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ABSTRACT

Automated apple harvesting has attracted significant research interest in recent years
due to its potential to revolutionize the apple industry, addressing the issues of shortage and
high costs in labor. One key enabling technology towards automated harvesting is robust ap-
ple detection and localization, which poses great challenges because of the complex orchard
environment that involves varying lighting conditions and foliage /branch occlusions. In this
dissertation, I first propose a suppression Mask RCNN to generally improve the accuracy for
apple detection. The developed feature suppression network significantly reduces false detec-
tion by filtering non-apple features learned from the feature learning backbone. In addition,
I propose a novel deep learning-based object detection method Occluder-Occludee Relational
Network (O2RNet), which addresses the challenge of detecting and isolating clustered ap-
ples in apple orchards. This was motivated by the observation that previous object detection
techniques have exhibited limited success in handling fruit occlusion and clustering, which
are common issues in agricultural settings. To overcome these challenges, O2RNet employs
a two-stage approach, where in the first stage, I use a customized deep Feature Pyramid
Network (FPN) architecture to generate candidate regions of interest (ROIs) for potential
fruit objects. The second stage feeds these candidate ROIs into the occluder branch and
occludee branch respectively using a feature expansion structure (FES). By leveraging this
two-stage approach, O2RNet can effectively isolate individual apples from clustered regions,
thereby facilitating accurate apple detection. Furthermore, I focus on developing an Ac-
tive Laser-Camera Scanning (ALACS) scheme to achieve a high-precision 3D localization of
detected apples and overcome existing localization challenges like varying illumination con-
ditions, complex occlusion scenarios, and limited geometric information. The hardware of
ALACS includes a red line laser, an RGB camera, and a linear motion slide. All these compo-
nents are seamlessly integrated for fruit localization by using an active scanning scheme and
laser-triangulation technique. The technique integrates semantic information from O2RNet’s

detection results with bounding boxes to generate accurate 3D coordinates for each detected



apple. Last but not least, I propose a Skeleton-lead Segmentation Network (SkeSegNet) and
integrated it with the Panoptic-Deeplab. SkeSegNet is developed to address the challenges
of segmenting complex branches by treating branches as a set of skeletons. Combined with
depth map, SkeSegNet generates 3D branches locations for efficient obstacle avoidance. I
evaluated each approach in the comprehensive experiments and superior experimental results

demonstrated the effectiveness of the proposed approaches.
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CHAPTER 1

INTRODUCTION AND MOTIVATION
In this chapter, I first introduce the motivation of this thesis and the challenges for
robotic fruit harvesting. Then, I introduce the specific research objectives of this thesis and

provide a summary of the key contributions.

1.1 Motivation

Fruit harvesting is highly labor-intensive and cost-heavy; it is estimated that the labor
needed for apple harvesting alone is more than 10 million worker hours annually, attributing
to approximately 15% of the total production cost in U.S. [37]. Growing labor shortage
and rising labor cost have steadily eroded the profitability and sustainability of the fruit
industry. Furthermore, manual picking activities constitute great risks of back strain and
musculoskeletal pain to fruit pickers due to repetitive hand motions, awkward postures when
picking fruits at high locations or deep in the canopy, and ascending and descending on
ladders with heavy loads [33|. Therefore, there is an imperative need for the development
of robotic mass harvesting systems to tackle labor shortage, lower human injury risks, and
improve productivity and profitability of the fruit industry.

The first and foremost task in robotic harvesting is fruit detection and localization,
which identifies fruit in the area of interest and provides targets for the robot to perform
subsequent actions. Due to the low cost of cameras and the tremendous advances in computer
vision [87], image-based fruit detection systems have gained great popularity in robotic fruit
harvesting since the late 1980s. Although robust apple detection in the presence of complex
tree structures and varying lighting conditions is a challenging task, the deep learning-based

perception techniques [63, 49, 48, 114, 70| have enabled robotic fruit harvesting in the reality.

1.2 Challenges in Robotic Fruit Harvesting
Fruit harvesting presents a myriad of challenges, encompassing various aspects that sig-

nificantly impact the efficiency and precision of the process [23].Despite progresses [55, 116,



89, 25, 132|, several important challenges in developing a fully functional robotic harvesting
system remain, and no commercially-viable systems are yet available in the market. One
key challenge is posed by fruit clusters, where multiple fruits grow closely together, making
it intricate to isolate and identify individual fruit. Occlusion, another formidable challenge,
arises when fruits are hidden or partially obscured by foliage or branches and always causes
failed detection. Additionally, the 3D localization of fruits under occlusion generates impre-
cise positioning and may lead to harvesting errors. Branch obstacles further compound these
difficulties, as the harvesting robot must navigate through the complex three-dimensional
structure of the plant while avoiding damage to both the fruits and the tree itself [3]. These

challenges make robotic fruit harvesting harder in the complex environments.

1.3 Summary of Research Contributions

This dissertation studies detection and 3D localization of fruits in complex orchards
for robotic apple harvesting application. In particular, I propose a suppression Mask R-
CNN Network and an Occluder-occludee Relational Network to enhance detection precision
for fruits. I also explore using a novel laser-based device to improve accuracy for 3D fruit
localization. Then I study applying panoptic perception algorithms for orchard segmentation
to help our harvesting robot avoid branch obstacles. This dissertation delivers the following

contributions:

1. A new deep network, suppression Mask R-CNN;, is proposed to remove false detections
due to occlusion and increases the accuracy and robustness of apple detection.

2. A comprehensive apple dataset of 1246 images for two varieties of apple under different
lighting conditions and occlusion levels are collected from two orchards during two
harvesting seasons.

3. A novel Occluder-Occludee Relational Network (O2RNet) is proposed for enhanced
apple detection in the presence of occlusions due to apple clusters.

4. A novel Active Laser-Camera Scanning system, consisting of a red line laser, an RGB-

D camera, and a linear motion slide, is designed and developed for accurate fruit 3D



localization.

5. A Laser Line Extraction (LLE) algorithm is proposed and implemented for robust
feature matching to enable stable 2D-3D transformation for ALACS.

6. An image annotation tool, PicA, is developed and open-sourced to alleviate the burden
of manual annotation by leveraging the concept of superpixels and pre-trained models
associated with panoptic segmentation annotation.

7. Skeleton-lead Segmentation Network (SkeSegNet) is proposed to address the challenges
of segmenting complex branches, and generates 3D branches for efficient obstacle avoid-

ance using depth map.

1.4 Thesis Organization

The remainder of this dissertation is organized as follows:
Chapter 2: Background and Related Work

This chapter presents a comprehensive introduction to fruit harvesting robots and our
developed RIVAL’s apple harvesting robot. Besides, I give an overview of existing works for
fruit perception in harvesting robots, which give supports to our research work.
Chapter 3: Suppression Mask R-CNN for Apple Detection

This chapter shows my methods for collecting a comprehensive apple dataset for two
varieties of apples with distinct yellow and red colors under different lighting conditions from
the real orchard environment. A novel suppression Mask R-CNN was developed to robustly
detect apples from the dataset. Our developed feature suppression network significantly
reduced false detection by filtering non-apple features learned from the feature learning
backbone. Our suppression Mask R-CNN demonstrated superior performance, compared to
state-of-the-art models in experimental evaluations.
Chapter 4: O2RNet: Occluder-occludee Relational Network for Clustered Apple
Detection

In this chapter, I discuss the challenges associated with the detection of clustered ap-

ples, a task that demands heightened precision and adaptability due to the complex spatial



arrangements of fruit clusters within orchards. I propose a novel solution, the Occluder-
occludee Relational Network (O2RNet), designed to address the specific challenge posed by
occlusion and cluster proximity. Subsequently, I provide a comprehensive evaluation of the
OR2Net’s performance, assessing its efficacy in real orchard environments and under varying
conditions.
Chapter 5: ALACS: Active Laser-Camera Scanning for 3D Apple Localization
In this chapter, I review several consumer RGB-D cameras and depict our proposed
localization technique, called Active Laser-Camera Scanner (ALACS). I propose a feature-
matching algorithm, called Laser Line Extraction (LLE), to help ALACS transform the 2D
fruit positions to 3D fruit positions, thus achieving accurate mapping even under complex
fruit morphology, variable lighting conditions and occlusions.
Chapter 6: SkeSegNet: Skeleton-lead Segmentation Network for Branch Seg-
mentation
In this chapter, I delve into the realm of panoptic segmentation, presenting a compre-
hensive overview of the field. I introduce our novel approach, SkeSegNet, aimed at ad-
vancing branch segmentation by leveraging skeletal information for enhanced accuracy and
robustness. Furthermore, I explore the by-product of SkeSegNet to generate 3D branch
representations.
Chapter 7: Conclusion and Future Work

This chapter concludes the thesis and discusses the future work.



CHAPTER 2

BACKGROUND AND RELATED WORK
In this chapter, I provide a comprehensive introduction to fruit harvesting robots and
our developed RIVAL’s apple harvesting robot. Besides, I give an overview of existing works

for fruit perception in harvesting robots, which give supports to our research work.

2.1 Introduction

The apple industry relies heavily on manual labor. For instance, in the United States
alone, it is estimated that the seasonal labor force needed for apple harvesting is more than
10 million worker hours each year, attributing to about 15% of the total production costs
[38]. The growing labor shortage and increased labor cost have thus become major concerns
for the long-term sustainability and profitability of the apple industry. In the meantime, the
past decade has seen great transitions in apple production systems; traditional unstructured
orchards have been replaced with high-density orchard systems where trees are smaller and
more uniformly structured (i.e., v-trellis, vertical fruiting wall, etc.). These modern tree
structures can greatly facilitate orchard automation, and thus there has been a renewed
interest in pursuing robotic harvesting as a promising solution to reduce the harvesting cost
and dependence on manual labor.

Over the past few years, several robotic systems have been designed to autonomously har-
vest different horticultural crops, including sweet pepper [64], strawberry [123], apple [100],
and kiwifruit [119]. For apple harvesting, the automation system designs can be mainly
grouped into two categories. The first category is the shake-and-catch harvesting [135],
where vibrations are applied to the tree trunk and/or branches to detach the fruits. Al-
though the shake-and-catch harvesting systems are efficient in detaching fruits from trees,
they often result in a high rate of apple bruising that is not acceptable for fresh market. The
other category is the fruit-by-fruit harvesting where manipulators are used to pick fruits in
a controlled manner, and thus can substantially reduce fruit damage. However, designing

such systems with high picking efficiency and practical viability presents a great challenge.



So far, several fruit-by-fruit robotic apple harvesting systems have been developed [4, 100,
50, 133, 15|. For instance, Baeton et al. combines a 7 degree-of-freedom (DOF) industrial
manipulator with a vacuum activated, funnel shaped gripper for apple detachment, and the
harvesting cycle time is 8-10 s/fruit [4]. In [100], both hardware and software designs of an
apple harvester are presented. Field tests conducted on a v-trellis orchard show that this
system is able to pick 84% of 150 apples attempted with the overall harvesting time being
7.6 s/fruit. In [50|, Hohimer et al. developed a harvesting robot based on a pneumatic
soft-robotic end-effector, and the average time that the system takes from apple detachment
to transported to storage bin is 7.3 s/fruit. Despite the aforementioned progresses, the low
picking efficiencies of existing systems are still unsatisfactory for their practical use in the

real orchard environment [73].

2.2 RIVAL’s Apple Harvesting Robot

Despite the significant progress, the existing robotic apple harvesting systems are still
far from being commercially viable mainly because they are unreliable in performance and
inefficient or too slow in picking fruit in the real orchard environment and are too complicated
or expensive to be economically sound [43]. Hence, I designed a high-performance robot
platform [134] for automated fruit-by-fruit apple harvesting.

The principal objective of the hardware system design is to build a fully self-contained,
modular harvesting platform that can support various payloads, endure rough terrains, and
be easily modifiable and extensible. To facilitate the movement in the orchard environment,
the whole system is built on a trailer base which can be hauled by a farm vehicle or robotic
moving platform. The developed robotic apple harvesting system is shown in Figure 2.1,
which consists of three major modules: the support hardware module, the computer &
operation module, and the robotic harvester.

The support hardware module includes a 5.5 kW Honda gas-powered electric generator
and a Delfin industrial vacuum. The generator provides a 240 V power source and can

continuously support the whole system running for approximately 5.5 hours if fully refilled.



Robotic harvester

Support hardware module Computer & operation module

Figure 2.1 Hardware modules of the developed robotic apple harvesting system.

The Delfin industrial vacuum has two powerful bypass motors with independent cooling and
can generate a peak horsepower of 5.5 HP. During fruit harvesting, this vacuum machine runs
continuously to provide vacuum flow, generating suction forces to enable the soft effector to
detach fruits (see Section 2.2.3 for descriptions on the end-effector).

The computer & operation module is comprised of a high-performance industrial com-
puter and a workstation where users can monitor and control the robotic system. The
industrial computer has an Intel®Xeon E2176G processor, 64 GB of RAM, and a NVIDIA
GeForce RTX 2080 Ti graphic processing unit. This computer hosts all software algorithms
and the communication connections to all components.

The main components of the robotic apple harvesting system are shown in Figure 2.2,
including a perception component, a 4-DOF manipulator, a vacuum-based soft end-effector,
and a dropping component. More detailed descriptions on these four components are given

in the following sections.



Figure 2.2 Main components of the robotic harvester for apple picking.

2.2.1 Perception Component

For robotic apple harvesting, the first and foremost task is to detect and localize the
fruits. As shown in Figure 2.2, an Intel RealSense D435i RGB-D camera and a custom-built
laser-camera unit are integrated as the sensor set to achieve apple detection and localiza-
tion. The RGB-D camera is mounted on a horizontal frame that is above the manipulator.
Different from the other robotic harvesting systems (e.g., [? |) that attach the camera to
the manipulator or the end-effector, our installation scheme ensures that the RGB-D camera
can provide a global view of the scene, which facilitates the use of multiple manipulators
planned in our future versions. Since the depth measurement of consumer RGB-D camera is
not stable under leaf/branch occlusions and/or challenging lighting conditions (see [79, 35]
for an in-depth review on localization performance of commercial RGB-D sensors), I design
a new laser-camera unit to address this issue. The specially designed laser-camera unit is

comprised of a red line laser (635 nm), a Flir RGB camera, and a linear motion slide. The



line laser is mounted on top of the linear motion slide which enables the laser to move back
and forth horizontally with a full stroke of 20 cm. Meanwhile, the Flir RGB camera is
installed at the rear end of the linear motion slide with a relative angle to the laser scan-
ner. The RGB-D camera and the laser-camera unit are fused synergistically to achieve high

perception accuracy and robustness, where the fusion scheme will be detailed in Chapter 5.

2.2.2 Manipulator

A 4-DOF manipulator is designed and assembled with compact mechanical structure
for efficient manipulation in the workspace. As illustrated in Figure 2.3, the manipulator
consists of three revolute joints and one prismatic joint. The first and second revolute
joints are connected by an L-shaped aluminum plate to form a pan-and-tilt mechanism. The
prismatic joint is used as the base of the pan-and-tilt mechanism to extend the manipulator’s
workspace. A hollow aluminum link is installed on the pan-and-tilt mechanism to enable
the end-effector to reach the apples and serve as a vacuum tube for grasping the fruits
during the harvesting process. The third revolute joint is assembled at the rear end of the
aluminum tube to create a rotation mechanism. After the end-effector has grasped the fruit,
this rotation mechanism is triggered to rotate the aluminum tube to detach the fruit from
the tree. In addition, all the joints are driven by servo motors instead of using a hybrid
pneumatic/motor actuation mechanism as in our previous design [133], which simplifies the
actuation and facilitates an integrated control scheme design.

Different from most existing studies [? ? ? ? | that rely on high DOF industrial
manipulators, the developed 4-DOF manipulator is simple and compact in structure and
highly efficient in picking fruit. This hardware design allows convenient development of
adaptable control algorithms such that agile manipulation can be achieved. It also facilitates

future extensions of multiple robotic arms for coordinated multi-arm apple harvesting.

2.2.3 End-Effector
In our robotic system, a vacuum-based soft end-effector is used to grasp and detach

fruits. The end-effector is a vacuum cup made of silicone rubber and is attached to the
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Figure 2.3 CAD model of the 4-DOF manipulator.

front end of the aluminum tube (i.e., the front end of the manipulator). Through laboratory
experiments, a silicone material with a hardness of 40 Shore A and a cup shape geometric
design shown in Figure 2.4 are selected for the end-effector. Compared with our previous
designs [72], the current cup shape geometric design has a smaller inner diameter and a
larger outer-lip. The silicone material and the improved cup’s geometry allow for conformity
to the fruit contours to generate a sufficient suction force needed for holding and detaching
the fruit, while also being flexible or deformable to minimize or eliminate fruit bruising. The
end-effector is securely connected to the aluminum tube through an adaptor and the rear
end of the aluminum tube is connected to the Delfin industrial vacuum via a flexible and
expandable tube. One major advantage of using the vacuum-based end-effector is that it can
tolerate some approaching inaccuracy; it is able to attract fruits within a distance of about
1.5 cm when operated under the current vacuum flow. This allows the manipulator to grasp

the fruit even if it does not approach the fruit accurately.

2.2.4 Dropping/Catching Component
A dropping/catching component is assembled and attached to the robot platform to
enable faster release or dropping of the picked fruit. The base of the dropping component

is made up of a rectangular aluminum plate covered with a soft foam cushion of 50 mm in
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Figure 2.4 CAD model of the vacuum-based soft end-effector.

thickness. Laboratory tests showed that the foam cushion allows apples to drop from the
highest position of the end-effector (approximately 80 cm) without causing fruit bruising,
while keeping fruit bouncing to minimum. The manipulator can drop the picked apples at
any spots from above the dropping component without fully returning to its home position,
thus reducing the overall fruit picking cycle time. After an apple has fallen onto the sloped
surface of the dropping component, it rolls down to a screw-driver conveyor, which transports

the apple to the destination or a bin [136].

2.2.5 Software Design

The software suite is designed within the robot operating system (ROS) framework. Dif-
ferent software components are primarily communicated via custom messages sent through
ROS actions and services. Figure 2.5 shows the main logic/algorithm flow of the software
system during apple harvesting. It is apparent that the software design of our robotic sys-
tem requires multi-disciplinary advances to enable various synergistic functionalities and
coordination for achieving reliable automated apple harvesting. The logic flow of the apple
harvesting cycle is detailed in the following.

At the beginning of each harvesting cycle, the RGB-D camera is triggered to acquire
images at 30 fps. Based on the obtained image information, deep learning and active cam-
era laser scanning are exploited to detect and localize the fruits within the manipulator’s
workspace. A list of 3-dimensional (3D) apple locations will be generated, and then the one
on top of the list, by following the pre-defined criteria, will be selected as the target fruit.

Since location results provided by the RGB-D camera might not be sufficiently accurate,

11
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Figure 2.5 Logic flowchart in apple harvesting.
the developed laser-camera unit and corresponding perception scheme are triggered to scan
the target fruit and calculate its 3D position. Given the ameliorative target apple location,
the planning algorithm is used to generate a reference trajectory, and the control module
will actuate the manipulator to follow this reference trajectory to reach the fruit. Once
the fruit is successfully attached to the end-effector (detected by a pressure sensor mounted
inside the tube), the rotation mechanism is triggered to rotate the whole aluminum tube
by a certain angle, and the manipulator then retracts to pull and detach the apple (if the
rotation action has not resulted in complete detachment of the fruit). After the manipulator
reaches a pre-determined dropping spot, a vacuum control valve installed between the outlet
of the vacuum machine and the inlet of the flexible vacuum hose actuated, which causes
rapid loss of vacuum pressure in the tube, thus enabling the fruit to fall off the end-effector
by gravity to the drop‘ping component. The fruit finally rolls down the slope of the dropping

component to the screw conveyor, from which the apple is transported to the destination.
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2.2.6 Field Tests Environment

To fully evaluate the performance of the developed apple detection (see Chapter 3, 4)
and localization (see Chapter 5) algorithoms, field tests were conducted in two Michigan
State University’s research orchards in East Lansing and Holt, Michigan, USA, respectively,
during the 2021, 2022, and 2023 harvest season (Figure 2.6). The first orchard had been
planted with ‘Gala’ apple trees of two years old, which is a popular bicolored variety with a
red color on the foreground and a yellow background. There were fewer fruits grown on these
young trees with less occlusions by branches and foliage, but many of the fruits were grown in
clusters (Figure 2.6(b)). In the second orchard were ‘Ida Red’ apple trees of seven years old
(Figure 2.6(c)). Since the trees had not been pruned and thinned during the winter and early
spring seasons, there were dense and unstructured foliage and branches. A high percentage
of apples were grown in clusters and occluded by leaves and branches, which presented a
significantly more challenging environment for our robot. It should be mentioned that most
reported studies tested their robotic apple harvesting systems in high-density tree orchards
with well-trained tree architectures with few clustered apples and less dense foliage (either

naturally or being removed).

2.3 Existing Works in Perception of Fruit Harvesting

Fruit perception is one of the key functionalities in robotic harvesting. Several research
groups have been developing robotic harvesting systems [55, 116, 89, 25]. Despite progresses,
several important challenges in developing a fully functional robotic harvesting system re-
main, and no commercially-viable systems are yet available in the market. One key challenge
that is pointed out by the existing works is efficient and robust fruit detection in the pres-
ence of varying light conditions and fruit/foliage occlusions. Indeed, the perception system
provides the robot system with information on target fruits, which are first and foremost for
subsequent planning and control tasks. In addition, fruit perception techniques have also
been used in other applications of interest, including yield estimation and crop health status

monitoring [86]. Perception in unstructured orchard environments, however, is a daunting
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Figure 2.6 Field trails of the robotic apple harvesting system. (a) Image of the platform
operating in the orchard environment; (b) Example images of young and well-pruned trees
in the first orchard; and (c¢) Example images of older trees with dense foliage in the second
orchard.

task as a result of variations in illumination and appearance, noisy backgrounds, and clut-
tered environments with occlusions [23]. The goal of this paper is thus to present a novel
deep learning-based detection algorithm to convergently address the aforementioned chal-
lenges. I show that the developed algorithm is able to achieve state-of-the-art performance.
Before describing the technical details, I review relevant backgrounds and state-of-the-art

approaches to put our algorithm in better context.

2.3.1 Image Sensing Techniques

Vision-based perception schemes can be classified into four categories based on the sensor
used: monocular camera scheme, binocular stereovision scheme, laser active visual scheme,
and thermal imaging scheme, which cover both two-dimension imaging schemes and three-
dimension imaging schemes [138|. Specifically, the monocular scheme uses a single camera

to acquire image data, and it is widely used in fruit harvesting due to its low cost and
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rich information provided by the RGB images. For instance, [109] developed an improved
YOLOv3 [93] model based on a single camera to detect apples with an accuracy of 85.0%.
In [56], the authors proposed a new LedNet model for apple detection that achieves an
accuracy of 85.3%. The main disadvantage of the monocular scheme is that the color images
are sensitive to fluctuating illumination.

Different from the monocular camera schemes, the binocular stereovision schemes exploit
two cameras separated in a certain distance/angle to obtain two image data on the same
scene. The point cloud of fruit can then be constructed through triangulation on extracted
features [106]. For instance, [99] used a stereo camera to detect and localize mature apples
in tree canopies, and achieved an accuracy of 89.5%. In [122], the authors developed a
clustered tomato detection method based on a stereo camera, and the recognition accuracy
was 87.9%. Although the stereovision scheme tends to render better results, it suffers from
high complexity, long computation time, and uncertainties in stereo matching [46].

On the other hand, the laser active visual schemes obtain three-dimensional features
using laser scans, where laser beam reflections are exploited to generate a 3D point cloud
based on the time-of-flight principle. The 3D point cloud can then be used to reconstruct
the scene. For example, [108| utilized infrared laser scanning devices to recognize cherry on
the tree. [129] acquired a total of 200 images for independent ‘Fuji’ apples and developed
an apple recognition method using the near-infrared linear-array structured light for 3D
reconstruction. [113] proposed a point cloud based apple detection method using a LiDAR
laser scanner and reached a 88.2% overall accuracy on the defoliated tree dataset [113].
Note the defoliated scene is significantly less challenging than the real orchard conditions
during the harvest season. Furthermore, the laser point cloud is generally sparse and it is
challenging to be used in real-world orchards with dense backgrounds. The high cost and
complexity also limit its practical application in agricultural applications.

Finally, the thermal imaging schemes make use of the distinct thermal characteristics of

fruit and leaves (e.g., the different temperature distributions) to obtain the visualization of
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infrared radiation [71|. In [13], citruses are successfully segmented using a thermal infrared
camera according to the largest temperature difference in both day and night conditions.
An enhanced approach for fruit detection [14] was developed using the combination of the
thermal image and the color image. The results showed a promising performance under weak
lighting environments. However, in the thermal imaging scheme, the accuracy of recognition
is largely affected by the shadow of the tree canopy [104].

Considering the cost, performance, and real-time constraints, our work focuses on the

monocular camera scheme, the state-of-art of which will be discussed next.

2.3.2 Recognition Approaches

Image-based fruit recognition approaches can be classified into feature analysis approaches
and deep learning-based approaches, depending on how features are obtained. In feature anal-
ysts approaches, hand-crafted features are first extracted based on the fruit characteristics,
and classification approaches are then developed to recognize fruit. [103, 102| developed
thresholding methods to classify fruit from other background objects using smoothing filters
that remove irrelevant noises. The large segmented regions are then recognized as fruits.
This method is capable of segmenting fruit regions in simple backgrounds but it is suscepti-
ble to varying lighting conditions and complex canopies. [118, 10| proposed a circular Hough
Transform approach to obtain binary edge images and then used a voting matrix to identify
fruits. This approach is sensitive to complex structured environments and it generally fails in
a dense scene. In [90, 16, 65, 137|, they combined the shape and texture of the fruit to obtain
a richer set of feature representations. Then, extracted features between fruit and leaves are
compared and contrasted to identify the fruits. However, this method is also sensitive to
lighting conditions and occlusions.

On the other hand, deep learning-based approaches have found great successes in object
detection and semantic image segmentation |97, 9]. They can learn feature representations
automatically without the need of manual feature engineering. Compared to conventional

methods, Convolutional Neural Networks (CNNs) have been showing great advantages in
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the field of object detection in recent years. The CNN makes it possible to recognize fruits
in complex situations due to its deep extraction of high-dimensional features of objects. R-
CNN and its variants Fast R-CNN and Faster R-CNN [42, 41, 94| have enjoyed particular
successes. Their key idea is to first obtain regions of interest and then perform classification
in the region. The Region proposal network (RPN) is employed to reduce high computational
costs so that the model can simultaneously predict and classify object boundaries at each
location. The parameters of the two networks are shared, which results in much faster
inference and are thus optimized for real-time purposes. Faster Region-Based CNN, proposed
by [97], employed transfer learning using ImageNet, and used both early fusion and late fusion
to integrate RGB and NIR (near infrared) inputs. Modified Inception-ResNet (MI-ResNet)
[91] used deep simulated learning for yield estimation. The model was developed to address
challenges including the varying degree of fruit sizes and overlap, natural lighting, and foliage
occlusions. The overhead for object detection and localization is optimized by utilizing
synthetic data for training, and reaching the accuracy of 91% on their fruit dataset. You
Only Look Once (YOLO) [93], a representative of the one-stage object detector, detects the
fruit on the entire image and classifies fruit variety into uncertainty retail conditions without
the help of RPN. Specifically, YOLO uses logistic regression to predict an objectless score
for each bounding box. Due to the simple optimization pipeline, YOLO enjoys much faster
inference than the aforementioned region-based methods. EfficientDet [107], an augmented

variant of YOLO, exploits a pyramid network to enable the detection of scaling targets.

2.4 Summary of the Chapter

In this chapter I first introduce the background of fruit harvesting robots. Based on
the existing robots, I give our own solutions, called RIVAL’s Apple Harvesting Robot, to
address fruit harvesting challenges in apple orchards. I present the hardware and software
development of the robotic apple harvesting system, which is not only compact in structure
design but also effective in utilizing multi-disciplinary advances to enable synergistic har-

vesting functionalities. The perception strategy design is the basic of subsequent chapters
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(Chapter 3, 4, 5, 6).

Additionally, I discuss the related works in perception techniques and approaches in fruit
harvesting, including different sensors and vision-based methods. RGB-D cameras have
been a popular sensor choice for fruit detection and localization. Although consumer RGB-
D cameras are compact and can provide dense image and depth information, the depth
measurements by these RGB-D cameras are not robust under varying lighting conditions
or when apples are partially occluded by foliage, which would result in inaccurate fruit

localization and eventually degrades the harvesting performance of the robotic system.
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CHAPTER 3

SUPPRESSION MASK R-CNN FOR APPLE DETECTION
In this chapter, I showed my methods for collecting a comprehensive apple dataset for
two varieties of apples with distinct yellow and red colors under different lighting conditions
from the real orchard environment. A novel suppression Mask R-CNN [23]| was developed to
robustly detect apples from the dataset. Our developed feature suppression network signifi-
cantly reduced false detection by filtering non-apple features learned from the feature learning
backbone. Our suppression Mask R-CNN demonstrated superior performance, compared to

state-of-the-art models in experimental evaluations.

3.1 Introduction

The accurate detection of fruits is of paramount importance in the realm of fruit har-
vesting, serving as a foundational element for the efficiency, precision, and overall success
of automated harvesting systems [8]. Fruit detection plays a pivotal role in overcoming the
inherent challenges [44] associated with the diverse and complex environments within or-
chards and fields. Several state-of-the-art deep learning-based apple detection approaches
have been developed. In particular, DaSNet [55], a deep convolutional neural network that
exploits the techniques of spatial pyramid pooling and gate feature pyramid network, is pro-
posed for apple detection. It uses a lightweight residual network as its backbone to achieve
improved computational efficiency. Although DaSNet has a decent performance (0.832 F1-
score) and a lightweight overhead, the algorithm is only trained and validated on a dataset
that contains a single apple variety with good lighting. YOLOv3 [93|, another lightweight
network that combines Region Proposal Network (RPN) and classification network into a
single architecture, is applied in [109] for apple detection. While the network offers a fast
detection rate, it has a relatively low Fl-score of 0.817. Mask R-CNN [48], a popular ob-
ject detection algorithm, is also deployed for apple detection [52]. The Mask R-CNN is a
two-stage detector that involves a RPN and a classification network. The former searches

the location of region of interest (ROI), whereas the latter predicts the class of ROI and
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regresses the bounding box of the ROI candidates. The Mask R-CNN is successfully applied
to apple detection in [52| with promising performance demonstrated. However, the dataset
they use only has one apple variety with good lighting conditions, making the results less
compelling. Despite the aforementioned developments, accurate apple perception to support
robotic harvesting in real orchard environments remains a great challenge. Existing methods
either provide insufficient accuracy [93, 55| or are based on simple structured orchards with
little occlusion and stable lighting conditions [28, 12].

In this chapter, I use a comprehensive orchard database that contains multiple apple
varieties under various lighting conditions. Further, I develop a novel Suppression Mask
R-CNN that has superior performance as compared to the aforementioned approaches. The
contributions of this work are summarized as follows:

1. I collect and process a comprehensive orchard dataset with multiple apple varieties

under various lighting conditions in real orchard environment.

2. I develop a new deep network, suppression Mask R-CNN, to remove false detections

due to occlusion and thus increase the accuracy and robustness of apple detection.

3. Extensive evaluations show that the proposed suppression Mask R-CNN achieves state-

of-the-art performance.

3.2 Data Collection and Processing

In this study, apple images of ‘Gala’ and ‘Blondee’ varieties were taken in two commercial
orchards in Sparta, Michigan, USA during the 2019 harvest season. The two apple varieties
have distinct color characteristics; ‘Gala’ apples are red over a yellow background, while
‘Blondee’ apples have a smooth yellow skin (see Figure 3.1). An RGB camera with a reso-
lution of 1,280x720 was used to take images of apples at a distance of 1 ~ 2 meters to the
tree trunk, which is the typical range of harvesting robots [25]. The images were collected
across multiple days to cover both cloudy and sunny weather conditions. In a single day, the
data were also collected at different times of the day, including 9:00am in the morning, noon,

and 3:00pm in the afternoon, to cover different lighting angles: front-lighting, back-lighting,
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side-lighting, and scattered lighting. When capturing images, the camera was placed parallel
to the ground and directly facing the trees to mimic the harvesting scenario. A total of 1,500
images were captured where two sample images are shown in Figure 3.1.

I next processed the collected raw orchard images into formats that can be used to train
and evaluate deep networks. Specifically, apples in the images were annotated by rectangles
using VGG Image Annotator [32| and the annotation was then compiled into the human-
readable format. Compared to polygon and mask annotations, rectangular annotation used
here accelerates data preparation, particularly in dense images like our dataset. The an-
notated dataset was then split into training, validation, and test subsets with the apple

quantities of 10, 530, 4,203, and 4, 795, respectively.
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Figure 3.1 Six sample images from the collected dataset: (a)-(c) apples on older trees under
overcast, back-lighting, and direct lighting conditions, respectively; and (d)-(e) apples on
younger trees under overcast, back-lighting, and direct lighting conditions, respectively.
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Figure 3.2 Structure of the suppression Mask R-CNN. It consists of a feature learning back-
bone and a feature suppression end. The feature learning backbone is a deep network to
learn apple features while the feature suppression end, consisting of a weighting component
and a shallow ConvNet, is used to filter non-apple regions.

3.3 Suppression Mask R-CNN

This section describes the development of a new deep learning-based apple detection
approach that systematically combines a DNN backbone and an RGB feature-based sup-
pression network. As shown in Figure 3.2, the proposed suppression Mask R-CNN consists
of two parts: a feature learning backbone from Mask R-CNN [48| and a feature suppression
end. The former is used to learn apple features and generate region proposals. In the mean-
time, due to the foliage and branch occlusions, it will also learn foliage and branch features
that can cause false detection. As such, I introduce a suppression network to filter non-apple
features to improve detection performance by exploiting a combination of clustered features
and convoluted features. These two networks are trained separately to avoid generating

similar feature maps. I next discuss the two networks in more details.

3.3.1 Feature Learning Backbone
The feature learning network uses the Mask R-CNN backbone [48] and follows Mask

R-CNN’s two-stage learning procedures with two modifications. First, the convolutional
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backbone in Mask R-CNN is used for feature extraction over an entire image, and is applied
as the network backbone for bounding-box recognition. In this study, I instantiate feature
learning backbone with ResNet-101-FPN [48] as its backbone. ResNet101 outperforms other
single ConvNet mainly because it maintains strong semantic features at various resolution
scales. Even though ResNet101 is a deep network, the residual blocks and dropouts function
help it avoid gradient vanishing and exploding problems. Then similar to [48], T use a Region
Proposal Network (RPN) [94] to generate object regions. RPN is a small convolutional
network which can convert feature maps into scored region proposals around where the
object lies. These proposals with certain height and width are called anchors, which are
a set of predefined bounding boxes. The anchors are designed to capture the scale and
aspect ratio of specific object classes and are typically determined based on object sizes
in the dataset. In the second stage, class and box offset are predicted by virtue of Faster
R-CNN [94] that applies bounding box classification and regression in parallel. As shown in
Figure 3.2, another network is employed to take the proposed regions from the first stage and
assign them to specific areas of a feature map obtained at the second stage. After scanning
these areas, the network generates object classes and bounding boxes simultaneously [48].
Second, for improving the recall or true detection of our algorithm, I introduce a convolu-
tional structure (as shown in Figure 3.2) in the class branch to learn additional feature rep-
resentations. The features condensed from the Mask R-CNN backbone and fully connected
layers may have lost considerable details of apples. Since images have many occlusions in our
dataset, the deep network can treat some partial foliage features as apple features. These
additional feature representations will enable the identification of certain regions in an image
as an occluded apple or foliage. Furthermore, I freeze the layers in the ResNet101 backbone
and train this class branch independently in case there are many overlaps compared to our

main network.
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3.3.2 Feature Suppression End

After the feature learning step, bounding boxes of apple candidates are obtained. The
image patches inside the bounding boxes are then fed into a feature suppression end to
remove mis-labeled candidates. Since the feature learning backbone may have learned wrong
inference features like leaves with apple-like shapes, the purpose of this suppression network
is to avoid that non-apple regions flow into the last decision layer.

Specifically, the suppression network consists of a weighting component and a shallow
ConvNet. The weighting component is a 2x2 grid clustering layer that aims to determine
apple regions in terms of apple pixel counts. The motivation is that in our annotated dataset,
each apple is annotated in the center of a bounding box and occupies the major area in that
bounding box. Even though the canopies always partially occlude the apple, the pixels
corresponding to the apple are still in the majority. Based on our observation of dataset,
the four regions (a,b,c,d as shown in Figure 3.3-(3)) generally contain most apple pixels.
Therefore, as shown in Figure 3.3, I divide each bounding box in the training dataset into
four regions, a, b, c,d, as a 2x2 grid. The four regions a, b, ¢, d is, respectively, located near
the left top, right top, left bottom, and right bottom with a margin of 5% pixels to the
box edges. Furthermore, I use K-means clustering [60] to group similar pixels and obtain
several clusters. After clustering, I label each pixel with its class number i, i = 1,2, 3, ...n,
with n being the pre-specified cluster numbers (In our experiments, I use n = 3). Since the
class associated with the most pixels will correspond to the apple region, I select the “apple"
region from the four grids and define its pixel counts as N¢, N®, N¢, and N¢, respectively. I
will then set the apple region pixels as 1 whereas other pixels are assigned to zero. A sample
output is shown in Figure 3.3. The weighting component keeps the objective information
and generates an output with only apple pixels, which makes it more efficient to train feature
suppression network that I will discuss later. The other merit of weighting component is that
if the previous network recognizes a leaf as an apple, only leaf pixels are treated as objectives

and flow to next ConvNets. That makes suppression network easy to discriminate apple and
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(1) (2) (3) (4)

Figure 3.3 Illustration of the proposed weighting scheme: (1) sliced image inside the bounding
box of a detected apple; (2) pixel clustering using K-means with & = 3 where each cluster
is shown in one of the three colors; (3) image partitioning into 4 regions and counting pixel
numbers of each cluster in the 4 grids; and (4) apple pixel determination by assigning the
pixels corresponding to the cluster with most pixel counts in the 4 grids as apple pixels.

non-apple objectives.

The second component is a shallow convolutional network that is used to learn apple
features based on filtered patches generated by the weighting component. Compared to
the feature learning backbone, the features to learn in this shallow network is less. Only
three convolution layers (3x3x32, 3x3x32, 3x3x64) associated with pooling layers (17x17x32,
TxTx32, 2x2x64) and ReLU as activation are used to fit the discrimination function. Two
additional dense layers are employed to flatten feature maps and produce decision. This
network has a total of 45,153 trainable parameters. The detailed architecture is described
in Figure 3.2. With the help of feature suppression end, I suppress non-apple class flowing
into the decision layer and it does not significantly increase inference time since the depth of
the feature suppression end is small. The proposed feature suppression end can be viewed

as a filter to efficiently reduce false alarms.

3.3.3 Loss Functions

Since I train the feature learning backbone and the suppression network separately, I
define two loss functions as follows. For the feature learning backbone, I use the same loss
function with Mask R-CNN [48], which defines a multi-task loss on each sampled region of

interest as Lpackbone = Leis + Loz, Where Ly and Ly, are, respectively, classification loss
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and bounding box loss defined as:

1
Lbackbone = N_EiLcls(php:) + N_Ezp;k : Lbox(tia t;k)a (31)
cls box
Las(pi,p;) = —pj log pi — (1 — p;) log(1 — p;), (3.2)

where p; and p} are, respectively, the predicted probability and ground truth of anchor i; ¢;
and t; are, respectively, predicted coordinates and ground-truth coordinates; Ny s and Ny,
are normalization terms of batch size and number of anchor locations; the loss function Ly,
is the L1-smooth function [41]; and A is a parameter that controls the balance between the
classification loss and the bounding box loss [117]. In our network, I use A = 1 as I assign
equal weights to the two losses.

For feature suppression end, I define L., 4 as the average binary cross-entropy loss. For a

patch associated with ground-truth class, L.,y is defined as:

Lend = _[y logg + (1 - y) IOg(l - y)]v (33)
where y is the ground truth and g is the prediction.
3.4 Experimental Results

3.4.1 Implementation

In this section, I evaluate the efficacy of the suppression Mask R-CNN with the processed
data as discussed in Section 3.2. The network hyper-parameters, including the momentum,
learning rate, decay factor, training steps, and batch size, are set as 0.9, 0.001, 0.0005, 934,
and 1, respectively, through cross-validation. The input image size is 1, 280x720, which is
aligned with the camera resolution. To better analyze the training process, I set up 100
epochs for training. I exploit a pre-trained model on COCO dataset [67] to warm-start the
training process and it generally only needs 50 epochs to converge. A detection example is
shown in Figure 3.4, where green boxes represent correctly identified apples while red boxes

represent missed detection.
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Figure 3.4 An example of Gala apple detection using our suppression Mask R-CNN. It shows
that the majority of apples are detected (green bounding boxes) but there are still 3 apples
missed (red bounding boxes) due to heavy occlusion.

To quantitatively evaluate the detection performance, I use performance metrics including
precision, recall and F1-score for algorithm evaluation. All detection outcomes are divided
into four types: true positive (TP), false positive (FP), true negative (TN), and false negative
(FN), based on the relation between the true class and predicted class. Then precision (P)

and recall (R) are defined as follows:

TP TP

P = = . 4
TP+FP’R TP+ FN (3.4)
Then F1-score is defined based on precision and recall as follows:
2-P-R
F1l=——. 3.5
P+ R (3.5)

Note that the suppression network offers a tradeoff between recall and precision, that
is, aggressive suppression will lead to higher precision but lower recall rate. This tradeoff

can be controlled by adjusting two confidence thresholds th; in the class branch network
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Figure 3.5 The Pareto plot of recall-precision on different combinations of th; and thy.The
Pareto front is shown in blue solid lines and the two configurations used to compare with
the state-of-art networks (see Table 3.1) are shown in red stars.

and thsy in the feature suppression end. Then I tune both confidence thresholds during the
inference process to obtain the best recall and precision of our entire model. Figure 3.5
shows the Pareto plot, where each point represents the performance of a combination of
thy and thy. From the Pareto front (blue solid lines) in Figure 3.5, I choose two “best”
configurations € and Cs, among which C} represents a better Fl-score 0.905 whereas Cs
achieves a better of recall rate of 0.939. The detection performance with C; has 10% increase
in precision and 0.4% increase in recall whereas 1.6% increase in precision and 1.3% increase
in recall are achieved with configuration C5. These results demonstrate that in both cases,
our integrated class branch and the suppression end approach improve the true detection

and the Cy configuration significantly reduce false fruit detection rates.
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3.4.2 Comparison with the state-of-the-arts

In order to fully evaluate the performance of the proposed approach, I compare our
approach with the state-of-the-art apple detection algorithms based on our comprehensive
image dataset. The algorithms that I compare with include YOLOv3 [109], DaSNet [55],
Faster R-CNN [116], and Mask R-CNN [52]. These approaches are trained and evaluated
on the same training data and test data. For Mask R-CNN, I consider two configurations:
ResNet101 backbone and ResNet152 backbone. The recall-precision curves of these ap-
proaches are shown in Figure 3.6. Furthermore, the precision, recall and F1-score are shown
in Table 3.1. It can be seen in Figure 3.6 and Table 3.1 that the proposed Suppression Mask

R-CNN has superior performance as compared to the existing approaches.

Table 3.1 Performance comparison between the state-of-the-art networks and our proposed
Suppression Mask R-CNN with two parameter configurations (C; and Cj).

Precision Recall F1l-score

YOLOv3 0.703  0.860 0.773
DaSNet 0.693 0.821 0.751
Faster R-CNN 0.761  0.889  0.820

Mask R-CNN(ResNet101) 0.789  0.927 0.852
Mask R-CNN(ResNet152) 0.798  0.928 0.858
Suppression Mask R-CNN(C;) 0.880 0.931 0.905
Suppression Mask R-CNN(C3) 0.801 0.939 0.864

3.4.3 Evaluation on different apple varieties and lighting conditions

In addition, I also evaluate my model in different sub-datasets. Specifically, I separate the
whole dataset into several sub-datasets based on apple variety and lighting conditions. The
evaluations are summarized in the Table 3.2 and results are shown in 3.7. The results show
that my model has a better performance for Blondee apples than for Gala. Compared to
back lighting conditions, the detection of my model reaches a higher precision under overcast
or direct lighting conditions, which indicates that artificial lighting may be helpful for further

improving the performance and it will be investigated in our future work.
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Table 3.2 Performance evaluation on subset of the data with different apple varieties as well
as different lighting conditions.It can be seen that similar performance are obtained in Gala

and Blondee apples while back lighting can slightly decrease the performance.

Dataset
Category Lighting Condition Total
Gala Blondee Overcast Direct Lighting Back Lighting
Number 3,357 1,438 3,356 959 4,795
Precision .87 .89 .89 .89 .88
Recall 93 93 .93 93 93
Fl-score .90 91 91 91 91

Precision

YOLOv3

DaSNet

Faster R-CNN

Mask R-CNN(ResNet101)
Mask R-CNN(ResNet152)
Suppression Mask R-CNN(C1)
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Figure 3.6 The plot of recall-precision curves on different approaches. Our proposed Sup-
pression Mask R-CNN networks (in both configurations) outperform the state-of-the-art

algorithms.
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Figure 3.7 Detection results on different apple varieties under various lighting conditions: (a)-
(c) detection on Gala apples under overcast, back lighting, and direct lighting conditions,
respectively; and (d)-(e) detection on Blondee apples under overcast, back lighting, and
direct lighting conditions, respectively.

3.5 Summary of the Chapter

In this chapter, I collected a comprehensive apple dataset for two varieties of apples
with distinct yellow and red colors under different lighting conditions from the real orchard
environment. A novel suppression Mask R-CNN was developed to robustly detect apples
from the dataset. Our developed feature suppression network significantly reduced false
detection by filtering non-apple features learned from the feature learning backbone. Our
suppression Mask R-CNN demonstrated superior performance, compared to state-of-the-art

models in experimental evaluations.
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CHAPTER 4

O2RNET: OCCLUDER-OCCLUDEE RELATIONAL NETWORK FOR
CLUSTERED APPLE DETECTION

In this chapter, I discuss the challenges associated with the detection of clustered ap-
ples, a task that demands heightened precision and adaptability due to the complex spatial
arrangements of fruit clusters within orchards. I propose a novel solution, the Occluder-
occludee Relational Network (O2RNet) [24], designed to address the specific challenge posed
by occlusion and cluster proximity. Subsequently, I provide a comprehensive evaluation of
the OR2Net’s performance, assessing its efficacy in real orchard environments and under

varying conditions.

4.1 Introduction

In the previous chapter, I have discussed detection methods for improving apple detec-
tion precision and a number of research works have been developing deep learning-based
approaches [109, 120, 75, 115]. However, the aforementioned deep CNN approaches do not
address the challenge of overlapping/clustered fruits in real-world orchards. Towards that
end, Compositional Convolutional Neural Network (CompNet) [59] was proposed to de-
tect partially occluded objects. The framework exploits a differentiable fully compositional
model that uses occluder kernels to localize occluders (the occluding objects). Bilayer Con-
volutional Network (BCNet) [57], another model to address the occlusion challenge, applies
two Graph Convolutional Network (GCN) layers to separately infer the occluding objects
(occluder) and partially occluded instance (occludee). Superior performance was reported
on occluded scenarios. In apple detection, various approaches are developed to enhance
the performance of deep learning-based models in complex orchards. [47] introduced CBL
(Convolutional layers, Batch normalization, Leaky-relu activation function [31]) module and
CA (coordinate attention) module into YOLOvV5 [54], and finally increased 4.41% in the
precision compared to the base model. [124] utlized a customized YOLOV3 to reach a recall

of 93.4% for overlapped apples. These two approaches are trying to extract the higher-level
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features by modifying models to improve the performance. Different from above, [36] took
advantage of a depth filter to remove background trees with an RGB-D camera and finally
improved apple detection precision by 2.5% on overlapped apples. This paper will model the
relationships among overlapped apples and enhance the apple edge features to improve the
precision for clustered apples.

In this chapter, I develop a novel Occluder-Occludee Relational Network (O2RNet) to
enhance apple detection in the presence of occlusions in clustered apples that are frequently
present in real-world orchards. Specifically, I employ ResNet [49] and RPN [94] to extract
features of targets and utilize occluder-occludee layers to split candidates into occluder and
occludee. Compared to other occlusion models, I only use bounding boxes as labels instead
of pixel-level masks that contain more texture and shape information. In addition, I present
a new apple dataset! collected in two Michigan apple orchards in multiple harvesting seasons.
I evaluate the performance against state-of-the-art object detection models and demonstrate

superior performances. The contributions of this work are highlighted as follows:

1. A comprehensive apple dataset of 1246 images for two varieties of apple under different
lighting conditions and occlusion levels were collected from two orchards during two
harvesting seasons.

2. A novel Occluder-Occludee Relational Network (O2RNet) was developed for enhanced
apple detection in the presence of occlusions due to apple clusters.

3. The O2RNet outperformed 12 state-of-the-art deep learning-based models for apple

detection.

4.2 Data Augmentation

After the same method for data collection and preparation, I apply data augmentation on
our dataset. Data augmentation is a method that can be adopted to increase data diversity
for achieving robust training and enhanced performance of computer vision models. For

example, transformations and rotations are frequently employed to increase the number

!The database is open-sourced at https://github.com/pengyuchu/MSUAppleDatasetv2.git.
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of images from a single source. It has been shown to be a powerful tool in agriculture
applications [120, 105, 29| as it generates additional data from existing orchard data. This
is especially useful for applications with a limited dataset by detecting anomalies in images
with different transformations and making it possible to generate new training examples
without actually acquiring new data.

Specifically, in the considered application of apple detection in orchards, the collected
dataset can only cover a limited set of scenarios. Therefore, I applied several data augmen-
tation techniques [22] on the collected and processed data to enhance the data diversity for
improving the inference performance of my models. Specifically, besides geometric trans-
formations including scaling, translating, rotating, reflecting, and shearing, I also applied
color space augmentations such as modifying the brightness and contrast to fit different
intensities. In addition, I injected Gaussian noises on the collected images by randomly
modifying the pixel intensities based on a Gaussian distribution. Furthermore, I applied
Mixup by randomly selecting two images from the dataset and blending the intensities of
the corresponding voxels of the two images [74]. Filtering is another augmentation approach
I applied where I modify the intensities of each pixel using convolution [98|. Specifically, I
exploited sharpening [98] to detect and intensify the edges of objects found within the image.
I applied these additional augmentation techniques on our dataset and the benefits of data

augmentation will be demonstrated in the experiment section.

4.3 O2RNet for Apple Detection

In this section, I first present the key challenges of object detection in cluttered envi-
ronments and an overview of the general object detection framework. Based on those, I de-
scribe the proposed Occluder-Occludee Relational Network (O2RNet) with explicit occluder-
occludee relation modeling. Finally, I specify the objective functions for the entire network

optimization, followed by details on the training and inference processes.

35



4.3.1 Challenge and Main Idea

(b) (d)

() (9) (h)

Figure 4.1 Eight sample images from the collected dataset show cascaded apples in different
occlusion levels: (a)-(d) apples are in the normal occlusion and can be identified in most
models; (e)-(h) apples are highly cascaded and usually detected as one apple.

For images with heavy occlusions, multiple overlapping objects captured in the same
bounding box can result in confusing object outlines from both front objects and occlusion
boundaries. In apple orchards, the apple clusters are very common (see Figure 4.1 for a
few examples). However, the prediction head design of Faster R-CNN directly regresses the
occludee with a fully convolutional network, which neglects both the occluding instances
and the overlapping relations between objects. With this limitation, Faster R-CNNs will in-
evitably omit some occludes due to Non-maximum Suppression (NMS). On the other hand,
with a properly tuned threshold, the RPN can propose many candidates after feeding the
target features from CNN (see Figure 4.2), but the NMS will suppress the nearby bounding
boxes and neglect occludees. Motivated by this observation, the proposed O2RNet aims at
extending the existing two-stage object detection methods by adding an occlusion perception

branch parallel to the original object prediction pipeline. By explicitly modeling the rela-
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tionship between occluder and occludee, the interactions between objects within the Region

of Interest (Rol) region can be well incorporated during the bounding box regression stage.

anchor point

feature map

Figure 4.2 Illustration of how RPN works: The RPN selects anchor points on the feature
map and generates anchor boxes for each anchor point. The anchor boxes are generated
based on two parameters — scales and aspect ratios.

4.3.2 O2RNet Workflow

In this subsection, I describe our proposed O2RNet. As illustrated in Figure 4.3, the
O2RNet follows the two-stage architecture used in Faster R-CNN [94] and consists of three
main parts. First, I use a Residual Network (ResNet) [49] as the backbone for feature
learning/extraction over the entire image. Specifically, I instantiate ResNet-101-FPN [48] as
its backbone for feature extraction, as it outperforms other single ConvNets mainly due to its
capability of maintaining strong semantic features at various resolution scales. Even though
ResNet101 is a deep network, the residual blocks and dropouts function help it avoid gradient
vanishing and exploding problems. Second, I employ an RPN [94] to generate object regions,
which is a small convolutional network to convert feature maps into scored region proposals

around where the object lies. The generated proposals with a certain height and width are
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Figure 4.3 Network structure of the proposed Occluder-Occludee Relational Network
(O2RNet). It consists of a feature learning backbone, Rol feature extraction, and object
detection heads with occluder and occludee branches. The Feature Expansion Structure
(FES) provides expanded Rol features along with features from the occluder branch to fa-
cilitate the detection of occludee.

called anchors, which are a set of predefined bounding boxes. The anchors are designed to
capture the scale and aspect ratio of specific object classes and are typically chosen to be
consistent with object sizes in the dataset. RPN is mainly used for predicting bounding
boxes in Faster R-CNN but it can also provide enough anchors with different scales that will
be exploited in our network as explained in the sequel. Third, I build an occlusion-aware
modeling head with a structure of two classification and regression branches for occluder and
occludee for decoupling overlapping relations and segments the instance proposals obtained
from the RPN. Compared to the traditional class-agnostic classification, I divide this task
into two complementary tasks: occluder prediction using the original classification head
and occludee modeling with an additional Feature Expansion Structure (FES), where the
occluder predictions provide rich foreground cues like textures and the FES predicts the
positions of occluding regions to guide occludee object regression.

More specifically, an input image is first processed by the ResNet backbone to extract
intermediate convolutional features for downstream processing. The object detection head
(i.e., RPN) then predicts bounding box proposals, which are then consumed by the occlusion

perception branches into the occluder branch and the occluee branch. For the occluder
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branch, I adopt the object detection head in Faster R-CNN [94] to output positions as well
as categories for instance candidates and prepare the cropped Rol features for the occludee
branch. In the occludee branch, the input consists of both cropped Rol features from the
occluder branch and expanded features from FES, which is targeted for modeling occluded
regions by jointly detecting boundaries. Essentially, the distilled occlusion features are added
to the original input Rol features and passed to the next module. Finally, the occludee
branch, which has a similar structure to the occluder branch, predicts the occludee guided
by these expanded features and outputs classes and bounding boxes for the partially occluded

instances. I next describe the occluder-occludee relational modeling in more details.

4.3.3 Occluder-Occludee Relationship Modeling

For highly-overlapped apples, in typical Faster-RCNN-based models, the generated re-
gion proposals corresponding to the partially occluded ones may be separated into disjoint
subregions by the occluder. As such, I employ the FES to obtain boundary features from the
occludee, where expansion in each direction extends the potential proposals for the occludee.
In our implementation, I expand ¢ steps in k (k = 8 in this study) directions from the original
Rol proposals, and the expanded Rol proposals will contain additional boundary features.
The rationale is that irregular occlusion boundaries unrelated to the occludee can cause con-
fusion to the network, which in turn provides essential cues for decoupling occludees from
occluders. Therefore, I explicitly model occlusion patterns by detecting bounding boxes of
the occluders using the occluder detection branch, and since the occludee detection branch
jointly predicts bounding boxes for the occludee, the overlap between the two layers can be
directly identified as occlusion boundary that can thus be distinguished from the real object
bounding boxes. In order to reach this goal, the occluder modeling module is designed as a
simple 3 x 3 convolutional layer followed by one FCN layer, the output of which is fed to the
up-sampling layer and one 1 x 1 convolutional layer to obtain one channel feature map for
occludee branch.

This O2RNet is particularly adept at discerning edge features on apples, a crucial step
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in differentiating between occluders and occludees. As illustrated in Figure 4.4, O2RNet’s
capability becomes evident when dealing with a cluster of apples. Here, the algorithm
identifies an occludee, and subsequently refines the bounding boxes for both the occluder
and the occludee in a clustered apple. This refinement is pivotal in accurately representing
the spatial relationships and physical boundaries of each apple in the cluster. In contrast,
when the algorithm encounters an individual apple, devoid of any overlapping or obscuring
elements, it classifies the apple solely as an occluder. In this scenario, the bounding box
remains unaltered, as there is no need for refinement in the absence of an occludee. This
dual functionality of O2RNet underscores its versatility and precision in handling varied

scenarios within object detection tasks.

. Feature Feature bbox bbox
input in Occluder > in Occludee in Occludee > refinement
Clustered /7
apple
Individual
apple L

The process in the baseline.

Figure 4.4 How O2RNet works on clustered apples and an individual apple. The first step
in the occluder branch are the same with the baseline model(Faster R-CNN), which have
similar feature maps and do not isolate cluster apple. In the occludee branch, O2RNet learns
occludees feature and successfully splits the input into an occluder and an occludee.

4.3.4 End-to-end Learning
As I have two separate detection heads in the occluder and the occludee branches, I define
two loss functions in the following way. For the occluder branch, I adopt the loss function

used in Faster R-CNN [94], which defines a multi-task loss on each sampled region of interest
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as

LOccluder = Lcls + Lbboxv (41)

where L., and Ly, are, respectively, classification loss and bounding box loss defined in
Faster R-CNN [94].
The final loss L is a weighted sum of the loss from occluder branch and the loss from

occludee branch defined as:

L= )\lLOccluder + )\QLOccludee- (42)

Here Loccudee 18 the occludee branch loss that is the sum of the k& expanded proposal losses,

ie.,
k

LOccludee = Z( 2[3 + LZboz)‘ (43)

i=0
Here \; and )\, are two positive linear weights and \; + Ay = 1, which are tuned to balance

the two loss functions. In my study, A; was tuned to be {1.0,0.75,0.5,0.25,0} on various

trials for cross-validation.

4.3.5 Training and Inference

During the training process, I filter out parts of the non-occluded Rol proposals to keep
occlusion cases taking up 50% for balanced sampling. SGD with momentum is employed to
train the model with 60K iterations where it starts with 1K constant warm-up iterations.
The batch size is set to 2 and the initial learning rate is 0.01 with a weights decay of 0.95.
In my study, ResNet-101-FPN is used as the backbone and the input images are resized
without changing the aspect ratio, i.e., by keeping the shorter side and longer side of no
more than 1200 pixels. For inference, the occludee branch predicts bounding boxes for the
occluded target object in the high-score box proposals generated by the RPN, while the
occluder branch produces occlusion-aware features as input for the occludee branch. The

one with the highest score is then chosen as the output.
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Table 4.1 Performance of O2RNet on the customized apple dataset. The step is from FES,
which represents how much features expanded. The evaluation uses AP, AR, and F1-score
at the different IoUs.

Model Step AP APs5q APrs AR AR50 ARrs F1-Score
t=1 0.511 0.945 0.935 0.351 0.938 0.803 0.864

O2RNet t=2 0.490 0.920 0.900 0.330 0.900 0.770 0.820
t=3 0.490 0.920 0.904 0.328 0.900 0.770 0.820

Table 4.2 Model parameters numbers between the state-of-the-art networks and our proposed
Occluder-occludee Relational Network (O2RNet). “M” stands for a million.

Models Parameters FPS
FCOS 2.0M 14
YOLOv4 0.6M 63
Faster R-CNN (ResNet50) 2.0M 19
Faster R-CNN (ResNet101) 3.6M 10
EfficientDet-b0 0.1M 48
EfficientDet-b1l 0.3M 45
EfficientDet-b2 1.2M 25
EfficientDet-b3 1.6M 24
EfficientDet-b4 2.4M 16
EfficientDet-b5 3.6M 8
CompNet via BBV 0.8M 18
CompNet via RPN 1.4M 15
O2RNet (ResNet50) 2.0M 18
O2RNet (ResNet101) 3.6M 10

4.4 Experimental Results

4.4.1 Performance Metrics

For model development and evaluation, conventionally the apple dataset is randomly
partitioned into training, validation, and test sets for model training and evaluation, re-
spectively. To quantitatively evaluate the detection performance, I use performance metrics
including precision, recall, and F1-score for algorithm evaluation. All detection outcomes
are divided into four types: true positive (T'P), false positive (F'P), true negative (T'N), and
false negative (F'V), based on the relation between the true class and predicted class. The

precision (P) and recall (R) are defined as follows:

TP TP
p— R 4.4
TP+ FP’ R TP+ FN (44)
The F1l-score is then subsequently defined as:
2-P-R
Fl=—1—. 4.5
P+ R (4.5)
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To better evaluate the precision between the prediction and the ground truth, I also
employ Microsoft Common Objects in Context (COCO) dataset [67| evaluation metrics.
Specifically, after the calculation of precision and recall, I calculate the average precision
(AP) and average recall (AR) based on different Intersection over Union (IoU) between
the prediction and the ground truth. For example, AP;,y—s50 or APsq denotes that AP is
averaged over IToU = 0.50 values, which belongs to PASCAL VOC metric [95]. T also use
APjoy=r5 or APq5, which is a stricter metric for model evaluations. In my study, I use a
spectrum of 10 IoU thresholds ranging 0.50 : 0.05 : 0.95 to average over multiple IoUs to

obtain a comprehensive set of results.

4.4.2 Experimental Setup

In this section, I evaluate the efficacy of the proposed O2RNet on the processed data as
discussed in Section 3.2. The network hyper-parameters, including the momentum, learning
rate, decay factor, training steps, and batch size, are set as 0.9, 0.001, 0.0005, 934, and 1,
respectively, through cross-validation. The input image size is 1280 x 720, which is aligned
with the resolution of the camera used in our data collection. To better analyze the training
process, I set up 80 epochs for training. I exploit a pre-trained model on the COCO dataset
[67], where I train on 2017train (115%k images) and evaluate results on both 2017val and
2017test-dev to pre-train model parameters. This pre-trained model generally only takes 50
epochs to converge. By tuning the steps t in FES, different results are obtained and listed

in Table 4.1, which shows that O2RNet with ¢ = 1 leads to the best performance.

4.4.3 Performance Comparison and Analysis

To accelerate the model training on our customized dataset, I initialize parameters by
transfer learning from ImageNet [26]. ImageNet provides large-scale images in different fields
(including apples) and large-scale ground truth annotation. During the transfer learning
process, my model learns specific characteristics with an effective transfer of features from
ImageNet. Compared to randomized parameters, the results (see Figure 4.5) shows that my

model converges faster as benefited from the pretraining on a large-scale database.
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Table 4.3 Performance of O2RNet on the augmented dataset. The geometric transformations
consist of rotation, flipping and scaling. The color space transformations consist of brightness
and contrast shifting. Finally, all of the augmentation methods are integrated to evaluate
the O2RNet.

Augmentation AP APsy AP,y AR AR5y ARy Fl-Score

Base 0.51 092 090 035 091 0.80 0.84
Geometric transformations (GTs) 0.52 093 091 035 091 0.80 0.85
Color space transformations (CSTs) 0.52  0.93 091 0.35 091 0.81 0.85

Gausian noise 0.48 091 090 034 091 0.80 0.83
Mixup 052 093 092 035 092 0381 0.85
Sharpening 0.52 092 090 035 091 0.80 0.84
GTs+CSTs+Mixup 0.52 0.96 0.94 0.36 0.94 0.83 0.88
All 0.52 094 092 036 092 0.83 0.86

Table 4.4 Performance comparison of our own models and other 12 state-of-the-art deep
learning models on the customized apple dataset.

Models AP APsy AP;; AR AR5y AR7; Fl-score
FCOS [1] 048 0.89 087 0.34 087 0.78 0.80
YOLOv4 [84] 045 0.87 084 029 084 0.73 0.76
N 2 4 . 0.87 0.32 0.87 0.78 0.81
Faster R.CNN ResNet50 [82] 048 0.89
ResNet101 [82] 049 094 093 031 084 0.75 0.82
EfficientDet-b0 [83] 045 0.89 085 030 082 0.71 0.77
EfficientDet-b1 [83] 045 0.89 086 0.30 0.82 0.72 0.77
. EfficientDet-b2 [83] 046 0.89 087 0.30 082 0.73 0.78
EfficientDet
EfficientDet-b3 [83] 049 093 091 032 084 0.75 0.81
EfficientDet-b4 [83] 050 0.94 092 0.34 088 0.78 0.82
EfficientDet-b5 [83] 050 0.95 093 0.34 088 0.78 0.83
CompNet via BBV [127] 0.50 0.94 0.92 0.36 094 0.80 0.85
CompNet
CompNet via RPN [34]  0.51 095 0.94 0.35 094 0.80 0.86
2RNet-ResNet . . 91 . 91 . .84
02RNet O2RNet-ResNet50 0.50 0.93 09 0.35 0.9 0.80 0.8

O2RNet-ResNet101 0.52 0.96 0.94 0.36 0.94 0.83 0.88

Furthermore, data augmentation is another useful technique to optimize detection per-
formance without increasing inference complexity. I applied five augmentation strategies,
including geometric transformations (GTs), color space transformations (CSTs), Gaussian
noise injection, mixup and sharpening data augmentation, to extend our dataset. The re-
sults are summarized in Table 4.3. It shows that GTs such as rotation, flipping and scaling
— by changing the pixel position of the image and reordering apples in the image — improve
the accuracy performance by around 1%. Through changing color illumination and intensity

of an image, CSTs also roughly increases the performance by 1%. Due to the sparsity of
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Figure 4.5 Training loss comparison between transfer learning and training from scratch on
my model (O2RNet). The training loss with transfer learning from ImageNet apparently
decreases and converges faster as compared with training from scratch.

apples on some images, mixup helps enlarge apple density on the image and enhances the
accuracy by 2%. It turns out that Gausian noise and sharpening do not help much, as they
try to change textures and increase complexities on the dataset, which generate confusing
data and is not suitable for my model. Finally, the augmentation combination of GTs, CSTs
and Mixup offers the best enhancement by increasing the accuracy of 4% on our dataset.
To better evaluate the performance of my model, I compare our O2RNet with the-state-
of-art object detection methods on our customized apple dataset (see Table 4.2 for a list of
benchmark models and their number of parameters). In particular, FCOS and YOLOv4 are
representatives of one-stage detectors, achieving consistent improvement and demonstrating
their effectiveness by outperforming the SSD method [69] on several public datasets [110,
11]. T also evaluate Faster R-CNN and EfficientDet since they are state-of-the-art models

with promising performance demonstrated in fruit harvesting-related works |78, 125|. I also
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compare O2RNet with the state-of-the-art occlusion-aware network CompNet [34].

I then use the same experimental setup to train each model and evaluate them on the
same apple test dataset. The results are shown in Table 4.4, which compares the detection
precision and recall over different IoUs among the 14 selected models (including our O2RNet).
Notably, in addition to FCOS, EfficientDet-b5 and Faster R-CNN achieved decent F1-scores
of 0.83 and 0.82, respectively. Two occlusion-aware networks, CompNet and our O2RNet
clearly outperform all traditional models with F1l-scores of 0.86 and 0.88, respectively, and
O2RNet clearly shows superior performance over CompNet. Some representative inference
results are shown in Figure 4.6. It can be seen that our O2RNet can effectively separate

clustered apples and thereby improves the precision and recall and subsequently the F1-score.

YOLOv4 Faster R-CNN EfficientDet-b5 CompNet O2RNet Ground Truth

Figure 4.6 Results from six models on the various lighting conditions and occlusions.

4.5 Summary of the Chapter
I collected a comprehensive apple dataset under different lighting conditions and at vari-
ous occlusion levels from two real orchards. A novel Occluder-Occludee Relational Network

(O2RNet) was developed to robustly detect clustered apples from the dataset. Our de-
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veloped O2RNet significantly reduced false detection and improved the detection rate by
embedding relationships between the occluder and the occludee. State-of-art performance
was demonstrated in comprehensive experiments. I also found that transfer learning and
data augmentation techniques were useful tools to enhance learning efficiency and model

performance.
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CHAPTER 5

ALACS: ACTIVE LASER-CAMERA SCANNING FOR 3D APPLE
LOCALIZATION

In this chapter, I review several consumer RGB-D cameras and depict our proposed
localization technique, called Active Laser-Camera Scanner (ALACS). I propose a feature-
matching algorithm, called Laser Line Extraction (LLE), to help ALACS transform the 2D
fruit positions to 3D fruit positions, thus achieving accurate mapping even under complex

fruit morphology, variable lighting conditions and occlusions.

5.1 Introduction

Three-dimensional localization is the other crucial aspect of fruit perception. Accurate
and reliable localization of objects such as fruits in the 3D space is essential for automated
agricultural systems to optimize crop management and harvesting strategies, ultimately
improving productivity, efficiency, and sustainability [40]. Several types of 3D sensors are
currently available, including Time-of-Flight (ToF) cameras, LIDAR (Light Detection and
Ranging), stereo-vision cameras, and structure light systems. Specifically, ToF cameras [61]
measure depth by emitting a light signal (usually IR) and measuring the time it takes for
the signal to bounce back to the sensor. This time difference allows the camera to calculate
the distance to objects in the scene. ToF cameras, such as the PMD CamBoard pico [5]
and Microsoft Kinectv2 [80], are known for their accuracy and high-resolution depth data.
LiDAR systems [92] use lasers to send out light pulses and measure the time it takes for the
pulses to return after reflecting off objects. This time difference is used to calculate distances
and generate a 3D point cloud of the scene. LIDAR systems can provide accurate depth data
but are often more expensive than other methods and often have limited spatial resolution.
Stereo vision systems, on the other hand, use two cameras, typically placed side-by-side at
a known distance apart, to capture images of the same scene. By comparing the images
and identifying corresponding points in each image, depth information can be estimated

using triangulation. Stereo vision systems [62]| often require more computational power and
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can be sensitive to lighting conditions, but they do not rely on active IR illumination. In
contrast, structured light systems [112] project a known pattern of light (usually infrared)
onto the scene and then capture the deformed pattern with a camera. The deformation of
the pattern allows the system to reconstruct the 3D geometry of the scene. It usually works
well in low-light conditions (since it uses active illumination) but it is sensitive to ambient
light and surface properties (e.g., reflectivity, transparency).

Over the years, numerous techniques have been attempted for fruit 3D localization based
on the aforementioned sensors and advanced computer vision methods |77, 45, 128, 68|.
Specifically, [76] employed a stereo camera system in conjunction with a tailored fruit-
matching algorithm, reporting a localization error of approximately 11 mm in the simplified
indoor environment. However, outdoor agricultural environments are significantly more chal-
lenging, with exposure to a wide spectrum of lighting conditions and complex tree and fruit
structures, which can cause major issues to its fruit matching techniques as they can sig-
nificantly influence the visual characteristics and discernibility of fruits captured within the
images or point clouds. [2] utilized a commercial device, RealSense RGB-D camera, to ob-
tain the positions of apples and reported a localization error of around 9.5 mm in an ideal
indoor environment. However, due to the low resolution of the projector in the depth cam-
era, RGB-D cameras have to interpolate based on partial depth measurements. Unlike plane
surfaces, fruits can exhibit a wide range of shapes, sizes, colors, and textures, making it
difficult to develop a one-size-fits-all approach to 3D fruit localization. To overcome complex
fruit morphology, [101] utilized a global time-of-flight camera to obtain fruit point cloud by
removing the background, in order to accurately localize each point on the fruit. However,
in real-world orchard scenarios, fruits are often surrounded by leaves, branches, and other
fruits, which can create occlusions and clusters in the images or point clouds. These issues
make it difficult to accurately identify and localize the fruits, particularly when they are
partially or fully occluded.

In this chapter, I address the above challenges by designing and developing a novel Active
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Laser-Camera Scanner (ALACS) system. Specifically, an RGB camera is integrated with a
line laser to achieve robust and accurate localization using the triangulation principle. I
propose a feature-matching algorithm, called Laser Line Extraction (LLE), to help ALACS
transform the 2D fruit positions to 3D fruit positions, thus achieving accurate mapping even
under complex fruit morphology, variable lighting conditions and occlusions. This research is
expected to provide a valuable reference for future research on developing fruit 3D localization

systems in fruit harvesting. The main contributions of this chapter are highlighted as follows:

1. A novel Active Laser-Camera Scanning system, consisting of a red line laser, an RGB-
D camera, and a linear motion slide, is designed and developed for accurate fruit 3D
localization.

2. A Laser Line Extraction (LLE) algorithm is proposed and implemented for robust
feature matching to enable stable 2D-3D transformation for ALACS.

3. System evaluation and validation of the ALACS are performed indoors and outdoors
in comparison with a conventional 3D sensing technique, i.e., Intel RealSense D435i

RGB-Depth camera.

5.2 Active Laser-Camera Scanning (ALACS)

The ALACS is designed to provide accurate 3D localization of apples in orchards by
combining the advantages of a depth camera and laser scanning. The major hardware
components include a red line laser (Laserglow Technologies, North York, ON, Canada),
a FLIR RGB camera (Teledyne FLIR, Wilsonville, OR, USA), a linear motion slide, and
an Intel RealSense D4351 RGB-D camera, which is used for providing rough initial global
estimates of fruits. As shown in Figure 5.1, the RGB-D camera is mounted on a horizontal
frame that is above the manipulator to provide a global view of the scene and initialize
the laser position. The line laser is mounted on the linear motion slide that enables the
laser to move horizontally with a full stroke of 20 cm. Meanwhile, the FLIR RGB camera

is installed at the left end of the linear motion slide with a relative angle to the laser to
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capture laser patterns on apples. The hardware configuration of the ALACS is designed to
facilitate depth measurements based on the principle of laser triangulation [30]. Specifically,
the laser triangulation-based technique is a classical high-precision localization scheme that
captures depth measurements by pairing a laser illumination source with a camera. It is
worth noting that with the conventional laser triangulation sensors, the relative position
and pose between the laser and the camera is fixed (i.e., both of them are static or moving
simultaneously), whereas in ALACS the camera is fixed while the laser position is actively
adjusted with the linear motion slide to seek the target fruit (see subsequent discussions
for more details). Specifically, ALACS performs fruit 3D localization in three steps: laser

scanning, target position determination, and 2D-3D position transformation.

(Red Line LaserJ

(Linear Motion SIide)

(RGB-D Camera)

(RGB Camera]

Figure 5.1 CAD model of ALACS.

As shown in Figure 5.2, the first step in the ALACS workflow is to capture a global
view of the scene using the RGB-D camera. This camera provides both color and depth
information, which can be used to segment and identify bounding boxes containing apples
based on an apple detection approach (see [24]). Then, a rough 3D position of each detected
apple is estimated. Based on a planning strategy [134], ALACS selects a target apple and
uses the rough 3D position provided by RealSense D435i to guide the laser to the initialized
position related to the target apple. The laser is then moved horizontally from the left to

the right side of the apple in five 2-cm increments; it illuminates the target apple and creates
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A. 2D apple detection.
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4. Transform the 2D to 3D position.

C. ALACS localization.

D. Send 3D localization information to manipulator.

Figure 5.2 Schematics of the ALACS workflow: In step A, the RGB-D camera provides an
initial global view of detected apples. In step B, a target apple is determined based on
a planning strategy and its rough 3D location is sent to ALACS. In step C, the fruit is
scanned and the high-precision position is obtained. Finally in step D, the 3D localization
information is sent to the manipulator for fruit picking.
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visible laser lines on the surface of the fruit (see Figure 5.3).

Figure 5.3 Schematic of laser scanning on a target fruit in ALACS to obtain one laser line
from the fruit.

During the laser scanning process, at each stop an image is obtained at each stop with
the illuminated apple being captured by a high-resolution FLIR camera. ALACS uses a laser
line extraction algorithm (see Section 5.3) to extract laser patterns on the target apple for
each stop. These candidates resulting from the five different laser projections would cover the
target apple. The most reliable candidate is then selected to determine the apple’s centroid
position based on a confidence evaluation for each candidate, which is calculated using two
key factors: the distance to the estimated center and the number of extracted laser line
pixels.

Distance to the Estimated Center: The distance factor in the confidence calculation quantifies
how close the candidate laser line is to the apple’s estimated center (obtained from our apple

detection algorithm [24]). Candidates that are closer to the center are considered more
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reliable and are assigned higher confidence scores. This distance factor Ad is calculated
using the Euclidean distance between the candidate’s position and the estimated center.
Number of Extracted Laser Line Pixels: The second factor contributing to the confidence
calculation is the number of extracted laser line pixels, N, for each candidate. Candidates
with more extracted laser line pixels are considered to provide a more complete representation
of the apple’s surface geometry and are thus deemed more reliable. Consequently, these
candidates are assigned higher confidence scores. Then the confidence P is calculated by
P =w - N —wy - Ad, where w; and wy are weights for these two factors and are obtained
through cross-validation.

After selecting the most reliable candidate based on the calculated confidence scores,
the 2D position of the center of this laser line is obtained and the apple’s center position
is determined using the laser triangulation scheme [30]. The basic idea of this technique is
to capture depth measurements by pairing a laser illumination source with a camera. Both
the laser beam and the camera are aimed at the target object, and based on the extrinsic
parameters between the laser source and the camera sensor, the depth information can be
computed using trigonometry. The transformation rule for 2D position (u;, v;) to 3D position

(i, ys, z;) follows

L
e sin(a) — w; cos(a) — v; tan(B)’
B Lu;
i sin(a) — w; cos(a) — v; tan(B)’ (5:1)
yi — Lv;

sin(a) — w; cos(a) — v; tan(B)’

where extrinsic parameters L, a, and [ are, respectively, the baseline (i.e., the distance
between the camera and the line laser), horizontal angle, and vertical angle between the
laser illumination source and the camera. The details of parameter estimation are discussed
in [130]. Therefore, ALACS finally localizes the target apple. After the apple has been

picked, the process repeats for the next target fruit.
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5.3 Laser Line Extraction (LLE)

In this section, I present more details on the laser line extraction steps that are of
paramount importance in the ALACS system since it serves as the crucial link between
the laser scanning process and the final triangulation-based localization. In ALACS, images
of the illuminated apple are captured using a high-resolution camera. These images are then
processed to extract the laser lines on the apple’s surface. Extracting accurate and well-
defined laser lines from the captured images provides essential geometric information about
the apple’s surface. Furthermore, effective laser line extraction techniques can help mitigate
the impact of noise, occlusions, and illumination variations, which can significantly improve
the overall performance and reliability of the ALACS method. I next discuss the specific
algorithms and techniques employed for laser line extraction and their role in enhancing the
accuracy of the ALACS-based apple localization process.

I have chosen a red laser as the domain laser color, as opposed to blue or green lasers.
This choice was made based on our preliminary evaluations, which found that red laser lines
appear more intense and distinct in the captured images (see Figure 5.4 for comparisons
among three lasers of different colors), thus facilitating more effective extraction of laser
lines. More specifically, LLE is designed with 4 steps: laser pattern detection, noise removal,
line focus, and curve fitting, as illustrated in Figure 5.5.

Laser Pattern Detection: Based on the utilized laser line pattern, various image processing
techniques, such as edge detection, filtering, and thresholding, can be employed to identify
and isolate the laser lines in the captured images. Thresholding is the simplest way to extract
highlighted patterns but it is usually affected by strong external lighting like sunlight. Edge
detection using Sobel or Robert kernel [27] can find line patterns accurately but they need
more computation time compared to thresholding. Hence, I designed a novel algorithm,
called bidirectional Relative Color Enhancement (bRCE), to detect the laser line pattern
from the selected apple image Z efficiently. The bRCE (see Algorithm 5.1) gets bi-directional

horizontal gradient matrixG, which is calculated through shifted differences of the image
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Figure 5.4 Comparison of laser projections on a red apple by a red laser (635 nm), green
laser (515 nm) and blue laser (447 nm). Laser intensity is obtained using a thresholding of

140.
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Figure 5.5 Schematic of the laser line extraction (LLE) workflow.

in both left-to-right and right-to-left directions. The bRCE can effectively highlight the
boundaries of the laser lines, help enhance the contrast of the laser lines and make them
more distinguishable from the background. The bRCE outperforms the thresholding-based
method especially in over-exposure situations, as shown by an example in Figure 5.6.

Noise removing: The laser line patterns are usually highlighted with small outliers, as shown
by examples in Figure 5.7, since the over-exposure part caused by strong sunlight can interfere
with the laser line. To address the discontinuity of the outliers, I employ a sliding window
counting method to remove these outliers. As shown in Algorithm 5.2, a predefined window

with size W is slid horizontally across the image row by row based on the partition size v,
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Algorithm 5.1 bRCE laser pattern detection

Input: Z: n x m x 3 RGB image matrix of the selected apple.
Output: G: n x m laser prediction matrix.

Params: step: gradient step, th: gradient threshold.

R = red channel of 7

G1 =R[:,: —2- step] — R[:, step : —step]

Go = R][;,2 - step :] — R[:, step : —step]

/*G1, Go are two horizontal gradients of Z.*/

for Gi,G, do
GilGi <th] =0

end
G = G100y, > o is element-wise product

Glg>0]=1

Laser pattern

bRCE

Threshold

Figure 5.6 Laser pattern detection comparison between bidirectional Relative Color Enhance-
ment (bRCE) with step= 8, th= 40 and thresholding with th= 220 under over-exposure
situations.

and the number of strong curve pixels within the window is counted. If the count exceeds a
pre-specified threshold 6, the pixels within the window are considered part of the laser line;
otherwise, they are categorized as noises and discarded. This filtering process helps retain
only the most prominent laser lines C in the image while eliminating undesired artifacts and

noises.
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Laser
patterns

Noise
removing /

Figure 5.7 Extracted laser patterns with outliers (noises) (first row) and resultant laser
patterns after noise removal with the use of a threshold of 9 = 8 and the partition size of
v = 3 (second row).

Algorithm 5.2 Noise removing

Input: G: n x m laser prediction matrix (from Algo. 1).
Output: C: n x m noise-free laser matrix.
Params: wg, hg: width and height of G,
f: threshold of noise, v: partition size of G.
/* W yw.n 1 the sliding window with the left-top position (z,y), the width w and the height
h. */
w, h = %w(;, %hG
s.t. O<0§wxh,§>1

C=¢g
u = we—w
N
_ hg
V=

for:=1,2,3...udo

for j=1,2,3...vdo
p= (1)1 y=(—1)h
if sum of Wy ywn < 6 then
| Cle:x+w,y:y+h]=0,
end

end
end

Line focusing: To enable a point-to-point feature matching for laser triangulation, LLE
proceeds to extract a centerline for each laser pattern (generally with a width of greater
than 2 pixels) by computing the centroids of the remaining strong laser pattern pixels on a
row-by-row basis. By averaging the column indices of the strong curve pixels, the algorithm

determines the centroid of the laser line in each row, which are then connected to form a
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continuous centerline. This focused centerline effectively represents the central path of the
laser line in the image, which will be used as the basis for the final continuous curve fitting
step discussed next.

Curve fitting: The focused laser line obtained from the last step is not always smooth and
continuous. As such, I use a polynomial to fit the rough focused line and thus generate a
smooth and continuous curve that accurately represents the laser line in the image. The
choice of polynomial order depends on the expected curvature of the laser line on the apple’s
surface, with higher-order polynomials offering greater flexibility to fit complex shapes. To
avoid overfitting problem and through cross-validation, the 4th-order polynomial is used in
this study to fit curves, which strikes a good tradeoff between accuracy and simplicity based

on our preliminary evaluations.

5.4 Experimental Results
In ALACS, the 3D localization performance is affected by both feature matching accuracy
and 3D positions estimation. I thus separately evaluate the performance of LLE and the

final apple 3D localization performance.

5.4.1 LLE Evaluation

To evaluate the performance of LLE, I conducted a series of experiments under varying
lighting conditions (from 1000 to 6500 lux) in the outdoors environment, specifically overcast
and direct lighting scenarios.These tests were intended to assess the robustness and effective-
ness of the LLE algorithm in extracting laser lines in challenging environments. To evaluate
the laser line extraction performance using bRCE;, I first varied the bRCE parameters step
and th to observe how they affect laser extraction performance (see Figure 5.8). Based on
tests at different distances of 0.8 m, 1.0 m, 1.2 m, 1.4 m, and 1.6 m, it was found that the
laser lines on the surface of apple are around 4-pixel wide. When I tuned step from 2 to 14
with a fixed th, the best results are generated with around step= 4. With step increases,
the shape of laser pattern becomes slacking. A similar approach was used to tune th from

20 to 70, and the number of laser pixels tends to decline as th increases. After calculating
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the extracted line’s mean and standard deviation from different combination of parameters

on 400 images, the best parameters are chosen to be step= 4 and th= 40.

Input step=2 step=4 step=8 step=10 step=12 step=14

Input th=20 th=40 th=50 th=60 th=70

Figure 5.8 An example of the laser pattern detection performance with different bRCE
parameters: (a) with a threshlod value th= 60 and the step varying from 2 to 14; (b) with
th= 30 and the step varying from 2 to 14; and (c) with step= 4 and th varying from 20 to
70. The best result is obtained using step= 4 and th= 40 for this input.

Furthermore, to perform a quantitative evaluation of the LLE algorithm, I calculate the
laser line displacements between the LLE predictions and the ground truth, which are ob-
tained through manual labeling. This evaluation provides a quantitative measure of the
accuracy and reliability of the LLE algorithm in extracting laser lines under various condi-
tions. For this evaluation, a set of images with visible laser lines were manually annotated by
trained persons, who carefully trace the laser lines and mark their positions as ground truth.
These ground-truth annotations serve as a reference for comparing the performance of the
LLE algorithm against an ideal extraction. LLE was then applied to the same set of images,
and the resulting laser line predictions were compared with the ground truth annotations.
The laser line displacements were calculated as the average pixel-wise Euclidean distances
between the points on each row between the LLE-predicted laser lines and the ground-truth

laser lines. Smaller displacements indicate a higher degree of agreement between the LLE
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predictions and the ground truth, reflecting a more accurate and reliable extraction perfor-
mance. Since I only used central results to localize, I calculated the displacements based on
different central segments of each laser line. The results are summarized in Table 5.1. With
calculating displacements in 10% central segment of the laser line, the LLE generated 1 pixel

displacement in average.

Table 5.1 Performance of the laser line extraction (LLE) algorithm, as measured by average
(Avg), minimum (Min) and maximum (Max) displacements (Disp.) in pixels for various
central segment ratios (from 10% to 80%) on 300 cases.

10% 20% 30% 40% 50% 60% 70% 80%

Avg Disp. 1.0 1.2 1.3 1.4 1.5 1.7 1.7 1.9
Min Disp. 0 0.2 0.3 0.4 0.4 0.5 0.5 0.6
Max Disp. 2.9 3.2 3.3 3.5 3.8 3.9 4.0 4.2

By analyzing the laser line displacements across various images and conditions (see Fig-
ure 5.9), I can gain insights into the performance and robustness of the LLE algorithm. To
avoid image saturation caused by direct lighting, the extracted line by LLE is not always
entire and continuous. In the meantime, occlusions also divide laser lines into different parts.
These discontinuous challenges are fixed by the polynomial curve fitting (see Figure 5.9) and
make the final laser line attach to the ground truth. This quantitative evaluation shows us
how accurate LLE identify laser patterns even under direct sunlight, ultimately contributing

to the overall performance of the ALACS-based apple localization system.

5.4.2 ALACS Localization Evaluation

To assess the performance of the ALACS-based apple localization, I conducted a series
of evaluation experiments including occlusion and cluster cases, in both indoor and outdoor
environments. In the indoor environment, I compared the localization results obtained by
the ALACS method against the ground truth data acquired using a high-precision Qualisys
localization system (Qualisys, Sweden) with an accuracy of 0.11 mm [17].To facilitate the
acquisition of ground truth data, markers were placed on the apples in the orchard, and the

Qualisys system was employed to accurately determine their 3D positions. These ground
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Figure 5.9 The visualization of the LLE process under different lighting conditions and
occlusions (step= 4, th= 40): (a)-(c) show the apples with different laser line positions
under overcast conditions; (d)-(f) show the apples under direct sunlight; (g) and (h) show
the occluded apple cases.
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truth positions served as a reference for evaluating the performance of the ALACS-based
localization method.

In the first evaluation experiment, I allowed the ALACS system to project a single laser
line to the center of the marker placed on the apple, under both occlusion-free and occlusion-
present situations. To mimic occlusion situations, I used artificial foliage to partially cover
apples. The ALACS system then estimated the apple’s position using the extracted laser line
and the target position estimation process. The resulting ALACS localization results were
compared against the ground truth positions acquired using the Qualisys system. Results in
Figure 5.10 show that ALACS achieved superior localization performance for occlusion-free
situations; the average distance error ranges from 2.5 mm to 5.8 mm at distances from 1.0
m to 1.6 m. When the apples were occluded by leaves, the average localization errors were
significantly larger than those without occlusions. The average distance errors, under the
occlusion situations, are 6.9 mm, 7.2 mm, 9.0 mm and 11.2 mm respectively at a distance
of .0 m, 1.2 m, 1.4 m and 1.6 m. Our harvesting robot uses a vacuum-based end effector
to pick fruits, which can tolerate localization errors within 20 mm [131]. Hence, the ALACS
system can still meet the localization accuracy requirements when apples are occluded by
leaves.

In the second indoor evaluation experiment, I tested the ALACS system’s ability to
estimate the apple’s position using multiple laser projections, respectively under occlusion-
free and occlusion-present situations. The ALACS system acquired the laser lines at a 2-cm
increment for five times over the apple, projecting different laser lines at various positions on
the apple’s surface. The LLE algorithm was then used to extract the laser lines to determine
the apple’s center position based on these five laser projections. As shown in Figure 5.11),
under the occlusion-free conditions, the average distance error range from 5.5 mm to 9.1
mm for distances ranging from 1.0 m to 1.6 m, compared with the results obtained in the
first experiment for a single laser line for the occlusion free condition. Under the occlusion

situation, the average distance errors were 9.2 mm, 11.6 mm, 13.9 mm, and 17.5 mm at
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Figure 5.10 Indoor performance evaluation of the active laser-camera scanning (ALACS)
system using single laser projections to the Qualisys marker center from different distances
for occlusion-free (120 cases) and occlusion-present (120 cases) situations.
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Figure 5.11 Indoor performance evaluation of the active laser-camera scanning (ALACS)
system using multiple laser line projections to the Qualisys marker from different distances
under the occlusion-free (120 cases) and occlusion-present (120 cases) situations.

1.0 m, 1.2 m, 1.4 m, and 1.6 m, respectively. While these errors are significantly larger

compared to those obtained for single laser lines in the first experiment (see Figure 5.10),

64



the ALACS is still expected to meet our robot localization accuracy requirements of 20
mm when the distance is less than 1.6 m, the maximum working distance designed for our
harvesting robot [131].

Furthermore, I also performed a 3D localization comparison between ALACS and the
commercial RGB-D camera RealSense D435i, where the latter is commonly used in the
harvesting robots developed by other researchers. In the indoor environment, I still used the
Qualysis Motion Tracking System to benchmark the results and test the localization from
ALACS with multiple laser projections and RealSense D435i with occlusions at different
distances. Table 5.2 shows the ALACS system significantly outperformed the RealSense
benchmark for different distances among 120 cases.

Since the Qualysis system cannot provide accurate measurements in the outdoor envi-
ronment due to the varying light condition, I used the positions generated from ALACS
and D435i to operate our robotic system [134] to to determine whether fruits would be
attached to vacuum-based end-effector. The attachment rate was used as an indirect met-
ric for evaluating the localization results of both ALACS and RealSense D435i. Since our
vacuum-based end-effector can tolerate localization errors up to 20 mm, a measured localiza-
tion error larger than 20 mm would be considered a failed detachment. I tested 100 apples
under cloudy and 50% occlusion rate in a research orchard at Michigan State University’s
Horticultural Teaching and Research Center in Holt, MI. Our results showed that ALACS

achieved a 95% detachment rate, whereas the RealSense D435i only had a 71% success rate.

Table 5.2 Comparison of average localization errors (mm) between ALACS and RealSense
D435i at different distances.

Sensor \ Range 1.0m 1.2m 1.4m 1.6m
RS D435i 16.0(£7.1)  17.3(£8.0)  19.5(£9.3)  21.5(£11.2)
ALACS 6.9(+5.2)  7.2(£5.8)  9.0(£6.5)  11.2(£7.8)

Results from the three indoor and outdoor experiments have demonstrated that the
ALACS system has had significantly enhanced performance for apple localization, compared

to RealSense D435i.
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5.5 Summary of the Chapter

In this chapter, a novel Active Laser-Camera Scanning (ALACS) system was developed
for robust apple 3D localization. The proposed LLE method provided precise laser line
pattern extractions with an average displacement of 1 pixel under complex fruit morphology,
over-exposure, and occlusion conditions. For the apple 3D localization, ALACS was able to
achieve average errors of 9.2 — 17.5 mm at distances ranging from 1.0m to 1.6m, which are
significantly better, compared to the widely adopted commercial RGB-D camera RealSense
D435i. ALACS also demonstrated superior performance for fruit detachment in an apple
orchard, when it was tested with our harvesting robot equipped with a vacuum-based end

effector.
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CHAPTER 6

SKESEGNET: SKELETON-LEAD SEGMENTATION NETWORK FOR
BRANCH SEGMENTATION

In this chapter, I delve into the realm of panoptic segmentation, presenting a compre-
hensive overview of the field. I introduce our novel approach, SkeSegNet, aimed at ad-
vancing branch segmentation by leveraging skeletal information for enhanced accuracy and
robustness. Furthermore, I explore the by-product of SkeSegNet to generate 3D branch

representations.

6.1 Introduction

In fruit detection and robotic harvesting applications, it is crucial to have a comprehen-
sive understanding of the orchard environment, including not only the fruits but also other
elements, such as branches, leaves, and the overall tree structure. Panoptic segmentation, a
computer vision technique that combines instance segmentation and semantic segmentation,
can provide valuable information about the orchard scene by simultaneously segmenting and
classifying individual objects and background regions. By integrating panoptic segmentation
into fruit detection systems, I can obtain richer visual details to guide robotic systems more
effectively, improving the efficiency and safety of the harvesting process.

Panoptic segmentation aims to provide a holistic understanding of the scene by segment-
ing and classifying every pixel in the image into various categories, such as fruits, branches,
leaves, and background. This level of detail can be particularly useful in fruit detection
applications for several reasons. 1) Improved Fruit Detection: Panoptic segmentation can
help distinguish fruits from other scene elements, such as leaves and branches, reducing false
positives and improving overall detection accuracy; 2)Robotic Navigation and Manipulation:
By providing detailed information about the orchard structure, panoptic segmentation can
enable robots to navigate and manipulate their environment more effectively, avoiding obsta-
cles and minimizing damage to the trees and fruits; 3) Scene Understanding for fruit status:

Panoptic segmentation can contribute to a better understanding of the entire orchard scene,
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facilitating more accurate fruit ripeness checking [66].

Several techniques and algorithms have been proposed for panoptic segmentation in com-
puter vision, leveraging advances in deep learning and convolutional neural networks (CNNs).
Panoptic Feature Pyramid Networks (Panoptic-FPN) [58] is a unified, end-to-end trainable
architecture that combines instance segmentation and semantic segmentation tasks, produc-
ing panoptic segmentation results in a single forward pass through the network. Panoptic-
DeepLab [20] is another end-to-end trainable architecture for panoptic segmentation, which
employs an efficient dual-path architecture to handle both instance and semantic segmenta-
tion tasks. Mask R-CNN: Mask R-CNN is a popular instance segmentation method that can
be extended to perform panoptic segmentation by combining it with semantic segmentation
techniques. Adapting these methods for fruit detection applications in orchards may involve
fine-tuning the segmentation models on annotated datasets containing fruit, branch, leaf,
and background classes, ensuring that the models can accurately segment and classify these
elements in real-world orchard environments.

I adapt the Panoptic-DeepLab architecture for orchard environments and trained it on
our customized dataset, which consists of images with five distinct labeled classes, including
apples, branches, foliage, sky, and ground. I propose a Skeleton Segmentation Network to
improve the accuracy of branch segmentation since branches are the main obstacles against
apples. Using the skeleton branches, 3D branches are quickly generated combined with the
depth map, which provide obstacle data for our robot’s planning algorithm. Then, I evaluate
the performance against state-of-the-art panoptic segmentation models and demonstrate

superior performances. The contributions of this work are highlighted as follows:

1. An image annotation tool, PicA, is developed and open-sourced to alleviate the burden
of manual annotation by leveraging the concept of superpixels and pre-trained models
associated with panoptic segmentation annotation.

2. Skeleton-lead Segmentation Network (SkeSegNet) is proposed to address the challenges

of segmenting complex branches. SKeSegNet is evaluated and outperformed 4 state-
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of-the-art panoptic segmentation models.

3. The SkeSegNet generates 3D branches for efficient obstacle avoidance using depth map.

6.2 Data Annotation

Based on the previous work (see Chapter 3), I select 167 images to compose orchard
segmentation dataset. I next processed these collected raw orchard images into formats that
can be used to train and evaluate deep networks. Specifically, there are totally five categories,
including branch, foliage, ground, sky and apples in the images, to be annotated in pixel
level. In panoptic segmentation datasets, instance annotation and semantic annotation are
split into different tasks, which are labor-intensive and time-consuming. To address the
challenges associated with panoptic segmentation annotation, a novel image annotation tool
named PicA! has been developed, particularly when dealing with complex scenes. PicA has
been designed to alleviate the burden of manual annotation by leveraging the concept of
superpixels and pre-trained models to expedite the annotation process.

Superpixels, which are compact and coherent image regions, serve as a fundamental com-
ponent in PicA’s annotation strategy. By segmenting the input images into superpixels, PicA
simplifies the annotation process by allowing annotators to work on smaller, more manage-
able regions of the image at a time. This approach not only enhances the efficiency of the
annotation process but also reduces the potential for human error by focusing annotators’
attention on local regions. Additionally, PicA harnesses the power of pre-trained models
to further streamline the annotation workflow. These models, trained on large and diverse
datasets, possess the capability to generate preliminary segmentation results with a high de-
gree of accuracy. PicA integrates these pre-trained results as a starting point for annotators,
reducing the amount of manual labor required. This not only accelerates the annotation
process but also ensures that annotators are provided with a reliable foundation for further

refinement and correction. Figure 6.1 shows the annotation results based on PicA.

!The image annotation tool PicA is open-sourced at https://github.com/pengyuchu/picA.
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Figure 6.1 PicA: An image annotation tool. In this workspace, a panoptic segmentation
project is created and an image is annotated with superpixels. After checking BBoxes, all of
instances are shown using white boxes.

6.3 Panoptic-DeepLab: Panoptic Segmentation

Panoptic-DeepLab [20] is conceptually simple, adopting dual-ASPP and dual-decoder
modules specific to semantic segmentation and instance segmentation, respectively. Panoptic-
DeepLab uses a fast bottom-up baseline (see Figure 6.2) and requires only three loss functions
during training, and introduces extra marginal parameters as well as additional slight com-
putation overhead when building on top of a modern semantic segmentation model. In the
apple orchard segmentation, the output will be the fusion of scenes (i.e., branch, foliage,

ground and sky) and apples.

6.3.1 Architecture of Panoptic-DeepLab
Panoptic-DeepLab (see Figure 6.3) consists of four components: (1) an encoder backbone
shared for both semantic segmentation and instance segmentation, (2) decoupled ASPP

modules and (3) decoupled decoder modules specific to each task, and (4) task-specific
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Figure 6.2 Panoptic-DeepLab [20] predicts three outputs: semantic segmentation, instance
center prediction and instance center regression. Class-agnostic instance segmentation, ob-
tained by grouping predicted foreground pixels to their closest predicted instance centers,
is then fused with semantic segmentation by majority-vote rule to generate final panoptic
segmentation.

prediction heads.

Basic architecture: The encoder backbone is adapted from an ImageNet-pretrained
neural network paired with atrous convolution for extracting denser feature maps in its
last block. Motivated by [21, 81], Panoptic-DeepLab employs separate ASPP and decoder
modules for semantic segmentation and instance segmentation, respectively, based on the
hypothesis that those two branches requires different contextual and decoding information,
which is empirically verified in the following section. The light-weight decoder module follows
DeepLabV3+ [18] with two modifications: (1) Panoptic-DeepLab introduces an additional
low-level feature with output stride 8 to the decoder, thus the spatial resolution is gradually
recovered by a factor of 2, and (2) in each upsampling stage Panoptic-DeepLab applys a
single 5 x 5 depthwise-separable convolution [51].

Semantic segmentation head: Panoptic-DeepLab employs the weighted bootstrapped
cross entropy loss, proposed in [126], for semantic segmentation, predicting both ‘thing’ and

‘stuff’ classes. The loss improves over bootstrapped cross entropy loss [121, 96, 88| by

71



:’Shared Encoder

: Semantlc Decoder

116

. :*-»'.*

256

Processmg A
i

1 Post

;
! 1 ' 256 , 64 :
V14 18 116 1/16 ) > [ '
i [ N N L >-m,
| ; ;
' el '
i E ’Instance Context : ¢ Instance Decoder 1
1 ' 1
: L\ | (-] ; e -
) ' N
------------------- =g

|

e *-»'*-* ﬂ Gk

s m : 256 e

—— @ 56 , 3

To decoders

i

: ! 128 16 125

N % ____________ /
1x1 Con

Figure 6.3 Panoptic-DeepLab [20] adopts dual-context and dual-decoder modules for seman-
tic segmentation and instance segmentation predictions. They applys atrous convolution in
the last block of a network backbone to extract denser feature map. The Atrous Spatial
Pyramid Pooling (ASPP) is employed in the context module as well as a light-weight de-
coder module consisting of a single convolution during each upsampling stage. The instance
segmentation prediction is obtained by predicting the object centers and regressing every
foreground pixel (i.e., pixels with predicted ‘thing’ class) to their corresponding center. The
predicted semantic segmentation and class-agnostic instance segmentation are then fused to
generate the final panoptic segmentation result by the “majority vote” proposed by Deeper-

Lab.
weighting each pixel differently.

Class-agnostic instance segmentation head: Motivated by Hough Voting |7], Panoptic-

DeepLab represents each object instance by its center of mass. For every foreground pixel

(i.e.,

mass center. During training, groundtruth instance centers are encoded by a 2-D Gaussian

pixel whose class is a ‘thing’), they further predicts the offset to its corresponding
with standard deviation of 8 pixels. In particular, they adopts the Mean Squared Error
(MSE) loss to minimize the distance between predicted heatmaps and 2D Gaussianencoded
groundtruth heatmaps. They uses L1 loss for the offset prediction, which is only activated
at pixels belonging to object instances. During inference, predicted foreground pixels (ob-
tained by filtering out background ‘stuff’ regions from semantic segmentation prediction) are
grouped to their closest predicted mass center, forming the class-agnostic instance segmen-

tation results, as detailed below.
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6.3.2 Panoptic Segmentation

During inference, Panoptic-DeepLab uses an extremely simple grouping operation to
obtain instance masks, and a highly efficient majority voting algorithm to merge semantic
and instance segmentation into final panoptic segmentation.

Simple instance representation: Panoptic-DeepLab simply represents each object by its
center of mass, {C,, : (i,,7,)} . To obtain the center point prediction, they first performs
a keypoint-based non-maximum suppression (NMS) on the instance center heatmap predic-
tion, essentially equivalent to applying max pooling on the heatmap prediction and keeping
locations whose values do not change before and after max pooling. Finally, a hard threshold
is used to filter out predictions with low confidence, and only locations with top-k highest
confidence scores are kept. In experiments, Panoptic-DeepLab uses max-pooling with kernel
size 7, threshold 0.1, and k£ = 200.

Simple instance grouping: A simple instance center regression is used to to obtain the
instance id for each pixel. For example, consider a predicted ‘thing’ pixel at location (i, j), an
offset vector O(i, j) is predicted to its instance center. O(i, j) is a vector with two elements,
representing the offset in horizontal and vertical directions, respectively. The instance id for
the pixel is thus the index of the closest instance center after moving the pixel location (7, j)

by the offset O(i, 7). That is,

ki = arg min||Cy. — (7, ) + O, 7))l (6.1)

where /2:” is the predicted instance id for pixel at (4, 7). I use semantic segmentation predic-
tion to filter out ‘stuff’ pixels whose instance id are always set to 0.

Efficient merging: Given the predicted semantic segmentation and class-agnostic instance
segmentation results, I adopt a fast and parallelizable method to merge the results, following
the “majority vote” principle proposed in DeeperLab [77|. In particular, the semantic label
of a predicted instance mask is inferred by the majority vote of the corresponding predicted

semantic labels. This operation is essentially accumulating the class label histograms, and
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thus is efficiently implemented in GPU, which takes only 3 ms when operating on a 1025 x

2049 input.

6.3.3 Instance Segmentation

Panoptic-DeepLab can also generate instance segmentation predictions as a by-product.
To properly evaluate the instance segmentation results, one needs to associate a confidence
score with each predicted instance mask. Previous bottom-up instance segmentation meth-
ods use some heuristics to obtain the confidence scores. For example, DWT [6] and SSAP [39]
use an average of semantic segmentation scores for some easy classes and use random scores
for other harder classes. Additionally, they remove masks whose areas are below a certain
threshold for each class. On the other hand, the Panoptic-DeepLab does not adopt any
heuristic or post processing for instance segmentation. Motivated by YOLO [93], they com-
putes the class-specific confidence score for each instance mask as Scoreopject X Scorecigss,
where Scoreppjer is unnormalized objectness score obtained from the class-agnostic cen-
ter point heatmap, and Scorec.ss is obtained from the average of semantic segmentation

predictions within the predicted mask region.

6.4 Skeleton-lead Segmentation Network for Branch Detection

The segmentation of complex structures such as branches poses a significant challenge
due to their inherent characteristics of spanning over a large spatial extent. Traditional
segmentation approaches may struggle to delineate such structures effectively, as they tend to
rely on strict boundaries and may overlook the interconnected nature of branches. Therefore,
I introduce an alternative strategy is to treat these branches as a combination of segments
and skeletonize them. This approach leverages the idea that branches can be represented as a
network of interconnected segments and a central skeleton. To prepare for the annotation of
the data, I only add skeleton annotations based on existing branch annotation. Annotators
only draw skeletons represented by two ends V* and V¢ (See Figure 6.4). This preparatory

step is essential for training and evaluating segmentation models effectively.
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Figure 6.4 A sample of skeleton annotation based on branch annotation. Each line is drawn
based on a pair of the skeleton’s ends (V*, V*).

6.4.1 Architecture

To facilitate the orchard segmentation process, I propose the Skeleton-lead Segmenta-
tion Network (SkeSegNet) and introduce it to the Panoptic-Deeplab, in order to address
the challenges of segmenting complex branches. SkeSegNet (see Figure 6.5) comprises two
key components: the skeleton decoder and the skeleton predictor. The skeleton decoder is
responsible for extracting the central skeleton of the branch structure, which serves as a
fundamental representation of its topology. The skeleton predictor, on the other hand, gen-
erates segment centers and boundaries based on the extracted skeleton, effectively dividing
the branch into individual segments. Together, these components work in parallel to achieve
a comprehensive and accurate segmentation of complex branching structures, overcoming

the limitations of traditional segmentation approaches.
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Figure 6.5 Skeleton-lead Segmentation Network (SkeSegNet) consists of Skeleton Decoder
and Skeleton Predictor. The decoder uses a light-weight decoder module consisting of a
single convolution during each upsampling stage. The skeletons prediction is obtained by
predicting the skeleton centers, skeleton masks, and the skeleton orientations. The operation
SkeGen converts them to skeletons, and uses our designed fusion methods to improve the
branch class probability map.

Skeleton Decoder: After the output from Panoptic-Deeplab’s encoder backbone, which
is an ImageNet-pretrained neural network paired with atrous convolution for extracting
denser feature maps, I applied a light-weight decoder [18] module as the skeleton decoder,
to extract skeleton features. The skeleton decoder introduces an additional low-level feature
with output stride 8 to the decoder, thus the spatial resolution is gradually recovered by a
factor of 2. Additionally, in each upsampling stage the skeleton decoder applys a single 5 x 5
depthwise-separable convolution [51].

Skeleton Predictor: In the deep convolutional networks, graph data is hard to repre-
sent in feature maps. Hence, I split each branch segment into three elements: branch center,
branch orientation and branch pixellation, associated with three predictors. The skeleton
mask predictor follows a semantic predictor head using a stack of 5 x 5 and 1 x 1 depthwise-
separable convolution, which predicts skeleton mask. The skeleton center predictor and

orientation predictor gives center and orientation (normalized into (0, 1]). SkeSegNet repre-
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sents each skeleton by its center, its orientation and its pixellation (with the identical width
5). For every pixel, they further predicts the orientaion to its corresponding skeleton center.
During training, groundtruth line-obejct centers ((V; + V;7)/2, (V' + V,7)/2) are encoded by

a 2-D Gaussian with standard deviation of 5 pixels, and groundtruth line-obejct orientation

is calculeted by arctan(g:g) for each skeleton pixel. In particular, they adopts the Mean
Squared Error (MSE) loss to minimize the distance between predicted heatmaps and 2D
Gaussian-encoded groundtruth heatmaps. They uses L1 loss for the oriention prediction,
which is only activated at pixels belonging to skeleton instances.

SkeGen: SkeGen employs a unique approach to transform each skeleton center into a line
segment. This transformation process relies on two key components: the skeleton orientations
and the skeleton mask associated with each skeleton. By combining the information from
the orientation map and the skeleton mask, SkeGen is able to systematically convert each
skeleton center into a precisely defined line segment. For each center, SkeGen follows its
orientation in double sides to generate a line until there is no pixel around the end with
10-pixel offsets. Overall, SkeGen transforms centers to skeleton using paris of (V* V¢).

After I have skeleton branches, I can fuse the skeleton map into semantic prediction

map from the Panoptic-Deeplab to enhance branch probability. I fuse the semantic mask in

branch class P and skeleton map S with ¢-width drawing. The fused results P is followed.

P=X\-P-S+ M\, (6.2)
where A1, Ay and ¢ are fused hyperparameters, which will be discussed in Section 6.6.

6.4.2 SkeSegNet Training

In the training process, I convert the skeleton ground truth into three parts: mask, centers
and orientations, to feed the SkeSegNet (see Figure 6.6). The skeleton mask is generated by
drawing each skeleton with 5 pixels. The skeleton orientation map assign each calculated
orientation to its corresponding mask. The skeleton center map assign the position of each

skeleton’s center as 1.
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Figure 6.6 During the training period, the skeleton ground truth are converted to skele-
ton mask, skeleton centers and skeleton orientations for calculating losses with SkeSegNeet
predictors. The skeleton mask is generated by drawing each skeleton with t(¢ = 5) pixels.
The skeleton orientations are composed by assigning each calculated orientation to its corre-
sponding mask. The skeleton centers are composed by assign the position of each skeleton’s
center as 1.

To avoid affecting panoptic segmentation results, I use light weights on SkeSegNet when
training with Panoptic-DeepLab together. Panoptic-DeepLab is trained with three loss func-
tions: weighted bootstrapped cross entropy loss for semantic segmentation head (L) [126];
MSE loss for center heatmap head (Lneatmap) [111]; and L1 loss for center offset head

(Lofsset) [85]. The final loss L4, is computed as follows:

£pan = )\semﬁsem + )\heatmap['heatmap + Aoffset‘coffset- (63)

Specifically, I set Ager, = 1, Apeatmap = 200, and Ayrfser = 0.01, to make sure the losses are in
the similar magnitude.
On the other hand, SkeSegNet is trained with three loss functions with L1 sum loss for

each skeleton maps: L,ask; Leenter and Lorient. the total loss L. is computed with as follows:
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/:'ske = )\maskﬁmask + /\centerﬁcenter + Aorientﬁorienb (64)

where Ao = 0.1, Acenter = 50, and A,iene = 1 are set up to make sure the losses are in the

similar magnitude. The final loss function is drawn as follows:

L= )\skeﬁske + ‘Cpmu (65)
where A = 0.2 is the light weight to ease skeleton’s affect on other categories.

6.5 Three-dimensional Structured Branch Generation

The utilization of by-product skeletons generated by SkeSegNet offers a valuable ad-
vantage in the process of constructing 3D branches. These by-product skeletons represent
significant structural information within the image. Leveraging this information, I can effi-
ciently create 3D representations of branches in combination with depth maps.

To construct 3D branches, the length and width of branches are obtained at first. The
length can be calculated based the Euclidean distance between two ends of an skeleton. To
estimate the width, I select 10 points for each skeleton and follow the perpendicular direction
of skeleton to find out the branch pixels. The maximum of them is treated as the skeleton’s
width. With the related depth map, I transform the 2D branch to the 3D branch using the

following equation,

z=d,

=ux* f/d,

r=uxf/ (6.6)
y=uvx*f/d,

w=px [f/d,

where (u,v) and (z,y, z) are respectively 2D positions and 3D positions of the branch’s ends.
The p is the branch’s width in pixels and the w is its estimated width in the world coordinate.

An example of 3D branch estimation period is shown in Figure 6.7.
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Figure 6.7 Three-dimension representatives of apple and branches. I utilize by-product skele-
tons from SkeSegNet to construct 3D branches and apples using the related depth map. (a)
The predicted skeletons are visualized using blue lines with white circle ends and branch
mask is visualized in green. (b) The generated 3D branches are showed in green at the front
view and the apples are presented using cuboids with different colors.

The integration of by-product skeletons simplifies and expedites the 3D reconstruction

process. Rather than relying solely on depth maps, which may have limitations in accu-
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rately capturing fine object boundaries and complex structures, the by-product skeletons
act as complementary information sources. The 3D representatives of branches will ease the

obstacle avoidance planning.

6.6 Experimental Results

In this section, I present the experimental results of our proposed method, focusing on
two main tasks: branch segmentation and panoptic segmentation. Additionally, I compare
our approach with the state-of-the-art methods in these domains. Furthermore, I look into
the effectiveness of the generated 3D branches in branch avoidance.

I report the Precision, Recall and F1-score to evaluate the branch and panoptic segmen-
tation results. All my models are trained using PyTorch on RTX 2080Ti. I use an initial
learning rate of 0.001, fine-tune the batch normalization parameters, perform random scale
data augmentation during training, and optimize with Adam without weight decay. I resize
the images to 1025 pixels at the longest side and train my models with crop size 1025 x 1025

with batch size 64. I set training iterations to 200K.

6.6.1 Branch Segmentation Evaluation

In the evaluation of branch segmentation, I only train branch class and then the task is
converted to semantic segmentation.

To get the better results, I use different fusion combination to determine the best fusion
parameters (see Equation 6.2). I select ¢ from 0 — 10 at a step of 1, A\; and Ay from 0 — 5.0
at a step of 0.1. The best parameters are t = 4, A\; = 2.5, Ay = 0.6 and the results are shown
in Table 6.1. Compared with Panoptic-Deeplab, the added SkeSegNet improves a precision
of 8.4%, a recall of 8.3%, and a Fl-score of 8.5%.

Table 6.1 Performance comparison between the baseline Panoptic-Deeplab and our proposed
SkeSegNet for only branch segmentation.

Precision Recall F1-score
Panoptic-Deeplab [20]  62.0 51.2  56.0
SkeSegNet (Ours) 70.4 59.5 64.5
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Additionally, I also evaluate other SOTA methods on our own dataset for branch segmen-
tation. Table 6.2 summarizes the performance of my method compared to SOTA methods
on the dataset.

Table 6.2 Performance comparison between the-state-of-art and our proposed SkeSegNet for
only branch segmentation.

Precision Recall Fl-score FPS
Panoptic-Deeplab [20] 62.0 51.2  56.0 2
Yolovs [53] 412 340 375 20
MaskFormer (ViT) [19] 55.0 486  51.8 0.3
MaskFormer (Swin-L) [70]  57.0 50.5  53.7 0.3
SkeSegNet (Ours) 70.4 59.5 64.5 2

Our approach consistently outperforms existing methods in branch segmentation, as
demonstrated by the superior scores on Fl-score. This indicates the effectiveness of our

proposed method in accurately segmenting branches.

6.6.2 Panoptic Segmentation Evaluation

Since our final task to obtain the whole orchard segmentation, I evaluate my method
in panoptic segmentation to ensure that SkeSegNet would not affect apples or other stuff
(e.g. foliage) segmentation results. I evaluate other SOTA methods on our own dataset for
branch segmentation. Table 6.3 summarizes the performance of my method compared to
SOTA methods on the dataset. Since the apple and branch segmentation are essential for
our work, I focus on the comparison between the baseline model and SkeSegNet. 1 can see
my method still outperform the baseline model with a 5.4, 3.8 and 3.4 increase respectively
in precision, recall and Fl-score. Besides, the introduced SkeSegNet does not affect other

categories’ segmentation results.

6.6.3 By-product Skeletons Evaluation
To evaluate the effectiveness of the generated skeleton branches, I conduct experiments
using four metrics: center error E., length error Error;, orientation error F, and width error

E,,. The metrics are calculated as follows.
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Table 6.3 Performance comparison in Precision (P), Recall (R) and Fl-score (F1) between
the-state-of-art and our proposed SkeSegNet for five categories panoptic segmentation.

branch apple all FPS
P R F1 P R F1 P R F1
Panoptic-Deeplab [20] 62.0 51.2 56.0 67.0 60.0 63.3 824 75.4 80.9 2
Yolov8 [53] 41.6 34.2 375 63.5 59.2 61.3 65.0 749 69.6 20
MaskFormer (ViT) [19] 55.0 48.6 51.8 67.0 61.4 64.0 79.1 73.0 75.9 0.3
MaskFormer (Swin-L) [70] 57.0 50.5 53.7 66.8 61.5 63.9 79.9 73.2 76.3 0.3
SkeSegNet (Ours) 67.4 55.0 60.6 66.8 60.2 63.3 82.7 75.1 80.8 2

E.=||V. - Vi,

Bi=IL- 1 (6.7)
E,=10 -0,

E, =W —-W|,

where V., L, O, W are the center, length, orientation and width for groundtruth branches,
while V., L, O, W are predicted ones from SkeSegNet. The Average Error AFE is calculated

by %E . The results are shown in Table 6.4.

Table 6.4 Average Errors (AE) for by-product skeleton branches from SkeSegNet. In 2D
errors, I calculate errors in pixels. In 3D errors, I convert each point into 3d positions (cm)
using the corresponding depth map (from Realsense D435i) over 120 images.

AE, AE, AE, AE,

2D 2.6 px 13.2 px 4.0 deg 1.0 px
3D 3.5 cm 18.6 cm 5.2 deg 1.4 cm

This evaluation shows that the predicted skeleton branches have a small error in center
error, orientation error and width error with 2.6, 4.0, and 1.2 respectively. The error in length
is larger than other metric with an error of 13.2, which is caused by the disagreement between
the prediction and ground truth. Due to random of skeleton generation, the skeletons are

not always predicted with the identical ones and can be split into different skeletons.

6.7 Summary of the Chapter
SkeSegNet, a novel method, is proposed for improving branch segmentation based on

existing panoptic segmentation work Panoptic-Deeplab. Through rigorous experiments, I
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demonstrate its effectiveness in accurately segmenting branches, outperforming state-of-the-
art methods with a 64.5 Fl-score. I also applied this design on a panoptic segmentation task
including five categories (i.e., branch, foliage, ground, sky and apples). The results shows
that our proposed method still improve 5% branch Fl-score compared with the baseline in
panoptic segmentation task. Additionally, these skeleton branches generated by SkeSegNet
show average errors 2.6 px, 13.2 px, 4.0 degree and 1.2 px in center, length, orientation and
width respectively. The generated 3D skeletons combined with the depth map serve as a
valuable resource for the design of planning algorithms, opening up new possibilities in the
realm of branch avoidance and navigation.

However, the skeleton branch generation still has drawbacks, including that the average
precision of 2D skeleton branch is still low, and the generated 3D branches have large errors in
the z axis compared with ideal cases. In future studies, I will optimize my methods, e.g., using
branch segmentation to improve skeleton prediction, and enhance 2D skeleton generation.
Besides, I will utilize high-precision depth sensor to localize branches and evaluate our 3D

skeleton branches with more comprehensive experiments.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The importance of accurate fruit detection and localization algorithms in challenging
environments cannot be overstated. As I continue to face evolving agricultural and environ-
mental challenges, the need for precise and efficient methods for harvesting fruits becomes
increasingly vital. These algorithms not only enhance productivity but also contribute to
sustainable farming practices by reducing waste and resource consumption.

Throughout this dissertation, I presented two novel techniques, suppression Mask RCNN
and O2RNet, aimed at addressing the challenges of fruit detection. While the suppres-
sion Mask RCNN improve the precision for apple detection, O2RNet demonstrates superior
performance in detecting and isolating apples in complex orchard environments, effectively
handling occlusions and varying lighting conditions. By utilizing a robust deep learning
architecture, O2RNet can adapt to different apple morphologies and improve the overall
accuracy of fruit detection. ALACS, on the other hand, employs active laser scanning to
generate high-resolution 3D data of the apple’s surface, overcoming the limitations of passive
imaging techniques. With the combination of the bidirectional relative color enhancement
(bRCE) algorithm for laser line extraction and the target position estimation process, ALACS
achieves accurate and reliable apple localization. The evaluation results further validate the
effectiveness of the ALACS system, showcasing its potential for practical applications in fruit
orchards. Lastly, a panoptic segmentation work especially for branch segmentation, called
SkeSegNet, represented a significant advancement. This innovative approach not only en-
hances the accuracy of branch detection but also offers the valuable by-product of generating
3D branch representatives for effective branch avoidance strategies.

Our future work will focus on enhancing 3D skeleton branch generation, fruit tracking,
and the classification of disease and ripeness. A high-precision depth sensor will be employed
to accurately localize branches, significantly reducing errors in 3D branch generation. This

advanced technology promises enhanced accuracy and reliability in our branch modeling
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processes. The introduction of a fruit tracking method will prevent repetitive picking, thereby
accelerating the harvesting time of our robot. Additionally, the enhanced disease and ripeness
classification system will not only aid in early detection of plant diseases but also ensure that
fruits are harvested at their peak quality. Through these advancements, I hope to contribute
substantially to sustainable agricultural practices, reducing waste and increasing productivity
in orchards. Our team is committed to continuous innovation, seeking to integrate the latest

technologies to revolutionize fruit farming and set new industry standards.
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