kinematic modeling in 3-D space

5.1.3 The workspace determination of conceptual robot

From the kinematic modeling of conceptual robot, the motion limits of
conceptual robot define in the Figure 5.3. We develop the MATLAB program to
compute the working area inside the patient abdomen, as shown in Figure 5.6. This
program will compute the working area which input the motion limits of three
motions. The input data consist of rotation at 8, rotation at 8,, and translation at T
Let the translational limits of motion at T3 is 150 mm. In the rotational limits will
separate into three groups. First group, if the rotation value of 8; define between -20
and 20 degrees then the rotation value of 6, define between -90 and 90 degrees. This
group will create working area, as shown in Figure 5.4(a). Second group, if the

rotation value of 6; define between 21 and 70 degrees then the rotation value of 6,
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define between 0 and -90 degrees. This group will create the working area, as shown
in Figure 5.4(b). Third group, if the rotation value of 8; define between -21 and -70
degrees then the rotation value of 6, define between 0 and 90 degrees. This group
will create the working area, as shown in Figure 5.4(c). Thus, the overall working area
of conceptual robot will combine the three working area from three groups, as shown

in Figure 5.4(d).

Z Label
I Lakel
Z Label

-100

180
50

b 200
100

150 0

-100
¥ Label 200 200

(2)

150 -200 ¥ Label
X Label

X Label

(d)

Figure 5.4 The working area

(a) The working area of first case (b) The working area of second case
(c) The working area of third case (d) The overall working area

From the overall working area can calculate the limitation workspace of
conceptual robot which moves inside the patient abdomen. The computation of
limitation workspace will separate into three parts. First part, the depth of limitation
workspace will compute from the fulcrum point to the deepest point of overall
working area. The depth of overall working area is 150.0926 mm, as shown in Figure
5.5(a). This figure represent the overall working area in the 2-D which is the front
view consist of x-axis and z-axis. Second part, the width of limitation workspace will

compute from the minimum point to maximum point in x-axis of overall working
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area. The width of overall working area is 262.8 mm, as shown in Figure 5.5(b). Last
part, the height of limitation workspace will compute from the minimum point to
maximum point in y-axis of overall working area. The height of overall working area
1s 103.6215 mm, as shown in Figure 5.5(b). This figure represent the overall working
area in a 2-D which is the top view consist of x-axis and y-axis. Therefore, the overall
working area of conceptual robot can cover the workspace at inside the patient
abdomen. In addition, this robot will create the working area in the cone shape form.
From the limitation workspace of the conceptual robot, we can calculate the apex
angle of 82.4 degrees which is more than the 60 degrees from [30]. Therefore, the
overall working area of the conceptual robot can cover the overall workspace inside

the patient abdomen.

¥ Liteid

103.6215 mm.

(b)

Figure 5.5 The reachable workspace of conceptual robot

(a)The working area at front-view (b) The working area at top-view
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Figure 5.6 The MATLAB program to compute the working area

5.2 DEVELOP OF CONCEPTUAL ROBOT FOR THE NEW MIRS
SYSTEM

The overall development of conceptual robot which consists of the
passive base part, the external manipulator part and the bending laparoscope part
which develop only the zooming motion to uses a linear guide with a ball screw. In
the external manipulator part, we make by using the aluminum materials. In the linear
guide of bending laparoscope part, we make by using the aluminum and plastic
materials. In the laparoscope part, we use the webcam to connect with a rod for
simulating the laparoscope. Figure 5.7 represent the comparison between the overall
development of conceptual robot, as shown in Figure 5.7(a) and the overall design of
conceptual robot, as shown in Figure 5.7(b). A difference between the design and the
development of conceptual robot is the bending laparoscope. Therefore, this
conceptual robot has 3-DOFs which consist of 2-DOFs of the external manipulator

part at 6, is the rotation of motor 1 and 6, is the rotation of motor 2 and 1-DOF of
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the bending laparoscope part at T3 is the translation of a linear guide with a ball screw

by motor 3, as described in Figure 5.8.

(2)

G. External Manipulator ParD

(b)

Figure 5.7 The comparison of conceptual robot

(a) The overall development of conceptual robot (b) The overall design of conceptual
robot
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Figure 5.8 The description of the conceptual robot to develop

This robot can manually control by using the control box, as shown in
Figure 5.9. This control box has six buttons which control the three motors of the
conceptual robot. The motor 1 of the external manipulator part can control by down
two buttons of control box. The actions of these buttons, we press the right button
then the external manipulator part at motor 1 will move to the right direction, however
we press the left and the right buttons then at motor 1 will move to the left direction.
The motor 2 of the external manipulator part can control by center two buttons of

control box. These buttons have the actions same as the down buttons. The motor 3 of
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the linear guide can control by top two buttons of control box. The actions of these
buttons, we press the right button then the linear guide will move forward which
moves the laparoscope in the abdomen, however we press the left button then the

linear guide will move backward which move the laparoscope out the abdomen.

Figure 5.9 The control box of conceptual robot
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5.3 ADAPTIVE MEAN-SHIFT KALMAN OBJECT TRACKING
FOR THE NEW MIRS SYSTEM

From the object tracking system for the new MIRS system, we have
proposed the adaptive mean-shift kalman algorithm to locate the target object which is
the laparoscopic instrument. This algorithm combines the advantages of two
algorithms consisting of the Mean-Shift algorithm and the Kalman filter. The overall
procedure of this algorithm is shown in Error! Reference source not found.. To
illustrate the performance of the proposed adaptive mean-shift kalman algorithm, we
tested on the many situations which consist of simulated videos, real laparoscopic

videos, and real time situations.

5.3.1 Simulated Video Situations

The testing situations were simulated to illustrate five scenarios. First
scenario, we suddenly changed the background screen of the target object. In the
second case, we changed the template of the target object. In the third case, we resized
the target object by decreasing the size. In the fourth case, we combined two problem
situations; resizing the target object and changing the template of target object. In the
last scenario, we moved the target object behind the obstruction. In all experiments,
we will compare the results between Template matching and adaptive mean-shift
kalman algorithm. We initial target model as shown in Figure 5.10 was required in
both algorithms. The red background in Figure 5.10 imitated the background in
laparoscopic surgery, and the yellow ball represents the undesired background and the
obstruction. In addition, the tip of laparoscopic instrument is represented object as the

target model displayed in the white rectangle of the image.
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(=

Figure 5.10 The initial target model

Case 1: changing the background screen

This case focuses on alteration of a background screen without changing
the template of the target object. In this case, we compare two different algorithms:
template matching (the blue rectangle in the image) and the adaptive mean-shift
kalman algorithm (the green rectangle in the image). Figure 5.11 shows the overall
results for six sample frames of the different times. Frame 1 is depicts the initial
moving of the target object for both template matching and adaptive mean-shift
kalman algorithms. Frame 7 is depicts the new location of target object which slowly
moves forward the yellow ball. Then, half of target object was changed to a new
background at frame 16. Both algorithms can still locate the target object. However, at
frame 30, all the parts of target object fully move to the new background. Here only,
the adaptive mean-shift kalman algorithm can locate the tip of the laparoscopic
instrument, the template matching is not able to locate the target object. At frame 63,
when half of the target object is moving back to the original background, the proposed
algorithm can locate the target object better than the template matching algorithm.
The last frame 101 is under the original background merely, the result of the proposed
algorithm is more accurate than the result of template matching. The first scenario
illustrates that the adaptive mean-shift kalman algorithm is more accurate than the
template matching algorithm because the proposed algorithm can successfully locate

the target object when changing background.
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Figure 5.11 The overall results of Case 1

Case 2: changing the template of the target object

This case focuses on a non-rigid object, which is the change of the target
template; i.e., the shape of the laparoscopic instrument in the image. This case
compares two different algorithms: template matching (the blue rectangle in the
image) and the adaptive mean-shift kalman algorithm (the green rectangle in the
image) as shown in Figure 5.12. Frame 1 is depicts the initial deformation of the
target object; i.e., the tip of the laparoscopic instrument like pliers is open up. At the
point, both algorithms can still locate the target object but the proposed algorithm
provides a more accurate location than the template matching. At frame 14, when the
object is full open; i.e., its shape is totally changed. The tracking result of the
proposed algorithm is more accurate than the template matching as well. Frame 59 is
depicts the full deformation of the target object which slowly move. The template
matching cannot locate the target object; however, the adaptive mean-shift kalman
algorithm can locate the accurate target object. Frame 59 is depictes the full
deformation of the target object which move near the obstruction. The only result of
adaptive mean-shift kalman algorithm can locate the laparoscopic instrument. Frame
120 is depicts the full deformation of the target object which move pass the
obstruction. The template matching locates the wrong location of the target object;
however, the proposed algorithm can locate the correct location of laparoscopic

instrument. Frame 169 shows the image when the tip of the laparoscopic instrument is
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back to a normal shape. The results in this scenario show that the adaptive mean-shift
kalman algorithm can correctly locate the target object when the template of the target

object is changed.

Figure 5.12 The overall results of Case 2

Case 3: resizing the target object

In this case, we resize the rigid object by zooming the target in and out.
This case compares two different algorithms: template matching (the blue rectangle in
the image) and the adaptive mean-shift kalman algorithm (the green rectangle in the
image). The overall results are shown in Figure 5.13. This figure is depicted the two
result which represent a blue rectangle and a green rectangle in the same image. This
picture represents the three frames which have the different time. Frame 1 is depicts
the target object which does not change the size. Frame 21 is depicts the target object
changes the quarter size. The adaptive mean-shift kalman algorithm can locate the
correct target and the template matching locates the wrong object. In addition, the
target object changes the half size as shown in frame 90. The only proposed algorithm
can locate the target object. The experiment results in this case can conclude the
adaptive Mean-Shift algorithm is more accurate than the template matching.
Therefore, the proposed algorithm can locate the target object which changes the size

of object.
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Figure 5.13 The overall results of Case 3

Case 4: resizing the target object and changing the template of target object

In this case, we change the size and the shape of the target object. This
case compares two different algorithms: template matching (the blue rectangle in the
image) and the adaptive mean-shift kalman algorithm (the green rectangle in the
image). The overall results of this case will show in Figure 5.14. Frame 1 is depicts
the initial target object which changes the half size. Frame 17, 61, and 94 are depict
the target object which changes the half size and deform the template. Frame 154 and
188 are depict the target object which changes the half size but it deform backward to
the initial form. The only adaptive mean-shift kalman algorithm can locate the correct
target object which represents all experimental results in this case. Therefore, the
adaptive mean-shift kalman algorithm can locate the target object which changes the

size and deform the template object.

Figure 5.14 The overall results of Case 4
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Case 5: the target object move behind the obstruction

In this case, we will propose the object tracking system which changes the
size of target object. In addition, this case increases a difficult situation which moves
the target object behind the obstruction. The first experimental result will show in
Figure 5.15. This figure will show the two results: the mean-shift algorithm (the green
rectangle in the image) and template matching algorithm (the blue rectangle in the
image). This figure represents the six frames which have the different time. In this
experiment, the template matching can’t locate the all target object in sequential
frame. Therefore, we will explain the only result of mean-shift algorithm. Frame 1
and 14 are depict the target object which changes the half size. These experimental
results can locate the correct target object. In addition, the half target object hides
behind the obstruction as shown in frame 22. This algorithm can locate the target
object. However, this algorithm can’t locate the target object in the next time. Because
the full target object hides behind the obstruction and then the target object move
across the obstruction. Therefore, the original mean-shift algorithm can’t solve this

problem thus we will adapt this algorithm by using the kalman filter.

Figure 5.15 The overall results in Case 5 between mean-shift algorithm and template
matching

The adaptive mean-shift kalman algorithm will show the experimental

result as shown in Figure 5.16. This figure will show the three results: the mean-shift
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kalman algorithm (the green rectangle in the image) and template matching algorithm
(the blue rectangle in the image). The third result, the kalman filter represents the
orange rectangle in the image. At frame 1, 14, and 22, the mean-shift algorithm and
kalman filter can locate the correct target object. Frame 47 is depicts the full target
object which hides behind the obstruction. The mean-shift algorithm locates the
wrong object tracking; however the kalman filter tries to estimate the location of
target object which move behind the obstruction. Frame 62 is depicts the half target
object which appears behind the obstruction. The advantage of this algorithm can
locate the correct target object in the image; because the result of kalman filter adapts
the result of mean-shift algorithm to locate the target object. This procedure called
adaptive mean-shift kalman algorithm. Frame 81 is depicts the full target object after
across the obstruction. The adaptive mean-shift kalman algorithm can locate the
correct target object. The adaptive mean-shift kalman algorithm will estimate the
location of target object when it hides behind the obstruction. Therefore, the adaptive
mean-shift kalman algorithm can locate the target object which hides behind the

obstruction.

Figure 5.16 The overall results in Case 5 between adaptive mean-shift kalman
algorithm and Template matching

5.3.2 Real Video Situations
The real situation videos are derived from the real laparoscopic surgery in

the operating room [37]. Real laparoscopic surgery is more complicated than the
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previous simulated situations, because it combines different situations at the same

time.

Real Laparoscopic Surgery Casel

This experiment compares the results between template matching and
adaptive mean-shift kalman algorithms in the real video of laparoscopic surgery. This
video represents a sub-process of appendectomy [37] to cut a cord by serrated
scissors. In the first frame, we initial the target model for two algorithms, as shown in
Figure 5.17. The tip of laparoscopic instrument represents the target model which is

shown in the blue rectangle in this image.

Figure 5.17 Initial target model in real situation case 1

True object tracking algorithms are compared in this experiment: the
template matching algorithm (the blue rectangle in the image) and the adaptive mean-
shift kalman algorithm (the orange rectangle in the image). The overall results are
show in Figure 5.18 and Figure 5.19. This picture represents the nine sample frames
at the different times. At frame 35, the two algorithms can correctly locate the target
object. However, the target object changes the quarter size and change the object
template as shown in frame 65-72. The adaptive mean-shift kalman algorithm can
locate the correct target and the template matching locates the wrong object. Frame
86-90 represent the changing view of background which happens by moving of the

laparoscope. The two algorithms can locate the target object. Frame 105-112
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represent the tip of laparoscopic instrument which is the target object to hide behind
another laparoscopic instrument. This problem is the difficult situation to locate the
target object. However, the only adaptive mean-shift kalman algorithm can locate the
correctly target object. Frame 122-126 represent the target object which is increase
size and change the template. The only adaptive mean-shift kalman algorithm can
locate the correctly target object which is in this situation. The experiment results in
this case can conclude the adaptive Mean-Shift algorithm is more accurate than the
template matching. Therefore, the proposed algorithm can locate the tip of

laparoscopic instrument which is in real laparoscopic surgery.

Figure 5.18 The sample results in the real situation case 1 between adaptive Mean-
Shift algorithm and template matching algorithm
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Figure 5.19 The overall results in real situation case 1

Real Laparoscopic Surgery Case 2
In this experiment, we used the real video that coagulates a tissue by
electrode instrument [37]. At the first frame, we initialized the target model for two

algorithms, as shown in Figure 5.20.

Figure 5.20 Initial target model in real situation case 2
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The results of this case will show in Figure 5.21 and Figure 5.22. This
figure is depicted the two result which represent a blue rectangle and a green rectangle
in the same image. This picture represents the six frames which have the different
time. At frame 32, the two algorithms can correctly locate the target object. At frame
35, the changed background has occurred from the moving of laparoscope. The result
of two algorithms can correctly locate the target object. At frame 59, the initial smoke
has occurred from the electrode instrument. The adaptive mean-shift kalman
algorithm can locate the correct target and the template matching locates the wrong
object. At frame 77, the little smoke has covered an image. The result of two
algorithms can nearly locate the target object. At frame 79, the many smoke has
covered an image. The adaptive mean-shift kalman algorithm can locate the correct
target and the template matching locates the wrong object. At frame 91, the many
smoke has covered an image and hide the target object. The only adaptive mean-shift
kalman algorithm can locate the correctly target object which is in this situation. The
experiment results in this case can conclude the adaptive Mean-Shift algorithm is
more accurate than the template matching. Therefore, the proposed algorithm can

locate the tip of laparoscopic instrument which is in this situation.

Figure 5.21 The sample results in the real situation case 2 between adaptive Mean-
Shift algorithm and template matching algorithm



Vera Sa-ing Experimwntal Results / 66

Figure 5.22 The overall results in real situation case 2

5.4 PERFORMANCE OF THE NEW MIRS SYSTEM

In this research, we make a phantom box which simulates the working
area inside abdomen to test our proposed new MIRS system, as shown in Figure 5.23.
Inside the box, the red color background mimics the same color inside abdomen. At
the top of the box, it has three holes to simulate the ports for inserting the
laparoscopic instruments and the laparoscope, as shown in Figure 5.24. The center
hole is used for inserting the camera of the conceptual robot. The left and right holes
are used for inserting the laparoscopic instruments. In addition, we simulate the light
source in the working area which is opened by pressing the red switch at the top of the

box.
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P

Figure 5.23 The overall phantom box

Figure 5.24 The top of the phantom box
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The new MIRS system combines the conceptual robot with the proposed
adaptive mean-shift kalman algorithm to track a laparoscopic instrument. The overall
experiment setup is shown in Figure 5.25. This study is too demonstrate the

performance of the new MIRS system in the real-time using the phantom box.

Figure 5.25 The overall experiment setup
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5.4.1 Real Time Tracking with Manually Controlling the Robot

The process of tracking in software consists of five steps. First, we press
the “connection” button for connecting the camera. Second, the software will show
the real image from the camera on the screen of software. Third, we select the target
object on the real image which in shown on the screen. The selected area of target
object will be represented in the pink rectangle on the image. Fourth, the selected of
the target object will be shown as a small image on the software. If one wants to
change the target object, he can just press the “Delete Target” button and then select
the new target object. Last, we press the “Real Time Tracking All” button on the
program. This button is to start the tracking process which is the adaptive mean-shift
kalman tracking algorithm. The result of the proposed algorithm represents by the
orange rectangle on the real image. The overall process of tracking software is shown

in Figure 5.26.

RealTimeSitation

STEP1: INITIAL OBJECT TRACKING
AREAFIND PATTERN | 20

Delete Target

STEP2: g
|| Real Time Tiacking Step |{ Real Time Tracking Al |

{_ CONNECTION ||| DISCONNECTION

Figure 5.26 The overall process of tracking software to manually control the robot

The real time experiment will process in the real images which are
received from the camera of the conceptual robot. This experiment demonstrates
many situations, such as changing the target object template, and changing the size of
target object. In addition, this experiment increase situations which are actions of the

conceptual robot consist of move left, move right, camera zoom in, and camera zoom
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out. The process of this experiment consists of 4 steps. The first step is to set up the
work station of the real-time experiment as in Figure 5.25. The second step is to
connect the camera with the real time tracking software, as shown in Figure 5.27 (a).
The real time image from the camera will be shown on the screen of the software. The
third step is to select the ROI of the target object which is the real image on the
software, as shown in Figure 5.27 (b). The ROI is displayed in the white rectangle on
the screen. Forth step is to select the “Real Time Tracking All” button on the software
for tracking the target object, as shown in Figure 5.27 (c). The result of the tracking
algorithm is displayed in the orange rectangle on the screen of software, as shown in
Figure 5.27 (d). The overall result of real time experiment is shown in Figure 5.28.
From the overall result, we can track the target object in the correct position. Since,
this proposed algorithm can be performed in the real-time; the new MIRS System can

be used in real surgery.

CAMERACONESTICH

ﬁ“muﬂm cowizenon [ pcoenecron ) owecnc Jf scoroecoau §

(a) Connect camera with software (b) Select the ROI of target object

GHERACOMMECTIC

CMRACOMIEETICH

iecnion | pscoroecian |

(c) Start the tracking process (d) Result of the proposed algorithm

Figure 5.27 Four steps for the real time tracking setup
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Figure 5.28 The overall result in real time experiment

5.4.2 Real Time Tracking with Automatically Control the Robot

The process of the tracking software consists of seventh steps. The five
steps have same the previous experiment, as describe in section 5.4.3. In this
experiment, the program connects with the robot to automatically control the robot by
using the proposed algorithm. The sixth step, we press the “automatic control” button
for changing the control of robot to automatically control. The last step, we press the
“Real Time Tracking All” button on the program. This button is the start of tracking
process which is the adaptive mean-shift kalman tracking algorithm. The result of the
proposed algorithm represents by the orange rectangle on the real image. The overall

process of automatic tracking software shows in Figure 5.29.
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Figure 5.29 The tracking software for automatically controlling the robot

The area of interest is located at the center of the image which is about 3/5
of image size. There are four conditions to automatically control the conceptual robot.
First, the robot moves to the left when the position of the target object in the x-axis is
smaller than the initial position in the x-axis of the area of interest. Then, the program
instructs the conceptual robot to moves the motor 1 to rotate counterclockwise.
Second, the robot moves to the right when the position of the target object is greater
than the maximum position in the x-axis of the interesting area. Then, the program
instructs the conceptual robot to moves the motor 1 to rotate clockwise. Third, the
robot moves up ward when the position of the target object in the y-axis is less than
the minimum position in the y-axis of the area of interest and more than half of the
position in the x-axis. The position of the target object is more than the maximum
position in y-axis of the interesting area and is less than the half position in x-axis of
the interesting area. Then, the program instructs the conceptual robot to moves motor
2 to counterclockwise. In the last condition, the robot will move down when the
position of the target object in the y-axis is less than the minimum position in the y-
axis of the interesting area and is less than the half position in the x-axis of the
interesting area, or the position of the target object is more than the maximum
position in the y-axis of the interesting area and is more than the half position in the x-

axis of the interesting area. Then, the program instructs the conceptual robot will
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move motor 2 to clockwise. The overall conditions use to automatically control the

robot, as shown in Figure 5.30.

RealTimeSitation
STEP 1: INITIAL DBJECT TRACKING
AREA FIND PATTERN | 20

Delete Target

STEP 2: ADAPTIVE MEAN-SHIFT KALMAN ALGORITHM
l Real Time Tracking Step ]I Real Time Tracking Al ]
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CONMECT ROBOT () Connect Status
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CONTROL ROBOT

TURN LEFT TURM RIGHT

AUTOMATIC CONTROL ROEOT
() | SHOW AREA ON SCREEN

AUTOMATIC CONTROL MANAUL CONTROL

CAMERA CONNECTION

DISCONNECTION

Figure 5.30 The overall functions of automatic controlling

The aim of the real-time experiment is to track the tip of the laparoscopic
instrument in the real image. In addition, the result of the proposed algorithm is used
for automatically controlling the conceptual robot. The initial setup of the system is
shown in Figure 5.31. From the experiment result, the target object move to left which
more than the focusing area. The conceptual robot will move to left for tracking the
target object, as shown in Figure 5.32. In other case, the target object move to right
which more than the focusing area. The conceptual robot moves to right for tracking
the target object, as shown in Figure 5.33. The overall experiment results are the
automatically control of conceptual robot which control by the proposed algorithm, as

shown in Figure 5.34.
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Figure 5.34 The overall result for automatic controlling of the MIRS system
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CHAPTER VI
CONCLUSION AND FUTURE WORK

In this thesis, we proposed both hardware design and software tracking
algorithm of the new MIRS system. In the first part, we proposed the design and
analysis of the conceptual robot to hold the endoscope in the laparoscopic surgery.
The conceptual robot has 5-DOFs of motion consisting of 2-DOFs to control the
center of the fulcrum point and 3-DOFs to control the motion of the laparoscope. This
robot has many advantages. First, it can easily be developed because it uses only three
motors and simple linkages. Second, this robot can easily calculate the tip of the
laparoscope. Third, we can easily control the laparoscope motion. Fourth, the
proposed robot can easily be set up in a small workspace in a surgery room without
interfering the workspace of the primary surgeon due to a small robot. The primary
surgeon can control the new robot by the surgeon’s instruction. Finally, it will reduce
the human errors and the operation time in the surgery. In this study, we also
computed the overall working area of the conceptual robot by calculating the forward
kinematics of the main motion. The overall working area of the conceptual robot has
the cone shape with the height of 103.6 mm and the apex angle of 82.4 degrees which
is wisher than the required apex angle. Therefore, this conceptual robot can cover the
overall workspace inside the patient’s abdomen. In the second part, we proposed the
new object tracking algorithm naming is the adaptive mean-shift kalman algorithm.
This algorithm combined two algorithms consisting of mean-shift algorithm and
kalman filter. From the experimental results, the proposed algorithm can locate the
target object correctly when changing the background, template of object, and the size
of object. Moreover, the algorithm can locate the target object even when it is hidden
behind the obstruction and real-time tracking is also possible. Therefore, this
algorithm 1is suitable for tracking a tip of the laparoscopic instrument inside the
patient’s abdomen in the real surgery.

For future work, the camera of the conceptual robot should be changed to

the real laparoscope in laparoscopic surgery. The electric circuit for controlling the
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conceptual robot should be changed to the commercial circuit to yield high precision.
In addition, the motors of the prototype robot should be changed to reduce the back
lash of the robot. The proposed algorithm should be increase the times to track the tip

of laparoscopic instrument in the real time.
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COMPUTER AIDED DESIGN (CAD) OF THE CONCEPTUAL ROBOT
The overall parts of conceptual robot
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THE DERIVATION OF KALMAN FILTER

The Kalman filter is a tool which can estimate the states of a linear

system. The estimation of the state x will be defined an equation as follow:

X = Axk_1 + Buk + Wg_1

where the state measurement as follow:

Zy = ka+ Vg

and the random variables are w;, and v, which represent the process and measurement

noise, respectively. The equations can be written as:

p(w) ~N(0,Q) ;Q = [wew]]

p(v) ~N(O,R) ;R = [v;v[]

where A is the state transition matrix (n * n), xj_q 1s the state matrix (n * ) in
previous time step k-/ to estimate the state at the current step k, B is the optional
control transition matrix (n * ), uy, is the optional control input u € R! to the state x,
H is the measurement transition matrix (m * n) which relate the state xj to
measurementzy, O is the process noise covariance, and R is the measurement noise

covariance.

A priori and posteriori estimate error define e, and ey, respectively.
These estimate error covariance defined in the matrix (n * n) form at time k. These

equations can be written as:

Q
=
Il

= Xk_xk

ekE X — Xk
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where X) is a priori state estimate, and X; is a posteriori state estimate at step k

which given a measurement zj,.

These equations can be calculated a priori and posteriori estimate error

covarianceP;, and Py, respectively. These equations can be written as:

Py = Elege;"]

Py = E[exer]

In the deriving the equations, the goal of the Kalman filter is to determine

a posteriori state estimate X, as follows:

2 = 27 + K(z — HEY)

Therefore, the deriving of the a posteriori estimate error covariance Pj, as follows:

P, = Eleye; ]

P, = E[(xx = 2 ) O = 2 )7] 5 ex = xp — Ry

From:X), = X, + K(z, — HX})
£k=£E+K(ka+vk—H£E) ;Zk=ka+vk

fk = f}: + Kka + Kvk - KHQE

So: xy — X = x, — [X + KHx, + Kv,, — KHX;]

X — X = xp, — X — KHx, — Kv, + KHX),

(I — KH)(x), — %) — Kvy; (I = KH) (x, — X5)
= x, — X, — KHx, + KHX},

Xk — X
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Therefore: Py, = E [((I = KH) (xi, — 27) — Kvie) (U — KH) (i — %) — Kvy,)' |
P, = - KH)E[(x, — %) (e — 2 )TIU — KH)T + KE[v v, T]KT
P, = (I —KH)P;(I — KH)" + KRK"
if: Py = E[(xx — %) (xx — %)T], and R = E[vv, "]
P, = Py — KHP; — PTHTKT + KHPZHK” + KRKT
P, = Py — KHP; — PCHTKT + K(HPZHT + R)K”

The trace, which is the sum of the diagonal elements of the matrix, of Py,
is the sum of mean squared error. Therefore, this is first differential with respect to K
and the result set to zero in order to find the condition of the minimum, this equation

will be computed as follow:

T[P,] = T[P;] - TIKHP;] — T[P;HTKT] + T[K(HP; HT + R)KT]
T[P,] = T[P;] — 2T[KHP;] + T[K(HP;HT + R)KT]

dT[P
% = —2(HP;)T + 2K(HP;HT + R)

2(HP;)T = 2K(HP;H + R)
P;HT = K(HP;HT + R)
+ K = P HT(HP;HT + R)™*

where K is the Kalman gain which is matrix (n * m).

The Kalman gain use minimized a posteriori estimation error covariance

P;,.. Therefore, the replacement P, by K, can be written as:

P, =P; — PLH"(HP H" + R)"*HP; — P H'K"
+P HT(HPHT + R)"*(HP HT + R)KT
P, =P; — P H'(HP H" + R)"*HP; — P, H"K" + P HTK"
P, =P; — P HT(HP HT + R)"*HP;
P, =P; —KHP; ; K=P;HT(HP;HT + R)™!
“ Py = (I —KH)P;
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where [ is the identity matrix(n * n), Py is the update equation for the priori estimate

error covariance with kalman gain.

The state projection is achieving as:

Xir1 = AXy

To complete the recursive process, it is necessary to find an equation which projects
the priori estimate error covariance matrix into the next time interval, £ + /. This
equation can be written as:
Pir1 = Elegyieicin’]

if + egyy = Xper1 — Xpyq
err1 = (Ax —wy) — A%y
where : Xp41 = Axy — Wy

and : X, = AXy
S0t eppq = Alxy — %) + wy

err1 = Al T Wi ;e = X — Xy

where e, and wj have cross-correlation because the process noise wy actually

accumulates between time k and k+1.

Therefore, the priori estimate error covariance at time k+/ can be written as:

Piy1 = E[(Aer +wi)(Aey +wy )]

Piy1 = E[(Ae,) (Ae)™] + E[wiwy]

Py, = AE[eel1AT +Q ;Q = E[w,w]]
2 P7,=APAT +Q ; P = E[ezel]



Vera Sa-ing

Appendix /92

DESIGN OF A NEW LAPAROSCOPIC-HOLDER ASSISTING ROBOT

Vera Saingl’2 , Saowapak Sotthivirat, Ph.D. 3 Prof. Chumpon Vilasrusmee R.N. 4
Asst. Prof. Jackrit Suthakorn, Ph.D.""*"

‘Center for Biomedical and Robotics Technology, Faculty of Engineering, Mahidol University, THAILAND

‘Department of Biomedical Engineering, Faculty of Engineering, Mahidol University, THAILAND

‘National Electronics and Computer Technology Center, THAILAND

‘Department of Surgery, Faculty of Medicine Ramadhibodi Hospital, Mahidol University, THAILAND

*Corresponding Author: egjst@mahidol.ac.th

Abstract

The minimally invasive surgery (MIS) is new
technology of surgery. There are many
advantages to patient to use this technology. The
laparoscopic surgery, a type of MIS, is performed
with several laparoscopic tools and with a
laparoscope. In this paper, design of a new
laparoscopic-holder assisting robot is developed
to help the primary surgeon. The system is 5
degrees of freedom robotic system to hold and
control laparoscope. The design is improved from
well-known laparoscopic robots, the KalAR
robot and the MC’E robot, to reduce some
disadvantages from our analysis. The robot base
is enhanced from the lower part of the MC’E
robot and the holder is adjusted from the
laparoscope-holder of the KalLAR robot while
other parts are developed by our own. In
conclusion, the study presented in this paper is a
consequence sub-project of the development of
robot-assisted laparoscopic  surgical system
project.

Introduction

The development of surgery is moving toward
minimization or elimination of incision. The
minimization of incision is known as minimally
invasive surgery (MIS) [1]. Patients can receive
many benefits from the MIS. For example, blood
loss can be reduced, thus reducing the risk of
blood transfusion; smaller incision reduces pain
and shortens recovery time; less pain leads to less
pain medication needed; and exposure of internal
organs to possible external contaminants
decreases the risk of acquiring infections.

Laparoscopic surgery, a type of MIS, is
performed with several endowrist instruments
and a laparoscope which is a telescopic rod lens
system connecting to a CCD camera. A fiber
optic cable system is used to connect a light
source to illuminate the operative field. These
tools insert through the trocar (a hollow cylinder
with sharply tip) three to five openings, which are

called ports in the abdomen. The surgical site is
viewed through a laparoscope equipped with a
CCD camera.

An operating room for laparoscopy has a
limited space and may require a lot of surgeons
depending on surgical complexity and surgeon’s
techniques, as shown in Figure 1 [2]. The camera
operator stands beside the primary surgeon and
the first assistant is on the opposite side of the
primary surgeon. The primary surgeon mainly
operates and the first assistant surgeon supports
the primary surgeon.

Camera

Figure 1. Operation room configuration

Due to the small space in the operation room,
sometimes the camera operator needs to
manipulate the laparoscope through a very small
space, such as the primary surgeon’s underarm.
The position of the laparoscope is changed by the
instruction from the primary surgeon, as shown in
Figure 2.

(Primary Surgeon *

Figure 2. The complexity in the real operation
room between the primary surgeon and the
camera operator
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Instead of using the camera operator by a man
which may encounter human errors, in this paper,
we propose a new robotic approach to avoid
those errors and improve the outcome of the
surgery. We designed the new laparoscope-holder
assistant robot by combining the advantages of
two uncommercial laparoscope-holder robots
including the KaLAR robot and MC’E robot.
This robot is used to hold the laparoscope in
laparoscopic surgery which can increase the
workspace in the operating room, and decrease
the problem of human errors.

Existing Laparoscopy

The development of laparoscope-holder
assistant robot can be separated into two types
consisting of the commercial and uncommercial
laparoscope-holder robots. Examples of the
commercial laparoscope-holder robots include
the AESOP (the automated endoscope system for
optimal positioning) by Computer Motion Inc,
Goleta, CA [3], EndoAssist by Armstrong
Healthcare, High Wycombe, Bucks, UK [4], and
LapMan by MEDSYS, Gembloux, Belgium [5].
Examples of uncommercial laparoscope-holder
robot includes LER (Light Endoscope Robot) by
TIMC-GMCAO Laboratory [6], KaLAR (KAIST
Laparoscopic  Assistant Robot) by Korea
Advanced Institute of Science and Technology
[7], and MC’E (compact manipulator for
endoscopic surgery) by Laboratorie de Robotique
de Paris [8]. In this paper we develop a new
laparoscope-holder robot by combining the
advantages of two uncommercial laparoscope-
holder robots including the KalLAR robot and
MCZE robot.

The KalLAR Robot

The KaLLAR robot [7] is an endoscope-holder
assistant robot, which has 3-degrees of freedom
(DOFs) including up/down, left/right and
forward/backward movement, as shown in Figure
3. The end of this robot connects to a CCD
camera, which can bend. The control of the
KaLAR consists of 2-DOFs motions including
up/down and right/left motions that are controlled
by wire-driven mechanism, and 1-DOF zooming
mechanism for the forward/backward movement
from the linear-stage, which controlled by
motors. These motions are controlled by voice
command via a computer.

This system is designed by two major including
safety and adaptability. For safety, they designed
the robot with the optimized range of motions.
The motions are controlled by voice command.
This robot has the safety by using the software to
detect wrong commands. This software has a
filtering system to oppose the wrong commands.
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For adaptability, they designed the robot to have
a compact size to decrease interference with the
primary surgeon in the operating room. They
designed the robot to weight less than 2 kg. This
robot used the commercial laparoscope holder for
fixation to the bedside. Therefore, the robot can
be positioned in various locations of the patient’s
abdomen because the holder has multiple degrees
of freedom. However, this system has some
disadvantages. For example, it is difficult to
apply to general laparoscopic surgeries due to its
limited workspace.
The MC’E Robot

The MC’E robot [8] is a laparoscopy robot,
which moves only the instrument. This robot
consists of two parts, as shown in Figure 4. The
lower part is a compact spherical 2-DOFs
mechanism (®, and ®,) which joint axes coincide
with the fulcrum point providing an invariant
center. The base of this part is easily installed on
the patient’s skin. The convenient of the
installation can reduce the setup time. The upper
part of this robot is mounted on the fulcrum
point. It provides the 2-DOFs for rotation about
the instrument axis (6;) and translation along the
instrument axis (d4). This part has translated the
instrument along its penetration axis. The rotation
motion used a motor to transmit the instrument
through six soft rollers. Therefore, from the
design, this robot is compact and lightweight.
However, this robot has force measurement to
unnecessary to laparoscope-holder robot because
laparoscope does not touch the surface of organ.

N4

&
up
¢
(b) 3 DOF KaLAR
A et (.. o /

Figure 3. Simulation of KalLAR in the
conceptual design

(a) Commercial
Laparoscopic Holder

backward

™ oo M o . e
Figure 4. The MCE robot
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CONCEPTUAL DESIGN ROBOT

To combine the advantages of existing robots,
we design a new laparoscope-holder assistant
robot. This entire system consists of three parts: a
passive base part, a bending laparoscope part, and
an external manipulator part. The proposed robot
system can be used in the surgical environments
which has limited workspaces.
The Passive Base Part

This part uses the commercial medical passive
holder that can be climbed easily on the operating
table. The passive base is fixed to the operating
table with a clamp and the system at the proper
position. This part is shown in Figure 5. There are
many advantages to use this passive base part on
the new laparoscope-holder robot. First, this part
is easily fixed to the bedside. Second, we can
easily adjust the laparoscope in the proper
position at the fulcrum point. Finally, it is very
lightweight. Therefore, we will use this passive
base part to setup the proper position of the
laparoscope-holder robot.

Figure 5. A passive base

Bending Laparoscope Part

The bending laparoscope is derived from the
original KaLAR system [7], as shown in Figure
6. This part composes of 2-DOFs for the bending
motion inside the patient’s abdomen and 1-DOF
for the motion outside the patient’s abdomen. The
bending motion driven by a wire mechanism
determines the internal angle of the laparoscope.
The zooming motion uses a linear guide with a
ball screw to move the laparoscope. The
advantage of the bending laparoscope is the
flexibility to view wide areas of the internal
patient’s abdomen without making wide motions
in the operating room. Because it can reduce
motions of the robot in the operating room and
increase viewing areas in the abdomen, we use
this bending laparoscope mechanism to design
the new laparoscope-holder in this paper.

Figure 6. Bending laparoscope
External Manipulator Part
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Since the original KaLAR system has a limited
view of workspace, we develop the external
manipulator is to extend the workspace of the
original KaLAR system. This external
manipulator uses the lower part of the MC’E
robot [8], as shown in Figure 4. The advantages
of the new system are a wide view of the
workspace in the abdominal cavity allowing the
system to apply to other laparoscopic surgeries.
The external manipulator has 2-DOFs of motions
which create the compact spherical motion for
moving the laparoscope. Moreover this system
does not have a large rigidity problem and has a
very simple structure, thus the surgeon can
predict the movements of this system easily and
reduced the interference in the system. Therefore,
we will use this external manipulator part to
increase view of the workspace in the patient’s
abdomen, as shown in Figure 7.

Figure 7. External manipulator

The Prototype of the Overall Proposed System

The proposed robot is designed from two robots
including the KaLAR robot and the MC’E robot.
The design separates into three parts. First, the
passive base part is the commercial medical
passive holder. The passive base has many DOFs
for setup the tip position of the laparoscope-
holder robot. Second, the bending laparoscope
part is the laparoscope motions of the KalLAR
robot. The bending laparoscope part has 3-DOFs
of motions include 2-DOFs for bending motion in
the patient’s abdomen and 1-DOF for the motion
outside the patient’s abdomen. This part is used
to reduce motions of the robot and increase
viewing areas in the patient’s abdomen. Finally,
the external manipulator part is the lower part of
the lower part of the MC’E robot. The external
manipulator has 2-DOFs of motions to create the
compact spherical motion in the patient’s
abdomen. This part use to increase view area of
the workspace in the patient’s abdomen. From
these parts, the prototype of the new laparoscope-
holder assistant robot is shown in Figure 8. The
new design of the laparoscope-holder assistant
robot has many advantages. First, this robot can
easily be developed because it uses three motors
and simple linkages. Second, this robot can easily
calculate the tip of the laparoscope due to 5-
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DOFs of motion consisting of 2-DOFs to control
the center of the fulcrum point and 3DOF to
control the motion of the laparoscope. Third, we
can easily control the laparoscope motion
because this robot can control by voice command
of the surgeon. Finally, the proposed robot can
easily be set up in a small workspace in the
surgery room without interfering the workspace
of the primary surgeon because it is a small robot.
The primary surgeon can control the new robot
by surgeon’s instruction. This new design
laparoscope-holder assistant robot can help
holding the laparoscope in the laparoscopic
surgery, thus reducing human errors and the
operation time in the surgery.

Figure 8. New design of the laparoscope-holder
assistant robot.

CONCLUSION

In this paper, we have reviewed many robots,
such as commercial laparoscope-holder system
(AESOP, EndoAssist, LapMan) and
uncommercial laparoscope-holder system (LER,
KaLAR, and MC’E). The advantages and
disadvantages of these robots are discussed to
design a new laparoscope-holder robot. The
design of the new robot combines two structure
robots, the KaLAR and MC’E robot. This new
robot is divided into three parts: the passive base
part, the bending laparoscope part, and the
external manipulator part. The first part, the
passive base part, uses the commercial medical
passive holder. The bending laparoscope part is
designed from the laparoscope-holder of the
KaLAR robot. This part has 3-DOFs mechanism
composing of 2-DOFs for bending motion in the
patient’s abdomen and 1-DOF for in and out
motions of the laparoscope outside the patient’s
abdomen. The external manipulator part is
designed from the lower part of the MC’E robot.
This part has 2-DOFs mechanism for controlling
the invariant center at the fulcrum point. With the
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proposed design, the robot can easily be
developed and simply control the laparoscope
motion. Due to a small-sized robot, the new
design of the laparoscope-holder assistant robot is
used to hold the laparoscope in the laparoscopic
surgery which has limited workspaces.
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Abstract—In this paper, we propose the adaptive
mean-shift Kalman tracking based on the mean-
shift algorithm combined with the Kalman filter
for tracking the laparoscopic instrument in
laparoscopic surgery. With an iterative increment
update of the target candidate in the mean-shift
process, the proposed algorithm has improved
the performance over a typical mean-shift
algorithm. In addition, the Kalman filter is
employed to enhance the chance of tracking
accuracy, especially when the object disappears
from the scene. We tested the tracking
performance of our proposed algorithm by using
different situations from simulated videos. From
all experimental results, the proposed algorithm
can locate the target object correctly even when
the size and the shape of the target have been
changed. Moreover, in the difficult situation
when the target is hiding behind an obstacle, this
algorithm can still track the target object
correctly after it comes out. Therefore, this
proposed algorithm can be used for locating the
tip of the Ilaparoscopic instrument in real
laparoscopic surgery.

Keywords-mean-shift algorithm; Kalman
filter; object tracking; laparoscopic surgery;
minimally invasive surgery

I INTRODUCTION

The development of surgery is moving toward
minimization or elimination of incision, which is
known as minimally invasive surgery (MIS) [1].
Patients can receive many benefits from MIS. For
example, blood loss can be reduced (reducing the
risk of blood transfusion); small incision results
in reducing pain and shortens recovery time; and
exposure of internal organs to possible external
contaminants decreases the risk of acquiring
infections. Laparoscopic surgery, a type of MIS,
is performed with several laparoscopic
instruments and a laparoscope which is a
telescopic rod lens system connecting to a CCD
camera. A fiber optic cable system is used to
connect a light source to illuminate the operative
field. The surgical site is viewed through a

laparoscope which represents a 2D image. The
position of the laparoscope is changed by the
instruction from primary surgeon. In addition,
laparoscopic surgery requires a lot of surgeon’s
skill to operate the instrument.

Many researchers have proposed different
methods to track the laparoscopic instrument.
Omote et al. [2] presented the color tracking
algorithm to control a robotic laparoscope instead
of using human; however, this method cannot
track many types of instruments. Casals et al. [3]
introduced feature tracking algorithm based on
shape information of a surgical instrument;
however, it works only with a specific surgical
instrument. Lee et al. [4] proposed a color and
shape tracking algorithm by using the contour of
the surgical instrument. This algorithm worked
well in the normal situation, but not when the
instrument is blocked by some obstacles. Wei et
al. [5] presented a simple algorithm for tracking
target features. However, this algorithm is based
on the artificial color marks attached to a surgical
instrument, but there are many disadvantages,
such as sterilization of the mark on the surgical
instrument and its convenience in the real
practice.

Due to some limitations of previous methods,
in this paper, we propose a new object tracking
algorithm to track the surgical instrument called
the adaptive mean-shift Kalman algorithm, which
is based on the mean-shift algorithm [6] and the
Kalman filter [7]. In this technique, the size of
target candidate can be adjusted during tracking
processes to increase the chance of tracking.
Different scenarios of simulated videos were
tested with the proposed algorithm. In addition,
the proposed algorithm is intended to use for
controlling our new laparoscopic-holder assistant
robot [8] and tracking the tip’s instrument in
laparoscopic surgery.

I1 OBJECT TRACKING SYSTEM
In general, object tracking can be divided into
two  parts:  Target  Representation  and
Localization and Filtering and Data Association
[9]. Target Representation and Localization is the
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main part for locating and tracking the target
object, which consists of three different
techniques: point tracking, silhouette tracking,
and kernel tracking. In this study, we will focus
on kernel tracking, specifically the Mean-Shift
algorithm, to locate the target object. The mean-
shift algorithm can locate both rigid and non-rigid
objects, as well as varying-size objects. Filtering
and Data Association is a supplementary process
to improve object tracking capability to overcome
some difficult tasks, such as a case when the
object is blocked by some obstacles. This process
utilizes the result of Target Representation and
Localization. Examples of filtering algorithms are
Kalman Filters and Particle Filters. In this part,
we will use the Kalman filter because we focus
on tracking only one target object and the Kalman
filter is the suitable estimation state of one target
object

Mean-Shift Algorithm

A Mean-Shift algorithm [6] is an iterative
process to locate the target object by maximizing
the similarity function. The similarity function
will be compared between the target model, g,
and the target candidate, p(y). The target model
and the target candidate are represented by a
small elliptical or rectangular area in the frame.
The pixel values in the region of interest (ROI)
are used for calculating the target model and
target candidate histograms. This algorithm
consist five steps when computing each frame of
video sequences. The result of processing in the
current frame is the target object which is the
target model in the mean-shift algorithm. The five
steps are performed as described below.

In the first frame, we need to initialize
{Gu}u=1.m to be the distribution of the target
model and y, to be the center location of the
target in the current frame. The target model can
be computed by the following equation:

Qu = C Zpp=u k1% (1
where x; is the normalized pixel value at the ith
pixel of the target model area, b(x;) is a color
value at pixel x; which depends on the m-bin
histogram, C is a normalization factor, which can
be set as a constant, k(x) is a kernel function,
such as a Normal kernel as follows:

ey () €+ exp [~ 211117 @)
Step 1: Initialize the new center location of the
target in the current frame at the previous center
location y, and compute the distribution of the
target candidate at y:

pA(YO) = {pAu(YO)}uzl...m - (3)
ﬁu(yo) = Ch Zb(xlj)zuk[ Yo— X ] (4)

h
where x; is the normalized pixel locations in the
target candidate which is defined to have the
center at y, in the current frame, y, is a 2-D
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coordinate of the object location which is the
center of the target candidate area in the current
frame, £ is the bandwidth of the candidate area,
and C, is a normalization factor, which can be set
as a constant.

To compare between the target model and the
target candidate, the similarity function,
p(B(),§), is based on the Bhattacharyya
Coefficient as follows:

BC1 = p(0 (o), Gu) = ZieaVPu(o)dy
= 2?:1?511(3’0)/ Tu (5)

Pu¥o)

Step2:  Derive the weights {wi}i—; n , as
follows:

.= m au =

w; u=1 560 ;i=1..ny (6)

Step3: The mean shift vector computes the new
location y;,, by calculating the minimum distance
between the target model and the target candidate.
The current position y, will be moved to the new
location y;. Therefore, the new location of the
target candidate can be derived as follows:

2
n,
Zi=h1 xiwig< )

yl = , 2 (7)
Z:;hlwl.g( M )

Yo—X;
h

h

where g(x) = —k(x)

After updating the new center target location
at y,, the distribution of target candidate at y, is
computed as follows:

01) = {p’\u (yl)}uzl...m ®)

Then the second Bhattacharyya coefficient or
the similarity function between the target model
and the target candidate of the new location is
evaluated.

B(C2 = p(p’\(}ﬁ),qu) = Z;T=1 p’\u(yl)(iu

9

Step4: This process will iterate until BC2>BCl1;
however, if BC2 < BCI, then the new center
target y; will be updated as follows:

While{ BC1<BC2 }
1
DO{ }’1=§(Yo+Y1) }

Step5: This process will check the condition to
terminate the algorithm based on the predicted
threshold value €. The threshold value is defined
to be the minimum distance value between the
target model and the target candidate. The
condition of this step will be computed as
follows:

if Uy, — yoll < €)

Stop the process
Else

Set yo = y;
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The Kalman Filter Algorithm

The Kalman filter [7] is based on a set of
mathematical equations which implements a
predictor-corrector step to estimate the result.
This filter is a tool for estimating the states of a
linear system. The Kalman filter is a recursive
process which is separated into two steps
consisting of prediction and correction steps. The
prediction step defines the time update equations
and the correction step defines the measurement
equations. The goal of the Kalman filter is to
determine a posteriori state estimate .

The time update equations, responsible for
projecting in time, consist of the current state and
the priori estimate error covariance for the next
time step as follows:

Project the state, X5, ,, in the next time, k+1,
as follows:

55,:_'_1 = A.?’C\k + Buk + Wk (10)
where 4 is an n x n state transition matrix, X, is
an n x / state matrix in the previous time (frame)
step, n is number of estimate values, B is an n x /
optional control transition matrix, / is the number
of the control values,u; is a k-time optional
control input which is an / x / matrix, and wy, is
the process noise which is an » x / matrix or a
constant.

Project the posteriori estimation error
covariance, Py,,, in the next time, k+1, as
follows:

Pin =APAT+Q (11
where Q = [w,w/] is the process noise
covariance which is an n x n matrix, and P, is the
update equation for the priori estimate error
covariance.

The measurement equations use the actual
measurement z, to update the state object
consisting three processes as follows:

Computed the Kalman gain, K as follows:

K =P HT(HP;HT + R)™! (12)
where K is called the “Kalman gain” which is an
n x m matrix, P; is a priori estimate error
covariance, H is an m x n measurement transition
matrix, R = [v,v]] is an n x n measurement
noise covariance matrix.

Update  estimate  state  with  actual
measurement, z,, as follows:
X =X +K(z, —HXY) (13)

where X, is an n x I priori state estimate matrix,
Zy, 1s an m x [ actual measurement matrix, which
can be written as follows:

Zy = Hxp + vy (14)
where v, in the measurement noise which is an m
x 1 matrix or a constant, x; is the result of the
Target Representation and Localization part
which is an m x I matrix.
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Update the priori estimation error covariance,
P, in the current time k, as follows:
P, = —KH)P, (15)

IIT1 ADAPTIVE MEAN-SHIFT KALMAN
TRACKING

In this research, we propose the adaptive
mean-shift Kalman tracking based on the mean-
shift algorithm combined with the Kalman filter.
The proposed algorithm has improved the mean-
shift algorithm by its ability to adjust different
ROI sizes of the target candidate. The adaptive
mean-shift Kalman algorithm mainly uses to
track the object of interest. The overall process of
adaptive mean-shift Kalman tracking summarized
in Figl is explained below.
Initial step: Selection of target model

In the first frame, the user selects the target
model which is the predefined ROI. From the
target model, we will compute the initial state of
the Kalman filter.
First step: Mean-Shift algorithm process

In the next frame, the algorithm defines the
target candidate which is at the same center
location as the target model. However, the size of
target candidate is larger than the size of target
model (the size of the region, /4). The target
model and target candidate will be computed to
get the second Bhattacharyya coefficient (BC2) in
the mean-shift algorithm.
Second step: Similarity comparison from the
mean-shift algorithm

First, we will define the first similarity
threshold value (CTI) to determine the tracking
criteria. This value will be compared with BC2. If
BC2 is more than CTI, then we will update the
Kalman filter by using the result of the mean-shift
algorithm in the first step. Thus, the target result
in this case will be acquired from the mean-shift
algorithm, and the next sequence frame can be
proceeded. However, if BC2 is less than CT1,
then go to the third step.
Third step: Estimation of the Kalman filter

In this step, the estimate state of the Kalman
filter will feed back to the adaptive mean-shift
algorithm. If the tracking result is not in the
predefined similarity threshold value, the
algorithm will increase the target candidate up to
twice the size of the current ROI. In addition, this
target candidate will define the new location from
current state of Kalman filter. Hence, the third
Bhattacharyya coefficient (BC3) is computed.
Fourth step: Similarity comparison between the
Kalman filter and the adaptive mean-shift
algorithm

We compare the second similarity threshold
value (CT2) with the BC3 from the third step. If
BC3 is greater than CT72, then we will use the
result from the adaptive mean-shift algorithm. If
BC3 is smaller than CT2, then we will use the
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estimate state of the Kalman filter and go back to
the third step and increase the target candidate
ROL. This process is repeated until the maximum
target candidate size is met. Otherwise the target
result will be acquired from the adaptive mean-
shift algorithm, and the next sequence frame can
be proceeded.

Target Candidate

Initial Frame
;
i

=g
o
Kalman Filter -' Target Result
Second Step

Estimate Targes Object
from Kalman filter

Adapt The ROI Size of
The Tarpet Candidte
el
Mean-Shift algorithm
“Third Step
Target Result
= from s
Kalman filter
Target Result
] from
Mean-Shift

Figl. The overall process of the

adantivva Maan Qhift Kalman ftrank-ina

IV EXPERIMENTAL RESULTS

To test the proposed algorithm, we used the
simulated videos for different situations. From the
simulated videos in Fig2, the red background
represents the color of the internal body in
laparoscopic surgery. The yellow ball represents
an obstacle. The tip of the real laparoscopic
instrument represents the target object, which is
shown in the white rectangle. The green rectangle
in the tracking process is the result of the tracking
algorithm. In the first frame, we need to initialize
the target model for the proposed algorithm as
shown in Fig2.

Fig2. The target model with an initial value in
the white rectangle

Experiment 1: Change the shape of the target
model and move in front of the obstacle

The goal of this experiment is to track the
target object when changing the shape of the
target and moving the target in front of the
obstacle. This experiment was computed on a
video with 196 frames covering about 20
seconds. Thus, the average of frame rate is 9.8
frames per second. Fig3 shows fifteen sample
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frames at different times. This experiment shows
that the proposed algorithm can track the target
object with the correct locations.
Experiment 2: Resize and change the shape of the
target

The goal of this experiment is to track the
target object when changing the size as well as
the shape of the target. This experiment was
computed on a video with 240 frames covering
about 25 seconds. The tracking results in some
frames are shown in Figd. The proposed
algorithm can track the target object in all frames.
Experiment 3: Move behind the obstacle

The goal of this experiment is to track the
target object when the object moves behind the
obstacle. This experiment was computed on a
video with 140 frames covering about 14
seconds. Some tracking results are shown in Fig5.
From 4-12 seconds, the whole target object was
hiding behind the obstacle. After that, the target
appeared in the scene again and the tracking
process can track the target correctly. This is due
to the estimation process in the Kalman filter to
improve tracking performance. Without the
Kalman filter, we were not able to track the target
object correctly after it disappeared from the
scene.

V CONCLUSION

In this paper, we have proposed the adaptive
mean-shift Kalman tracking based on the mean-
shift algorithm combined with the Kalman filter.
The ROI size of the target candidate at each
frame can be adjusted to increase the chance of
tracking. All experimental results show that the
proposed algorithm can locate the target object
correctly even when the size and the shape of the
target have been changed. In addition, when the
target is hiding behind some obstacles, this
algorithm can still track the target object after it
comes out. Thus, this proposed algorithm will be
suitable for locating the tip of the laparoscopic
instrument, as well as, guiding the path of our
conceptual robot in real laparoscopic surgery.
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Fig3. Sample results in Experiment 1 using the proposed algorithm

FigS. Sample results in Experiment 3 using the proposed algorithm
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