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ABSTRACT

In this thesis, the feasibility of calculating six degrees of freedom (6DoF) using only a
depth camera was explored. The optical flow model is a promising tool for calculating
translations along the x and y axes. Furthermore, the floodfill algorithm, capable of
identifying a specific plane and its normal vector, showed potential in calculating the
remaining three degrees of freedom (translation along the z-axis, pitch (rotation around
the y-axis), and yaw (rotation around the z-axis)). Estimation of roll (rotation around
the x-axis) requires the integration of another algorithm, such as object detection. By
integrating these different algorithms, calculating 6DoF becomes feasible. This combined
algorithm could serve as a relative navigation tool for various types of robots.
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CHAPTER

INTRODUCTION

Contents
1.1  Work Motivation . . . . . . . . . . . . ... ... 1
1.2 Objectives . . . . . . . . e 2

Drones have become increasingly popular in recent years and they are utilized in
different applications such as aerial photography and visual aerial performance. In addi-
tion to this, drones can be used for other manipulation tasks such as opening a valve and
fastening a screw if manipulation task can be attached. To realize such manipulation
tasks, it is crucial to know where the drones are and the movement. 3D localization of
drones can help for navigation tasks or avoiding obstacles.

This thesis explores the existing state-of-the-art methods for 3D localization, con-
ducts experiments with the current methods, and presents a new approach.

1.1 Work Motivation

The objective for this thesis is determining the pose of a drone or robot. At the TU
Dresden research lab where this research was conducted, a drone capable of performing
screwing manipulation tasks have been developed, as cited in [1]. However, screwing
operations are currently manually executed. To achieve full automation, it’s essential
to know the exact pose of the drone. This thesis focuses primarily on determining the
relative pose of drones.

The distinction between relative pose and absolute pose is primarily in the reference
frame used for relative navigation. In relative navigation, the Unmanned Aerial Vehicle
(UAV) or drone uses a camera to detect the movement of objects. To determine the
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Figure 1.1: The screwing drone developed by TU Dresden [1]

UAV’s current position and orientation, it compares a reference point with a prior point.
Then, it calculates the precise movement between the two points.

On the other hand, absolute navigation involves the UAV determining its position
within a global coordinate system, such as a specific room. This typically necessitates
external sources of information such as GPS or pre-constructed 3D maps. Comparing
the features observed by the camera with a pre-existing map allows for determining the
UAV’s absolute position. Also, SLAM (Simultaneous Localization and Mapping) is also
often used for this navigation. SLAM can build and update a map of the environment
while tracking the location with attached sensors such as LiDAR and a camera.

The focus of this research is on relative navigation for UAVs, a simpler approach
compared to absolute navigation. This method is sufficiently suited to the current ap-
plication of drone-operated automated screwing.

1.2 Objectives

The aim of this thesis is to determine the pose of drones using only a depth camera.
A 6DoF (Degrees of Freedom) calculation is required to get the drone’s pose. This all
information on the 6DoF outlined below. The objectives of this thesis are to acquire this
information in real time and with precision.

o Translation x

e Translation y

o Translation z

» Roll (Rotation around x axis)
« Pitch (Rotation around y axis)

e Yaw (Rotation around z axis)



1.2. Objectives

In this thesis, the rotations of roll, pitch, and yaw are defined as shown in Figure 1.2.
Roll is the rotation around the camera’s line of sight, pitch is the rotation around the
lateral (side-to-side) axis, and yaw is rotation around the vertical axis. These definitions
are consistent with commonly used camera coordinates found in other references [2].

zZ Yaw

a>

Roll

X
y Pitch

Figure 1.2: 6DoF

In Chapter 2, several state-of-the-art examples are introduced. Chapter 3 discusses
the desired system analysis and camera specifications, covering both functional and non-
functional requirements. Chapter 4 introduces one of the popular algorithms for pose
estimation and includes experimental results. Chapters 5 and 6 discuss other methods,
namely Optical Flow and Floodfill. Chapter 7 presents the conclusion and future work.
The bibliography and Appendix are located at the end.
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STATE-OF-THE-ART

Contents
2.1 State-of-the-art . . . . . . . . .. ... 5

Initially, research in the domain of pose estimation for aerial robots was investigated.
Next, the state-of-the-art optical flow and floodfill algorithms were investigated. These
particular algorithms are considered to be suitable and effective for achieving the goals
in this thesis.

2.1 State-of-the-art

2.1.1 Pose estimation with drones

Numerous studies have been conducted on pose estimation for drones, mainly using
RGB-D (depth) cameras. While each paper employs its unique algorithm, all papers use
combination of different sensors, cameras, and methods to realize relative navigation.

Sun et al. successfully obtained the 6DoF pose of a UAV using an RGB-D camera
[3]. To achieve this, they extracted point cloud data of a specific object and reduced the
amount of data points to calculate efficiently. This approach allowed them to accurately
track the pose of the object in real-time, even in scenarios with high complexity and
limited onboard resources. They proposed an ICK (Inter-Frame Consistent Keypoints)
track method to track the pose in a more robust way. The name of ICK comes from this
algorithm’s use of keypoints, which are consistent between the two frames.

Figure 2.1 illustrates the overall flow of the ICK-track algorithm. Initially, two frames
are acquired from the RGB-D camera and passed through a semi-supervised learning
model to extract only the objects such as bins, cans, or plates. Out of these extracted
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objects, only one specified object is chosen. The method of this choice is not explicitly
detailed in this paper but it should be extracted depending on an initial setting, such
as choosing only a can. From these specific chosen points, the canonical keypoints and
the current normal point clouds are selected. Canonical keypoints are a reduced set of
points that retain important features. This technique offers a more accurate and robust
approach for comparing keypoints. Ultimately, the ICK-Net can identify corresponding
points between the canonical points and the current point cloud. In the end, the ICP
(Iterative Closest Points) algorithm is applied using these corresponding points.
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Figure 2.1: ICK-Track Algorithm [3]

Fang et al. proposed a real-time 6DoF localization system for an indoor MAV (Micro
Aerial Vehicle) that mainly uses depth information from an RGB-D camera [4]. They
realized a robust relative pose estimation (6DoF odometry estimation) mainly using
depth images and absolute pose estimation (6DoF localization) using a 3D map with
a particle filter algorithm. As this thesis mainly focuses on relative pose estimation,
explanation of the section discussing localization in this paper [4] is excluded. Fang et al.
also introduced ICP, 3D NDT [5], and a 3D geometric feature-based method [6] for depth-
based motion estimation. However, the author points out that these methods are too
slow and computationally demanding for Micro Aerial Vehicles (MAVs). Consequently,
an alternative approach was proposed, called the range change constraint equation. A
detailed explanation of this equation is complex and will thus be avoided in this section.
The primary function of this equation is to determine the 6DoF relative motion using
two consecutive frames captured by a depth camera. While ICP is based on point
cloud points, this equation uses a gradient of the depth image and the depth difference.
However, in certain cases, the camera might only capture a ground or wall, resulting in
few image features. In such cases, RGB and IMU are combined to compensate for the
missing information and minimize the photometric error to get more accurate results.

Perez-Grau et al. utilize images and 3D point clouds to gather odometry information
for UAVs. Subsequently, they combine this with other sensor data, such as distances
to beacons using UWB (Ultra Wide Band), and predefined 3D maps to pinpoint the
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exact location of the UAV [7]. Figure 2.2 depicts the overall pipeline for this system.
This odometry is estimated using a stereovision algorithm developed by the author [8],
adapted for RGB-D sensors. In this case, x, y, z translations, and yaw are calculated by
this algorithm. However, roll and pitch are obtained from the IMU using an accelerome-
ter and gyroscope, as acquiring this information in an indoor environment is challenging.
It is worth noting that odometry has a drift error that accumulates over time, and the
IMU information can adjust and minimize these errors.

Images

3D point clouds Odometry

MCL

Prediction [——
1 Resampling
Update — 1+

v

UAV Localization

Distancesto
beacons

Figure 2.2: Overall system architecture [7]

ICP algorithm is introduced in these references [3], [4], [5], [6] within the papers
that are already explained. Based on these references, the ICP algorithm is a popular
initial step for pose estimation and serves as a good starting point for understanding
the concept of estimation. Consequently, the first experiment conducted with the ICP
algorithm. This algorithm will be discussed in detail in Chapter 4.

In addition to this, all introduced research utilize a combination of different sensors
and cameras. If it becomes possible to determine 6DoF with only a depth camera, this
research could bring a unique novelty.

2.1.2 Getting 6DoF using Optical Flow

Liu et al. proposed a method for estimating 6DoF motion of aircraft utilizing optical
flow from two distinct cameras - forward and down-facing [9]. The forward-facing camera
calculates rotational velocities and angles, which are subsequently used by the down-
facing camera for the estimation of translational velocities. This comprehensive approach
enables precise determination of the 6DoF motion. This research proposes that optical
flow can estimate roll, pitch, and yaw using the front-mounted camera on an airplane.
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However, the optical flow vector alone is not sufficient for a comprehensive calculation.
It needs to be paired with more complex methods such as the Unscented Kalman Filter

(UKF) [10].

2.1.3 Point cloud other utilization

Arindam et al. proposed a method called FloodFill for point cloud data segmentation
[11] [12]. This method is capable of detecting separate objects in scenes where multiple
objects are present. Plane segmentation can be widely utilized in numerous applications.
For instance, Fangwen Shu et al. developed a SLAM approach to estimate camera pose
after segmenting point clouds [13]. Also, a robot can identify walkable paths in a scene,
enabling efficient robot navigation. Figure 2.3 illustrates images before and after the
application of the floodfill segmentation. This algorithm can distinguish different planes
and calculate the normal vector of the plane.

This algorithm could be beneficial for relative navigation as well. Therefore, the a
developed version of floodfill algorithm with the pose estimation is presented in Chapter
6.

Figure 2.3: Plane segmentation [12]
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3.1 Requirement Analysis . . . . . . ... ... Lo oL 9
3.2 Camera Specifications . . . . . . .. .. .. ... o 10

3.1 Requirement Analysis

3.1.1 Functional Requirements

Table 3.1: System Requirements

Task Description

Camera Capture Capture the environment using a ToF camera

Drone Pose and Location | Determine drone’s relative pose (x, y, z + three angles)
with the help of close objects

Data Transmission Publish drone pose on ROS node

Real-time Feedback Provide real-time feedback to remote operator or central
control system on drone pose. Algorithm can work in real-
time.

Report accuracy Provide pose result accuracy

In Table 3.1, these are the functional requirements for estimating the 6DoF position
of the drone in the proposed tightening operation [1].

9
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Initially, a camera is needed to capture the environment, in this case a Time-of-Flight
(ToF) camera is utilized. In addition to this, the drone should compute its own 6DoF.

In the following step, the drone’s self-position should be published on the Robot
Operating System (ROS). Simultaneously with the ROS publication, real-time updates
should also be provided to the drone operator.

Finally, it is critical to analyze the accuracy of the self-position estimation results.
The obtained results can help for improving future accuracy.

3.1.2 Non-functional Requirements

Table 3.2: Non-functional Requirements

Category Description
Performance The system must be able to capture and process 3D camera data
in real-time with minimal latency

Scalability The system should be capable of operating in larger areas and
more complex environments
Reliability The system should operate reliably with minimal downtime and

low error rates
Maintainability | The system should be designed to be easy to maintain and update
with clear documentation and modular components

There are 4 different non-functional requirements: Performance, Scalability, Relia-
bility, and Maintainability.

Firstly, regarding performance, the system needs to transmit self-location information
in real-time with minimal delay.

Secondly, for scalability, the drone should be capable of functioning without any
problems, even when far from the target object or when the object has a complex shape.

Thirdly, the system needs to have reliability. Downtime and errors should ideally be
minimized or entirely eliminated.

Finally, the system should have maintainability. It requires making a comprehensive
instruction manual. This manual can manage its continued use and allow for necessary
updates.

3.2 Camera Specifications

In this thesis, the Flexx2 camera developed by PMD company was utilized. This camera
picture is described in Figure 3.1. This camera is also known as Time of Flight (ToF)
cameras. A ToF camera operates by projecting light (typically in the infrared spectrum)
and measuring the time it takes for this light to reflect off an object and return. Given
that the speed of light is constant, the round-trip time allows us to calculate the distance
to an object. This camera is capable of generating a depth image (which includes depth
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data), a grayscale image, and point cloud data. All detailed specifications are listed in
Table 3.3. All data is taken from the website [14].

Camera & ToF sensor Emitter

Figure 3.1: flexx2 pmd camera

Table 3.3: PMD Flexx2 Specifications [14]

Specification Detalils

3D Pixels 38,000

Resolution 224 x 172

Field of View 56 x 44 degrees

Light Source VCSEL, 940-nm Wavelength

Light Source Indepen- | Independent of External Light

dence

Port USB 3.0 Type-C

User Modes Multiple built-in User Modes

Measurement Depth From 10cm to 4m

Software Software Suite “Royale” and API

Size 71.9 x 19.2 x 10.6 mm

ToF Sensor TRS2381C Infineon® REAL3™ 3D Image Sensor

[lumination 940nm 1 Watt VCSEL (LC1)

Framerate Up to 60fps (3D frames)

Range 0.1m - 4m

Interface USB3 Type-C

Accuracy <= 1% of distance (0.5 -4m @ 5fps), <= 2% of
distance (0.1 ~1m @ 45fps)

Software Royale SDK (C/C++ based, supports Matlab,
OpenCV, ROS 1, ROS 2)

The field of view of this pmd camera is 56 degrees in a horizontal angle and 44 degrees
in a verticle angle. This is described in Figure 3.2.
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Figure 3.2: Camera’s field of view

3.2.1 System Architecture

All experiments involving the depth camera were conducted using MATLAB. Initially,
the camera output is published on ROS1 (Robot Operating System 1), and this node is
received in MATLAB.
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As discussed in the state-of-the-art section of Chapter 3, the ICP (Iterative Closest
Point) algorithm is a prevalent method for determining robot positioning. To gain an
initial tests of ICP’s technical aspects and accuracy, an introductory experiment was
conducted using a pmd flexx2 depth camera.

4.1 Algorithm

This is a brief introduction to the ICP algorithm.

ICP is typically used with point clouds in a 3D environment. To explain in a more
simple way, let’s consider the 2D environment. In the Figure 4.1, there are two 2D points
frame. One with blue color represents the original point cloud location, and the other
with orange color indicates the target points. Considering the real usage of drones using
a depth camera, these two frames (original and target) represent point clouds at two
adjacent times.

For example, consider a scenario where a point cloud is captured from a depth camera
every second and compared. If the current time is ’'t’ seconds, the image frame at 't-1’
seconds is considered as the reference, and the frame at 't’ seconds is the target. The
ICP algorithm performs calculations based on the point clouds at these two distinct
times, determining the amount of movement and the angle of rotation.

13
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The ICP’s objective is to identify how the original shape needs to be moved and
rotated to align with the target shape by comparing two different point clouds. The
first step in the ICP algorithm is to find the closest points between the two shapes. The
arrows in the @ figure represent these nearest distances, which are called ’errors. In
the beginning, these errors might be large because the two shapes aren’t aligned yet.
The ICP algorithm then tries to minimize these errors. It calculates a translation vector
and a rotation matrix using SVD (Singular Value Decomposition) method explained in
Appendix A. The translation vector indicates how much the original frame needs to
move, while the rotation matrix shows how much the original points need to rotate.

In a 3D environment, this translation vector and the rotation matrix can be expressed
as [15, p.40]:

8

(4.1)

~
Il

~ o~ ok
<

I\

tz, by, t.: Amount of movement in the x, y and z directions

Tl Ti2 713
R=|roa1 122 7123 (4.2)
31 T32 733

rij (1,j = 1,2,3): Values of the rotation matrix

For example, rotation around the x-axis (Roll), y-axis (Pitch), and z-axis (Yaw) by
an angle of 6 can be expressed as [15, p.42]:

1 0 0
Rion = |0 cos(d) —sin(6) (4.3)
0 sin(f) cos(6)

cos(#) 0 sin(0)
Ryaw=| 0 1 0 (4.4)
—sin(f) 0 cos(0)

cos(f) —sin(f) O
Ryaw = |sin(fd) cos(@) 0 (4.5)
0 0 1

Finally, the points, after being translated, can be calculated using the rotation matrix
and the translation vector by the following equation [15, p.56].

p=Rp+t (4.6)
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p': Newly translated points after the calculation
R : Rotation matrix
p: Original points
t: 'Translation vector
Target
00000O0O
Original @
T
[ ]
[ ]

Figure 4.1: ICP algorithm

After doing the move and turn, the first shape gets closer to the goal shape. The
errors also get smaller, but it’s not a perfect fit yet. This process keeps repeating from
® to @: find the nearest points, calculate the errors, then adjust the shape. Each time,
the shape gets a bit closer to the goal. After a few rounds, the original shape and the
target shape line up nicely (®). The errors are now really small, showing that ICP has
worked well.

In conclusion, the ICP algorithm stands as a robust technique for aligning two differ-
ent point clouds. It also can determine precise translation vectors and rotation matrices
(6DoF), which are key to understanding the relative positioning and orientation of the
robots.
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4.2 First experiment with clean data

4.2.1 Experiment Setup

The first experiment was conducted using generated 3D point clouds which are very
clean data without noise.

In the beginning, blue 3D points (Data(t-1)) are created in the shape of a box,
with 1000 points placed randomly as shown in Figure 4.2. The green points (Data(t))
represent the transformed version of these blue points. The red points are the estimated
transformed positions after the ICP calculation. As the red points align well with the
green points, it can be concluded that the calculation performed quite well.

»  Data (t-1)
Data (t)
*  ICP Matching Result

" X (m)
& 4 2 Q@ /
Y (m) 24

Figure 4.2: ICP applied for clean data

From the blue to green points, the actual translation of x and y and z are T,epya =
(2,2,2). The actual rotation is around z direction and set to 45 degrees.

Tactual = [2:000002.00000 2.00000] (4.7)
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cos(T) —sin(Z) 0] [¥ -2 o] [0707 —0.707 0
Ractual = |sin (§) cos(§) Of = @ @ ol =~ 0.707 0.707 0 (4.8)
0 0 1 0 0 1 0 0 1

4.2.2 Results

After running on a ICP algorithm, the calculation result was:

Testimated = [1.99975 19960 1.8022 (4.9)

0.7070 —0.7072 0.0004
Restimated = | 0.7072  0.7070  0.0000 (4.10)
—0.0003 0.0002 1.0000

To make errors more visible, the result is compared with percentage error, defined
as follows:

R - — Regti y
Rerrorij _ | actual;; estzmatedu| % 100 (411)
Ractualij
1, j refers to the element at the i-th row and j-th column of the each matrix. Trans-
lation x, y and z errors (T¢,ror) also were calculated in the same way.
The percentage errors are:

Torror = [0.0125% 0.2% 9.89%) (4.12)
—0.0142%  0.0283%  —

Repror = | 0.0283%  —0.0142% — (4.13)
- - 0%

When the actual value is 0, the formula for percentage error becomes undefined and
can be misleadingly high. For this reason, the percentage error is not computed and
described as a dash symbol "-". The overall errors are very small, indicating that the
results are quite precise.

4.3 Second experiment with real data

4.3.1 Experiment Setup

In this second experiment, actual 3D point clouds captured by a depth camera were
utilized.

The camera was positioned in front of a small box and captured part of a display as
well as the wall. Figure 4.3 illustrates the environment. The black object in the front is
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the depth camera. The real data contains considerable noise in the background of the
wall, which is excluded in this experiment. Figure 4.4 shows the presence of noise in the
background of the wall, even if there is nothing behind it. To eliminate this noise, any
point cloud beyond 4 m in the z direction (z > 4) is excluded. The wall is located within
4 m.

Figure 4.3: Experiment environment

The exact movement of the camera is 29.7 cm — the length of an A4 paper, only in
the x direction. There is no rotation.

Tuctuar = (0297 000 0.00] (4.14)

cos(0) —sin(0) 0
Ructuat = |sin(0) cos(0) 0] =
0 0 1

(4.15)

S O =
o = O
= O O

4.3.2 Results

Figure 4.5 presents the point clouds as if viewed from above, looking down into the room.
The blue points serve as the reference points or, in other words, the starting points. The
green points represent moving points, which moved exactly 29.7 cm — the length of an



4.3. Second experiment with real data

-3 -2 -1 0 1 2 3

Figure 4.4: Point Cloud Real data

A4 paper. Lastly, the red points are the calculated points following the ICP calculation.
Figure 4.6 shows the ICP calculation results as viewed from an angle within the room.
The calculation results are:

Tystimatea = |0.0108  —0.0145 0.0050] (4.16)

0.0988 —0.0172  0.0459
Restimated = | 0.0179  0.9997 —0.0144 (4.17)
—0.0456 0.0152  0.9988

Percentage errors are calculated as:
Terpor = [93.38% — | (4.18)

0.12%  — -
Reyror = | — 003% — (4.19)
- - 0.12%
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Data (t-1)
Data (t)
ICP Matching Result

3.5 —

0:5/ =1

1 0
X (m) Y (m)

Figure 4.5: ICP calculation results (From above, looking down into the room)

Percentage errors of y and z within T¢yror and some values in Repror are undefined
because the actual values are zero. Any division by zero results in undefined values to
prevent any misleading interpretations.

Thus, the error in the rotation matrix is small, but the error in the translation in
the x-coordinate is large. This might be the reason of a lot of noise around the wall.

4.4 Overall Results and Drawbacks of ICP

Table 4.1 presents the comparison of error percentages between clean data (free from
noise) and real data acquired from a depth camera (containing noise). Again, the clean
data shows higher accuracy, whereas the real data has more errors due to significant
noise.

After experimenting ICP algorithm with the real depth camera, it became obvious
that there are advantages and disadvantages of the algorithm.
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Data (t-1)
Data (t)
ICP Matching Result

|
Y (m)

T I I

1
X (m)

Figure 4.6: ICP calculation results (as viewed from an angle within the room)

Table 4.1: Comparison of errors in clean data vs real data.

Clean Data Real Data
Translation Error [0.0125%, 0.2%, 9.89%] [93.38%, —, —|
—0.0142%  0.0283% — 0.12% — —
Rotation Error 0.0283% —0.0142% — - 0.03% -
— — 0% — — 0.12%

Advantage

o Ability to capture small movements and get accurate results if the data is clean

However, data is not clean in real-world scenarios and this advantage only applies to
automatically produced point clouds.

Disadvantages
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e Computation Time:
When using all points in a point cloud, the ICP algorithm can be time-consuming.
It can take up to 4-5 minutes to perform the calculations. In real scenarios, each
point cloud updates within 0.5 seconds. If real-time pose estimation is required,
the computation time needs to be less than 0.5 seconds.

o Trade-off Between Accuracy and Efficiency:
If only a subset of the point cloud is used, the computation time can be reduced.
However, this could potentially result in lower accuracy of the outcomes.

e Large Camera Movements:
If there is significant movement of the camera between frames, it can be challenging
to achieve accurate results with ICP.

Table 4.2 shows the overall result for ICP algorithm. It is difficult to use in real
scenarios with a depth camera. As already explained in the state-of-the-art section, other
researchers do not use the ICP algorithm itself. They combine with other techniques
such as semi-supervised learning model to extract specific objects to reduce the point
clouds. They also develop their own unique method to find corresponding points easily
and overcome the disadvantages of ICP [3]. Due to the fact that the ICP algorithm is
not feasible, the next algorithm was investigated, which is optical flow.

Table 4.2: Overall results

6DoF ICP with Clean Data | ICP with Real Data
Translation X
Translation Y
Translation Z
Roll
Pitch
Yaw

X | X | X[ X]|X]|X

O|O0]O]0]0]0

O: Possible, Very precise
x: Time consuming, Inaccurate.
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Considering the difficulties of the ICP algorithm, alternative approaches were inves-
tigated. I conducted tests using an alternative technique known as optical flow.

5.1 Algorithm

Optical flow is a method that can estimate the motion of objects in a camera scene based
on the apparent motion of pixels between consecutive images. Optical flow is mainly
calculated based on two assumptions [16].

o Pixel Intensity Consistency: This concept implies that a pixel’s color or intensity
does not change between two consecutive frames. In other words, the color of
a specific pixel remains the same when frames change. (Figure 5.1: Upper two
images)

¢ Neighboring Pixels’ Motion Consistency: This concept means that pixels close to
each other move similarly. In other words, when an object moves, all neighboring
pixels are considered to move in the same direction. (Figure 5.1: Lower two images)

This algorithm estimates the speed vector, which indicates the motion of the pixels,
using the gradient of the pixels and the change in pixel intensity over time. Figure

23
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Figure 5.1: Optical Flow Assumptions

5.1 explains the abovementioned assumptions for optical flow. The arrows in Figure
5.1 indicate the vector field of optical flow calculations. Each arrow in the vector field
indicates the direction and speed at which a specific pixel has moved.

5.2 Optical Flow for RGB images

5.2.1 Test setup

In the beginning, optical flow was applied for the RGB images captured by a web-cam
to test the accuracy of the algorithm. The RGB webcam has better resolution (1920
x 1080) compared to the depth camera (224 x 172). This means its calculation results
should be more accurate than those from a depth camera.

Table 5.1: Comparison of Camera Resolutions

Device Camera Resolution (pixels)
Web-cam camera 1920 x 1080
Depth camera (PMD Flexx2) 224 x 172

Figure 5.2 depicts the test environment. The test environment for the y-direction
differs from that of the x-direction. There is one black object is added. This is due to
black objects yielding superior results with the optical flow. To get a better result on y
direction, the different environment was utilized.

5.2.2 Optical Flow Algorithm

In this section, the code for the optical flow algorithm applied to these RGB images is
explained. The complete code is located in Appendix B.

1. Firstly, initialize the webcam
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Figure 5.2: Optical Flow RGB Testing environment (x direction)

2. Create optical flow using the Lucas-Kanade method (This method is explained in
detail in Section 5.3.2)

3. The image is converted to grayscale. This is a necessary step for applying optical
flow, as it simplifies the image and enhances computational efficiency.

4. Calculate the movement vector from the optical flow. This movement vector indi-
cates the movement in the x and y directions.

5.2.3 Results

The results of the optical flow for RGB images are presented in Table 5.2 and Table 5.3.
As illustrated in Figure 5.2, a movement of the camera to the left in the x-direction is
considered positive. Similarly, upward movement of the camera is also considered to be
in the positive direction.

The corresponding video [17] demonstrates the camera moving parallel to the wall in
x direction by 10 centimeters, with Optical Flow vectors (blue arrows). The video [18]
shows the camera’s movement in the y-direction.

The experiment data demonstrates good consistency. After the camera moves 10 cm
to the right and left, the calculated pixel changes are -0.0425 (when the camera moves
-10 ¢cm) and 0.0307 (when the camera moves 10 cm), respectively. This indicates that
the optical flow calculation is accurately capturing the lateral motion (x direction) of
the camera.
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Additionally, there is no actual movement in the y direction. The calculated pixel
change is also very minimal, which accurately reflects the static condition in that direc-

tion.

Table 5.2: Experimental Results with Differences in X and Y pixels

Actual Movement

Optical Flow Calculation

Pixel Difference

X (em) | Y (cm) | X (pixel) Y (pixel) AX (pixel) | AY (pixel)
Starting point 0 0 -0.0021 -0.0049 - -
Experiment 1 -10 0 -0.0446 -0.0084 -0.0425 -0.0035
Experiment 2 10 0 -0.0139 -0.0054 0.0307 0.0005

The second experiment outlined in Table 5.3 involves movement in the y direction.
The camera was moved up and down by 10 cm, resulting in a pixel movement of 0.0340
pixels when moving up and -0.0205 pixels when moving down. As there is minimal pixel
movement in the x direction, the overall pixel movement accurately corresponds with
the actual physical movement.

After examining the details of the optical flow model, it becomes apparent that opti-
cal flow can only estimate the motion of the camera. To determine the exact movement
of the camera, additional calculations (using a pin-hole camera model) are required.
These calculations will necessitate the focal length, as well as the distance between the
camera and the object.

Table 5.3: Second Experimental Results with Differences in X and Y pixels

Actual Movement

Optical Flow Calculation

Pixel Difference

X (em) | Y (em) | X (pixel) Y (pixel) AX (pixel) | AY (pixel)
Starting point 0 0 -0.0013 -0.0020 - -
Experiment 3 0 10 -0.0059 0.0320 -0.0046 0.0340
Experiment 4 0 -10 - 0.0073 0.0185 -0.0014 -0.0205

5.3 Optical Flow for Depth images

5.3.1 Test Setup and Implementation

The pmd flexx2 camera (specifications are in Table 6.1) was used in this experiment.

These are four steps for optical flow algorithm on a depth image.

1. Get depth image from a camera

- W N

Noise reduction for the image to eliminate all noises

Resize the depth image and calculate the gradient of the image

From the gradient, estimate the optical flow. This optical flow indicates the move-
ment of the object in the image
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5.3.2 Noise Reduction methods

When a depth camera captures an environment, a lot of noise are present as shown in
Figure 5.3. This noise can reduce the effectiveness of the optical low. To overcome this
problem, noise reduction methods are implemented in three ways and compared each
other. All three ways showed significant improvement.

e Median, Gaussian Filters
e Using another optical flow model

¢ Removing points with 0 data

Median and Gaussian Filters

MATLAB?’s functions are utilized for these filters. In the code, the 'medfilt2’ function
is a median filter. The median filter can eliminate noise by replacing each pixel’s value
with the median value of the neighboring 3x3 pixels. This filter can smooth the depth
image.

A Gaussian filter is used via the imgaussfilt’ function. The Gaussian filter can also
smooth the image, based on the Gaussian distribution.

In MATLAB function, these filters can be written as:

1 | depthImage = medfilt2(depthImage); % Apply median filter to depth image
2 |depthImage = imgaussfilt(depthImage, 1); % Apply gaussian filter to depth image

The test environment is the same as Figure 5.2, which includes a bottle, a box, and
charging cables.

Figure 5.3 displays depth images before and after applying the median filter. The
images on the right are raw depth images taken from a depth camera. The images on
the left are the depth gradient magnitude, which signifies the magnitude of the gradient
(i.e., the rate of depth change) of the depth image. Parts of the image with a strong
white color indicate a large gradient. At this point, the optical flow is applied to the
depth gradient strength, not to the raw depth image obtained directly from the camera.
For these images, the Lucas-Kanade method is used for optical flow in both cases, but no
optical flow vectors are generated. (A detailed explanation will be provided in the next
section.) The images with the blue background are depth images after implementing
the median filters. As shown in Figure 5.3, the median filter was successfully reducing
background noise.

Figure 5.4 displays a depth image after applying the Gaussian filter. In comparison
to the median filter, the depth gradient magnitude becomes blurred and less visible. For
the depth camera, the median filter proves to be a better choice than the Gaussian filter.

Using another optical flow model

This experiment initially used a optical low model called Lucas-Kanade. The optical
flow vector was not calculated in areas with lower white gradients. On the other hand,
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Figure 5.3: Raw images vs Images after applying the Median filter

using Horn-Schunck, motion vectors can be calculated even when the depth difference is
relatively small.
In MATLAB function, these models can be written as:

opticFlow = opticalFlowlLK('NoiseThreshold’, 1.5); %Lucas-Kande model
opticFlow = opticalFlowHS; %Horn-Schunck model

Figure 5.5 shows a comparison between images without any filters using the Lucas-
Kanade method, and images with median filters using the Horn-Schunck method. In
comparison to the Lucas-Kanade method, the Horn-Schunck method was able to generate
optical flow. The red arrows represent the movement vectors. Thus, it can be stated
that the Horn-Schunck method is suitable for applications involving depth cameras.

It is believed that the reason for this is due to the fact that the two methods have
different concepts.

The Lucas-Kanade method tracks specific, small features in an image. It assumes
that every pixel within a neighborhood moves at the same speed and in the same direc-
tion. It is difficult to pinpoint the exact reason why the optical flow was not detected
when using the Lucas-Kanade method. However, it may be due to the difficulties in
accurately detecting fine movements unless the feature is strong enough, or in other
words, unless the magnitude of the gradient is significant.
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Figure 5.4: Raw images vs Images after applying Gaussian filters

On the other hand, the Horn-Schunck method estimates the overall motion pattern,
not focusing on specific features. Even if the gradient is not significant, motion can still
be detected by estimating the overall consistency of motion in the region. It appears that
the Horn-Schunck method was able to produce results even in areas with low gradient
magnitudes. Also, another possibility is that the optical flow was generated due to the
presence of certain noises. It is also important to note that this method is sensitive to
noise [19].

Zero data elimination

Figure 5.5 and other previous figures indicate that the depth images still include many
zero pixel values, which are the small black points in the raw depth image. A pixel
with a value of zero creates a noticeable gradient magnitude around it, as it significantly
differs from adjacent pixels with non-zero values. These sparse gradient errors reduce the
effectiveness of optical flow. To overcome this issue, a new approach was developed and
tested, which involves replacing zero-valued pixels with the minimum non-zero values
from their vicinity. The steps (1) to (6) below detail this process, and Table 5.4 provides
example pixels for easier understanding.

e (1): In the beginning, let’s consider 5x5 pixels as an example to understand better
in this algorithm. The example pixels of (1) in Table 5.4 represent 5x5 pixels



Optical Flow

Optical Flow on Depth Gradient Magnitude Raw Depth Image

(]
o d
‘

Flow Method Lucas-
Kanade

Filters Mo

Zero Eliminate

Flow Method Horn-
Schunck

Filters Median

Zero Eliminate Mo

Figure 5.5: Raw images vs Images with different optical low method

gained from a depth camera. There are 9 zero pixels in total within 25 pixels.

e (2): To eliminate these zero values, NaN to the surrounding pixels are added as
shown in (2) in Table 5.4. This is because all edge pixels have no neighbors and
NaN values become these neighbors. Then, starting from the top left pixel, check
whether the value is 0 or not. The first 0 pixel is in the 1st row and the 3rd column
(the number in red color).

e (3): Then the algorithm examines the O-valued neighbors. It starts with 3x3 (blue
parts in (3) Table 5.4) and then expands the neighborhood further, up to 5x5, if
there are no non-zero pixels in its neighborhood. The zero value will be replaced
by the smallest non-zero value contained in its neighboring pixels. For example,
in the situation shown in pixels (3), the minimum value of the neighboring pixels
is 1.

e (4): The 0 pixel (1st row and 3rd column) is replaced with 1.

o (5): This is repeated for each pixel. If a zero value is present, it is replaced by the
minimum non-zero value of its neighboring pixels. Replaced non-zero values will
not be used for the next replacement. In the end, the pixels look like this, and the
0 pixels disappear.
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e (6): In the end, any NaN values have been removed and the pixels now contain no

Z€eros.
Table 5.4: Six steps for eliminating zero values
(2)

(1) NNNNNNN (3)
2 4 0 1 2 N2 401 2 N N NNNNNN
0 3 5 21 NO35 2 1N N2 401 2 N
10 0 2 0 N10O220N NO 35 2 1N
00010 NOOO1O0N N1O0O0O2 0N

(4) N NNNNNN NOOOT1O0 N
NNNNNNN (5) NNNNNNN
N2 411 2 N N NNNNNN (6)
NO 35 2 1 N N2 411 2 N 2 4 1 1 2
N10OO 20N N135 21N 1 35 21
NO OO 1 0 N N11 12 1N 1 1 1 2 1
N NNNNNN N1111 1N 111 1 1

N NNNNNN

Figure 5.6 presents the results after applying zero-data elimination using the Horn-
Schunck method. Although the object features are less visible in the depth gradient
magnitude, most of the noise is reduced, simplifying the image. The red arrows, rep-
resenting the optical flow motion, are visible and appear more accurate due to fewer
features on the gradient magnitude. Only areas with significant depth differences are
visible, while shorter distances less than 20 cm are not apparent in the depth gradient
magnitude. An exception is the bottom of the bottle, which remains slightly visible due
to the light reflection on the water. Some small optical vectors are detected, as shown
within the red square in Figure 5.6.

5.3.3 Results

The optical flow motion test was performed by using the depth image gradient magnitude
after reducing noise. The camera was manually moved in the x-direction, both left and
right, with increments of 20 cm. Another experiment was conducted moving in the y
direction, both up and down, with increments of 20 cm. The experimental results of this
process are presented in Table 5.5.

The pixel difference is calculated as:

AYVExpl = YExpl - YStarting point (51)
A-XExp2 = XExp2 - XStarting point (52)
AYvExp2 = YEpr - YStarting point (53>
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Figure 5.6: Raw images vs Images with zero elimination

One result was a pixel movement of -0.0017 for a shift of -20 cm in the x direction.
Similarly, for movements in the y direction, the calculated pixel difference was almost
zero. One of the reasons is that pixels continuously move back and forth, even when the

camera remains stationary.

Table 5.5: Experimental Results with Differences in X and Y pixels

Actual Movement | Optical Flow Calculation Pixel Difference

X (em) | Y (em) | X (pixel) Y (pixel) AX (pixel) | AY (pixel)
Starting point 0 0 -0.0035 0.0001 - -
Experiment 1 -20 0 -0.0052 -0.0004 -0.0017 -0.0005
Experiment 2 20 0 -0.0035 -0.0032 0.0017 0.0028
Experiment 3 0 20 -0.0059 -0.0032 -0.0024 0
Experiment 4 0 -20 -0.0004 -0.0019 0.0055 0.0013

Table 5.6 presents the results of the z-direction experiment. The test was conducted
with the x and y direction tests at the same time. Despite no movement in the z direction,
with a constant distance of 60 cm maintained between the wall and the camera. The
results were very precise. The experiment consistently calculated the exact distance to
the wall, with negligible errors between different tests.

These results suggest that it could be feasible to calculate x and y movement with op-
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Table 5.6: Experimental Results with Differences in Z movement (Actual Distance to

the wall is 0.60 [m])

Actual Movement | Depth Camera Result | Movement Difference
Z (m) Z (m) AZ (m)
Starting point Keeping 0.6 m 0.5695 -
Experiment 1 Keeping 0.6 m 0.6777 0.1082
Experiment 2 Keeping 0.6 m 0.6189 -0.0588
Experiment 3 Keeping 0.6 m 0.6363 0.0174
Experiment 4 Keeping 0.6 m 0.6559 0.0196

tical flow for a depth camera. However, the current version of the optical flow algorithm
still needs updating. This experiment video can be accessed here [20].

5.4 Conclusion

Table 5.7 presents the overall potential for optical flow on both RGB and depth images.
For optical flow on RGB images,

o Translations in x and y can be calculated in pixel terms. While this method is
not extremely precise, it is relatively effective. The calculation remains pixel-based
and it is necessary to convert to length using the pin-hole camera model.

o Translation in z direction can be calculated very well.

e A roll calculation was also examined. However, as the optical flow vectors do
not consistently cover all the pixels, an additional sensor like an IMU (Inertial
Measurement Unit) is necessary to obtain an accurate roll rotation. Alternatively,
employing an object detection system to identify the frame of the object and com-
pute its alignment could be another possible approach.

e Determining pitch and yaw would be quite challenging as RGB images exist in a
2D environment.

The application of optical flow on depth images presents challenges, as pixel calcu-
lations are not highly accurate and require more precise methodologies. This may also
involve considering the use of a higher-resolution camera or different algorithm. The
parts where the RGB image fails to calculte, the depth image might not offer a solution
either. This is because both types of images rely on the same algorithm.
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Table 5.7: Overall possibilities (Optical Flow)

6DoF

RGB Optical Flow

Depth Optical Flow

Translation X

Translation Y

Translation Z

Roll (around x axis)

Pitch (around y axis)

X | X [O| > >

Yaw (around z axis)

X|X|X|X[O|O

X

O: Possible, Relatively precise A: Inaccurate x: Not possible.
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In this chapter, floodfill algorithm is explained. This algorithm is mostly based on
this paper [12] and developed by one of the other Master’s students at TU Dresden.
Sections 6.1 and 6.2 are the algorithm developed and owned a copyright by the chair of
Dynamics and Mechanism Design at TU Dresden. Section 6.3 is a developed algorithm
by myself.

6.1 Algorithm

The flood-fill algorithm, which utilizes a 3D point cloud in a way similar to the Iterative
Closest Point (ICP) algorithm, is explained below in four steps, along with Figure 6.1.

Firstly, let’s imagine the camera capturing an image of a PC display directly from the
front. A wall is positioned in the background, so there is a distance difference between
the display and the background. This algorithm can identify the largest plane from the
point clouds captured by the depth camera.

To clarify, the outermost rectangle represents the camera frame, while a smaller
rectangle within the camera frame represents the plane of an object. In this case, this
plane is a PC display.

35
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@ In the beginning, one point at [109, 86] is selected from the whole 3D point clouds,
represented here as a red dot. In the Figure 6.1, the initial position is shown
slightly above and to the right, but the actual first point is located at the center
of the frame. This camera resolution is 224 x 172 and the middle point is at [109,
86].

(2) The neighboring points around the starting point are then examined. If these
points satisfy certain conditions listed below, they are considered as the same
group, forming part of the same plane. Certain conditions are listed below with
Figure 6.2.

e Point-to-Point Distance: This condition checks whether the distance be-
tween two points is within a certain threshold. If the distance is greater than
the threshold, those points are likely not on the same plane. The threshold
setting is described in detail in the Appendix.

¢ Point-to-Plane Distance: This condition calculates the distance between a
point and the plane passing through the seed point, and checks if it is within a
certain threshold. If the distance is greater than the threshold, the one point
is likely not on the same plane.

If the calculated distances for both of these measures are within their respective
thresholds, then the point is considered to be on the same plane. These newly
included points which are on the same plane are represented in blue color.

@ This second process (@) is repeated around newly added points, which becomes
expanding from the initial seed point.

(4) Once there are no neighboring points that satisfy the given conditions, the first
step of identifying one plane concludes. Finally, the overall pixel plane equation,
centroid, and normal vector of the plane can be calculated. After examining all
the points, the new process starts from (1). In this new process, the starting point
is set as the centroid of the plane.

This process is also illustrated in the flowchart depicted in Figure 6.3.

6.2 Calculation Detail

The final process of computing the plane equation, the centroid, and the normal vector
of the plane can be accomplished as follows.

e Centroid:
The centroid can be calculated by extracting all the points (z,y, z) that lie on the
same plane and computing the mean values for C;,C, and C..

1+ 22+ ...+
n

C, = (6.1)
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C, - (6.2)
CZ_Zl—I—ZQ—i-...—I—Zn (6.3)
n
n: Number of points on the same plane
¢ Normal Vector of the plane:
From all the points on the same plane, construct a matrix A and a vector b.
r1 oy 1
r2 y2 1
A= . (6.4)
Tn Yn 1
21
22
b=|. (6.5)
Zn

Next, using matrix A and vector b, compute the least squares solution. The least
squares method is a statistical procedure to find the best fit line or plane for a set
of data points [21]. The process for this calculation can be found in the reference
[22, p. 182].

p1
p=|p2| = (ATA)1ATY (6.6)
b3

The variable p represents the coefficients of the plane that best fits the point cloud.

Also, the normal vector of the plane can be calculated using these coefficients by
normalizing the vector, This calculation can make its length equal to 1.

[pl)p27 _1]

VPt + 3+ 1
\/P? + p3 + 1: Length of the vector (norm)

plane_normal = (6.7)
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e Plane Equation:

From the calculation above, the plane equation can be defined using the coefficient
p.

PL*¥T+p2*xy+p3 =2 (6.8)

6.3 Getting 6DoF from this algorithm

This section has been independently developed by myself, with the aid of the floodfill
algorithm.

As illustrated in Figure 6.4, the testing environment is situated in front of a display.
As explained in the previous chapter, the floodfill algorithm can compute the normal
vector from a captured plane. When the depth camera captures the display, the floodfill
algorithm is capable of calculating the plane of the display itself and determining the
normal vector from it.

Figure 6.4: Testing environment taken by the depth camera

The relationship between the normal vector and other angles (pitch and yaw) is
depicted in Figure 6.5. Theoretically, if the angle of the normal vector is known, other
angles such as pitch and yaw can be calculated.

The conversion from the normal vector can be calculated as follows:

pitch = arctan (;) (6.9)

yaw = arctan (%) (6.10)
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X Y

Figure 6.5: Relation between normal vector and other 3DoF. Here, ¢ represents pitch
and 6 represents yaw [23].

The arctangent of x is the inverse function of the tangent. This is also written as
tan~!(x). The reference for this calculation can be found in Appendix C, page 460, of
the book by Grewal [23].

Also, this calculation can be written in MATLAB as:

%Pitch

pitch = atan2(-plane_normal.z, sqrt(plane_normal.x”2 + plane_normal.y”"2));
%Yaw

yaw = atan2(plane_normal.y, plane_normal.x);

Bw N =

6.4 Results

Three experiments were conducted: front view, tilted position, and real-time. In these
experiment, the accuracy and feasibility of calculating pitch and yaw from the normal
vector were evaluated. The testing environment, situated in front of a display, is depicted
in Figure 6.4.

6.4.1 First experiment - Front view -

Initially, the depth camera captured a display from the front.

The floodfill algorithm can gain the normal vector, the distance to the plane from
the camera, and the plane equation. These results are summarized in Table 6.1.

With the given surface parameters, the equation for the plane can be formulated as
follows:
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Table 6.1: Values of Normal Vector and Surface Parameters
Parameters Values

x (normalVector) -0.18069809007501506

y (normalVector) 0.0712561498993067

z (normalVector) -0.9809540057233923

distance 0.5681423946307732

p1 (SurfaceParameters) | -0.18420648574829102

p2 (SurfaceParameters) | 0.07263964414596558

ps (SurfaceParameters) | 0.5791733264923096
PL*T+pr*y+p3 =2 (6.11)

where
p1 = —0.18420648574829102,
po = 0.07263964414596558,
p3 = 0.5791733264923096.

In Figure 6.6, the image on the left depicts the plane result based on the plane
equation. The middle image illustrates the position of the camera relative to the plane.
The camera was situated directly in front of the display. The image on the right displays
the calculated normal vector. The blue dot represents the direction of the vector, which
is pointing toward the camera’s direction.

The pitch and yaw were computed from the normal vector as follows:

pitch = arctan < > = —71.5902°

z

yaw = arctan <y> = 158.4788°
x

where
x = —0.18069809007501506,
y = 0.0712561498993067,
z = —0.9809540057233923.

To validate these pitch and yaw calculations, the Figure 6.8 illustrates the actual
location of the normal vector in the /22 + y? - z plane and x - y plane.

The vector angle in the \/x2 + y? - z plane matches the calculated pitch angle of
-71.5902 degrees. Similarly, the vector angle in the x - y plane aligns with the calculated
yaw angle of 158.4788 degrees. Overall, these figures suggest that the calculations for
pitch and yaw are accurate.
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Figure 6.7: Actual locations in the /22 + y? - z plane and x - y plane
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6.4.2 Second Experiment - Tilted position -

The second experiment is capturing images with the camera in a tilted position. In the
first experiment, the normal vector was directed toward the camera’s position. However,
the normal vector is tilted toward the right in this case.

Figure 6.7 presents images of the plane, the camera view, and the normal vector.

Camera View - }[
=T

L
o
y
by
b =
! Ej:l [= n
X
)
Plane Normal Vector

Figure 6.8: Results of the floodfill algorithm 2

The actual values of the plane and normal vector are in Table 6.2.

Table 6.2: Values of Normal Vector and Surface Parameter

Parameter Value
x (normal vector) 0.8076119444238561
y (normal vector) 0.0848636675903085
z (normal vector) -0.5835761348333566
distance 0.4041732896490905

p1 (SurfaceParameters for x) | 1.383901596069336
p2 (SurfaceParameters for y) | 0.14542004466056824
ps (SurfaceParameters for z) | 0.6925802230834961

With the given surface parameters, the equation for the plane can be formulated as
follows:
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PL*¥xT+pery+p3 ==z (6.12)

where
p1 = 1.383901596069336,
po = 0.14542004466056824,
p3 = 0.6925802230834961.

The calculated values for pitch and yaw are:

pitch = arctan ( ) = —35.7025°

z

yaw = arctan <y> = 5.9986°
x

where
x = 0.8076119444238561,
y = 0.0848636675903085,
z = —0.5835761348333566.

To validate these pitch and yaw calculations, the Figure 6.9 illustrates the actual
location of the normal vector in the \/22 + 32 - z plane and x - y plane.

The vector angle in the \/x2 + y? - z plane matches the calculated pitch angle of
-35.7025 degrees. Similarly, the vector angle in the x - y plane aligns with the calculated
yaw angle of 5.9986 degrees. Overall, these figures suggest that the calculations for pitch
and yaw are accurate.

6.4.3 Third Experiment - Real-time -

To evaluate this pitch and yaw calculation algorithm, a real-time test was conducted.
The camera moved in five directions. Figure 6.10 illustrates these five camera positions:

e Up - The camera lens is pointed toward the top of the display, potentially including
a portion of the wall in the frame.

¢ Right - The camera is oriented to capture the right side of the display.

e Straight - The camera is positioned directly in front of the display. It covers all
areas of the display.

e Left - The camera is focused on the left side of the display.

¢ Down - The camera lens is aimed downwards, potentially capturing a part of the
ground as well as the display.
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Figure 6.9: Actual locations in the /22 + 3?2 - z plane and x - y plane
Primary capture zone
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Figure 6.10: The camera position of this experiment
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Table 6.3: Real-time Pitch and Yaw Calculation Results
Up | Right | Straight | Left | Down
Pitch (around y axis) | 62 42 72 50 70
Yaw (around z axis ) | -84 | -17 -160 | -153 | 62

Table 6.3 contains the calculation results for pitch and yaw. The gray areas indicate
that the values are expected to change according to the camera’s movement.

o Pitch:
The pitch angles should change when the camera moves up or down. There isn’t a
significant difference in pitch when the camera moves from a straight to a downward
position. However, when the camera moves up, the angle changes by a negative 10
degrees. This result may not be reliable, as the calculated plane equation differed
from the real environment. The floodfill algorithm needs further refinement.

e Yaw:
The yaw angles should adjust when the camera moves left or right. When the
camera moves left, the angle changes by +7 degrees. Conversely, when the camera
moves right, the calculation indicates a change of +143 degrees. Similarly to the
pitch calculation, these results might not be reliable due to the floodfill algorithm’s
current limitations in accurately estimating the correct plane. This will require
further testing and updates.

This video illustrates the camera movement and floodfill algorithm results, including
the normal vector, distance, surface parameters, pitch, yaw, plane depth image, and
real-time estimated plane [24]. As shown in the video, the estimated plane still requires
correction. Especially, when the camera moves to a higher position, the angle of the
estimated plane shifts to the wrong position as shown in Figure 6.11.

6.4.4 Conclusion

Table 6.4 presents an overall feasibility assessment of the floodfill algorithm for calcu-
lating 6DoF.

o Translation along the X and Y axis: It is not feasible with this algorithm.

o Translation along the Z-axis (depth):
It appears possible because the distance to the plane can be accurately determined.

» Roll (rotation around the x-axis):
It might be calculable if the algorithm incorporates object detection features. If
the camera can detect the edges of the display or plane, roll calculation might be
enabled while tracking the movement of these edges or corners. However, in real-
world scenarios, the object edges or corners are not always within the camera’s
field of view. The roll calculation is not feasible for this algorithm.
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Label Image Estimated plane and normal vector b

200

Budl

Figure 6.11: FloodFill Realtime camera and plane movement - When the camera moves
up, the plane shifts to the opposite side

e Pitch and Yaw:
It can be calculated with the theory previously explained. While the floodfill
algorithm currently has minor issues with reliability, it is necessary to update and
improve the algorithm to make real-time calculation possible.
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Table 6.4: Results for FloodFill

6DoF

FloodFill

Translation X

X

Translation Y

Translation Z

Roll (around x axis)

Pitch (around y axis)

Yaw (around z axis)

> D> x |O] %

A: still requires testing and updating but should be feasible.
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In this thesis, three methodologies - the Iterative Closest Point (ICP) algorithm,
optical flow, and the floodfill algorithm - were investigated for estimating the 6 Degrees
of Freedom (6DoF'). The objective was to validate their effectiveness and found out their
capabilities and limitations for a relative navigation.

7.1 Conclusion

In conclusion, depth cameras can potentially estimate 6DoF using optical flow and flood-
fill algorithms. Table 7.1 summarizes the overall possibilities for calculating the 6DoF.

The Iterative Closest Point (ICP) algorithm performs very well when dealing with
clean point cloud data such as those generated artificially. However, the algorithm en-
counters several challenges when applied to real-world scenarios. First of all, it struggles
when dealing with noisy point clouds, and it requires a significant amount of compu-
tation time. It took about four to five minutes for calculating within two frames. As
a result, real-time and accurate estimation of 6DoF becomes challenging. To overcome
these limitations, it is necessary to employ additional techniques, such as object detec-
tion or deep learning. An example usage is in the state-of-the-art section. By using
these methods, it would be possible to extract specific objects from the point clouds,
reduce computation time, and improve estimation accuracy.
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Table 7.1: Overall results

6DoF ICP Real Data | RGB OpFl | Depth OpFl | FloodFill
Translation X X O A X
Translation Y X O A X
Translation Z X X @) O
Roll (around x axis) X X X X
Pitch (around y axis) X X X A
Yaw (around z axis) X X X A

O: Possible, precise
/A\: Feasible, but need to be tested and updated
x: Not possible.

Optical flow using an RGB camera can calculate the x and y translations with a good
degree of precision on a pixel basis. While this still needs to be converted from pixel to
meter, it provides a precise amount of the movement of pixels in the x and y directions.
After the experiment, it was clear that estimating the roll angle using only optical flow
is challenging. An alternative approach would be integrating with object detection and
calculate the tilt angles. This approach could fill the gap of roll calculation in this overall
system.

Applying optical flow to depth images could potentially calculate the x, y, and z
translations. The z translation can be accurately measured because of the depth camera.
However, determining precise positions for the x and y translations remains challenging
due to the camera’s limited resolution and the presence of noise in the depth image.

The Floodfill algorithm can measure the z direction in real-time as it uses a depth
camera. However, it is unable to calculate the x and y translations as it works with point
clouds and this algorithm does not have any features needed for these calculations.
Similarly, it cannot calculate roll because it depends on detecting the movement of
the plane itself, which is difficult without state-of-the-art object or feature detection
applications. The algorithm could potentially calculate pitch and yaw, but it still requires
further development to improve precision. Overall, while the current version of the
floodfill algorithm needs updating, it shows promise for future feasibility.

7.2 Future work

For future work, the uncertain sections in Table 7.1 (marked by A) need to have further
real-time testing to check feasibility and improve accuracy. In addition to this, another
roll calculation algorithm is also required to get full 6DoF. Precise object detection
algorithm should be investigated. If all 6DoF can be accurately calculated in real-time,
the next step would involve mounting the depth camera on a drone. This would enable
the drone to self-determine its 6DoF and conduct manual operations such as screwing.
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7.2.1 Potential Extension: Underwater Applications

The application of this algorithm in underwater environments might have additional
challenges due to the blurring effects of water and wave motions. After achieving satisfac-
tory results on land, the algorithm could then be adapted and optimized for underwater
applications.
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APPENDIX

OTHER CONSIDERATIONS

A.1 ICP algorithm in detail

1. Preprocessing and Loading point clouds: First, the script loads data from
two .fig files (datal and data2). Then, this program create a mask which can
filter out the points where z coordinate is over 4 m. This mask can reduce the
computational costs and ignore noise in the background.

2. ICP Matching Loop: This loop keeps continuing until the total error (sum of
distances between datal and data2) is less than 0.001 or a maximum number of
iterations is reached.

¢ Find nearest points: For each point in datal, find the closest point in data2
and calculate the error (sum of distances).

o Estimate motion: Use the Singular Value Decomposition (SVD) method to
estimate the motion (rotation and translation) that best aligns the matched
nearest points.

¢ Update transformation: The estimated transformation is applied for the ICP
calculation with datal. The rotation and translation matrices are updated
and the calculated points will move closer to data2 with each iteration.

The key function within this ICP algorithm is the Singular Value Decomposition
(SVD) motion estimation.
This algorithm follows these steps [25]:

1. Compute Nearby Points: Calculate the point at post-movement position a; that is
closest to the initial value b;
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a; = argming,||a — bjl|2 (A.1)

2. Calculate the centroid of those two points

1 n
a=— i A2
a=_ ;a (A2)
b1t Xn: b; (A.3)
o i=1 Z .
3. Compute covariance matrix
W = Z(b’ — l_))(ai — é)T (A4)
i=1

4. Singular value decomposition of the covariance matrix

W = UAVT (A.5)
01 0 0
0 o9 --- 0
A=, . . (A.6)
0o 0 - o,

5. Rotation matrix and translation vector can be calculated based on U and V ob-
tained from this. U and V calculation can be done by svd function on Matlab.

1 [U,A,V] = svd(W);

6. Convergence judgment based on error. repeat the above until convergence

if |error; — error;_;| < € then converge (A.9)
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A.2 FloodFill algorithm in detail

A.2.1 Threshold - point to point distance -

Here is the details of threshold and how distances can be calculated to determine if both
points are on the same plane.
The threshold is computed as:

t = pointgistance X [ X point(3) (A.10)

where
pointgistance = 0.0047Tm
f = 1.8 (some factor)
point(3): points in the z-direction, depth

The threshold is not constant. Initially, pointg;siance = 0.0047m is set based on the
calculation of the camera’s field of view and resolution. This value is known as spatial
resolution. In the camera’s case, 0.0047 m is the minimum distance between two points
at which these points can be separated and distinguished.The coefficient f = 1.8 is set
by the author and adjusted depending on the testing environment.

As depth increases, the threshold also increases. This is because, points that are
further away from the camera are spaced more distantly from each other.

A.2.2 Threshold - point to plane distance -

The threshold for point to plane distance is calculated as:

t = f x 3 x o X point(3) (A.11)

where
o =0.01
f =1 (some factor)

point(3): points in the z-direction, depth

The parameters o and f are set by the author based on the camera settings and the
environment. o is set with the intent of eliminating errors in depth measurement. It can
account for 1% differences in depth measurement errors. Similar to the "point-to-point
distance" case, the threshold increases as the depth increases for the same reason.
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B.1 ICP Algorithm code

APPENDIX

SOURCE CODE

This code is modified and adapted the code to fit my specific 3D scenario, using this

GitHub code as a reference [26].

%ICP algorithm for estimating 6DoF
function []=ICP()

close all;
clear all;

% Get original point clouds

datal = openfig(’'A4first_place.fig’,
datal = gcf;

ax0bjs = datal.Children;
ax0bjs.Children;
x = datalObjs(1).XData;
dataObjs(1).YData;
dataObjs(1).ZData;

dataObjs =

y
z

% Get point clouds within this mask

mask = z < 4;

% Apply the mask

x_filtered
y_filtered
z_filtered

X (mask) ;
y (mask) ;
z(mask) ;
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"invisible’);
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Source code

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

54
55
56
57
58
59
60
61
62
63
64

% Original point clouds within the mask
datal = [x_filtered; y_filtered; z_filtered];

% Get target point clouds

data2 openfig('Adsecond.fig’, 'invisible’);
data2 gcf;

ax0bjs2 = data2.Children;

datalObjs2 = ax0Objs2.Children;

Xx_2 = dataObjs2(1).XData;
y_2 = dataObjs2(1).YData;
z_2 = datalObjs2(1).ZData;

% Create a mask
mask2 = z_2 < 4;

% Apply the mask

x2_filtered = x_2(mask2);
y2_filtered = y_2(mask2);
z2_filtered = z_2(mask2);

%sTarget point clouds with the mask
data2 = [x2_filtered; y2_filtered; z2_filtered];

% Run ICP algorithm to estimate motion
[R,T] = ICPmatch(data2, datal);

% Display motion estimation results
disp(’'Estimated_Motion_[m_m_m_deg_deg_deg]l:")

e

Est=[T’ rad2deg(rotm2eul(R))]

% Plot results

figure(1l);

set(gca, 'fontsize’, 16, ’'fontname’, ’'times’);
plot3(datal(l,:),datal(2,:),datal(3,:),’.b");hold on;
plot3(data2(1,:),data2(2,:),data2(3,:),'.g’);hold on;

z=Rxdatal+T;
plot3(z(1,:),z(2,:),z(3,:),'.r");hold off;

xlabel(’'X_(m)', 'fontsize’, 16, ’'fontname’, ’'times’);
ylabel('Y_(m)', ’'fontsize’, 16, ’'fontname’, ’'times’);
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zlabel('Z_(m)', ’'fontsize’, 16, 'fontname’, ’'times’);
legend(’'Data_(t-1)’, 'Data_(t)’, 'ICP_Matching_Result’);
grid on;

axis([-9 13 -9 18 -1 11]);

function [R, t]=ICPmatch(datal, data2)

preError=0; %Error value of the previous iteration
ErrorD=1000; %Error difference

epsilon=0.001; %Convergence

max_iteration=100;

count=0;

R=eye(3); %Rotation matrix
t=zeros(3,1); %Translation vector

while ~(ErrorD < epsilon)
count=count+1;

[ii, error]=FindNearestPoint(datal, data2); %Find nearest points
[R1, tl1]=SVDmotion(datal, data2, ii); %Movement estimation using SVD

% Update R and T using the calculated value

data2=R1xdata2;

data2=[data2(1,:)+t1l(1); data2(2,:)+t1l(2); data2(3,:)+t1(3)];
R = R1xR;

t = R1xt + t1;

ErrorD=abs(preError-error);
preError=error; %Save previous error

if count > max_iteration %when fails to achieve convergence
disp(’Max_Iteration’);return;
end
end

%Find nearest points between datal and data2
function [index, error]=FindNearestPoint(datal, data2)

% Number of points (datal: 38497, data2: 38136)
ml=size(datal,2);
m2=size(data2,2);
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index=[1;
error=0;

for i=1:ml1 %All points
dx=(data2-repmat(datal(:,i),1,m2));

dist=sqrt(dx(1,:).”2+dx(2,:).72+dx(3,:)."2); %Calculate distance

[dist, iil=min(dist);
index=[index; iil;
error=error+dist;

end

%Compute the centroid of each point cloud
function [R, t]=SVDmotion(datal, data2, index)

M = datal;

mm = mean(M,2);

S = data2(:,index);
ms = mean(S,2);

Sshifted
Mshifted

W = SshiftedxMshifted’;

[U,A,V] = svd(W);

pel
1l

(UxV'")";
mm - Rxms;

+
]

B.2 Optical Flow for RGB image

% Get video from the camera

= webcam();

% Define frame size
frameSize = [480 640];

% Create an optical flow object
opticFlow = opticalFlowLK('NoiseThreshold’, 0.05);

% Initialize the camera’s position and posture

pos
rot

= [0; 0; 0]; % position [x; y; z]
= eye(3); % rotation matrix

[S(1,:)-ms(1); S(2,:)-ms(2); S(3,:
[M(1,:)-mm(1); M(2,:)-mm(2); M(3,:

)-ms(3)];
)-mm(3)]1;
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% Infinite loop

while true
% Get an image from the camera
frame = snapshot(cam);
% Resize the image
frame = imresize(frame, frameSize);
% Convert the image to grayscale
frameGray = rgb2gray(frame);
% Estimate optical flow
flow = estimateFlow(opticFlow, frameGray);
% Display arrows
imshow(frameGray) ;
hold on;
plot(flow, ’'DecimationFactor’, [5 5], ’'ScaleFactor’, 16);
hold off;
drawnow;
% Calculate the movement amount from the optical flow
moveVec = [mean(flow.Vx(:)); mean(flow.Vy(:))];
pos = pos + [moveVec(l); moveVec(2); 0]; % update the position
% Display the camera’s position and posture
disp(’'Camera Position:’);
disp(pos);
end

% Close the camera
clear cam;

B.3 Optical flow for depth image with non-data

elimination method

% ROS subscriber for the depth image topic

depthImgSub = rossubscriber(’/royale_camera_driver/depth_image’);
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% Define frame size
frameSize = [480, 640];

% Create optical flow object / There are two methods
%opticFlow = opticalFlowLK(’'NoiseThreshold’, 1.5);
opticFlow = opticalFlowHS;

% Define figures and axes

myDepthsFigure = figure(1l); hold on; myDepthsAxes = axes(myDepthsFigure);

myGradientFigure = figure(2); hold on; myGradientAxes

% Initialize the camera’s position and posture
pos [0; O; O0]; % position [Xx; y; z]
rot eye(3); % rotation matrix

% Loop to process the depth images in real-time
while true
% Receive a message from the subscriber
depthImgMsg = receive(depthImgSub);

% Convert the ROS image message to a MATLAB image
depthImage = readImage(depthImgMsg);

% Get the depth value (z) at a specific pixel
row = 112;

col = 86;

depthZ = depthImage(row, col);

% Fill missing values in the depth image
depthImage = fillDepthImage(depthImage);
imshow(depthImage, 'Parent’, myDepthsAxes);
title(myDepthsAxes, 'Only depth image’);

%Median and Gaussian Filters
%sdepthImage = medfilt2(depthImage);
%depthImage = imgaussfilt(depthImage, 1);

% Resize depth image to match frame size
resizedDepthImage = imresize(depthImage, frameSize);

% Calculate depth gradient
[Gx, Gy] = imgradientxy(resizedDepthImage);

axes(myGradientFigure);
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% Create a gradient magnitude image
gradMagnitude = sqrt(Gx.”2 + Gy.”"2);

% Create a gradient magnitude image
gradMagnitudeX = sqrt(Gx.”"2);
gradMagnitudeY = sqrt(Gy."2);

% Estimate optical flow on the gradient magnitude image
flow = estimateFlow(opticFlow, gradMagnitude);

% Visualization

step = 13; % Step size

[X, Y] = meshgrid(1l:step:frameSize(2), l:step:frameSize(1l));
flow_Vx = flow.Vx(l:step:end, l:step:end);

flow_Vy = flow.Vy(l:step:end, l:step:end);

imshow(gradMagnitude, 'Parent’,myGradientAxes);

hold(myGradientAxes, 'on’);

quiver(myGradientAxes, X, Y, flow_Vx, flow_Vy, ’'r’, ’'LineWidth’, 1);
hold(myGradientAxes, 'off’);

axis tight;

axis off;

title(myGradientAxes, 'Optical Flow on Depth Gradient Magnitude’);
disp(’'Estimated translation vector:');

% Calculate the movement amount from the optical flow
moveVec = [mean(flow.Vx(:)); mean(flow.Vy(:))];
pos = pos + [moveVec(l); moveVec(2); 0]; % update the position

% Display the camera’s position and posture
disp(’'Camera Position:');

disp(pos);

disp(depthZ);

% Pause for image updates
pause(0.1);
end

function filledImage = fillDepthImage(depthImage)

% Add NaN padding
depthImagePad = nan(size(depthImage) + 2);
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%Insert depth image inside of the NaN padding
depthImagePad(2:end-1, 2:end-1) = depthImage;

% Create a copy
filledImage = depthImagePad;

% Get the size of the image
[height, width] = size(filledImage);

% Initialize a flag for first step
zerosReplaced = true;

while zerosReplaced %while true
% Assume no zeros will be replaced during this pass
zerosReplaced = false;

% Loop over each pixel in the depth image
for i = 2:height-1
for j = 2:width-1
% If the pixel is a zero, replace it with the minimum value of
the neighbors
if filledImage(i, j) ==
% Start with a 3x3 neighborhood
neighbors = filledImage(i-1:i+1, j-1:j+1);
%Valid neighbor points are non NaN and non zero
validNeighborpoints = neighbors(~isnan(neighbors) & neighbors

% If no non-zero neighbors, expand to 5x5 neighborhood
if isempty(validNeighborpoints) && i > 2 && j > 2 & 1 <
height - 1 && j < width - 1
%Do the same thing
neighbors = filledImage(i-2:i+2, j-2:j+2);
validNeighborpoints = neighbors(~isnan(neighbors) &
neighbors ~= 0);
end

% Replace zero with minimum of non-zero neighbors if
available
if ~isempty(validNeighborpoints)
filledImage(i, j) = min(validNeighborpoints);
zerosReplaced = true;
end
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end
end
end

end

% Remove NaN padding

filledImage
end

filledImage(2:end-1, 2:end-1);
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