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Abstract

One basic requirement for autonomous operation of UAVs is obstacle avoidance. Because of the
strict power and weight constraints of UAVs, traditional sensors like LIDAR and ultrasound are often
omitted in favour of a visual camera sensor. This thesis presents a method for obstacle avoidance
utilising only these common, versatile sensor systems by using a deep learning (DL) approach,
which aims to show the validity of using Convolutional Neural Networks (CNN) object detectors
in the obstacle avoidance pipeline. The YOLOv4 object detector is used to generate bounding
boxes around possible obstacles. These located obstacles are tracked and their sizes are compared
in subsequent frames. The size ratio values gathered determine if a detected obstacle must be
avoided. The proposed method is evaluated and compared against a previous non-DL SIFT-based
method in various real-life obstacle avoidance scenarios. Here, results show an avoidance accuracy
of 88.7% compared to 63.3% of the previous work. The proposed method performs on par with the
previous work in a simple, single object scenario where accuracy reached 90%. Furthermore, results
from more realistic scenarios including multiple objects and textured backgrounds show significant
improvements in accuracy from 71.0% to 90.0% and from 18.3% to 83.3% respectively. Lastly, the
validity of using obstacle class labels gathered from the YOLOv4 network in obstacle avoidance
was investigated, showing an increase in avoidance accuracy from 40.0% to 90.0% in the selected

scenario.
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Chapter 1

Introduction

Unmanned Aerial Vehicles (UAVs) have made their way from the military into the hand of companies
and consumers. Thanks to their low cost and high manoeuvrability, they have become popular
tools in many fields, such as agriculture [1], delivery service [2], surveillance [3], film-making []

and photography [5].

For continuous operation and the successful execution of designated tasks, the UAV must not collide
with obstacles in the environment. A human pilot is often used to prevent this from happening,
requiring much training and focus of the operator. Autonomous operation of the UAV could
alleviate the need for intensive human supervision, saving time and money. For such autonomous
systems, obstacle avoidance is one of the basic underlying functions. Many existing solutions
for obstacle avoidance rely on special sensors such as laser (LiDAR) [0, 7], ultrasound [3], depth
cameras [9] or stereo cameras [10]. These sensors, however, suffer from lower accuracy in areas
with unpredictable lighting or reflective surfaces. Furthermore, with the recent trend of shrinking
UAV size to reduce cost and power requirements, such sensors are often omitted in favour of more
versatile visual camera sensors. These sensors can be used to mimic visual obstacle avoidance
methods seen in nature. For example, pigeons are found to employ reactive path planning when
encountering cluttered environments [11]. A monocular camera, which is generally included in a
UAV, can be used to perform such obstacle avoidance [12]. However, using only this single sensor
without the ability to gather depth information easily increases the difficulty of detecting obstacles

at high accuracy and speed.

Deep learning (DL) has shown excellent results in areas such as object or speech recognition as well

as robotics tasks like positioning and control [13]. In particular, Convolutional Neural Networks



(CNN) have been successful in the computer vision field, which includes tasks like object detection
and localisation. Their ability to process visual data from cameras make them a natural candidate
to be considered in the field of UAV obstacle avoidance, especially if only a monocular camera is
available. Previous applications of DL to obstacle avoidance learn manoeuvre commands from a
custom made dataset [14], or predict depth information to generate a depth map of the environment

to find a safe passage [17].

In this thesis, an obstacle avoidance system based on the YOLOv4 [16] object detector is proposed,
used in a size expansion algorithm based on the paper by Al-Kaff et al. [17]. It replaces the non-DL
based method using SIF'T proposed in this paper by a high speed CNN object detection network
trained on the MS COCO dataset [18]. Using the object localisation ability of this network, the
size changes of frontal objects in a live video feed can be detected by comparing the size of the
bounding boxes of those objects in consecutive frames. The size ratio is sent to a control system
which decides movement commands for the UAV. By combining a state-of-the-art object detector
and the size expansion algorithm, objects can be detected and avoided using a single monocular
camera in real time. Furthermore, the classification capability of object detection networks can be
used in the avoidance algorithm. This is done by utilising class labels obtained by the detector
to improve avoidance decisions based on the object type. The proposed method can be easily

integrated in UAV systems using an object detector for tasks like real-time object detection [19].

This thesis aims to improve the accuracy of obstacle avoidance for drones using only a single camera
sensor. The proposed method of obstacle avoidance is compared against the original size expansion
algorithm using the SIFT algorithm by performing various real-life experiments. These experiments
are designed to test the accuracy of obstacle avoidance both methods in various environments and

conditions.

The remainder of this thesis is organised as follows: Chapter 2 gives an overview of related work
concerning obstacle avoidance for drones, ranging from methods using sensors to deep learning based
methods. In Chapter 3, the size expansion algorithm as described in [17] and some fundamentals
in object detection are discussed. Chapter 4 explains the implementation of the proposed method,
discussing both the object detection and obstacle avoidance modules that are used. In Chapter
5, the validity of the implementation is tested in several scenarios by comparing it against the
original method by Al-Kaff et al. [I7]. Chapter 6 analyses the results of the experiments. Finally,

in Chapter 7, a conclusion to this thesis is given as well as suggestions for future research.



Chapter 2

Related Work

2.1 Obstacle Avoidance Systems

Many different ways of handling collision avoidance are described in literature. In Simultaneous
Localisation and Mapping (SLAM) [20] techniques, a map of the surroundings is generated and
updated whilst using this map to find the robot’s location in the environment. This allows for
the detection of obstacles and traversable spaces. The authors of [9] used an RGB-Depth camera
to incrementally build a map of the environment and find a collision-free path. In [(] a Light
Detection And Ranging (LIDAR) sensor is attached to a small quadcopter to generate occupancy
grids which are used to track walls and avoid obstacles. However, using these types of sensors in
mini- to medium-sized drones is not always viable due to the higher cost and power consumption.
To combat this issue, the authors of [%] used a combination of low-cost ultrasonic and infrared
sensors to enable autonomous flight. This results in a less accurate but much more energy and

computationally efficient solution.

Another approach to obstacle avoidance is to use depth information generated by stereo vision [21]
techniques. Here two cameras looking at the same object are used to calculate depth based on
the disparity of the pictures of both cameras. This depth information can then be used to enable
3D world navigation. As demonstrated in [22], stereo vision sensors can also be combined with
global position system (GPS) to plan a flight path. Here, safe areas for the UAV to fly through
are found by analysing depth images obtained by a Semi-Global Matching (SGM) algorithm. In
[10], a stereo-camera is used on a tiny quadcopter to enable velocity and depth measurements. The
algorithm is able to run on an embedded microprocessor and uses edge distributions to calculate

optical flow and stereo disparity.



As monocular cameras are found in virtually all modern UAVs it is only logical to include these
sensors in obstacle avoidance, possibly eliminating the need to add additional sensors. The authors
of [23] used Extended Kalman Filter (EKF) to estimate the location of features in an image. These
feature points are used to create a terrain map which can be used in obstacle avoidance. In [21],
Harris Corner Detection and Scale Invariant Feature Transformation (SIFT) were used to compare
the size of an incoming object between frames so an obstacle can be detected. The method proposed
in [17] also uses a size expansion algorithm but includes an avoidance system which was tested by

the authors in an indoor environment.

With the rise of deep learning (DL) in the field of computer vision, it has been found to be a
promising method to apply to the obstacle avoidance problem [I3]. The authors of [25] used
self-supervised Convolutional Neural Networks (CNN) trained on a custom database to predict
the distance-to-collision. The distance to the closest object in multiple directions is estimated to
change the direction of the drone so collisions can be avoided. The implementation was found to

have high accuracy in a real-world indoor environment.

In [11], the DenseNet-161 CNN was trained on a custom-made dataset containing imagery of an
indoor corridor environment. The model classifies images gathered from a monocular, front-facing
camera on a UAV. The output of the model returns the probability of different class labels which
represent movement commands for the drone. Experiments showed an average accuracy of 77.3%
but the authors state that this could be improved by adding more diverse training images into the

dataset.

[26] combines two CNN networks to predict a 3D trajectory through different environments. First,
depth and surface normals are predicted to give the UAV 3D obstacle positions which are then used
to predict paths more precisely by a second CNN. Using the NYUv2 public dataset, containing
260k images with their corresponding depth information, the authors showed an improvement in

accuracy and robustness from 42.68% to 50.05% compared to a direct prediction approach.

The authors of [15] used a CNN trained on the public NYUv2 database to predict depth of single
images generated by a quadrotor. The authors further finetuned the network by adding their own
samples. The depth information predicted by the CNN is fed to a control system which steers the
UAV away from obstacles in real time. Testing was done in both a simulated environment and the

real world.



2.2 Object Detection Networks

Modern object detectors often use CNNs to classify and localise objects in a frame. Here, two-stage
and one-stage detectors are differentiated. Popular two-staged detectors are Fast R-CNN [27] and
Faster R-CNN. Such networks deliver high detection accuracy but at a high computational cost.
One-stage detectors like Single Shot Detector (SSD) [28] or the You Only Look Once (YOLO)
[10] family generally do not reach the same accuracy as two-staged detectors, but are able to run

significantly faster. Some of the relevant networks are further discussed in Section 3.2.2.



Chapter 3

Background

3.1 Size Expansion

Detecting objects using a single monocular camera is considered challenging because of the absence of
depth information. Size expansion enables the detection of obstacles in this situation by comparing
the size of an object in consecutive frames. An object can be determined to be an obstacle by
estimating the size and position of the object within the frame. Calculation of the differential size
ratio value and setting a threshold enables the drone to know when action needs to be taken to
avoid collision, as can be seen in Figure 3.1. To estimate the size of an object, a bounding box is
generated in the frame, encapsulating the possible object. The size of the object is then determined

by the amount of pixels the bounding box contains in the frame.

3.2 Object Localisation and Detection

Because bounding boxes are used as a means to estimate object sizes, they need to be drawn
accurately around possible objects in the image. The task of finding objects in an image is called
object localisation. It provides an extension to image classification, which tries to state what object
can be seen in an image, to also specifying where the object classified is located in the image. Here
we are limited by detecting a single, main object in the image. The object detection problem deals
with locating and classifying multiple objects in an image, by generating bounding boxes and labels
for all the objects it can detect (Figure 3.2).
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3.2.1 Point Feature Matching

One way to detect an object in an image is through feature matching. This is done by detecting
important features in both the input image and an example image of the object that needs to be
detected. Important features are often edges or corners, as these depict unique characteristic of the
object in question. These features can be found using algorithms like Harris Corner Detection [30],
Scale-Invariant Feature Transform (SIFT) [31] and Oriented FAST and Rotated BRIEF (ORB)
[32]. The features found in the input image are then matched with those in the example image
using a Brute-Force or Fast Library for Approximate Nearest Neighbours (FLANN) based matcher

[33]. The matches found will show if and where an object is located in the input image.

In [17] SIFT features and a Brute-Force Matcher are used to detect objects. SIFT offers the
detection of features which are robust to rotation and scale. The object detection algorithm

described in [17] consists of five stages:

1. Scale-space extrema detection: A difference-of-Gaussian function is used to find potential

scale and orientation invariant interest areas.

2. Keypoint localisation: The results from the previous step are refined, eliminating low-

contrast and edge keypoints based on threshold values.

3. Orientation assignment: Fach keypoint is assigned an orientation to achieve invariance to

image rotation.

4. Keypoint description: Keypoint descriptors are created to create robust, distinct features
based on the neighbourhood of the keypoint. This generates multiple keypoints in an image,

as can be seen in Figure 3.3.

5. Keypoint matching: The detected features are used for object recognition by matching

the features of a training image with the ones detected in the frame (Figure 3.4).

Matched keypoints are used calculate the size difference of an object in subsequent frames. This is
described further in Section 4.2.



Figure 3.3: Detected SIFT features. Figure 3.4: Matched keypoints from a Brute-Force

Taken from [34] matcher. Taken from [31]
Layer 1 Layer 2 Layer 3
representations representations representations

Layer 4
representations
(final output)

Original
input

-\

W0~ MM WD =0

Layer 1 Layer 4

Figure 3.5: Deep representations learned by a digit-classification model. Taken from [35]

3.2.2 Deep Learning

Another popular method for localising and detecting obstacles is using deep learning. These
methods are usually based on convolutional neural networks (CNN). Such networks are able to
detect local patterns in the input image in the first convolution layer, combining these into larger
patterns in subsequent layers, allowing these networks to efficiently learn complex structures. This
can be seen in Figure 3.5, where an example CNN can classify handwritten digits by combining
local features detected in the first layer, like edges and corners, into larger, more abstract concepts

in the latter layers, finally giving a classification label to the image.

Object detectors can be separated in multiple categories where two-stage detection and single-stage



detection are the most common. Two-stage detectors, like Faster R-CNN [36], use a region proposal
network to find interesting regions possibly containing objects in the image first. These regions are
then used by the second stage to apply classification or bounding box regressions, as can be seen
in Figure 3.6. Such methods are found to be the most accurate CNN object detectors, but often

require long processing times.
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Figure 3.6: Faster R-CNN. Taken from [30]

Single-stage detectors like YOLO (You Only Look Once) [37] or SSD (Single Shot MultiBox
Detector) [28] only utilise a single network, i.e. stage. Here, object detection is treated as a
regression problem where class categories and bounding box coordinates are learned from an input
image. Only using a single network increases the speed of the detection significantly, but hurts

detection accuracy. Figure 3.8 shows the general stages for both one- and two-staged networks.

Performance measures

To measure the accuracy of object detectors, Average Precision (AP) is often used. Object detection
challenges like COCO [15] use this measure to compare the performance of models on their datasets.

The AP is calculated by using the precision and recall values, where precision refers to the percentage

10



of correct positive predictions and recall measures what percentage of positives are found, as seen
in Equations 3.1 and 3.2. AP is defined as the area under the plotted precision-recall curve, using

Equation 3.3.

True Positive

— 3.1
p True Positive + False Positive (3.1)
- T?Tue Positive | (3.2)
True Positive + False Negative
1
AP = / p(r)dr (3.3)
0

When measuring accuracy for object localisation, Intersection over Union (IoU), as shown in
Equation 3.4, is often used as a measure of how well the predicted bounding box represents the
ground truth. A threshold is set to differentiate a generated bounding box between a true and false

positive.

Toll — area of overlap (3.4)

area of union

YOLO

The You Only Look Once (YOLO) family of one-staged object detectors promises high performance
and fast processing times. YOLO [37] is a single shot detector which divides the image into a grid,
where each cell predicts bounding boxes, confidence scores for these boxes, and a class probability
of the cell. These properties are processed during test time to create the final bounding boxes
and labels in a single network evaluation, resulting in a higher efficiency compared to two-stage

detectors. However, it makes more localisation errors and is less accurate than two-staged detectors.

YOLOvV2 [38] was proposed to deal with these issues by applying batch normalisation to the
convolutional layers, and implementing multi-scale training, fine-grained features, and anchor boxes.
This dramatically increased accuracy compared to the YOLO but is still lacking good accuracy for

smaller and densely packed objects.

The next iteration of the model, YOLOv3 [39], comprised changes to further improve accuracy. It

introduced multi-scale predictions and a new feature extractor network which greatly improved

11
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the detection of small objects. However, the AP still lags behind teh AP obtained by some of the
heavier two-staged networks. It makes up for this by having a much higher performance, i.e. it is
able to process an image faster than state-of-the-art two-staged methods on the same hardware.
The network architecture of YOLOvV3 can be seen in figure 3.7. The backbone feature extractor
network used is Darknet53 which performed on par with other detector backbone networks at a

higher max processing speed.

YOLOvVA4, the latest addition to the family, aims at an optimal trade-off between speed and accuracy
for object detection, in addition to being efficient, offering real-time performance. Furthermore,
the network was optimised so that it will be easy to train on a single high-end consumer GPU,
for example a single Nvidia GeForce RTX 2080 Ti. Bochkovskiy et al. accomplished this by
comparing the performance of the network whilst using different methods for each of the detectors
stages: backbone, neck and dense prediction, as can be seen in the one-stage portion of Figure 3.8.
Furthermore, the authors compared and added more methods from literature to improve accuracy.

They distinguished two categories:

« Bag of Freebies (BoF): These methods increase the accuracy of the network without

impacting inference performance. An often used example of this is data augmentation.

12
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« Bag of Specials (BoS): These methods increase the accuracy while only impacting inference

performance by a small amount.

The authors compared many of these methods to find the optimal combination to be used in
YOLOv4. The model was tested and compared to others (Figure 3.9) using the MS COCO dataset
[18] and shows comparable accuracy performance to other state-of-the-art models with a much
higher FPS. This makes this model suitable for obstacle avoidance, where high accuracy as well as

high performance are required.

YOLOv4 Architecture

The final YOLOv4 design includes the optimal backbone and neck found by experimentation to be
used by the YOLOv3 head (Figure 3.7). The following components were used:

1. Backbone: CSPDarknet53 [11]. Cross-Stage-Partial-connections (CSP) are implemented
into the old Darknet53 backbone. This reduces the algorithm’s complexity by separating the

input into two parts where only one is processed by the network layer (see Figure 3.10).

2. Neck: SPP [12], PAN [13]. The neck is used to enrich information gained by the backbone
feature extraction network for use in the head object detection network. Spatial Pyramid
Pooling (SPP) allows for the detection of objects at multiple scales by splitting feature maps
into multiple blocks, creating a spatial pyramid. Path Aggregation Network (PAN) is used
to speed up information flow through the network. An example of this can be found in
Figure 3.11. The green line represents a shortcut path, allowing fine-grained information to

be available to later layers.

13
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Chapter 4

Methods

As seen in Chapter 2, there are multiple approaches to obstacle avoidance. This thesis proposes to
implement the YOLOv4 CNN object detector into the size expansion algorithm described in the
paper by Al-Kaff et al. [17], replacing the non-DL SIFT method for object detection. The problem

of obstacle avoidance is divided into two subproblems:

» Obstacle Detection: Localising objects and generating bounding boxes to calculate object

sizes which are used to specify if an object is regarded as an obstacle or not.

o Obstacle Avoidance: Avoiding the obstacle, knowing its location.

4.1 Movement commands

There are many different routes a drone can take to avoid an obstacle. For the sake of simplicity, the
drone’s avoidance manoeuvres are limited to a Left/Right or Up/Down motion, or a combination
of the two. The concrete commands to be sent to the drone can be seen in Equation 4.1 and are

used by the obstacle avoidance module to move the drone away from obstacles.

15



MoveRight(Amount)

MovelLe ft(Amount)
(4.1)

MoveUp(Amount)

Move Down(Amount)

This chapter will continue to describe the methods used and the changes made to the original paper

in both subproblems and how these two modules work together.

4.2 SIFT based method

This section describes the method used in [17], which is used in the experiment as a baseline for

comparing the performance of the proposed method.

4.2.1 Obstacle Detection

The baseline method [17] uses the SIFT algorithm to detect objects in front of the drone by

detecting SIFT features, or keypoints, in two consecutive frames.

Before locating objects, the input image is preprocessed by cropping the image to extract the Region
Of Interest (ROI) with a diagonal Field Of View (FOV) of 62°. This is done to limit the object
detection area, preventing keypoints outside the collision area of the drone from being matched,
and speeding up the computation. Objects outside of this region will not interfere with the drone’s

flight path and thus are not considered obstacles.

The found SIFT features within the ROI in two frames are matched using a brute-force matcher,
returning keypoints present in both frames. These matched keypoints are filtered by excluding a
match if the keypoint size in the second frame is not larger than the keypoint size in the first. This

eliminates keypoints moving away from the drone.

Next, using the filtered matched keypoints, a single Object of Interest (OOI) is defined by creating

16



a convex hull containing all the matched keypoints. The convex hull serves as an estimation of the
object location and size, which are used to decide if an detected OOI is an obstacle or not. This is
done by calculating two size ratio values: the matched keypoint size ratio and the convex hull size

ratio, calculated as follows:

ratio(mkp) = Jbi:l m (4.2)
ratio(C') = jzzggj; (4.3)

Here, mkp; (i) and mkp,(i) denote a keypoint in the first and second frame respectively. C; and Cy
are the convex hulls containing the matched keypoints in both frames. If the respective threshold
values of both size ratios are exceeded, the algorithm decides that the object is an obstacle and
action will be taken by the obstacle avoidance system discussed in Section 4.2.2. Otherwise, the
drone can continue undisrupted and the algorithm will process the next frame. The threshold

values are selected based on the experiment described in Section 5.2.1.

4.2.2 Obstacle Avoidance

The obstacle avoidance module is tasked with sending the drone in the optimal direction to avoid the
obstacle. This direction is decided by the location of the obstacle in the frame. The best direction
is found by calculating four image zones: Up, Down, Left, Right. This is done by measuring the
amount of pixels between the four sides of the obstacle and the border of the frame, as seen in
Figure 4.1. The sizes of each opposite zone is compared and the largest ones are selected as the
direction of the avoidance command. This ensures the manoeuvre moves the drone to the part of

the frame that is the emptiest, away from the obstacle.

Avoidance commands

With the avoidance direction of the drone decided, a movement command is sent to the drone.
Here, an empty safety area SafetyArea = 0.30 m around the obstacles is assumed where the drone
is safe to move. This takes into account the dimensions of the drone and any inaccuracies that

might arise from the drone’s positional sensors. The movement commands that will be sent based

17
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on the direction that was decided by the image zone sizes is shown in Equation 4.1.

In case any of the obstacle’s size ratio exceeds 2.0, the object is considered too close or approaching

too fast for the drone to avoid, and a hover command is sent to stop the drone.

4.3 YOLO based method

The method proposed in this thesis aims to improve the baseline method by utilising an object
detection neural network to localise objects and estimate their sizes. This section presents the

neural network used and the changes made to the method described in Section 4.2.

4.3.1 Obstacle Detection

The original method uses the SIFT algorithm to detect objects in front of the drone by matching
SIFT features between two consecutive frames. The proposed method aims to improve the object
detection by using the CNN YOLOv4 network to generate bounding boxes around detected objects.

The sizes of these bounding boxes are used in the size expansion algorithm instead of the convex

18



hull and keypoint sizes. The CNN used must have fast inference times for the drone to be able
to react quickly to incoming objects whilst also having a high localisation accuracy to reliably

calculate the sizes of obstacles.

Because of these requirements, YOLOv4 [16] is used as the object detection network for its fast
inference performance and high accuracy compared to other models with the same speed. The
model was trained on the open-source COCO [18] dataset, containing over 200K labelled images

spread across 80 object classes.

Size Expansion

Using the object detector, we can localise objects and estimate their sizes by counting the amount of
pixels the bounding box of the object contains. The original method using SIFT feature matching
can only detect a single frontal object, as keypoints from the whole ROI are used by the matching
algorithm. This means keypoints outside of the main obstacle can be included in its convex hull,
making the detector less accurate and skewing size ratio calculations. The proposed CNN-based
method can detect multiple objects separately since bounding boxes are drawn only around the
part of the image the detected object is located in. These sizes are then used in the size expansion

algorithm as depicted in Figure 4.2.

Before locating objects, the input image is, similar to the SIF'T method, preprocessed by cropping
the image to extract the Region Of Interest (ROI) with a diagonal Field Of View (FOV) of 62°.
This ROI is used to exclude detected objects which middle points are outside this region, removing

objects that are outside the drone’s collision zone from being considered in obstacle detection.

The object detection model generates bounding boxes around objects in the ROI of every frame of
the drone’s video stream. This operation returns a list of the coordinates of the bounding boxes
along with their respective class labels. When the detection model detects any objects, one or more
Object Of Interests (OOIs) are chosen which will be tracked as potential obstacles. Being the most
likely objects to interfere with the drone’s flight path, objects closest to the middle of the frame are
selected as OOIs. An OOI is tracked until it moves out of the frame or cannot be detected any
more, which is checked by comparing the label and location of each OOI with the detected objects

in the next frame.

After choosing and validating the OOlIs, the size change ratio of each OOI will be calculated using

the size of the OOI in the previous frame and its current size, using Equation4.3.1. Here O denotes
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the OOI and ¢ the current frame.

size(O(t))

ratio(0) = size(O(t — 1))

(4.4)

If the size ratio of any OOI exceeds the threshold value (1.15), as decided by the experiment
described in Section 5.2.1, the object is considered an obstacle and must be avoided. The latest
bounding box coordinates and class label of all OOIs are then sent to the obstacle avoidance module,

where appropriate action will be taken to avoid the object.

4.3.2 Obstacle Avoidance

After one or more obstacles are detected by the object detector, they need to be avoided by the
drone to avoid collision. The direction of the avoidance manoeuvre is decided by calculating the
same four image zones as seen in Section 4.2.2, where the baseline method defines the image zones
as the amount of pixels between the side of the image and the obstacle. The proposed method
defines the Up, Down, Left and Right image zones as their respective half of the frame (See Figure
4.3). Because the proposed method can detect multiple obstacles at the same time, each zone is
calculated by its size in pixels minus the surface area of the obstacle bounding box(es) located in
its area. An example of this can be found in Figure 4.4, where three obstacles are detected. The
impact of each OOI is decided by its size ratio. OOIs with high size ratios have a greater impact, as

these objects need to be avoided more quickly. This OOI weight value is calculated using Formula
4.5.

Size Ratio
Size Threshold

OOI weight = (4.5)

Finally, thanks to the classification ability of the detection network, the class labels of the obstacles
can be used to make smarter choices when choosing a direction. For each class, weights are assigned
to the four image zones which are multiplied with the zone size values to give a bias to one or more
image zones. A higher weight value for a zone would increase the probability of the direction of
that zone to be chosen, and vice versa. This also allows for directions to never be chosen if the
weight value is set to 0, which can be beneficial for object classes where some avoidance direction
might almost never be viable (e.g. for wall-hung objects, going down has a low chance of being

successful).
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Figure 4.3: The four image zones of the pro- Figure 4.4: Example calculation of image
posed method zone sizes. The coloured parts show what
area is included in the corresponding zone

After calculating the image zone sizes, the obstacle avoidance manoeuvre is decided, where the
drone can execute a left or right, and up or down motion. Which commands are executed depends
on the sizes of the zones in both pairs, choosing the smaller ones. These zones contain the most
empty space, giving the drone a higher chance to avoid the obstacles. A general overview of the

avoidance system is shown in Figure 4.5.
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Chapter 5

Experiments

5.1 Hardware Platform and Specifications

To test the proposed obstacle avoidance method the Ryze Tello drone was used. This consumer
quadcopter is low cost (~€100), small, light, and very manoeuvrable (See Figures 5.1, 5.1). The
video output from its single camera (1280 x 720 at 30 fps) is used as an input to detect and avoid

obstacles.

The drone is connected to a base station PC using WiFi. This station will receive the drone’s video
stream, process it and return movement commands if needed. The specifications of the base station
can be found in Table 5.2. The average performance during flight of the proposed and previous

methods are displayed in Table 5.3.

Specification \ Value
Weight 80g
Dimensions 98 x 92.5 X 41 mm
Wi-Fi 2.4GHz 802.11n
Camera 5MP
Video 720p at 30 fps
Features IR Altitude Detector, IMU

Figure 5.1: Ryze Tello drone Table 5.1: Ryze Tello specifications
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Table 5.2: Base station specifications used in experiments Table 5.3: Performance com-

parison
Component \ Specification
Tntel Core i7-4770k 4.0 GHz Performance
Processor 4 cores 8 threads Method (fps)
RAM Storage 16 GB SIFT 11
Graphics Card Nvidia GTX 1070 8 GB YOLO 15
Operating System | Ubuntu 20.04 LTS 64-bit

In all experiments, the input stream is processed ten times per second (10 fps) to provide a consistent

comparison. The drone flies at a constant 0.5 m/s in all scenarios.

5.2 Scenarios

Multiple experiments were performed to both optimise the proposed method and to compare its
performance to the SIFT based method. The details of each experiment are discussed in this

section.

5.2.1 Threshold Optimisation

This experiment tries to find the optimal values for the obstacle and keypoint size ratio threshold
values as described in Section 4.3.1. These needed to be recalculated from the values used in [17]

to account for the difference in drone speed and processing time between frames.

The test is performed on stationary objects on a white background to prevent SIFT features from
the background to be included in the obstacle convex hull. The drone approached the obstacle
with a constant speed, taking a backwards manoeuvre once the obstacle was detected, meaning the
obstacle size or keypoint size ratio exceeds the threshold. The distance flown was recorded using the
drone’s internal sensors at the moment of detection to calculate the distance to the obstacle. These
distance values are measured to determine the optimal threshold values used in later experiments.
Measurements are gathered until the drone cannot reliably detect the frontal object due to too
high threshold values.
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5.2.2 Inside Obstacle Avoidance

This scenario compares the performance of obstacle avoidance of the described method against
the method presented in [17] in an indoor environment. The drone travels in a predefined straight
line, encountering one or more objects in its path. Information gathered from the drone’s internal
sensors and camera during the flight was used to evaluate and compare the performance of the
implementation. The indoor environment included a white background to make it easier for both
methods to detect differently coloured objects. Obstacles were approached at different angles and

distances to give a varied comparison.

5.2.3 Outside Obstacle Avoidance

The outside scenario has the same goal as the indoors scenario described above: testing the avoiding
performance of the proposed method. The difference to the indoor environment is the inclusion of
a noisy background, increasing the difficulty of detecting foreground objects. A person obstacle is

used to test the methods robustness against noisy environments.

5.2.4 Smart Car Obstacle Avoidance

This experiment is designed to show the validity of using object classes in a real-life scenario. A
single obstacle representing a car will be placed in front of the drone at low altitude. Because of
this altitude specification, taking a downward avoidance manoeuvre has a high chance of the drone
colliding with the ground. We compare the performance of the proposed method, both with and
without the use of class weights as described in Section 4.3.2. The performance of the SIFT method

will also be analysed.
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Chapter 6

Results

6.1 Threshold optimization

The results in Figure 6.1 show the average distance of detection for various threshold values. A safe
detection distance of 1.5 m was chosen, taking into account connection and processing latencies
between the obstacle detection and the avoidance manoeuvre taken by the drone. The figure shows
the Hull size ratio threshold to be 1.15 and the Keypoint size ratio threshold to be 1.09 at the

chosen distance. These thresholds are used in subsequent experiments, where the drone processes

the video feed at 10 fps and flies at a constant 0.5 m/s.
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Figure 6.1: Threshold optimization results
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Figure 6.3: YOLO Avoidance manoeuvres: 3D and 2D top view

6.2 Obstacle Avoidance

The obstacle avoidance performance of the proposed method was tested in multiple scenarios.
Figures 6.2 and 6.3 show an example of 10 flights taken by the drone for the SIFT and YOLO
methods respectively. It demonstrates the drone’s ability to avoid frontal obstacles in multiple
directions. In these examples, the drone starts at the start position, travelling forward until it
detects an obstacle, denoted by the black box. It shows the avoidance manoeuvres of the proposed
method being comparable to the performance of those of the SIFT method. This is to be expected

as the same avoidance commands were used.

The overview of the total performance of both methods is shown in Table 6.1. It shows that the
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Table 6.1: Obstacle avoidance accuracy (%) of the selected algorithms

Accuracy (%)
Algorithm Inside Outside
Person Obstacles Car | Person | Total
SIFT size expansion 91.0 71.0 42.5 18.3 63.3
proposed CNN algorithm 90.0 90.0 90.0 83.3 88.7

(b)

Figure 6.4: Bounding box inconsistency example. Large size change from frame (a) to (b) on the
truck object

proposed method has the highest avoidance accuracy of 83.7% compared to SIFT method which
reached 63.3% accuracy.

The main cause of failure for the YOLO method is the inaccuracy of object localization, causing the
bounding box around an object to change suddenly in subsequent frames. This triggers the obstacle
avoidance too early or too late, causing the drone to collide with the obstacle. An example of this
can be seen in Figure 6.4. Here the size of the bounding box around the truck object increases

dramatically within one frame, causing a premature avoidance manoeuvre.

Another cause of failure is the inability of the network to detect objects classes not present in
its training dataset which causes no bounding boxes to be generated. Thus, the drone will not
consider these objects as obstacles and not perform any evasive manoeuvres. An example can be
found in Figure 6.5. Where the SIFT method can use keypoints to detect the wall object, the
YOLO method fails as the object was not contained in its training dataset. This can be solved
by including more objects in the training dataset or by using a more specialised dataset for the

working environment, including expected object classes.
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(a) SIFT

Figure 6.5: Object detection on a wall obstacle

(b) YOLO

Table 6.2: Obstacle avoidance results SIFT method

Inside Outside
Person Obstacles Car | Person || Total
Situations 100 100 40 60 300
Avoided 91 71 17 11 190
Failed 9 29 23 49 110
Accuracy (%) 91.0 71.0 42.5 18.3 63.3

The separate results for the SIFT and YOLO methods in all experiments are listed in Tables 6.2
and 6.3 respectively. We see similar performance in the indoor person scenario. This shows our
method performs on par with the previous work when detecting a single frontal object on a white

background.

The inside obstacle test includes multiple objects to be avoided at once. Using the multiple object
tracking capability of our method, the ability to avoid multiple objects is improved compared to

the previous work, as accuracy increases from 71.0% to 90.0%. The examples in Figure 6.6 show

Table 6.3: Obstacle avoidance results YOLO method. Using class weights for the car test. (Section
6.3)

Inside Outside
Person Obstacles Car | Person | Total
Situations 100 100 40 60 300
Avoided 90 90 36 50 266
Failed 10 10 4 10 34
Accuracy (%) 90.0 90.0 90.0 83.3 88.7
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(a) SIFT (b) YOLO

Figure 6.6: Object detection on multiple obstacles

that the SIF'T method represents both objects as a single convex hull. This causes the size of
the hull to increase slower than necessary to avoid the obstacles on time. Because the proposed
method generates separate bounding boxes for both obstacles, it can track the size changes of both

obstacles at the same time, predicting more accurately when avoidance must take place.

In the outside scenario we see a slightly lower accuracy in comparison to the inside environment
for the YOLO method. This can be explained by the harsher lighting conditions found outside
compared to the more consistent lighting in an indoor environment. The SIFT method shows a poor
result with an accuracy of 18.3% in this scenario. This can be explained by the textured background
present behind the obstacle, causing the algorithm to include keypoints from the background in the
obstacle convex hull. This means the convex hull increases slower between frames, causing the UAV
to detect the object too late or not at all. An example of this can be seen in Figure 6.7, showing
the inability of the SIFT method to differentiate close objects to a noisy background. Because of
the proposed method’s object detector, it can easily separate frontal objects from the background,

leading to a significantly higher accuracy of 83.3% in this scenario.

6.3 Smart Avoidance

This experiment shows the influence of the class weights, described in Section 4.3.2, on the avoidance
accuracy. The results seen in Table 6.4 show that the accuracy of the YOLO detector can be

significantly improved by using the object class in the avoidance procedure. By eliminating the
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Figure 6.7: SIFT: Person outside example

downward avoidance direction for car objects, the accuracy increased from 40.0% to 90.0%. This
example scenario shows the improvements using rich information like the object class can bring to
obstacle avoidance. This concept can be used in different ways based on the object present in the

dataset and the use case by assigning weights to the zones of object classes if called for.

Table 6.4: Results car experiment

YOLO YOLO
SIFT Default Class Weights
Situations 40 40 40
Avoided 17 16 36
Failed 23 24 4
Accuracy (%) || 42.5 40.0 90.0

32



Chapter 7

Conclusions and Further Research

This thesis proposed a Convolutional Neural Network (CNN) object detector-based obstacle
avoidance system for drones using the YOLOv4 [16] network trained on the COCO dataset [18].
It uses only information gathered from the video feed of the onboard camera for detecting and
avoiding obstacles. By calculating the size changes of generated bounding boxes around objects in
subsequent frames, obstacles can be differentiated from other objects by comparing the size change

values to set thresholds.

The proposed YOLOv4 method was compared to non-deep learning Scale-Invariant Feature Trans-
form (SIFT) based method proposed in [17] in various real-life obstacle avoidance experiments.
Results show a significant increase in avoidance accuracy from 63.3% using the SIFT method to
83.7% using the proposed YOLO method. Accuracy was found to be on par with the previous work
in a simple scenario containing a single obstacle. However, significant improvements were measured
in scenarios with multiple obstacles, where accuracy increased from 71.0% to 90.0%. Furthermore,
results from experiments containing obstacles on a textured background, an increase of accuracy
from 18.3% to 90.0% was measured, where the SIFT method struggles to differentiate background
from obstacle. These results show that the proposed method has a consistent high accuracy in

various environment, where the SIFT method lacks in more difficult circumstances.

The proposed method struggles in certain scenarios where a detected object is not well represented
in the used database. This can cause an unstable generation of bounding boxes between frames,
resulting in a premature or delayed avoidance manoeuvre. Furthermore, the proposed method is
clearly unable to detect objects that are not represented in the training dataset. However, this can
be avoided by including more expected obstacle classes in the training dataset for the environment
the UAV is used in.
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Based on these conclusions, recommendations for future research are provided. These can focus on

two main categories:

e Improve the YOLO method. This can be done by experimenting with different datasets,
adjusting the CNN’s architecture, or by implementing the algorithm using small, efficient
networks like YOLOv4-tiny [16]. This can remove computational restraints allowing a faster
processing speed. This can possibly increase responsiveness when performing avoidance

manoeuvres.

o Combine the YOLO method with the SIF'T approach. Using an object detector or region
proposal network to find regions where SIF'T convex hulls will be generated may increase
accuracy whilst keeping a real-time operating speed. This approach can decrease the impact
of bounding box generation inaccuracies whilst still allowing for the detection of multiple

obstacles.
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