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Abstract

A modern robotic system is a multidisciplinary product, encompassing various aspects from
modern engineering methods to environmental perception. It plays a crucial role in the
realization of robot automation. The motivation behind this thesis is to demonstrate that
autonomous robot tasks can be described and solved through trajectory planning, environ-
ment sensing, and grasp planning. Approaches based on teach-in concepts or predefined
parameters often lead to long development cycles that are unsuitable for flexible and modu-
lar small and medium-sized factory environments. Additionally, the drive to minimize human
intervention and achieve automation has prompted me to further enhance critical aspects of
robotics technology. In this work, I will develop and upgrade intelligent robotic systems by
improving trajectory planning, environmental perception, and grasp planning separately.

The first component I need to improve is trajectory planning, based on an analysis of cur-
rent robotic systems. Unlike most state-of-the-art approaches, which only consider kinematic
constraints and acceleration values or utilize spline-based methods, I utilize the well-known
trapezoidal acceleration profile (seven-segment model) as the fundamental model and ex-
tend it to a multi-waypoint scenario. The computational complexity of a multi-waypoint
trapezoidal acceleration model exponentially increases with the number of waypoints gen-
erated by a collision-free motion planning algorithm. To reduce computational complexity, I
follow the principle of model predictive control and solve the trajectory optimization problem
by decomposing it into a series of subproblems with a set of nonlinear constraints. I solve
each subproblem iteratively, significantly reducing the complexity. Furthermore, I extend
the standard trajectory planning application by considering the trajectory blending scenario,
which aims to reduce trajectory overshooting.

The perception of the environment is a crucial aspect enabling autonomous robotic oper-
ations. This thesis primarily focuses on a 3D world capable of semantically describing reality.
I propose and develop new algorithms within a deep learning framework to address classical
problems in the computer vision domain, such as 3D object classification, pose estimation,
and 3D point cloud completion. These algorithms aim to overcome the limitations of other
state-of-the-art methods. When it comes to 3D point cloud classification, there exists an
inherent problem related to rotation properties. Most deep learning-based approaches re-
quire large datasets to mitigate this rotation invariant problem. However, I propose a new
approach by introducing the concept of a spherical harmonics rotation-invariant descriptor.
This novel approach drastically reduces the training dataset requirement and outperforms
other state-of-the-art methods. Pose estimation has been dominated by iterative closest point
(ICP) based approaches. However, these algorithms heavily rely on a precise initial guess
for the search of corresponding points. Otherwise, the iteration process can easily become
stuck in a local minimum or a saddle point. To address this challenge, I introduce Gaus-
sian Process Implicit surfaces (GPIS), which eliminates the need for searching corresponding
points. Instead, it considers point registration as a surface-to-surface approach. I formulate
the point estimation problem as a constrained manifold optimization problem. Obtaining a
complete view of the point cloud representing an object is highly challenging in real-world
applications due to limited sensor resolution, occlusion, and camera angles. In this thesis, I
propose a transformer-based point cloud completion method, inspired by the manifold idea



that assumes points from the same object layer lie on the same manifold layer. This approach
significantly aids in recovering incomplete point clouds, greatly assisting grasp planning to
find suitable grasp poses.

The final core component of this thesis is grasp planning. RGB-based grasp planning
constrains the grasp in the vertical direction, simplifying the pick and place task significantly.
However, the nature of 3/4-DOF constraints limits the integration of motion planning, as mo-
tion planning algorithms aim to explore all possible directions to generate an optimal motion
trajectory. This limitation has motivated researchers to explore a more general approach,
known as 6-DOF grasp, which allows for grasping in arbitrary directions. To address the
grasp planning problem, this thesis proposes two methods. In industrial applications, objects
are often represented as CAD models, which provide valuable geometry information for find-
ing suitable grasp poses. I utilize the Gaussian process implicit surface to describe the object
by uniformly sampling the CAD models. I incorporate the Alternating Direction Method of
Multipliers (ADMM) and Bayesian optimization techniques to optimize an appropriate grasp
pose. Moreover, considering the significant advancements in 6-DOF grasp learning networks,
I also explore the application of transformer-based networks for grasping. I introduce my
LiePFormer-GraspNet network, which predicts grasps directly from the point cloud input.

In summary, this work makes valuable contributions to the fields of trajectory planning,
point cloud-based environment perception, and grasp planning, without being restricted to a
specific robot system.



Zusammenfassung

Ein modernes Robotersystem ist ein multidisziplindres Produkt, das von modernen Inge-
nieurmethoden bis zur Umweltwahrnehmung reicht. Es ist ein wesentlicher Bestandteil der
Realisierung der Roboterautomatisierung. Meine Motivation besteht darin, zu zeigen, dass
autonome Roboteraufgaben in Bezug auf Trajektorienplanung, Umgebungserfassung und
Greifplanung beschrieben und gelést werden konnen. Ansitze, die auf Teach-In-Konzepten
oder vordefinierten Parametern basieren, fiihren zu langen Entwicklungszyklen, die fiir flex-
ible und modulare kleine und mittelstdndische Unternehmen ungeeignet sind. Um men-
schliche Eingriffe zu minimieren und den Zweck der Automatisierung zu erreichen, hat mich
dies auBerdem dazu veranlasst, alle Aspekte der Robotertechnologie weiter zu verbessern. In
dieser Arbeit werde ich das intelligente Robotersystem entwickeln und verbessern, indem ich
die Trajektorienplanung, Umgebungswahrnehmung und Greifplanung optimiere.

Die Trajektorienplanung ist die erste Komponente, die ich basierend auf Beobachtungen
aktueller Robotersysteme verbessern muss. Im Gegensatz zum modernsten Ansatz, der nur
die kinematischen Randbedingungen der Beschleunigung bertiicksichtigt oder splinebasierte
Ansétze verwendet, nutzen wir als Grundmodell das weit verbreitete trapezformige Beschle-
unigungsprofil (Sieben-Segment-Modell) und erweitern es fiir Szenarien mit mehreren Weg-
punkten. Die Rechenkomplexitét des trapezformigen Beschleunigungsmodells mit mehreren
Wegpunkten steigt exponentiell mit der zunehmenden Anzahl von Wegpunkten, die unter
Verwendung eines kollisionsfreien Bewegungsplanungsalgorithmus erzeugt werden. Um die
Rechenkomplexitét zu reduzieren, folge ich dem Prinzip der modellprédiktiven Steuerung,
um das Trajektorienoptimierungsproblem zu losen, indem ich es in eine Reihe von Teilprob-
lemen zusammen mit einem Satz nichtlinearer Nebenbedingungen zerlege. Wir 16sen jedes
Teilproblem iterativ, wodurch die Komplexitit deutlich reduziert werden kann. Dariiber hin-
aus erweitern wir die Standardanwendung zur Trajektorienplanung um das Trajektorien-
Blending-Szenario, das darauf abzielt, das Uberschwingen der Trajektorie zu reduzieren und
weiterhin zur Kollisionsvermeidung genutzt werden kann.

Die Techniken der Umgebungswahrnehmung ermoglichen eine autonome Robotik. Diese
Arbeit konzentriert sich hauptsachlich auf eine 3D-Welt, die die Realitdt semantisch beschreiben
kann. Ich présentiere neue Algorithmen fiir die Klassifizierung von 3D-Objekten, die Schéitzung
von Positionen und die Vervollstdndigung von 3D-Punktwolken im Bereich der Computer Vi-
sion innerhalb eines Deep-Learning-Ansatzes, um die Unzulanglichkeiten aktueller Metho-
den anzugehen. Aufgrund des inhidrenten Problems der Rotationseigenschaft bei der Klassi-
fizierung von 3D-Punktwolken erfordern die meisten modernen Deep-Learning-basierten An-
sitze einen grofRen Datensatz, um das Problem der Rotation zu mildern. Ich schlage eine neue
Methodik vor, indem ich das Konzept des rotationsinvarianten Deskriptors der sphérischen
Harmonischen einfiihre, das den Trainingsdatensatz drastisch reduzieren und den Stand der
Technik iibertreffen kann. Im Bereich der Posenschiatzung dominieren iterative Nearest-Point
(ICP)-basierte Ansatze. Die Suche nach entsprechenden Punkten im ICP-basierten Algorith-
mus erfordert jedoch eine sehr gute anfingliche Schiatzung. Der Iterationsprozess kann an-
sonsten leicht in einem lokalen Optimum oder einem Sattelpunkt stecken bleiben. Um dieses
Problem zu mildern, verwende ich die Gaussian Process Implicit Surfaces (GPIS), die die
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Suche nach entsprechenden Punkten entfernen kdnnen und die Punktregistrierung als einen
Oberflache-zu-Oberflache-Ansatz betrachten. Wir stellen das Punktschdtzungsproblem als ein
Optimierungsproblem auf einer Beschrdnkungsmannigfaltigkeit dar. Basierend auf Beobach-
tungen aus realen Anwendungen ist es aufgrund begrenzter Sensorauflosungen, Okklusion
und Kamerawinkeln schwierig, eine vollstdndige Ansicht einer Punktwolke eines Objekts zu
erhalten. Diese Arbeit schligt eine transformatorbasierte Methode zur Vervollstdndigung von
Punktwolken vor, die die Idee aus der Mannigfaltigkeitstheorie {ibernimmt, dass alle Punkte
aus gleichen Objektschichten derselben Mannigfaltigkeitsschicht angehoren. Der vorgeschla-
gene Ansatz kann die unvollstindige Punktwolke wiederherstellen, was die Greifplanung bei
der Suche nach einer geeigneten Losungsgreifpose erheblich unterstiitzen kann.

Die letzte Kernkomponente dieser Arbeit ist die Greifplanung. RGB-basierte Greifplanung
schrankt das Greifen in vertikaler Richtung ein. Diese Art des Greifens kann das Problem der
Pick-and-Place-Aufgabe dramatisch vereinfachen. Die Beschrankung auf 3/4-DOF reduziert
jedoch das Potenzial zur Integration in eine Bewegungsplanung, da diese Algorithmen ver-
suchen, alle méglichen Richtungen zu untersuchen, um eine gute Bewegungsbahn zu erzeu-
gen. Aufgrund dieser Einschrdnkung wurden in der Forschung allgemeinere Ansdtze mit
sechs Freiheitsgraden untersucht, die einen Griff in beliebiger Richtung ermoglichen. Diese
Dissertation schlagt zwei Methoden vor, um das Greifplanungsproblem anzugehen. In in-
dustriellen Anwendungen werden die meisten Objekte als CAD-Modelle dargestellt. Daher
kann ich diese Geometrieinformationen verwenden, um eine Greifpose zu finden. Ich ver-
wende die Gaussian Process Implicit Surface, um das Objekt zu beschreiben, indem ich CAD-
Modelle gleichmél3ig abtaste und die Alternating Direction Method of Multipliers (ADMM)
und Bayes’sche Optimierung integriere, um eine geeignete Greifpose zu optimieren. Dariiber
hinaus untersuchen wir mit den jiingsten massiven Fortschritten in graphbasierten Lernnet-
zwerken mit sechs Freiheitsgraden auch die Struktur des transformatorbasierten Netzwerks
zum Greifen. Wir schlagen unser LiePFormer-GraspNet-Netzwerk vor, um das Greifen durch
direktes Einspeisen der Punktwolke vorherzusagen.

Zusammenfassend liefert diese Arbeit wertvolle Beitrdge auf dem Gebiet der Trajekto-
rienplanung, der punktwolkenbasierten Umgebungswahrnehmung und der Greifplanung, die
unabhingig von einem spezifischen Robotersystem sind.



Acknowledgement

I wish to begin by extending my deepest gratitude to my esteemed supervisor, Prof. Dr.
Alois Knoll, and my mentor, Prof. Dr. Markus Rickert. Their unwavering guidance and the
privilege of conducting my research within their esteemed group have been instrumental in
shaping the trajectory of this thesis. Prof. Torsten Kroger deserves special acknowledgment
as my second advisor, generously investing his time and demonstrating genuine interest in
my work.

Heartfelt appreciation is extended to Alexander Perzylo, Dr. Nikhil Somani, Andrej Pandgeric,
and all other colleagues and students who have enriched this journey with collaborative ex-
cellence.

Special recognition is due to Amy Biicherl and Ute Lomp for their exceptional support and
seamless cooperation in managing administrative tasks.

I am sincerely thankful to Prof. Dr. Christian Ott and Prof. Dr. Minjun Kim from the
German Aerospace Center for introducing me to the enthralling domain of robotics, sparking
a passion for a world brimming with intelligence.

A distinct acknowledgement is reserved for Prof. Dr. Markus Rickert, whose meticulous
proofreading and invaluable feedback have significantly elevated the quality of this thesis.

My profound gratitude extends to my beloved wife, Ziwei Jiang, whose unwavering sup-
port and encouragement have been a constant wellspring of strength, empowering me to
resolutely pursue my dreams. I would also like to express a heartfelt thank you to my son
Jensen Yi Lin, whose presence and understanding have brought joy and inspiration to my
academic journey.

Lastly, heartfelt appreciation is expressed to my friends and family, with special mention
to my parents, for their steadfast support and encouragement throughout the challenging
journey of completing this thesis.

Garching, April 04, 2022 Jianjie Lin

Vii






Contents

1

I

2

II

3

Introduction

1.1 Perspectives . . . . . . o v it it e e e e e e e
1.1.1 RoObOtMOLION . . . . ittt ittt it
1.1.2 Perceiving the environment. . . . ... .. ... ...t eenn..
1.1.3 Robot manipulation and grasping . . . . ... .................

1.2 Architecture for an intelligent robot system . .....................

1.3 Contributions and Outlines. . . . .. ........ . .. . .. . . ...

Theoretical Foundations and Models

Mathematical Preliminaries and Robotics Foundations

2.1 Rigid Body Motion . . . . .. .. . i e e
2.1.1 Euler angles representation for rotation matrix . ..............
2.1.2 Quaternion for rotation matriX. . . . . . . . ..t
2.1.3 Lie algebra for rotation matrix . . . . .. ... ... ...
2.1.4 Rigid body transformations . . . . . . ... ... ... ... .. ...,

2.2 Robotic Forward Kinematics . . . . . . .. ..o vttt
2.2.1 Modeling with Denavit-Hartenberg parameters . ..............
2.2.2 Robotic kinematic constraints . . ... ... ... ... .. ...

2.3 Trajectory planning . . . . . . . . . . . e e
2.3.1 Implicit and parametricform. ... ... .. ... ... ... ... ...,
2.3.2 Trajectory with polynomial expression . . . ... ...............
2.3.3 Trajectory with cubicspline. . . .. .......................
2.3.4 TrajectorywithB-Spline . . . .. ... ... ... ... . . . . . . ... ...
2.3.5 Trajectory with trapezoidal acceleration profile . ..............

2.4 Graspplanning . . . . . .. ...
2.4.1 Grasp closure properties . . . . . . .o v vttt e
2.4.2 Graspwrench space . ... ... ... ..t
243 Graspquality . . . . . . ot e e e e

Algorithms in Robotic Trajectory Planning

Jerk-Limited Trajectories with Blending for Robot Motion Planning

3.1 Introduction . . . . . . .. i e e e e e

3.2 Related Work . . . ... . e

3.3 Problem Formulation . ... ... ... ... . . ... ...
3.3.1 Blending by Optimization in Joint Space (TOBJ) ..............
3.3.2 Blending with Polynomial in Joint Space (TPBJ) ..............
3.3.3 Blending with Polynomial in Cartesian Space (TPBC) ...........

ix

NO Ul W =

11
11
12
13
14
14
15
16
18
18
18
19
20
23
25
30
31
32
33



Contents

3.4 Experimental Evaluation . .. ......... ... ... ... ... ... ...,
3.4.1 Evaluation of deviation from straight-line in joint space . . . . ... ...
3.4.2 Evaluation of the algorithm in a real robot workecell . ...........
3.4.3 Comparison between TO-BAV, TOPP-RAand TPBJ . ............
3.4.4 Evaluation of computation complexity in motion planning scenarios . .

3.5 ConcluSion . . . . ...

IIT Algorithms in 3D Computer vision

4 Gaussian Process Implicit Surfaces based 6D Pose Estimation

4.1 IntroducCtion . . . . . . . .. it ittt e e e
4.2 Related Work . . .. ... .. . . e
4.3 Problem Formulation . .......... ... ... . ... ..
4.4 Preliminary Knowledge . ... ... ... ... .. . . .. ... . .
4.4.1 Gaussian Process Implicit Surfaces . ......................
4.4.2 Lie algebra for optimization . .................. ... ...
4.4.3 JacobianofLieAlgebra ........... .. .. ... .. ... . ... ...
4.5 GPIS-Based S2S Registration Algorithm . . . ... ...................
4.5.1 Gradient of objective function . .. .......................
4.5.2 Initial alignment using PCAand FPFH . . . . ... ... ...........
4.6 Evaluation . .. ... ... .. .. .. e
4.6.1 RMSE for random transformations . ......................
4.6.2 Rotation and translation invariance. . . . ... ... ... ..........
4.6.3 Noise and overlap robustness . . ... ............. ... .....
4.6.4 Evaluation with scanned datasets . . . . ... .................
4.7 ConCluSION . . . . . v vt e e e

Rotation Invariance Learning for Point Cloud Classification
5.1 IntroduCtion . . . . . .. ittt ittt et e e e
5.2 Related Work . ... ... ...
5.3 Geometric Rotation Invariant Feature Descriptor . . . . ... ... .. .......
5.3.1 Rotation invariant spherical harmonics descriptor. . . . ... .......
5.3.2 Rotation invariant point feature descriptors . ................
5.3.3 Geometry rotation invariant feature-descriptor . ..............
5.4 Network Architecture . . ... ... ...
5.4.1 Pre-Alignment with Principal Component Analysis . ............
5.4.2 RIMappingBlock ... ... ... . . ... ...
5.4.3 PF AbstractionBlock . . ... ... ... ... ...
5.5 EXperiments . . . . . . .. . ittt e e e e
5.5.1 Evaluation of rotation robustness . . ... ... ... ... ... ......
5.5.2 RobuUStNess TestS. . . . . v v vttt e e e e e
5.5.3 Ablation Studies . . . . . ... ..
5.6 Conclusion . . . ... ...t e

Point Cloud Transformer for Dense Point Cloud Completion

6.1 IntroducCtion . . . . . . . o i i i it ittt et e e e e e e e

6.2 Related Work . . ... .. . e

6.3 The Architecture of PCTMA-NEt. . . . . o v i ittt et e e et e e e e
6.3.1 OVeIVIEW . . . ittt e e e e e e e e e e
6.3.2 Point Cloud Transformer Encoder . . . . ... ... ..............

50

53

55
56
57
58
59
59
60
61
63
64
64
65
67
67
68
69
70



Contents xi

6.3.3 Morphing-Atlas-Based Point Generation Network . . ............ 92
6.3.4 Evaluation MetriCS . . . . . . . .. it ittt et 92
6.3.5 Implementationdetails ............... ... ... .. ....... 92

6.4 EXPEriMments . . . . . . .. vt ittt ittt e et e e e e e 93
6.4.1 Shape completion on Completion3D dataset. . ............... 93
6.4.2 Shape completion on robustness of input resolution . ........... 93
6.4.3 Shape completion on KITTIdataset . ..................... 94
6.4.4 Ablation Studies . . . . . . ... 95

6.5 Conclusion . . . . . ... .. e 97
IV Algorithms in Grasp Planning 99

7 Gaussian Process Implicit Surface and Bayesian Optimization based Grasp Plan-

ning 101
7.1 IntroduCtion . . . . . . . i vttt e e e e 102
7.2 Relatedwork . .. ... ... ... e 103
7.3 Problem Formulation . .......... ... ... ... ... 104
7.4 Bayesian Optimization for Grasp Planning . .. .................... 105
7.4.1 Hand Palm Pose Optimization (HPP-Opt) . ... ............... 106
7.4.2 ADMM-Based Contact Point Optimization (ADMM-CP-Opt) . . . . .. .. 107
7.4.3 Integration of HPP-Opt and ADMM-CP-Opt . . . . ... ........... 109

7.5 Experimentevaluation ............ ... ... .. ... 109
7.5.1 Experimenton HPP-Opt . . ... ... ... .. .. ..., 109
7.5.2 Experiment of integration HPP-Opt and ADMM-CP-Opt . ......... 111

7.6 Conclusion . . . ... ... ... 112

8 Point Transformer with Lie Algebra Grasp Representation for an End-to-End 6-

DOF Grasp Detection 113
8.1 Introduction . . . ... ... . it e 114
8.2 Related Work . . . ... ... .. . e 115
8.3 Algorithm . ... ... . .. . e 116
8.3.1 Grasp Problem Formulation . .......................... 116

8.3.2 Network Structure Design. . . ... ... ... ... ..., 116

8.3.3 GraspLossDesign. .. ... ... ..t 117

8.3.4 Grasp Configuration Selection and Refinement . .............. 120

8.4 Experimental Results . ... ...... .. ... .. . . . ... . . 120
8.4.1 Experimental Settings . . . ... ... ...t 120

8.4.2 Quantitative Results . . ... ... .. .. .. . . . . e 121

8.4.3 Qualitative Results . . . ... ... ... . . . ... 122

8.44 Ablation Study . ... ... ... ... 122

8.4.5 Proposed futurework . ... ... ... ... 123

8.5 Conclusion . . . . ... ... e 123

V Conclusion 125
9 Conclusions and Future Work 127
9.1 Online trajectory adaption . . . . .. . . ... u ittt 129
9.2 Reducing the complexity of GPIS based pose estimation . ............. 129

9.3 Object classification in a more general scenes . . . . ... ... ........... 129



Xii

Contents

9.4 Combined partial point cloud completion and grasp planning . . . ........ 129

VI Bibliography And Appendix 131
Bibliography 133
List of Figures 147
List of Tables 151
A Appendix 153
AT NOIMS . . . o e 153
A2 OptimizationinaNutshell . . ... ... ... ... .. ... ... ..., . 154
A.2.1 Sequential Quadratic Programming .. .................... 155

A.2.2 Bayesian Optimization . . . . . . . ..o v vttt ittt e 156

A.2.3 The Optimization Algorithm in the Deep Learning Framework. . . . . . 157

B IEEE Accepted Version

161



Chapter 1
Introduction

With the progress of society and the gradual development of automation, robots have touched
every aspect of our life. The shape of an industrial robot manipulator can be seen everywhere,
from factories producing a small industrial parts to the research and development of aircraft.
Moreover, the rapid growth of robotic systems has brought a lot of convenience to people and
made many difficult, tedious, repetitive tasks simpler and automated. In recent years, robot
research has become increasingly powerful and stable with advanced hardware devices, im-
proved sensor accuracy, and the in-depth exploration of the theory and practical application
of robots by previous related works. However, there are still many unsolved problems in the
area of robotics. Many researchers are trying to combine diverse fields to solve some tricky
practical applications. For the same purpose, this thesis aims to develop and improve the
algorithms in those fields, from planning, to environment perception, to enable an intelli-
gent robotic system. The algorithms proposed in this work cover many different disciplines,
from linear algebra, geometry, optimization algorithms, and software architecture to deep
learning. They constitute the critical idea of the whole work proposed in this dissertation.

1.1 Perspectives

Intelligent agents should be capable of perceiving their environment and interacting with
objects, such as moving, grasping and placing an object or using more available tools to
achieve goals. In the robotic domain, it is formalized as a manipulation problem, and can
be interpreted as a multi-step task consisting of sequential actions that involve interactions
with objects in the scene. Research on robot grasping and manipulation dates back to 1970,
a rime when science fiction classic Westworld staged intelligent human-shaped robots in a
fictitious film. This science fiction tells a world in which human guests and robots have
no essential differences in behavior and emotional expression, except the robot grasping is
not yet perfect. The challenge of robotic grasping is evident. Consider a pick-and-place
problem in the warehouse scenario, illustrated in Fig. 1.1: the robot firstly needs to perceive
the environment for recognizing and localizing the desired object, then determine a grasp
configuration for picking the object. In the next step, it is required to pick up the object in
a robust fashion, and move it to a new location considering the kinematic constraints. The
whole process needs to ensure no part of the robot collides with the environment. This simple
scenario can become extremely challenging due to the infinite variability of real world. For
example, if the lighting condition is not good enough for the vision system to detect the
objects; if the grasped objects lack the physical information such as weight, size, surface
texture, etc; if the path to the goal position is blocked by some obstacles; if other objects
occupy the goal position, etc. Those uncertainties and unpredictability in the real world
make robust manipulation extremely difficult.
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Figure 1.2: Amazon Robotics Challenge: (a) is the winner of Amazon Robotics Challenge 2017 and was designed
by the MIT MCube Lab and the Princeton Vision and Robotics Group, (b) is proposed with Dex-Net4 and was
designed by the Berkeley AUTOLAB.

In the past decade, multiple robotic grasping and manipulation competitions involving
robot manipulations of varying degrees of complexity have been held to advance research in
the field. Those competitions had several different focuses, such as pure grasping, manipula-
tion, assembly, or even mobile robotic operation. Amazon saw the potential in robotics that
is targeted at ensuring automated customer order placement and product delivery tasks. In
2015, it launched the Amazon Robotics Challenge !, which became known as the Amazon
Picking Challenge (Fig. 1.2)s. This challenge aims to bring robotics researchers from industry
and academia together to solve as many critical questions as possible about how robots can
robustly grasp and handle objects. The automated warehouses from Amazon have already
succeeded in removing the walking and searching for objects, but it still remains a challenge

thttp://pwurman.org/amazonpickingchallenge/2015/
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Figure 1.3: The manipulation task board of the Robotic Grasping and Manipulation Competitions at IROS 2017-
2021

to pick a cargo automatically. Another ongoing robotic competition is held by IROS 234>

shown in Fig. 1.3, which involves multiples tracks, and the difficulty of each task also in-
creased year by year. This also witnessed the progress over the past decade in machine
learning, computer vision science. Moreover, the updated hardware has enabled robots to
handle a more complex set of objects robustly. An intelligent robot system with the desired
outcomes and behaviors needs to be designed from several perspectives, such as perception,
planning, and control. The following sections will explain the key ingredients that motivate
this work.

1.1.1 Robot motion

Nowadays, human activities in many areas are gradually supported or replaced by robots due
to the incredible versatility and flexibility of robots, such as fire search and rescue activities,
space exploration, or cargo transporting. Path planning and trajectory planning are the key
ingredients of robotics (or more generally the automation domain), which attempts to move
a robot from the initial state to the destination position while avoiding collision with obsta-
cles in the environments. Path planning merely generates a series of geometries waypoints
without considering any specified time law. Trajectory planning aims to assign a time law
to the geometric path under consideration of kinematic constraints (position, velocity, accel-
eration, jerk, etc.). Therefore, path planning typically precedes trajectory planning. In this
work, I focus the efforts on optimizing a trajectory where the waypoints is generated by the
off-the-shelf path planning module. The output of the trajectory planner is represented in
the form of a sequence of values of position, velocity, acceleration and jerk (the derivative of
acceleration), where these kinematic parameters can be interpreted in terms of operational
space or joint space. In most cases, the trajectories are planned in the joint space since the
robotic control actions are executed on joints. Planning in the operational space requires the
kinematic inversion of the transform parameter defined on the end-effector, which imposes
more complexity. However, the planned trajectory in joint and operational spaces does not
exhibit the same geometric properties due to the nonlinearities introduced from the forward
kinematics. For example, a straight-line trajectory in joint space is typically not straight in
the operational space. No matter in which space, the laws of motion resulting from the tra-
jectory planning must not generate forces and torques at the joints that are not compatible
with the given constraints. In particular, the generated trajectories should have the continuity
of joint acceleration to obtain a limited jerk. Such a trajectory can be used to avoid exces-

2http://www.rhgm.org/activities/competition_iros2017
*https://rpal.cse.usf.edu/competition_iros2019
“https://rpal.cse.usf.edu/competition_iros2020
Shttps://rpal.cse.usf.edu/competition_iros2021
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sive accelerations of the actuators and vibrations of the mechanical structure and avoid the
excitation of the resonance frequencies of the robot. Three different optimality criteria are
typically applied when generating a trajectory: minimum execution time, minimum energy,
and minimum jerk. Among them, the minimum time trajectory, which can reduce the length
of production cycles, attracts a lot of consideration in the robotic literature. However, the
complexity of optimizing a time-optimal trajectory is significantly increased with the num-
ber of intermediate points and level-of-detail (i.e., trajectories represented by a curve whose
derivatives are continuous up to a certain degree). Robot manufactures have already offered
dedicated modules to allow direct specification of trajectories using the CAD models or given
waypoints. Various algorithms integrated into these dedicated modules can be used to gen-
erate a series of offline trajectories, where those algorithms are written using the same set
of vendor-specific programming languages in the teach-in method. However, the standard
trajectory algorithms offered by the many manufactures consider the constraints only up to
the acceleration but neglect the jerk, which may lead to considerable wear in the mechanical
structure of the robot. The proposed algorithms can work as complementary to algorithms
offered by the manufactures if the real time interface with respect to the position, velocity,
etc is provided by those manufactures, such as Universal robot. They are used to generate
a trajectory by passing through or blending over waypoints under consideration jerk limita-
tions. I use the trapezoidal acceleration profile, also denoted as the seven-segment profile,
as the fundamental trajectory profile, which is widely used in robotic trajectory research [8,
77].

1.1.2 Perceiving the environment

Just like the sensory organs in humans responsible for tasks such as vision, hearing, touch,
taste, or smell, robot perception plays a crucial role in enabling a robot to complete tasks
in complex environments. Furthermore, robot perception grounds the application of robots
in the real world and empowers robots to explore, navigate and manipulate objects based
on sensory data. They penetrate every stage of applications, starting from high-level intelli-
gent robot manipulation down to the lower-level closed-loop control. A significant amount
of related work has been dedicated to solving the various vision challenges over the past
years. Computer perception has also arrived at a new milestone, along with the substantial
improvement in 3D acquisition technologies and reduced prices of commercial sensors. How-
ever, addressing the amount of information acquired by multiple sensors is extremely difficult
due to noisy and redundant sensory data. In addition, the robot can be placed in varying en-
vironment, and a less constrained environment introduces more challenges to perceive. The
world itself is not unique but ambiguous: some objects are easily confused since they share
a similar geometric outline, such as lemon and normaler tennis ball; Some objects can not
be easily distinguished in RGB images in some shooting angles, e.g., remote control and cell
phone when facing down; some objects are partially obscured by other objects, so their ac-
tual shape is unknown; even the detection of the same object at a different posture (position
and orientation) in the same world coordinate can fail. All these factors contribute to the
difficulty of understanding the world from the perspective of perception.

Classical computer vision topics such as object detection and pose estimation are the foun-
dations of vision-based robot manipulation, which attracts a lot of attention, especially in the
scope of deep neural networks. Traditional approaches use mesh surfaces or combinations
of primitive shapes to describe three-dimensional objects and deploy hand-crafted features
or constraints to interpret the interactions between objects. The representation in the form
of primitive shapes, due to their inherent geometric nature, can alleviate the data processing
inefficiency problem. Deep learning-based shape analysis and synthesis algorithms are de-
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veloped mainly for voxel grids, point clouds, and implicit functions and then extract ISO sur-
faces marching cubes for visualization. I dedicate the efforts in the computer vision domain
to recognize and estimate physical instances of objects which are acquired via 3D camera and
stored as a raw point cloud. The proposed algorithm for the object detection network is not
limited to a standard classification task but also enables rotation-invariant detection, which
is lacking in most other point cloud-based networks. Moreover, I propose a novel pose esti-
mation algorithm using Gaussian Process Implicit Surfaces, which enables the utilization of
a Lie-algebra manifold optimization and avoids the corresponding search step in the classical
iterative closest point algorithm. To facilitate grasp planning, I introduce a shape completion
algorithm to mitigate the problem that robots capture only partial point cloud information
with a single depth camera.

1.1.3 Robot manipulation and grasping

Robot hands are often inspired by nature, in particular prehensile, multi-fingered appendages
situated at primates’ upper extremities (arms). The hand is denoted as a grasping organ that
exhibits excellent mobility and flexibility in the digits and the whole organ. The ultimate
goal of robot hand research is to have human-like dexterity, which can perform versatile
and dexterous grasping tasks on arbitrary objects, seamlessly adapt to object properties and
the task’s requirements, and transfer learned manipulated skills to arbitrary objects. Over
the past decades, a huge amount of work has been dedicated to the research on robotic
manipulation and grasping, with impressive progress. However, there is still a long way to
go before arriving atthe ultimate goal.

Object manipulation relies on reliable path and trajectory planning as well as adequate
perceptual capabilities, which is a prerequisite for many industrial applications, such as flex-
ible manufacturing and construction in collaboration with human experts. The structure en-
vironment is already challenging due to complexity of the associated high-dimensional state
space, such as the objects appearance, position, texture, grasp force, etc. Robotic systems
have become very mature in performing repetitive industrial tasks such as pick-and-place op-
erations, car assembly, welding, or spray painting. These applications typically are created
using procedures such as the teach-in method, where a series of instructions are formulated
with a vendor-specific programming language. The tightly controlled environment simpli-
fies the robotic manipulation problem. However, the world is not a predictable assembly
line. The unstructured environment confronted more challenge than the structured envi-
ronment in that the object properties are not prior knowledge and first need to be obtained
using external sensors. Apart from ambiguous and uncertain perceptual information, phys-
ical interaction with the outside world faces an inherent uncertainty in how objects react
to touch. Some robotic companies improve the manipulation skills via improved hardware
designs, such as designing grippers ranging from pincer-like appendages (parallel grippers)
to human-like hands (multi-fingered grippers) and equip them with tactile sensors. Rapid
advances in machine learning push forward the progress in grasping as well. Therefore,
robotics researchers use machine learning or data-driven approaches to empower the robots
to identify and grasp objects independently. In this work, two algorithms are proposed for
handling the grasping problems. In the first approach, a Bayesian optimization along with
the Gaussian Process Implicit Surfaces is utilized to figure out the 6D grasp configuration. In
the second approach, a point cloud transformer neural network is proposed to process the
objects, which will be further used to predict a 6D grasp configuration.
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Figure 1.4: Combining the different key ingredients of this work to create a intelligent robotic system architecture

1.2 Architecture for an intelligent robot system

Considering all aspects involved in designing an intelligent robotic system, this work aims to
integrate all aforementioned key ingredients to form a final robotic system structure. Recall
the scenario in the warehouse as depicted in Fig. 1.1: A robot is assigned a task to grasp
a package and place it on a shelf while avoiding any obstacle. I propose and design an in-
telligent robot system as illustrated in Fig. 1.4, to achieve this warehouse-like transporting
task, where the system structure in principle follows the sense-plan-act paradigm. Compared
with standard industrial robot applications, such as car-assembly, which only execute pre-
instructed offline programs without interacting with human coworkers, an intelligent robot
system that respond to dynamic environments requires artificial intelligence support. The
task description in the traditional teach-in method requires several additional aspects to ac-
complish the task, such as specifying the position and orientation of objects or the grasp
configuration concerning the object. In contrast, only the kinematic constraints and desired
objects are required as input in the task description for an intelligent robot system. The robot
model is fundamental for controlling the robots, and it allows the robot to move along the
geometric path, that is generated by the path planning module. The geometric path in the
joint space or operational space is fed into the trajectory planning module. Then a trajectory
is optimized in terms of predefined criteria by obeying the kinematic constraints. Depth cam-
eras, or more general 3D sensors, are used to capture objects to ensure that the intelligent
robotic system is capable of reacting dynamically to the environment. Three main computer
topics are addressed in this system. A deep learning-based object classification neural net-
work is used to identify the object requested in the task description. The pose estimation
algorithm extracts the object from the raw sensory data and estimates its coordinates in the
world, which will then fed to the path and grasp planning module. An additional shape
completion neural network is introduced in the sense paradigm to enhance grasp planning
performance, which aims to enlarge the grasp configuration solution space by completing
the partial point cloud to additional geometric information. The grasp planning module is
contained in the plan-act-paradigm. The rapid advance in machine learning pushes forward
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the progress in robot manipulation. A data-driven and optimization-based grasp planning
module is employed to realize the manipulation task.

1.3 Contributions and Outlines

This work is structured in three parts: Introduction, robotic foundations, and algorithms as
demonstrated in Fig. 1.5. Part I explains the essential aspects and mathematical formulations
in developing the algorithms in a fully autonomous system. They are the core components
in a modular design and provide the foundations for later concepts. Furthermore, I divide
the sense-act-plan structure into three parts. In Part II, I develop two algorithms in the tra-
jectory planning domain, and compare them with various state-of-the-art approaches. Their
strengths and limitations in the context of time-optimal, straight-line performance and effi-
ciency are discussed and evaluated. The developed and modified trapezoidal acceleration-
based motion profiles in this thesis demonstrate their benefits in various challenging indus-
trial motion planning scenarios. Furthermore, one vital component in the context of the
sense-plan-act paradigm is depicted in Part III, where three different computer vision algo-
rithms are developed. The first scenario focuses on pose estimation utilizing the concept of
Gaussian Process Implicit Surfaces, with which I can describe the grasped object as an implicit
surface. The second one demonstrates a point cloud-based rotation invariant algorithm for
robust object classification. To further enhance the robotic manipulability, I introduce a point
cloud completion approach enabling a full object representation. In Part IV, two different
grasp planning algorithms are demonstrated in two intuitive and modular systems for indus-
trial application. The first proposed algorithm utilizes the machine learning approach for
optimizing a grasp configuration. In contrast, a transformer-based grasp detection approach
is presented for enhancing the grasp capability in the case of an unknown scenario.
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Chapter 2

Mathematical Preliminaries and Robotics Founda-
tions

Before discussing the topics of trajectory planning, environment perception, and grasp plan-
ning, some basic knowledge and principles need to be introduced that will be used through-
out the paper. In addition, this section aims to provide enough specific mathematical details
to derive algorithms beyond the scope of this thesis using the basic concepts and knowledge
examined here.

2.1 Rigid Body Motion

A rigid body [145] is a solid body in which no deformation is conducted, and a rigid motion
of an object is a continuous movement that preserves the distance between points regardless
of external forces or moments exerted on it at all times. The motion of a single rigid body
is considered as the relative motion of a body-fixed coordinate frame B with respect to an
inertial frame S, where the inertial frame S by convention is presented as the base frame or
world frame in the robotic application. Furthermore, a minimum of six numbers is required
to specify the position p € R® and orientation R € R® of a rigid body in the three-dimensional
Cartesian space (physical space). The translational position p is defined as composed of a set
of three orthonormal axes o,,0,, 0, with its respective distance p,,p,,p, along the axes of a
corresponding reference frame:

P =Px0x +p,0, +p,0, (2.1)

The notation p;;, is used to indicate the translational motion from the origin of the inertial
frame S to the origin of reference frame B, and orthogonal matrix Ry, = [ry,1,,13] € R3*3 is
applied to describe the rotation of frame B with respect to the world frame S, where r; is the
unit vector, and collinear to the i™ coordinate direction of frame B. Since the columns of R
are mutually orthonormal, it follows

0 ifidi
{ ifi#) 2.2
1 ifi=j
The determinant of R is defined as:
det(R) = 1‘¥(r2 X I3) (2.3)

In convention, all considered coordinates frame follows the right-hand principle. Therefore,
the rotation matrix has the determinant det(R) = +1. More generally, the special orthogonal

11
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group SO(n) is used to describe the set of all such rotation matrices, and it has the following
property:
SO(n) = {R: Re R, RTR=RR" =L det(R) = 1} (2.4

where n = 3 with SO(3) € R3*? is rotation matrix defined in three-dimensional space.
A group G is defined as a set of elements and an binary operation o on two elements by
satisfying the following properties:

e Closure: If g, g, €G,then g, 0o g, €G

* Associativity: If g,, g5, g3 € G, then (g1 © g3) © 83 = g1 ©(82°&3)
* Identity: There exists an identity element, e, such that goe=eo g =g forevery g€ G

e Inverse: For each g € G, there exists a (unique) inverse, g~ € G, such that g o g7! =
-1
g o] g =e

The SO(3) is known as a rotation group under the operation of matrix multiplication. There-
fore, I can define the binary operator o as the matrix multiplication, and the identity element e
is the identity matrix. Furthermore, it can be shown that a rotation matrix represents a rigid
body transformation, since it preserves the distance and orientation. However, the SO(3) is
not closed under the operation of addition, since adding two rotation matrix can not result
in a valid rotation matrix:

R;,R, € SO(3) # R, + R, € SO(3) (2.5)

Note that, the zero matrix is not a valid rotation matrix: 0 ¢ SO(3). I can draw a conclusion
that SO(3) is not a vector space of R>*3

2.1.1 Euler angles representation for rotation matrix

Rotation matrix [33, 163, 178] has nine elements, which imposes six independent constraints
since the columns of R are mutually orthonormal. Thereby, only three elements are necessary
to describe a rotation matrix. An essential rotation representation is a rotation about one of
the axes of a coordinate system, such as about the x-, y-, or z-axis. And it results in the
rotation matrix with cos(6) = ¢ and sin(0) =s in the sense of right-hand rule as

0O O c
c =s|, R(O)=]0
s c —s

)

R.(0) = (2.6)

(=N
O = O
— O O

s
0], R,(0)=
c

o v o

c
0
The other rotation matrix can be obtained from these three using matrix multiplication

R =R, ()R, (B)R,(5) 2.7)

This order of matrix multiplication is so called yaw, pitch, and roll rotation representation.
The other order of matrix multiplication such as ZYZ' or ZXZ are also frequently used in
the robotic application. A known Gimbal Lock problem in the Euler angle presentation can
result in a loss of a degree of freedom. Besides, this representation of rotations has another
disadvantage that small changes in rotation can result in significant angular changes in the
proximity of singularities.
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2.1.2 Quaternion for rotation matrix

Unit quaternions [29, 85, 112, 158] is an alternative parameterization of rotation that can be
used to prevent those problems as mentioned above by introducing a normal unit constraint.
Formally, a quaternion Q € H is a 4-tuple written in the form

Q=qo+qii+qyj+qsk,q; €ER,i=0,---,3 (2.8)

where q, € R is the scalar component of Q, and q = (q;,9,,93) € R? is the vector compo-
nent. The symbols i, j, k satisfy the following identities with the quaternion multiplication
operator (-) :

==Kk =ijk=-1 (2.9a)
i-j=k j-i=—k (2.9b)
jok=ik-j=—i (2.90)
kei=j i-k=—j (2.9d)

Multiplication of these symbols i, j, k are distributive and associative but not commutative.
The magnitude of a quaternion Q can be described as:

IQI’=Q-Q" =¢2+¢>+q2+q2 (2.10)

where Q* is the conjugate of a quaternion Q as (qy,—q). It can be easily derived that the

reciprocal of a non-zero quaternion Q! is defined as = ”8”2. The product between two

quaternions is a combination of inner product and cross product between two vectors: Let
Q =(q0,9), P = (py,p) be quaternions, and the their product is defined as

Q- P =(qopo—9qpP,qoP + Poq+9q X P) (2.11)

The unit quaternion is a subset of quaternion, by setting a unit magnitude of Q as q(z) +q?=1.
I can further reformulate the quaternion with cos(6)* = g2, sin(6)* = g*. Therefore, I have
the unit quaternion in the form of

0 .0
Q= (COS(E)’HSID(E)) (2.12)

where u € R3 represents the unit axis of rotation with its corresponding angle 6 € R. It is
straightforward to derive the angle 6 and u for a quaternion Q = (q,,q) with

—A—if 0#0
6 =2cos tqy, u={n6/27" 7 (2.13)
0, otherwise
A quaternion rotation is defined as
o] _[o] .,
H - QM Q (214)

where z € R3 is defined in the global coordinate system, and z' € R? is the same vector defined
in the body fixed coordinates. This unit quaternion rotation can be algebraically manipulated
into a matrix rotation as z = Rz, therefore, I can derive the rotation matrix in terms of unit
quaternion with

@B+ —ai+q5  2(q192+9390)  2(q193 — 9290)
RQ = | 2(q192—9390) d5—9;+95—q3 g(%qzs + ‘121%)2 (2.15)
2(q193 +9290)  2(9295—9190) 95—97 — 95 + a3
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The advantage of using unit quaternion for presentation a rotation matrix is that the repre-
sentation of a rotation as a quaternion (4 numbers) is more compact than the representation
as an orthogonal matrix (9 numbers). Furthermore, for a given axis and angle, one can di-
rectly construct the corresponding quaternion, and conversely, for a given quaternion one
can easily read off the axis and the angle.

2.1.3 Lie algebra for rotation matrix
The Lie group SO(3) represents a rotation matrix, and has its corresponding Lie algebra {~ =

¢" € R3*3|¢ € R®}, which is interpreted as a vector space. The operator (.)* can further
convert this vector ¢ to a skew-symmetric matrix ¢ in eqn. (2.16).

0 —¢3 ¢
d=¢"= 3 0 —¢; |€RP>3 peRr’ (2.16)
—¢ ¢1 O

The inverse of the operator ()" is defined as (.)V and leads to ¢ = &Y. The exponential
map will convert the Lie algebra so(3) to the Lie group SO(3) utilizing the matrix exponential
formulas: R = e?"

oo

1 1 1
217 31 Ll

1
R=e? = E - (qb’\)n = %" = cos 1+ (1 — cos 0)aa’ + sin Ha”
n=0 n!

where the angle 0 is defined as ||¢|| and the axis a = % is interpreted as unit-length axis

of rotation. The identity I € R**3 can be rewritten in term of a with aa” —a”a”. It can
be shown that R = e(®*2mm)a" ' which indicates that mutually isomorphic Lie groups have
mutually isomorphic Lie algebras, but the converse does not necessarily hold. However, by
limiting the angle of rotation as |6| < m, each rotation R in Lie group SO(3) has a unique
solution 6 in lie algebra s0(3), and the calculation can be done:

tr(R) = tr(cos 01+ (1 —cos 0)aa” +sin Ha”) (2.18a)
=cos 9 tr(I) +(1 —cos 0) tr (aaT) +sinf tr (aA) (2.18b)

3 aTa=1 0
=2cosO+1 (2.18¢)

It can be solved with
0 =cos (%) +27mm (2.19)

and I will pick a value which lies inside |0| < 7, and the axis is solved based on the factor
that Ra = a, namely a is the eigenvector of R with the eigenvalue is equal to 1.

2.1.4 Rigid body transformations

The spatial configuration of a rigid body is considered as a combination of translation p and
rotation matrix R, which can be denoted as special Euclidean group SE(3) :

SE(3) = {(p,R)|p € R%,R € SO(3)} (2.20)
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In a similar vein to the rotation matrix, a transformation matrix transfers the coordinates of
a point from one frame to another. Let p,, p, € R® be the coordinates of a point p relative to
frames A and B, respectively. The geometry relation between p, and p, can be described as:

Pa = Pab + Rabpb (22]—)

The mapping g., = (Pap, Rap) i specified as the configuration of the frame B relative to the
frame A. Hence, The equation (2.21) is reformulated in the way of matrix multiplication as

HERRAERIE o

where T is the homogeneous representation of g,; € SE(3). The inversion of T can be derived

as
R! —RI'T
—1 _ | Tab ab ~ab

T |: 0 1 ] (2.23)
Similar to the SO(3), SE(3) is also not a vectorspace of R*** [72, 156]. SO(3) and SE(3)
are known to be matrix Lie group, which is also a differential manifold with the property
that the group operations are smooth. The exponential map will convert the SE(3) to its
corresponding lie algebra, denoted as se¢(3), and the Logarithm map will vice versa.

2.2 Robotic Forward Kinematics

The kinematics of a robot manipulator [112, 159] can be schematically represented as a
kinematic chain of rigid bodies (links) connected by means of revolute g or prismatic joints.
In the case of revolute joints, the joint q describes the angle between two adjacent links while
a prismatic joint is represented by the linear displacement between the two adjacent links.
Notice that, the angle of revolute joint can also be thought as an element of the set S*, a unit
circle [121].

The joint space Q of a manipulator is composed of all possible values of the joint vari-
ables q of the robot, which can also be interpreted as configuration space:

q=(q1,-.-,q,)" €0 (2.24)

The task of forward kinematic of a robot is to determines the configuration of tool frame,
attached to end-effector, by given the joint configuration. The joint twist £ [112] is described
as in the case of resolute joint as

£= [_“)i * ql} (2.25)

w;

where w; € R? is the unit vector aligned to the joint axis and g; is the arbitrary point on the
joint axis. By given the joint configuration q and the based reference T(0), I can have the
forward kinematics map by using the product of exponentials formula

T(q) = ef1tehts eénq"T(O) (2.26)
The exponential terms efiti e SE(3),i €[1,...,n] has the following formula:
@it (1—e®1)(w; x V;) + w;w]v;q;)
! ,forflwi|=1
0 1
egiqi — < (2-27)
1 v.a
9 forlldl = 0
\ _0 1




16 2 Mathematical Preliminaries and Robotics Foundations

100

130

A
,gt;;\XT e
;

>

590

430

(a) (b)

Figure 2.1: (a):A model of an industrial manipulator with six degrees of freedom. The coordinate systems of
its links are shown with arrows in red, green, and blue for the corresponding x, y, and z axis [142].(b): Exact
measurements of manipulator from CAD data provided by manufacturer. The image shows the distances between
the joint axes required for a kinematic description of the robot.(Source from Robotic Library)

where v; in the case of pure rotation is defined as —w; x ¢; [104, 112, 121], and the expo-
nential term e®i% can be computed with the equation (2.18a)

2.2.1 Modeling with Denavit-Hartenberg parameters

By given the based frame S and a tool frame T, which can be arbitrarily attached to the link,
the concept of twist shown in the previous section can provide a complete parameterization
solution to obtain the forward kinematic, or more specially, the homogenous transformation
matrix between these two frames. To simplify the representation of the forward kinematic
of robots, a further conversion of parameterization method came into being. A commonly
used convention for selecting frames of reference in robotics applications is the Denavit
and Hartenberg (D-H) convention which was introduced by Jacques Denavit and Richard S.
Hartenberg [32] and is the de facto standard in robotics. This convention presented the first
minimal representation for a line with only four parameters compared to the six in a univer-
sal transformation. In this convention, each homogeneous transformation T; is represented
as a product of four basic transformations (pure rotation Rot and pure translation Trans) with

Ty, 1, = Rot(z;_1,q;) - Trans(z;_4, d;) - Trans(x;, a;) - Rot(x;, ;) (2.28)
[cosq; —sing; O 071 O O O 1 0 0 gq, 1 0 0 0
__|sing; cosqg; O Of]0 1 O O 0 1 0 0 cosa; —sina; O
1 0 0 1 0/|0 0 1 d;]|0 O 0| |0 sina; cosa; O
0 0 0 110 0 0 1 0 0 1 0 0 0 1

singq; cosqg;cosa; —cosg;sina; | a;sing;
0 sina; cos a;
0 0 0

_ P
= [—'T (2.29)

0
1
0
[ cosq; —sing;cosa; sing;sina; | a; cosqu|
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where the four quantities q;,a;,d;,®; are parameters associated with link i and joint i. I
consider this transformation as a combination of two axial screw transformations. In some
books, the D-H parameterization can also be described as

Ty, 1, = Trans(z;_y, d;) - Rot(z;_, q;) - Trans(x;, a;) - Rot(x;, a;)

due to the matrix multiplication of Rot(z;_;,q;) - Trans(z;_;,d;) is equal to Trans(z;_;,d;) -
Rot(z;_1,q;). These four parameters gq;, a;,d;, a; are denoted as joint angle, link length, link
offset, and link twist, respectively. Furthermore, only the joint angle q; is a variable, and rest
of them are constant parameters based on the robot geometric description. As discussion
in the book [104], by properly choice of the origin and the coordinate axes, the number of
presentation of a homogenous transformation can be reduced to four. The equation (2.28)
requires the axis x; of a frame both intersecting and perpendicular to the axis z;_;. The
kinematics of the mechanism can be written as

Toe =Ty 0,(q1) - T1 1,(q2) - Ty 1, (00) T (2.30)

This equation (2.30) is a general formula for the forward kinematics map of an open-chain
manipulator in terms of the relative transformations between adjacent link frames. An real
implementation example is illustrated in the Fig. 2.1.

The relationship between the twist coordinates for the joints of a robot manipulator and
the D-H parameter is not simple one-to-one mapping problem. As described in [112], I
defined the &;;_; is the twist for the i-th link relative to the previous link frame. Then the
following formula can be conducted as

Ty, ,1(q)) = e10T;_, 1.(0) (2.31)
Therefore, the forward kinematic map can be described as

T, (@) = €19 T, | (0)- 52T, | (0)...e51a%T, | (0) (2.32)

n—1>

Furthermore, I can rewrite the equation (2.32) as

T, (q) = €10 T, ; (0)e12% Ti,lll (0)T;,(0)... Ty, (0)efrtndn Ti),lznfl (0)T;,,,(0)  (2.33)
—_——

Ty,,1,(0) Ty,_1,1,(0)
= e%010:(Ty 1 (0)e5122T L (0))... (T, (eS0T, (0))Ty, ;, (0) (2.34)
The adjoint transformation
Adg = [Ig plf] € RO (2.35)

is a 6 x 6 matrix, which transforms twists from one coordinate frame to another. By using this
adjoint transformation, I have the following formula I define adjoint transformation as

TefdT 1 = eAdrfq (2.36)

Therefore, I can reformulate the equation (2.32) as

T,.(q) = e50,1ﬁheAdeo,zl(O)Sl,zqz o eAdeO,zn_l(o)fn—annTlo’ln (0) (2.37)
By comparison between equation (2.26) and (2.37), I can immediately obtain
& = Ad, | 0)i-1,i (2.38)

This formula verifies that the twist &; is the joint twist for the i-th joint in its reference con-
figuration and written relative to the base coordinate frame. Furthermore, if a manipulator
is parameterized with D-H parameter, I can use the equation (2.31), (2.38) to compute the
twist 51‘-
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2.2.2 Robotic kinematic constraints

The kinematic constraints are imposed in the trajectory generation or grasp planning in terms
of joint position q, velocity q, acceleration q, and jerk q’, which can be mathematically
modeled as inequality constraints:

Qnmin < 9 < Qmax (2.39a)
Amin < 4 < Gmax (2.39b)
Amin < 4 < max (2.39¢)
Amin < 4 < Qmax (2.39d)

In addition to the kinematic constraints, the manipulability [115, 189, 190] describes the
ability of a robot which can reach or change the position freely in the workspace. The
measurement of the manipulability can be characterized with the Jacobian of the manip-
ulator J(q) € R™", where m < n indicates the dimension of an workspace, and the number
of robot joint q is denoted as n. The manipulability conditions is imposed as:

maxrank(q) =m (2.40)

The satisfied condition of (2.40) implies that the degree of the redundancy of this manipula-
tor is n—m. In the case of unsatisfied condition of (2.40), especially in some joint value q*,
the rank of the Jacobian is less than dimension of the workspace, and I can conclude that
the manipulator falls in a singular state det(J(q*)). Therefore, the quantitative measure of

manipulability is defined
w = y/det(J(q)J7(q)) (2.41)

The physical interpretation of the manipulability measure is to specify the volume of an
ellipsoid, which can be computed with the singular value decomposition [74]. The scale
value w can be further used to find an optimal posture [190].

2.3 Trajectory planning

A classical problem in robot motion planning aims at determining a motion profile that al-
lows a robot to follow a given trajectory within a certain accuracy in the shortest possible
time. Moreover, in most industrial applications, besides the requirement of time-optimal,
the quality of a trajectory in terms of straight-line movement, jerk-limited is also vital for
extending the life cycle of a robot and avoiding collision. Two trajectory types are typically
applied in the real application: interpolation and approximation. In the case of interpolation,
the trajectory will exactly pass through all the given waypoints, while in the approximation,
the trajectory will blend the waypoints with a prescribed tolerance. I can’t simply say which
method is better because each has its application area. This section will introduce some basic
interpolation trajectory generation models by giving the waypoints, which are created by the
motion planning algorithm.

2.3.1 Implicit and parametric form

Commonly, two methods are chosen to present a curve in geometric modeling: implicit equa-
tions and parametric functions. The implicit form describes a curve lying in the two coordi-
nate plane (e.g xy-plane) with the

f(x,y)=0 (2.42)
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This equation encodes the implicit relationship between these two coordinate variables,
which can be considered as the set of zeros of a function of two variables. The implicit
representations [154] facilitate the computation of intersection points by evaluating whether
a point lies on a specific curve. In contrast to the implicit representation, parametric form
separately consider each coordinate on a curve as an explicit function of an independent
parameter

C(w) = (x(), y(w) (2.43)

where C(u) is a vector-valued function of the independent variable u. It is universally recog-
nized that the parametric form is convenient to generate points along a curve. In the sense
of a trajectory generation, the variable u can be interpreted as a time variable, and the C(u)
is considered as the path traced out by a particle in terms of time. It is difficult to maintain
that one formulation is superior to the other one. Moreover, the conversion between implicit
and parametric equation is possible in some special cases. In the reminder of this section, I
will mainly focus on the formulation in terms of parametric form. A trajectory of the particle
is represented by the parameterized curve p(t) = (px(t), py (1), pz(t)).

2.3.2 Trajectory with polynomial expression

The trajectory can be straightforwardly parameterized with a polynomial function
p(t)=ay+aytt +ayt? +...+a,t" (2.44)

by given the coefficient a;. The boundary conditions are used to determine the coefficient a;.
The smoothness of a trajectory is dependent on the polynomial degree n: For example, in
the case of linear trajectory, which has highest degree of 1, I can have a constant velocity
trajectory, and in the case of parabolic trajectory, which has the highest degree of 2, I can
create a constant acceleration trajectory.

In general, the boundary conditions on the point-to-point trajectory in a one dimensional
case entail initial and final position, velocity, acceleration, jerk conditions. Mathematically, I
can specify these boundary conditions:

n!

(n—k)

where p(k)(tj) is the k-th time derivative of the polynomial p(t) at a given instant t;. For
a n+ 1 conditions, I can rewrite the (2.45) in the way of matrix multiplication:

kKlag + (k + Dlagq t;+...+ ant?_k:p(k)(tj) (2.45)

Ma=b (2.46)

where a € R™™! collects all unknown coefficients with the corresponding derivative coeffi-
cients M € RO*D*(+1) The vector b € R™! collects the boundary conditions for determining
the polynomial coefficients. Therefore, it is straightforward to compute the a by multiplying
the inverse the matrix M with the b.

There are typically two approaches for the case of multiple waypoints: The first one is to
use a high degree polynomial function to fit all values at once, which, however, can easily
result in a Runge’s phenomenon. Runge’s phenomenon [146] is a problem of oscillation at
the edges of an interval that occurs when using polynomial interpolation with polynomials of
a high degree over a set of equispaced interpolation points. Spline interpolation is an alterna-
tive approach for the multiple waypoints that can avoid the problem of Runge’s phenomenon.
It fits low-degree polynomials to small subsets of the values: for example, fitting nine cubic
polynomials between each of the pairs of ten points, instead of fitting a single degree-ten
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polynomial to all of them. A flexible strip is then bent across each of these weights, resulting
in a pleasingly smooth curve. The weights are the polynomial coefficients, which bend the
line to pass through each data point without any erratic behavior or breaks in continuity.

2.3.3 Trajectory with cubic spline

The cubic spline interpolation [106] is a special case for spline interpolation, which gives an
interpolating polynomial that is smoother and has a minor error than some other interpolat-
ing polynomials. The problem of cubic spline can be formulated as follows: Given a set of n+1
data points, denoted as (t;,p;),i € [1,n+ 1], where t,,;, = to < t;... < tp—1 < t, = tpax> A
cubic spline function S(t;) is composed of n polynomial functions:

Ci(t), tpin St <ty

S(t)=14Ci(t), t;1 <t <t; (2.47)

LCa(t), t, <t <ty

where C;(t) is a third degree polynomial, defined by a;(t —t;)® + b;(t —t;)> +¢;(t —t;)+d;,i €
[0,n] with a; # 0. The first and second derivatives of n cubic functions are vital for the
interpolation process.

C(t) = 3a;(t — t;) + 2b;(t — t;) + ¢; (2.48a)
C; (t) = 6a,(t — t;) + 2b; (2.48b)

The cubic spline S(t) is determined by determining each cubic polynomial coefficients. Be-
sides, for generating a smooth trajectory, I need to impose the constraints at the connection
points.

Ci(ti1) = x;_1,and, Ci(t;) = x;, i € [1,n] (2.49a)
Ct)=C, ,(t),ie[1,n—1] (2.49b)
C/(t)=C, ,(t),ie[1,n—1] (2.49¢)

The equation(2.49a) imposes the constraints that the piecewise function S(t) will interpolate
all data points. The equation (2.49a) (2.49b) and (2.49c) imply that the spline function will
be continuous on the interval [ ¢y, t, ]. Built on those constraints, I have n+n+(n—1)+(n—1) =
4n — 2 conditions, and the equation is rewritten in terms of acceleration M; = C:(ti):

M,
[1 4 1 0 ... 00 0 0 || M [ X —2x9+ x5
0141 ..0000 M, Xo—2X3+ X4
0014 ...0000O0 M, 6 X3 —2X4+ X5
: : = 72 : (2.50)
0 00O 4 1 00 M,_; Yl Xpea—2Xxp_3+ Xp_o
0 00O 1 10 M, _, Xp_g—2Xp_ o+ X1
|0 000 ... 01 41 ] |M_, | X9 —2X, +x, |
A L M B



2.3 Trajectory planning 21

where T; = t; —t;_,. Furthermore, the relationship between the M; and the cubic polynomial
coefficients qa; are formulated as following:

M1 —M;
= — 2.51

. 6T; ( a)
MA

b= (2.51b)

=X, Mg +2M,
¢ = xl“T Xi_ l+16 i, (2.51¢)
i
di = X; (251d)

The coefficient matrix A has the size of (n—2) x n, which is an under-determined matrix. For
finding a unique cubic spline function, two additional boundary conditions are required to
complete the computation. There are three common types of boundary conditions:

1. Given the initial and final velocity vy, v,:

Cy(to) = c1, C, (tp) = ¢y (2.52)

2. Given the initial and final acceleration a, a,:

Ci(to) = My = 2by, C.(t,) = M, = 2b,, (2.53)

3. The spline function is a periodic function by imposing the constraints of the initial and
end position, velocity, acceleration:

Cl(to) = Cn(tn) (2543)
C,(to) = C,(t,) (2.54b)
C(to) =C,(t,) (2.54¢)

Based on the equation (2.51a)-(2.51d), the additional boundary equations can be integrated
to the equation (2.50) for determining a unique cubic spline function.

The aforementioned method considers the data points t;,x; as a preconditions, where
the way-points x; can be either manually predefined based on some specific applications
or generated by using the motion planning algorithm. And the time instants t; is used to
perform the interpolation process of the points x;, and it can be chosen in different ways
with different result. In the most common techniques, I use a unitary interval by setting

to=0,t,=1 (2.55)

and I define the distribution of intermediate time instants as
d. n—1
tip1 = b+, withd = >4, (2.56)
i=0

Different choice of d; leads to different properties of cubic spline:
* By choosing d; = ﬁ, equally spaced point, I can have a highest speed trajectory profile

* By choosing d; = |x;,; — x;|*/?, I can reduce the acceleration
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However, the aforementioned approaches do not consider the physical constraints such as
kinematic constraints, which is vital for a robotic application. Therefore, for considering the
kinematic constraints, it is convenient to turn the problem into an optimization problem aim-
ing at minimizing the whole travel time by limiting the maximum kinematic constraints [21,
94]:

min T = Z T,=t,—ty (2.57a)
i

sttt | CO)] < Vinax (2.57b)

|C; ()] < Ay (2.57¢)

1CP(0)] < Jimax (2.57d)

The maximum velocity value IC;(t)I can exist at the time knot t;, t;,; or at the ¢; € [t;,t;11],
where C:(fi) = 0, therefore, the maximum velocity constraint can be formulated as

| C(E)] < Cf () = max{| C(E] | Gt | C(EDN} < Vinax (2.58)
The acceleration constraints exists only at the time knots t; or t;,, since it is linear function.
| € (O] < C () = max{| G (¢)],1 € (£111)I} < @i (2.59)

The jerk constraint is denote as Cf:’;r)lax(t) M This is a nonlinear optimum problem

with a linear objective function, solvable with classical techniques of operational research.
It is also possible solve the problem in a iterative way by scaling the time interval for sat-
isfy the constraints [94], which however can only find a local optimum solution, since the
modification occurs only in the local segment. Let

/

. Ci max(t)
A, =maxA,;, with A,;= max ——— (2.60a)
i Li<t<tiy1  Vpax
C .0
A, =maxA,;, with A,;= max ———_ (2.60Db)
i ’ ’ ti<t<tiz1 a
max
| Cimax(0)
A’] = max Aj,i’ with A’j,i = max —— (260C)
i G<t<ti1  Jax

There have two ways for scaling the cubic spline. In the first method, I can scale the whole
time interval with the same scale factor A

T,=AT, with, 2A=max{1,2,, /A, }/2;} (2.61)

to arrive the maximum speed or the maximum acceleration. For obtaining a minimum time,
I need to optimize each segment separately with

T,=AT, with, A;=max{1,A,;, v/ Aa; 32} (2.62)

Due to the scaling of the time interval, it can result in a discontinuous at the joints be-
tween two contiguous tracts. It is necessary to iteratively recompute the spline coefficients
with T; using the equation (2.50), until no variation between T; and T; exits, more specif-
ically A; = 1,i € [0,n]. The initial value of time distribution T; can be computed based on
equation (2.56),
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2.3.4 Trajectory with B-Spline

The cubic spline limits the highest derivative of a trajectory. A higher degree of splines is
required to ensure a continuous jerk or even higher-order derivative such as snap. Instead
of using piece-wise higher degree polynomials, which is described as a power-based form of
a curve, it is preferable to express the spline function in the way of B-form [31, 130], also
called B-spline. The power-based form of the curve is numerically not stable and prone to
round-off error if the coefficients vary significantly in magnitude. Besides, the algorithms for
processing trajectory lacks geometry interpolation. Therefore it is challenging to design the
shape by changing the coefficients of a polynomial.

Basis-spline [31, 41, 130] curves (commonly called B-spline curves) extends the concept
of the Bezier curves, which has the following form:

m
S(u)= D Pifi,(u), With iy, <t < il (2.63)
i=0

where P; is indicated as the control points which form the control polygon and f; , describes
the basis function with the degree of p with the knot vector u, where the knot vector is defined
as a vector of [ug,uy,...,u,, ] with u; < u;4. The knot span is defined as the difference
between two consecutive knots: u;; —u;. The constraint imposing on the basic function f; ,
in terms of the de Boor [14] recursion formula is formulated as

1, u; <u<Ujyq
f; = 2.64a
o) {0, otherwise ( )
fip(w) = w?(u)fi,p—l(u) +(1- ! @) fiy1p-1@), p>0 (2.64b)
where the weights w; is defined as
u—u;
T Uil F Y
w; (u) =< " (2.64¢)
ip(t) {0, otherwise

Furthermore, the basic function is normalized between the first and last knot
m
D fip)=1,Yu € [ug,uy, ] (2.65)
J

From the aforementioned equations, it can be concluded that each basic function f; , is
nonzero only on a limited number of sub-intervals [u;,u;,,1], instead of entire domain.
This is the local support feature, therefore, the changing of P; affects the shape of curve only
on the sub-intervals. The intuitive geometry interpretation behind the control points with a
normalized basic function is to blend the curve to lie within the convex hull of its control
points. It can be mathematically formulated as

S(u) e ConvexHull(Pi_p, ceo Pl-), u € [u;,uijpq] (2.66)
Furthermore, the derivative of basic function can be mathematically formulated in follow-
ing:

f=—L f w-—2L

ip fiv1p-1 (W) (2.67)
Ujrp —Uj Uitp+1 — Uit

Furthermore, I repeat the differentiation of (2.67) to the k-th derivative of fip (u)

(=L Dy —L {1 (2.68)

i,p—1 _ i+1,p—
Uppp —U; P Uitp+1 — Ui+ P
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k—1) k—1) . .
where ff’p_l and f{l +1,p—1(”) can be rewritten in terms of f; ,_4,...,fi1x ,—x. Therefore, the

generalization of (2.68) can be described as:

m
x _ P! :
fip= (p—k)! Zak,j firjpto With k<gq (2.69a)
p =0
with
Ar—1,0
ago =1, Qo= ———— (2.69b)
Uitp—k+1 — U;
A—1,j — Ag—1,j—1 . —Qp—1 k-1
Ak,j = : : , j=1...,k—1, Qp=—"" (2.69¢)
Uitp+j—k+1 — Ui+j Uiyp+1 — Uitk

where the denominators of ay ; is nonzero, otherwise ay ; is set to zero.

In sense of geometry, the knot vector determines where and how the control points affect
the shape of curves. The number of knot vector is chosen based on the number of control
points m plus curve order p + 1:

Mot =M +p+1 (2.70)

Typically there have three different choice to determine the knot vectors: uniform, open-
uniform and non-uniform. In generally, I can describe the distribution of a knot vector in the
way of (2.71):

(Wos -5 Up—qs Upyeves Uy 11 sUpy 15+ -5 Uny ) (2.71)
A’a v v
Lknots Ninor—2! internal knots L knots

The multiplicity of a vector, denoted as L, is defined as the number of coinciding internal
knots, therefore if all the internal knots are distinct, it implies that L = 1.

* The uniform distribution of a knot vector means the knot span is identical, and L = 1.

* The open-uniform B-spline, also denoted as clamped B-spline, requires the [-th equal
knots at each begin and end, which can be formally described as u; = uy for 0 <i <[,
Uiy —u; = constant for I <i < nyyo—l—1and u; =u,_ for nye—1—1 <i < nyye. The
distribution of a knot vector in (2.71) by setting [ = p+1 is the case of multiplicity L =
p+1.

* The non-uniform distribution of a knot vector has only one constraint: u; < u;,;. The
non-uniform rational B-spline, also called NURBS, is one example of non-uniform B-
spline, which is commonly used in computer graphics for representing curves and sur-
faces, which shows a great flexibility and precision for processing both analytic and
modeled shapes.

Recall that the B-spline is used to interpolate a trajectory by given the points g; with desired
degree p
S(upg)=qx, k=0,...,n (2.72)

Therefore, to compute the control point P;,i € [0,m], I can stack the n + 1 equations to build
a linear system with

Py
P,
@ = [fo,p (i), f1p (i), - -, Frn p () | . |,k=0,...,n (2.73)

Pn
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Figure 2.2: The seven-segment motion profiles at axis k between the waypoint i and i + 1. The profile is split into
three phases, where t; o to t; 5 is the acceleration phase, At; 5 is the cruising phase, and t; 4 t0 t;119 = t; 7 is
the deceleration phase.

The relationship between the number of control points m and the waypoints n can be formu-
lated as

(2.74)

n+p—1, ifpisodd
~ |n+p, ifpiseven

It is straightforward to see that the n + 1 equations can not be used to determine m + 1
unknown control points by given the knot vectors. To generate a unique trajectory solution,
p or p+ 1 additional constraints have to be imposed. Similar to cubic spline, apart from the
constraints via points, the velocity S(u;)") and acceleration S(u;)® at the initial u, and final
points u,, are assisted to determine the coefficients.

Py
P;

S = [ £ (), £ ), - 10, wd | | (2.75)
P

m

It is worth noticing that in the case of the number of free parameters less than the desired con-
ditions, additional knots can be added in any position of knot vector. By preserving the shape
of curve, additional control points are need to be inserted according to the equation (2.70).
In the sense of trajectory generation, I can consider the knot spans At; = u;,; —u; as traveling
time between two adjacent joints, and using the same optimization formulation in (2.57a).

2.3.5 Trajectory with trapezoidal acceleration profile

The trapezoidal acceleration profile, also called the seven-segment trajectory, comprises seven
different tracts with a constant jerk, described as a polynomial function with a degree of 3.
The prominent distinction between the trapezoidal acceleration profile and cubic spline is
that the cubic spline can be considered as one segment profile with a constant jerk. The
illustration (Fig. 2.2) consists three distinguished phases: acceleration (T, = t; — t), cruis-
ing (T, = t, —t3) and deceleration (T; = t, — t,) phase. With the trapezoidal acceleration
profile, it is desired to generate a trajectory that makes it possible to reach the maximum
value of jerk, acceleration and velocity, and result in a minimum traveling time T between
two points (q;, qg)-

Point-To-Point trajectory in one dimension

For sake of simplicity, I assume that q; > q,, and a desired displacement h = q; —q, with initial
and final velocity (vy, v;) and acceleration (a; = ay = 0). It is crucial to verify if a trajectory
can be performed by considering the condition of displacement and various velocities. There
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are total four situations to verify if a trajectory can be calculated by checking the following
condition
(vlim - VO)jmax < arznax (2.76)
(Vim = V1 Jmax < Gy (2.77)

In the case of v, = V., if the condition (2.76) holds, it implies that the acceleration can
not arrive the maximum value a,,,,, as a consequence, the t; is determined as

t]. = \ M, Ta = 2t1, tz = tl (2.78)
Jmax

a Viim — Yo
tl — maX, Ta — tl + m

otherwise
(2.79)

]max amax
Following the same strategy, the deceleration segment t; — t, can be computed by replacing
the velocity v in the (2.78) or (2.79) with the final velocity value v; by checking the condition
in (2.77). In the end, I can determine the time interval in the cruising phase: T, t, — t3 with
the following formula:
r,=8"%_ Tog Yoy Tay Wi, (2.80)
Vlim 2 Vlim 2 Vlim

The precondition vy, = vy, Will be violated if the T, is less than zero. It implies that the
maximum velocity can not be reached by given conditions. Therefore, I need to reduce
the vy, that is smaller than the maximum velocity, and neglect the cursing phase with T, =0
in the meantime. I firstly assume that the maximum acceleration can be arrived in this case,
therefore, it is straightforward to compute the time interval with

tl - t5 - t4 = T] = @ (2.813)
]max
Ci—2vy + VA
T, = # (2.81b)
2amax
Ci—2v; + VA
T,=—1—ATV2 vA (2.81¢)
2amax
where
a2
¢ == (2.81d)
Jmax
VA= CH+2(v +v3) + dax (4(q1 — o) — 2B (y 4 vl)) (2.81¢)
max

To verify if the assumption of arriving the maximum acceleration is satisfied, the condition
of T, > 2T; and T4 > 2T; should be evaluated. The violated state implies that the maximum
acceleration can not be achieved. It requires to scaling the maximum acceleration as aj;,, =
Al With 0 < A < 1, which can result in a non-optimal but acceptable solution. The choice
of scaling factor A is needed to recursive adjust until the conditions T, > 2T; and T; > 2T;
both are satisfied. There still exist two extreme cases T, < 0 or T; < 0, which means no
acceleration phase or no deceleration phase, respectively. The non-acceleration T, = 0 and
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non-cruising T, = 0 phase trajectory requires an necessary condition v, > v;, and it generates
a trajectory with

(2.82a)

_ max (91~ 00) = imax (jmax (91 = 90)° + (1 +v0) (v1 = v0))

; . (2.82b)
Jmax (vl + VO)

ts— 1y
Furthermore, in the same way, I can generate a trajectory with non-deceleration and non-
cruising phase
q1—qo

T, =28 "% (2.83a)
Vi + Vo

jmax (ql - qO) - \/jrnax (jmax (ql - qO)2 - (Vl + VO)Z (vl - VO))
tl - to == - . (2.83]3)
Jmax (Vl + VO)

The aforementioned approach is based on the precondition of q; > q,. To reuse the those
equations, I can formulate the conditions by introducing the sign function as o = sign(q;—qo):

Qo =04qp, 41 =041, Vog=0Vy, V=0V

The resultant trajectory is need to be transformed by multiplying with the sign factor o.

Multi-waypoints trajectory in multi-dimensions

The above approach is well-established for generating point-to-point trajectories, but it does
not directly extend to the multiple waypoint case. This model’s unique advantages motivate
us to explore the broader applications of this model further. Multiple waypoint trajectories are
more demanding in practical applications. For example, I must ensure that the motion of each
joint dimension is synchronized at each waypoint during a task. For this reason, I propose an
optimization-based solution in [100] for more complex and practical applications. Compared
to previous work [56, 77, 102] that synchronized motion at each waypoint only, I impose
a more stringent requirement that the motion of each dimension is synchronized at each
segment. This requirement brings at least two benefits to the robot. First, by sharing the
three motion phases of each dimension, the trajectory becomes smoother. In particular, by
sharing the same constant velocity phase, the robot manipulator can perform tasks requiring
high precision and stability in this phase, such as gluing and painting. Secondly, since the
motion of each dimension has the same time period, the search space in the optimization is
reduced, thus increasing the efficiency

I use (pk, p, ...,p* |) to denote waypoints in the kth dimension (k < m), where m is
the number of degrees of freedom, n is the total number of waypoints, and pf denotes the
position of waypoint i in the kth dimension. For paths in configuration space, pl’F presents the
joint position. In the case of paths in Cartesian space, this refers to the Cartesian position. The
trajectory between any two consecutive waypoints is modeled as a trapezoidal acceleration
or a seven-segment acceleration profile.

I consider a trajectory between pf.‘ and pfﬂ. A typical trajectory profile is shown in Fig. 2.2,
where the motion time is divided into seven segments or three phases. The acceleration phase
from ¢; 4 to t; 3 has an increasing velocity. It is followed by the constant velocity phase from
t; 3 to t; 4. The velocity is decreasing in the final deceleration phase from t; 4 to t; ; = t;;1 .
The jerk profile has a fixed value of zero in the three time segments (t;,t;5), (t;3,t;4), and
(t;s,t;e) due to a constant acceleration in these segments. I denote the acceleration, velocity
and position at t;, as a;, V; 5, and p; ,, respectively. The jerk in the segment (t;_q,t; ) is
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labeled as j; , with h €[0,...,6]. Then, for the time t € (t;,t; s41), the time segment can be
defined as At =t —t; . The acceleration, velocity, and position profiles can be derived from
the previous segment (t; _1,t;) as:

ji]fh+1(t) = jik,h+1 ) (2.84a)

@ () =y + 5 AL, (2.84b)
1.

Vi]fh+1(t) = Vilfh + aftht + 5]i,h+1At2 ) (2.84¢)
1 1.

Pf,hﬂ(t) = pf-fh + vi’tht + Ealk,hAtz + gji’;H_lAtg ) (2.84d)

As mentioned in section 2.2.2, the motion should not violate the kinematic constraints of
the robot in any segment. Note that the acceleration is a monotonic function that varies with
time and is piecewise smooth. Therefore, in order to guarantee the kinematic constraints
within a segment, I only need to ensure that the kinematics at both ends of this segment
satisfy the constraints. With the kinematic constraints considered, the motion time of the
robot manipulator through all waypoints can be minimized in terms of time t; , and stiffness
Ji n, which can be expressed as follows.

Pk(fi,7) = Pk(ti+1,0) = Pﬁl (2.85a)
Vi(to0) = v(ta0) =0 (2.85b)
ak(to,o) = ak(tn,o) = ak(ti,B) =0 (2.85¢)
i =0, Vhe[1,3,5] (2.85d)
la*(t; )l < ak,,, Vhelo,...,6] (2.85¢)
R )l < Ve Vhelo,...,6] (2.85f)
7K <K s Vhe[0,2,4,6] (2.85¢)

At the initial and final points, i.e., at tyo and t, o, the acceleration and velocity are equal
to zero. Setting ak(ti’g) = 0 guarantees that the velocity will remain constant during the
constant velocity phase. In (2.85), since v¥(tq() and a*(tq,) are equal to zero and p¥ is
known, the whole trajectory can be generated based on t;; and jl.’fh. As jilfh is equal to zero
Yh €[1,3,5], the unknown variables are t;, Yi € [0,...,n—1] and Yh €[0,...,6], as well as
jl.’fh Vie[0,...,n—1] and Yh €[0, 2,4, 6]. Therefore, the total number of unknown variables
is 7(n—1) for the time variables and 4 (n — 1) for the jerk variables.

Optimization Problem Formulation: The trajectory generation can be formulated as
a nonlinear and nonconvex constrained optimization problem that can be solved using a se-
quential quadratic programming algorithm. The algorithm decomposes the nonconvex prob-
lem into a sequential convex problem. I use NLOpt’s SLSQP [76] solver [64] for this purpose.
With the high dimensionality of the configuration space and the large number of waypoints,
the complexity of the optimization problem and optimization space increases significantly. A
good initial estimate of the trajectory can significantly affect the convergence of the optimiza-
tion procedure. I address this problem using the concept of model predictive control (MPC).
The objective of the constrained optimization problem is to optimize the entire trajectory in
time by using a trapezoidal acceleration model. The optimization parameters X for this prob-
lem include the time and jerk values for each trajectory segment. The acceleration, velocity
and position can be derived automatically by (2.84) using these values. For generating a
time-optimal trajectory, I formulate the objective function in terms of At;, = t;, —t; ,_; for
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Figure 2.3: The waypoints have been decomposed into n — 2 batches. Each batch consists of three waypoints,
where the former and last two waypoints (bold lines) are respectively overlapped with their former and subsequent
batches.

every value of h and i:

i=n—1h=6

FEO= D0 > ALy, (2.86a)
i=0 h=0
where X =({tg, .t rtu_1 b los -+ ordin-- i} (2.86b)
t;={At;g,...,Atip}, (2.86¢)
§i = {505 300 Ja Joe s> UlG 0 0l L ile - (2.86d)

Besides the objective function, the constraints also play an important role in solving this
problem. Roughly, the constraints comprise nonlinear inequality and equality constraints as
well as lower and upper bounds.

min&mize f(X) (2.87a)
subject to Ib<X <ub (2.87b)
c(X)<0 (2.87¢)
ceq(X)=0 (2.87d)

The multidimensional trapezoid model consists of 7n + 4nm optimization variables, a total
of 14mn nonlinear inequality constraints, and mn + nm nonlinear equality constraints.
Model predictive control inspired optimization approach: The optimization problem
has high computational complexity due to a large number of degrees of freedom and way-
points. It is not realistic to optimize all waypoints within one optimization step. However, the
waypoints can be divided into consecutive batches. The remaining problem is then to connect
all the individual batches. Directly connecting all batches will result in a zero velocity at all
connecting points. In order to avoid this situation, I adopt the idea behind Model Predictive
Control (MPC) approaches [167]. As shown in Fig. 2.3, I first need to set a receding horizon.
I use a value of two for this, therefore only the next two waypoints p; and p;,; will be taken
into account at waypoint p;_; and the batch contains the waypoint set {p;_;, p;, pi+1}- The
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Figure 2.4: Trajectories for different interpolation models on path planning use cases for (a)—(d) a Kuka LWR next
to a table with a parallel gripper and (e) a Kuka KR60-3 next to a wall and three columns with a vacuum gripper.
In (a)-(b) is the result of Linear parabolic, and in (c),the cubic spline is used, and (d)-e applies the trapezoidal
acceleration profile

batch including these three waypoints is used as an input for the optimization solver, but
only the result between p;_; and p; will be used and the result between p; and p,,; will be
discarded. However, I can still use this result as initial guess for the next optimization step,
since the next batch will contain the waypoints {p;, p;+1, Pi+2}. Hence, every batch shares two
waypoints with its former and subsequent batch. In this way, the trajectory profile between
two overlapping waypoints can be predicted by optimizing the former batch and updated by
optimizing the subsequent batch. As shown in Fig. 2.3, the whole set of waypoints has been
successively decomposed into n — h batches, where h is the receding horizon.

Experimental evaluations: I evaluate the performance of the proposed optimization
approaches and two state-of-the-art approaches: Linear Parabolic interpolation [8] and Cubic
Splines [31]. The Linear Parabolic model divides each interpolation step into three parts: two
parabolic blends with the previous and next trajectory segments and a linear interpolation
with constant velocity in the middle. I test these approaches on two path planning examples
and present a detailed analysis of their performance and properties. For both the Cubic
Spline and Linear Parabolic models, I ensured that the acceleration and velocity limits of
each joint are satisfied by scaling the timescales of the trajectory segments. For the Trapezoid
Acceleration model, this is handled intrinsically by my optimization routine.

I show how I fulfill two key requirements of path planning algorithms, i.e., reaching
waypoints exactly and maintaining near-linear trajectories in the configuration space be-
tween successive waypoints. Fig. 2.4b-2.4d shows a path planning example for the Kuka
LWR consisting of seven waypoints indicated by green spheres. The interpolated trajectories
are shown by green lines. The trajectory calculated by the Cubic Spline model (Fig. 2.4c)
deviates significantly from a straight line interpolation between successive waypoints. The
trajectory from the Linear Parabolic method (Fig. 2.4b) follows a near-linear interpolation
but is clearly non-smooth. My method (Fig. 2.4d) satisfies both requirements. Cubic Spline
and Trapezoidal Acceleration methods are guaranteed to pass through all waypoints exactly.
Linear Parabolic interpolation blends around the waypoints and fails to hit inner waypoint
as demonstrated in Fig. 2.4a. The percentage of the trajectory segment that is blended influ-
ences this deviation from the waypoints. I set this to 20% for my experiments, resulting in
deviations of 0.0°, 2.3°, 1.3°, 3.0°, 4.5°, 2.2°, and 0.0° for the seven waypoints.

2.4 Grasp planning

This section will show a number of the fundamental models of grasp analysis and their grasp
quality criteria. In addition, several off-the-shelf simulation platforms related to grasp plan-
ning will be briefly introduced.
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Similar to the robot arm, the gripper (robot hand) can be considered as a series of kine-
matic chain, that is composed of a palm that serves as the common base for any number
of fingers, each with any number of joints. A grasp is defined as a set of contacts on the
object’s surface. This thesis considers only the precision grasp, where only the fingertips
contact with the models and manipulator constraints are neglected. The grasp model can
be mathematically described, which aims at predicting the interaction behavior between the
hand and object with various conditions arising from grasping. The grasp maintenance is
the most desirable behavior by handling the unknown disturbing forces and moments acting
on the object/workpiece. Therefore, planning a good/optimal grasp is vital in the robotic
applications that require to firmly hold an object and resist the external force [43, 116].

I define the finger joints with q = [ql,...,qnq] € R", where n, is the number of joints,
and q are denoted as the vector of joint displacement. The torques in revolute joints or forces
in prismatic joints are described as T = [74,..., an] € R", which arises from interaction at
the contacts between the object and hand. The wrench is defined as 6-dimensional vector by
concatenation the force vector and torque vector as

w; =[f,7;]" (2.88)

where 7; is computed as A(c; —r) x f;, acting on the object at the contact ¢; and its refer-
ence point r. The center of mass is typically chosen as reference point, to give it a physical
meaning.

2.41 Grasp closure properties

In general, a final grasp is capable of resisting the disturbance so that it can prevent the grasp
from sliding the force in the contact i and its corresponding wrenches w;, and any disturbing
forces or wrenches w,,,. Therefore, the whole system should have lied in the equilibrium
state [15]:

=z

i=

Wi+ Wey =0 (2.89)

~
o

Various quality criteria can be used to judge a given grasp configuration. Form and force
closure are two typical characterizations of grasp restraint, which can enable the grasp equi-
librium regardless of the direction of the counter force. A grasp is considered as form-closure
if the held object can not move, even infinitesimally, when the hand grasps an object with its
locked finger joint and fixed palm in place. From the geometrical interpretation, form closure
is a set of mechanical constraints imposed on a rigid body to disable the rigid body motion
in any direction, and the object motion is completely independent of friction. Therefore, a
form-closed grasp is desired when the works pieces are constrained independent of frictional
properties. Under the same condition, if the applied wrenches at the contacts can balance
any disturbing wrench w,,,, the grasp is called force-closure. Therefore I can also conclude
that form closure grasp is also a kind of force closure grasps.

Form closure

The form closure can be precisely described by introducing the implicit distance function ;(u, q)
[4]

=0, if the contact on the surface
Y;(u,q){ >0, if contact breaks ,Viell,...,n.] (2.90)
<0, if penetration occurs
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where u and q are the object and robot hand configuration, respectively. Mathematically
speaking, a grasp u, q satisfies the condition of form closure, if and only if the following
requirements is fulfilled.

YP;(u+du,q)>0 = du=0 (2.91)

Force closure

Force closure is a relaxation of form closure by allowing the friction force to balance the
object wrench. It will reduce the number of contact points utilizing friction analysis. For
example, seven contact points are required for grasping a three-dimensional object with six
degrees of freedom under the form closure criteria. But only two contact points are needed to
satisfy the force closure condition if the gripper is modeled as soft fingers, and three contact
points are sufficient if the gripper is modeled as hard fingers. Therefore, roughly speaking,
the main distinction between the form and closure is whether the friction force is used to
help the grasp to hold an object. The Coulomb friction is the most commonly used friction
model, which is an approximated model for computing the dry friction

Fr ={(Fi, fio) | Fi < piFy 0} (2.92a)
Fi=|Ifi —(fi - n)fill (2.92b)
Fin=fin (2.92¢)

where F; € R3 is the coulomb friction cone. The force F;, is the normal force exerted by
each surface at the contact point ¢; and contact normal n; with the corresponding friction
coefficients u;. In generally, the friction cones is simplified as polyhedral cones. One step
closed to force closure is defined as frictional form closure with

GA=—¢g

e r }VgERV (2.93a)

Where the G is the Grasp matrix, and the composite friction cone F defined as

‘F:‘Fl X oo xfnc
={fieR"|fie Fi;i=1,...,n;} (2.93b)
The force closure is stricter than the frictional form closure with the requirements of the full

rank of grasp matrix rank(G), and the intersection of nullspace of grasp matrix N (G) and
nullspace of hand Jacobian N'(J) is None.

2.4.2 Grasp wrench space

However, the force closure is the only minimal quality requirement for a grasp. The equa-
tion (2.89) is the primary goal for a grasp using the wrench to compensate arbitrary distur-
bances or balance a special set of disturbances. Combining the equation (2.88) and (2.92),
the Cone Wrench space (CWS) [16] at the contact point ¢; has the following formula:

f;
CWS,, = {Wi | wi = ( A(ci—1) x fi )/\ Ifi—(f - n)myl| < —p(f-n) Al <1} (2.94)
1 1

Let’s denote the Grasp Wrench Space (GWS) [16, 107, 109] as a set of all wrenches applied
to the object via the k grasp contacts

k k
W= {W|W=Zwi=ZMifi/\wi€CWSCi, fieF, i=1,...,k} (2.95)
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where M = [M,,...,M,] is the grasp map, which maps the local contact reference frame to
an object-defined global reference frame. The friction cone is commonly approximated as a
pyramid with m edges, besides, any force f; € F; can be written as positive linear combination
of unitary force f;; along the pyramid edges, denoted as primitive forces:

fl:Zaijfi]aal_]ZO (296)
j

The constraints of Z a;; < 1 imposes the overall magnitude. The friction force can be
integrated into (2.95) leadlng to the final formulation as

m

{wlw ZZ“U Wi, W ]=[A((C_r)xfu)]z 31,ai,j20} (2.97)

i=1 j=1

where w; ; is interpreted as primitive wrenches. However, the computation of GWS (2.95)
can be pretty cumbersome in practice since it is challenging to find a linear combination of
finger force to compensate a disturbance wrench. The alternative is using the grasp wrench
hull W, which can be computed very efficiently

k m k m
o _ _ fij _
W= {W |w= ;;ai,jwi,j, Wij = [ M(ei—=r)xfij) | ZZau =1,2;;=20
(2.98)
The definition of a convex hull of a point set A = {a;,...,a,} is the smallest convex object
containing A, which can be expressed as a convex combination of A with

x= ixiai,ixi =1,2,>0 (2.99)

Therefore, the constraints Zile ZT:1 a; j = 1is imposed to create a convex hull of wrenches w;;,
resulting in a grasp wrench hull W. In add1t1on, the property W C W holds by the definition.
I can rewrite (2.98) using the Minkowski sum P of primitive wrenches w; ; for the convex

hull operation, which gives an efficient way to compute the grasp wrench hull

k
W, _ = ConvexHull (EB {wi:.. .wi,k}) (2.100)

i=1

where VNVLOO describes the convex hull of a finite set of elements in R®.

2.4.3 Grasp quality

The definition and computation of form closure, force closure, and the grasp wrench space
imply that grasp configuration for an object is not unique. Therefore, a grasp quality metric
is necessary to rank different grasp configurations. Ferrari-Canny metric [43] is the most
commonly used criteria for evaluation. It defines the grasp quality measure as the largest
perturbation wrench that the grasp can resist in any direction. Mathematically speaking, the
grasp quality metrics is formulated as

Q= inf |[x[y (2.101)

XEaWLoo
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(a) (b) (0 (d)

Figure 2.5: A list of state of the art simulator: (a) is the Graspit! simulator, (b) is the ISSAC simulator, (c) is the
mujoco simulator, and (d) is the pybullet simulator.

where 8V~VL°° describes the boundary of WLOO, and quality can be geometrically interpreted
as the radius x of the largest ball centered at the origin of the grasp wrench space inside the
grasp wrench hull. Physically, the optimal quality aims at minimizing the maximum force
exerted by any of the fingers to resist an arbitrary external wrench. This grasp quality is
widely used for the grasp synthesis. An alternative for obtaining the grasp quality is to sum
all the force exerted by the fingers to compensate the external wrench by reformulating the
Minkowski sum € in (2.100) with the union operator U

k
WLI = ConvexHull (U {wi’l .. .wi’k}) (2.102a)

i=1

Qr, = inf [[x]l, (2.102b)

x€0 WLl

The two qualities mentioned above depend on the reference point r, while the center of mass
is typically chosen as default and coherent with the system. However, in some cases, the
center of mass is difficult to be determined accurately. An alternative method is used to the
convex hull volume, which is independent of the reference point.

Qvolume = VOhlme(W) (2.103)

Hence the quality is independent of the reference point, but the drawback of this quality is
that it can not indicate if a grasp shows poor performance in a specific direction to resist
the external wrench. There are many other research [16, 101, 162] to mitigate the problem
arising from the reference-based or volume-based quality approach. The grasp quality metric
is applied to guide the grasp planning process by iteratively evaluating the quality. Therefore
besides the accuracy of computing the grasp quality, efficiency also plays a vital role in ac-
celerating the computation of the quality metric. The estimation of the convex hull requires
a number of resources. The de-facto standard approach uses the QuickHull algorithm [5],
which is proven to be efficient and widespread used in the industry. The procedure of com-
puting a quality is to construct the convex hull of grasp wrench space in six dimensions, and
based on the (2.101), the maximum radius of the ball is calculated. It is straightforward to
observe that a whole convex hull is computed in each iteration in this procedure, which is not
necessary. To accelerate the computation, only the closest face of a convex hull to the center
is sufficient for getting the radius. Many robot platforms have implemented the function of
grasp quality metric, such as Graspit! [108], which provides several robot hands and meth-
ods for grasp selection and simulation. ISSAC simulator [93] and Mujoco [172] and bullet
simulator [27] are states of the art physical engines and are attracted a lot of attention in the
past years, which can be exploited to simulate the physical interaction between the object
and robot hands and evaluate the grasp maintenance property.
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Chapter 3

Jerk-Limited Trajectories with Blending for Robot
Motion Planning

Chapter Summary

This chapter extends the previous work [100] by considering the trajectory blending sce-
nario. I presented two different approaches to generate a time local-optimal and jerk-limited
trajectory with blends for a robot manipulator under consideration of kinematic constraints.
The first approach generates a trajectory with blends based on the trapezoidal acceleration
model by formulating the problem as a nonlinear constraint and a non-convex optimization
problem. The resultant trajectory is locally optimal and approximates straight-line movement
while satisfying the robot manipulator’s constraints. The second approach is a combination
of a trapezoidal acceleration model with a 7-degree polynomial to form a path with blends.
It can be efficiently computed given the specified blending parameters. The same approach
is extended to Cartesian space. Furthermore, a quaternion interpolation with a high degree
polynomial under consideration of angular kinematics is introduced. Multiple practical sce-
narios and trajectories are tested and evaluated against other state-of-the-art approaches.

This chapter is a slightly modified version of peer-reviewed conference paper ©2021 IEEE.
Reprinted, with permission, from

* Lin, Jianjie, Rickert, Markus, and Knoll, Alois, “Parameterizable and Jerk-Limited Tra-
jectories with Blending for Robot Motion Planning and Spherical Cartesian Waypoints,”
IEEE International Conference on Robotics and Automation (ICRA) 2021

The images created, algorithms designed, data from experiments and text written by me in
this publication will be directly referenced in this chapter. The original version is referred
to 178

Contributions

I took a leading role in the writing and revising of the manuscript in this article. I have
made the following significant personal contributions to the formulation, implementation,
and evaluation of the algorithms in this paper: describing the trajectory planning problem
as a nonlinear optimization problem, proposing and designing a model-based predicate con-
trol based optimization procedure to solve the optimization complexity problem, being the
leading developer in the implementation of the algorithms, and being responsible for the
evaluation of the experiments.
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3.1 Introduction

Trajectory generation is a fundamental topic in the robotics community that deals with the
calculation of a time-optimal, smooth, jerk-limited, and accurate motion for a well-defined
task. Manually programming and optimizing paths for complex robot systems is no longer
viable when it comes to flexible production with small lot sizes and multiple robot manipu-
lators, a common use case in small and medium-sized enterprises [126]. In order to quickly
adapt to new processes, new paths have to be generated automatically by modern path plan-
ning algorithms that are able to calculate complex motions for multiple manipulators in a
narrow space. As cycle times should be as short as possible, globally optimal path plan-
ning algorithms [157] present a considerable advantage over classical algorithms that are
followed by a local optimization step. In order to avoid stopping at every waypoint in a
path, supporting various forms of blending is a desired property in a trajectory generation
algorithm to further increase the performance of a robot system. Kinodynamic path plan-
ning algorithms with velocity information however are proven to be PSPACE hard [34] and
therefore lead to a large increase in computation time. Industrial robot controllers and open-
source implementations commonly support blending via linear parabolic motions and cubic
spline interpolation. Trajectories based on linear parabolic blending, that only limit the ac-
celeration, suffer from infinite jerk around the blend waypoints [100]. Although cubic spline
interpolation can improve the smoothness of a path by limiting the jerk, it can result in a
more significant deviation of the straight-line movement. This is especially important when
calculating trajectories for position-based solutions in robot path planning. Trajectory gen-
eration without explicit error bounds in the path deviation can lead to undesired behavior.
Deviating too far from the collision-free solution path can result in collisions. Based on these
observations, I present two different approaches to generate a trajectory for following multi-
ple waypoints. They support an explicit upper bound in deviation and are jerk-limited around
the blended waypoints. In my previous work [100], I consider the situation of performing an
accurate motion for a robot manipulator by forcing the trajectory to precisely pass through all
waypoints, which are either manually specified or generated via a path planning algorithm.
In this work, I extend this to a more general application by considering blending around
the waypoints. In contrast to most state-of-the-art blending algorithms, the jerk limitation
is followed throughout the trajectory. In the same way as Haschke et al. [56] and Kroger et
al. [77], the trapezoidal acceleration profile is used to generate the trajectory between two
consecutive waypoints. As stated in [100], the trapezoidal acceleration profile increases the
optimization complexity while considering phase synchronization. In comparison to my pre-
vious work [100], I relaxed the objective function by introducing two additional weights to
control the distribution of acceleration, deceleration, and cruising phases, which reduces the
optimization complexity and shows a better performance from the perspective of straight-line
movement. I continue to utilize the principle of model predictive control [100] for optimizing
all waypoints by decomposing them into many consecutive waypoint batches and bridging
each two adjacent batches with an overlapping waypoint. In addition to the optimization
approach, I present another new approach that combines the trapezoidal acceleration model
with a high-degree polynomial to perform a blending trajectory in joint and Cartesian space.
Notably, quaternion interpolation is integrated and extended to a high degree polynomial,
which considers the angular jerk and results in a smooth quaternion trajectory.
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3.2 Related Work

Generating time-optimal and smooth trajectories has been studied for decades in the robotics
community. The proposed trajectory planning techniques are roughly divided into two cate-
gories: online and offline planning.

Online real-time trajectory generation is mainly used to deal with unforeseen events and
a dynamic and fast modification of the planned trajectory. Macfarlane et al. [102] proposed a
jerk-bounded fifth-order polynomial with parabolic blends between two waypoints. Haschke
et al.[56] presented an online trajectory planner by considering arbitrary initial kinematics
and stopping at each waypoint. Kroger et al. [77] extended the online planner in a more gen-
eral approach, which can handle arbitrary start and goal states. Lange et al. [84] proposed a
path-accurate and jerk-limited online trajectory generation in configuration space. However,
this cannot be easily extended to multiple waypoints and it is also not possible to blend the
trajectory around the target.

Offline trajectory planning is suitable for a well-defined task, such as assembly or welding
applications. The standard trajectory generator utilizes polynomials based on splines such
as cubic splines or polynomials of higher degrees to provide a jerk-bound smooth trajectory.
B-splines and their extension method [151] are also widely used to generate smooth trajec-
tories. Although polynomial-based and B-spline-based algorithms can generate a smooth tra-
jectory, they cannot fully explore the robot’s capabilities and show a significant deviation from
a straight line. Pham et al. [128] proposed a new approach based on reachability analysis for
the time-optimal path parameterization (TOPP) problem. Similarly, Nagy and Vajk [114] ap-
plied a linear programming-based (LP) solver to tackle TOPP. Furthermore, Barnett et al. [7]
introduced a bisection algorithm (BA) by extending the dynamic programming approaches
to generate a trajectory. However, those algorithms are expensive to perform a trajectory
with blends. Kunz et al. [81] proposed a path-following algorithm by adding circular blends
that consider the acceleration bounds in joint space. Dantam et al. [30] presented spherical,
parabolic blends by using the SLERP function, where no interpolation in a Cartesian pose is
considered. These algorithms however do not take jerk limitation into account.

3.3 Problem Formulation

The goal is to find a time-optimal, jerk-limited, and smooth trajectory that blends an in-
termediate waypoint without violating kinematic constraints. Furthermore, it is required to
minimize the deviation to a straight line in either joint or Cartesian space. The trapezoidal
acceleration-based trajectory model [100], also called seven-segment model, has the capabil-
ity to generate a smooth and jerk-limited trajectory. At segment h € [0, ---, 6], the kinematics
are formulated as (2.84) at the waypoint i in the axis k. The parameter At;, is the time
difference, defined as t; ., —t; ,. For a phase synchronization [77] trajectory, position, ve-
locity, acceleration, and jerk in each axis at the same segment should be synchronized. The
time evolution of a position is interpreted by a third-order polynomial, which can increase
the smoothness of trajectories by bounding the jerk. In this paper, I present two approaches:
In the first approach, I extend my previous work, which enforces a precise pass through
all waypoints, denoted as TrajOpt-Pass-Joint (TOPJ), to generate a blending trajectory by
formulating it as a nonlinear constraint optimization problem, indicated as TrajOpt-Blend-
Joint (TOBJ). In the second approach, I combine the trapezoidal acceleration model with
a high-dimensional polynomial (7-degree) to generate a blending trajectory both in joint
space TrajPoly-Blend-Joint (TPBJ) and Cartesian space TrajPoly-Blend-Cart (TPBC).
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3.3.1 Blending by Optimization in Joint Space (TOBJ)

A blending trajectory is formulated as a nonlinear constraint optimization problem by apply-
ing a nonlinear optimization solver (SQP) [118].

Objective Function

The purpose of the objective function f is to find a trajectory that is optimal in time and
moves as linearly as possible in joint space as

2(13( (Atl acc + Atl dec))(' ) + (Atl cru1s)(' )2)
i=1

o 2 (3.1)

A
+ )L4 (Vilf:;)z exp(— i,cruis )) ’

2
k=1 20

where n is the number of waypoints, m are the degrees of freedom of a robot. The time in-
terval of the acceleration phase is indicated as At; ..., the cruising phase as At; ., and the
deceleration phase as At; 4... The weight values A; and A, are used to control the distribution

of the acceleration/deceleration and cruising phase. The choice of ((Ati,acc + Ati,dec)kl)z +

(At; eruisA2)* has advantages over the formulation ((Ati’aCC + At; gec)A1 + Ati’cruislz)z, which
avoids the product of (At; aec + At; gec)At; cryis> SO that acceleration/deceleration phase and
cruising phase cannot affect each other. On top of this, A3 is used to minimize the whole
trajectory time. In this formulation, A3 and A, /A, conflict with each other. A;/A, is used to
achieve a straight-line motion, while minimizing the time with A5 requires a longer accelera-
tion/deceleration phase that can lead to an overshooting trajectory. In [100], the straight-line
deviation bound is added in the objective function. In this work, I relax this constraint by
emphasizing a straight-line in joint space. Furthermore, the overshooting is observed with

k k k
Atl cruis ((pl Jtarget pl 1, 0) (Api,acc + Api,dec))/vi,B > (32)

— kK k kK _ Nh=7 ok k .k Lk ok
where Apf Jace Zh Oplh(ti,h’vi,O’ai,O) and Ap;ge, = he APt Vigs @5 45 V700 5). If the
time At; .. iS negative, the reached position overshoots the target To eliminate this un-
desired behavior, the cru151ng phase should be omitted. Since Ap + Apl dec has a longer

I can reduce the cruising velocity vX i3 to shorten Apl “ace: Besides,

1,acc

distance than pl target pl 10

the trapezoidal end velocity v; ; influences the position Apl. dec> Which can be automatically

2
te
i cruls

tuned by the optimization solver. I add a regular term (1/1."3)2 exp(——27—) in the objective
function with o, Which controls the decay rate. It can be shown that at Atl,crms ~ 0, the reg-

2
1 cruis

k
ular term (vl., )2 exp(— 202

) is approximated as (v ) , and the velocity is reduced by mini-

2
z cruls

mizing the objective function. In the case of At; .;; > 0, the Gaussian value exp(— ) is

exponentially decayed to zero, which has no effect on the cruising phase.

Kinematic Constraints

Instead of passing through the waypoints, I define a blending bound between two consecutive
line segments. Furthermore, I set a non-zero velocity and acceleration for each waypoint,
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except for the first and last waypoint. The constraints are described as

P (tip,) = Pl prarc B € [4,--,6], (3.32)

P*(tiv1,) = Ply1 piena - h2 €05, 31, (3.3b)

Vk(fo,o) = Vk(tn,o) =0, At;, =20, (3.30)

a*(to) = a(t, ) = a*(t;3) =0, (3.3d)

74Ctim)l < T 1€(t)] < g, VR EO, ..., 6] (3.3¢)

Vel < VE L IpR () <k, YRETO, ..., 6] (3.3

Pinitower < Pripl < Plet bl upper (3.38)

where pfﬂ’bl)start is the start blending segment position at waypoint i+1 in axis k and plk+1,b1,en d

k
i,bl,lower?

Pi bl.upper is a lower and upper blending bound, respectively. The corresponding optimized
blending waypoint at i + 1 in axis k is indicated as plk-i-l,bl' The variable h; and h, are pre-
defined values that depend on the blending percentage. One relaxation of the jerk j con-
straint [56] is made by allowing double acceleration or deceleration phases: sign(j) is no
longer strictly defined as [+, 0, F, 0, F,0,+] but changed to sign(j) = [+,0,+,0,+,0,£]. This
relaxation allows reaching the next waypoint without slowing down.

is the end blending segment position at waypoint i + 1 in axis k. The variable p
k

Blending Bound Constraints

Y2

The blending constraint p; 1, .., is computed as p;,; +yrmn, where y is defined as Tas5T with
. = Pi+1—DPi (3.42)
i1 —pill
§, = Pi+2 —Pi+1 (3.4b)
IPi+2 — Pit1ll
Additionally, r =[;/(tana;,;/2) with a;,; = arccos(jlllez) and
I, = min{ IPiv1 —Pill IPi2—Pinall  Osinaiy/2) ) (3.5)

2 7 2 (—cos(a1/2))

where & is the predefined blending distance from q;,;. 7 is the percentage value for con-
trolling the blending bound. The deviation e = ||p; b con — P(t;7)ll is bound. Utilizing the
blending constraints, I have

pll'(,bl,lower = min{pll'{,bl,con’ pk(ti,7)} (3.6a)
k k k
pi,bl,upper = max{pi,bl,con’p (ti,7) (3.6b)

Model predictive based optimization Procedure

As shown in my previous work [100], the complexity of optimizing a trapezoidal accelera-
tion profile trajectory depends on the degrees of freedom and the number of waypoints. I
still apply the Model Predictive Control (MPC)-based optimization approach and divide all
waypoints into small batches by considering a horizon value and individually optimize each
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waypoints
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Figure 3.1: The waypoints are decomposed into n—H batches, where H is the horizon step. Each batch consists
of H + 1 waypoints, where the former and last two waypoints (bold lines) are respectively overlapping with their
former and subsequent batches. p, y; is the optimized blending position.

batch. As a result, the computation complexity for each batch is fixed and depends on the
MPC horizon step H. In this work, [ use H = 2. Only the solution of the first two waypoints p;
and p,,, is kept and the kinematic information at waypoint i +1 works as the initial condition
for the next batch optimization. For a high-dimensional non-convex and nonlinear constraint,
a good initial guess is essential for an optimization solver that controls the gradient search
direction to a good local minimum or even to a global minimum. I use the same procedure for
find the initial guess as in my previous work [100]. In addition, I add a small Gaussian noise
perturbation for the initial point if the solver cannot converge and repeat the optimization
procedure until successful convergence to a predefined tolerance value.

3.3.2 Blending with Polynomial in Joint Space (TPBJ)

The second approach combines the trapezoidal with a high-dimensional polynomial to form
a blending path. The blending segment is described as a high-degree polynomial under
consideration of initial f, = (py, vy, ao, jo) and final f; = (p;, v;, a;, j;) kinematic constraints.
These require a total of eight coefficients, therefore I utilize a 7-degree polynomial function
in one dimension:

f(t) = byt + bet® +--- 4+ byt? + byt + by, (3.7)

The coefficients b, - b3 can be computed using f, with by = pg, by = vy, by = 2 and bg = %0.
The coefficients b, to b, depending on f; and polynomial time t can be described as

7 6 5 44
S LS T S

b, p 1¢l 2 3 by
6 5 4 443 ! L1
7ty 6ty Sty 4t bo | (2012632 |[ b (3.8)
422 30t 2063 1262 bg . 00 2 66 lgz : )
3
—~ N——"

j
21064 12063 60¢2 24t, ) >4 ; 000 6
X, 71 A, Y2

Ay

Due to this, x,(ty, fo, f1) = A (y1 — Asy,) with time matrices A;,A,. The polynomial is
simplified as

f(t, fo, ) =117, t8, 3, t*1x1 (1, fo, f1) + ha(t, o), (3.9
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where h,(t, f,) is described as % Jot> + %aotz + vt + py. Firstly, I assume that the initial f, and
final f; kinematic constraints are available. Therefore, f(t) depends only on the time t. To
find a polynomial blending trajectory that satisfies all kinematic constraints, I need to verify
the extreme point of the polynomial by computing the root of its derivative. For example, the
extreme point of jerk can be found at the position where the first derivative of the jerk (snap)
is equal to zero. In addition, a n-degree polynomial has at most n real roots. The constraints
can be mathematically formulated as

L DA ™) 12 AF "< K (3.10)

where £ is n-th derivative of f with n € [1,4] and the corresponding constraints k., €
[Pmax> Viax> Gmax> Jmax]- The root-finding function A(f ™) for a given polynomial is used to
find the extreme value position for f(™1. y,(x) is the indicator function of A and will be set
to one if x € [0, t], otherwise to zero. Note that if the y,(x) function is not derivable, the
gradient-based optimization solver will diverge. To find a time-optimal polynomial trajectory
that satisfies initial/final conditions and lies within the kinematic constraints, I iteratively
check the constraints (3.10) by adding a small delta to t = t + At, where in my case At is set
to 0.001. Furthermore, to obtain the initial f;, and final f; kinematics, I compute a Point to
Point (P2P) trapezoidal acceleration profile movement between each two waypoints, which
can be in joint space or Cartesian space, with zero initial and end conditions, and the com-
puted traveling time is indicated as t;_-;,;. After that, I predefine a blending percentage 7
to set a start blending time t, = (1 —n)t;_-;;; and end blending time t,, . = Ntiy1_5iio
for each two consecutive trajectories. By querying the trapezoidal model at t;, and ¢, , I
obtain the kinematics f, and f;.

3.3.3 Blending with Polynomial in Cartesian Space (TPBC)

Utilizing the same principle, I extend the algorithm to the Cartesian space, which is widely
used in industrial applications. The benefits of planning trajectory in Cartesian space lies
in that I can exactly generate a straight-line trajectory in Cartesian space which can not be
achieved in the joint space since the forward kinematic is a nonlinear function. The blending
trajectory in Cartesian space requires separate blending for position and orientation. Inter-
polation of the Cartesian space is executed in the same way as described in Section 3.3.2. For
the orientation part, which has to consider a spherical interpolation, I apply the formulation:

(3.11)

o 900
h(t) = h;AR(t) = hi( u(t)sin(%0) )

cos(5),

where h; is the initial quaternion, and Ah(t) transforms the quaternion from h; to h(t). The
Eigen axis between two quaternions is defined as u(t) = 0(t)/]|6(t)|| € R® with a rotation
angle 6(t) = ||6(t)||. Therefore, the quaternion interpolation depends only on 8(t) € R>.
The time evolution function 6(t) can be described as polynomial, such as third-order
polynomial.
0(t)= a?(x -1)°%+ agx(x —1)2%+ agxz(x -1+ aix3 s (3.12)

It can also be easily converted to the standard polynomial formulation in (3.7) by using
constant matrix coefficients. To consider the angular velocity w, angular acceleration w, and
angular jerk & at the start and end state for the quaternion blending, the time evolution
function 6(t) is described as:

O(t)=aZ(x—1)7+aZx(x—1)6+-~-+a§x7 (3.13)
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t—to
tf_tO
The derivatives of 8 can be defined as

é(t):ai’(x—l)f’+ag’x(x—1)5+---+a§x6 (3.14)

with x =

€ [0, 1]. Its roots and its derivative are computed at point x = 0 and x = 1.

with the parameter Ata!' = (n—i+1)al+ia . The angular rate vector w can be computed
as

h= 1hc«)
2 . (3.15)
o =2h"'h=2AhAh
where Ah can be derived as
. ] in(20y 4 1 9(yg
Ah:( () sin( 21” 2;10(;)903( 5)0(t) ) (3.16)
-3 SIH(T)Q(t)
To simplify the formal, I will neglect the t in the following equations. and
n
t ; ; ; (3.17)
u(t)=w xu=( * )><u=(u>< )><u=—u><(u>< )

02 0

Formal of angular velocity w

Replacing the Ah in the equation (3.15), I can derive the relationship between w € R>
and 0 € R as '
w=ub—w +sin(0)w x u +cos(6)w (3.18)

where w = @X% ¢ R3 and 6 = u”§ is a scalar value. I further simplify o with the skew-

symmetric matrix (-)* as

Xé Xu
~——
S00) (g (uTu)—u(u’6))

_ (1—cos(0))
—a u

o= (uu’ — E=05OD x5 sinaﬂu

0
. (3.19)
SI0O) (1 — ™) )0

=(uu’ +

= Aw,lé

Formal of angular acceleration @

In the same way, I can compute the angular acceleration @ and angular jerk &. Furthermore,
the angular acceleration w is formulated as

@=1u0+ub+cosOO0w x u+sinOw x u +sinOw x i —sin 00w — (1 — cos 6)w

=ub +sinOw u—(1—cosO)w +w> ub + (cos 00w x u +sinOw x it —sin6w) (3.20)

Hy

Based on the equation (3.18), the term H; can be further simplified as

wx(wl—w)=wb—w)xub—w)+(sinfw x u +cosOw) x (ub —w)
=0+ (sinOw x u) x (ub —w)+ (cosOw) x (ud —w) (3.21)
=sinOw xuxub —sinOw x u x w +cos 0w x u '

=sinOw xu x ub +sinOw x t +cosOOw x u
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Based on the vector triple product (a x b) x ¢ =b(c-a)—a(b-c). It leads to

wxuxu=u(u-w)—w(u-u)=u(u-w)—w=u(u- (u ; 0))—W. (3.22)
Furthermore, scalar triple product of three vectors is defined as a-(bxc¢) = ¢-(axb). Therefore
the equation of u- % = % -(u x u) is equal to zero. As a result, w x (uf—w) = (cos HOw x

u +sin@w x i —sin@Ow) = H,. The equation (3.20) can be simplified as

&=ub +sin(0)w*u—(1—cos W +w*ub + w*(ub —w) (3.23a)
with

Ww=(0"0-20"0w)/6? (3.23b)

6=w u)’0+u’6 (3.23¢)

By replacing the w and 6 in the @, the angular acceleration is derived as

. (1—cos6)0™_ .. sin60x0 x u
w = (uuT — T) 0+ T
~ —_—
ALb,l,l Sinsu(;éXM:SmT@(é(uTu)_u(uTé)):Aa;,],z
2sin0u 070w 2(1—cos6)0T 0w
52 * 52

~~

Ay2

(3.24)

+u(w u)'o + +wXub + w*(ub —w)

By replacing u = %, the parameter A¢,1,1é + A, 1> can be simplified as

sin(60) B (1—cos(0))

: u)f=A,,0 (3.25)

(I—uu®)

A(b,l,lé +Au12= (uu” +

and A, , is simplified as usingu =4, 6 =u”9

2sinfu*u’@w 2(1—cos)u’fw
0 0
2sinf0u*w  2(1—cosB)Ow
+
) )
2sinffu*w  2(1—cosB)0w
o 0

Ad,)zzuizT9+ +wub + 0 (ub —w)

=uu’f +

+wub + 0 (ub —w) (3.26)

=ub + +wXub + w*(ub—w)
The angular acceleration @ can be reformulated as

(b == Ad),lé + A‘b’z (3.27)

Formal of angular Jerk @
The angular jerk is defined as derivative of @
@=10+ub +cosOOw u +sin(0)w*u + sin(0)w i —sin 00w — (1 — cos 0)w
+ WUl +w ul +w ub + o (ub—w)+ (@ +ub —w)
=160 +ub +sinOw*u—(1—cosO)w +Ay oAy (3.28a)
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with
= u+wD)T0+wwW)T0+u"+u” 0 = .9“1+uT'9“ (3.28b)
Ao =W Ul +wid +wud + & *(ud —w)+ (@10 +ub —w) (3.28¢)
Ay p=0cos W u +sin Ow *1it —sin 6 Ow (3.28d)
w_92(0Xé+oxé'—onéw—20Téw—20TGW)—2(0X(9’—29T9w)99'
— -
C(070+070 —20 0w —20T6w —20T0w) 20070 —20"w)0
- 62 B 63
(070—20"0w—20"0w—20T0w) 2(076—20T0w)0 0% 8
- 02 - e T o2
:Aw’c + 09—20 (3286)

Similarly, I can formulate the angular jerk & as

@=A510 +A,, (3.29a)

where
A"b’]_ = Aw,l (3.29b)
Ao = 6 +u 91 —(sinfu™ +(1—cos0))A;  +Ay o + A (3.29¢)

In summary, the quaternion trajectory blending is modeled as

0(ty) =0, 0(t;)=ub

0(to) = AL, wo, 0(tp) = A, e

0(to) ZAZH(@O—A@,Z), é(tf) =A;,11(¢3)1_A(o,2)
0 (to) ZAZ?l("bo—Azb,z), é.(tf) ZA"_;,’ll("bl —As2),

where the initial and end conditions are obtained by querying the quaternion trapezoidal
acceleration profile. This process is similar to Section 3.3.2. I iteratively check the quater-
nion kinematics constraints in the same way as (3.10). I combine Cartesian position and
quaternion interpolation to form a trajectory with blends.

3.4 Experimental Evaluation

I compare the performance of the presented approaches in this paper with the work by Kunz
et al. [81] (TO-BAV), Pham et al. [128] (TOPP-RA) and my previous work [100]. The work
in [81] generates a trajectory with a designed circular blend under consideration of velocity
and acceleration bounds and the work [128] used the reachability-analysis (RA) to solve the
time optimal path parameterization (TOPP) problem. My previous work [100] generates
a trajectory by forcing a precise pass through all desired waypoints without stopping. For
the evaluation of the motion planning scene, the collision-free paths in the examples are
computed using the Robotics Library [142], which is also used for kinematic calculations and
simulation. In the evaluation, I set the weights in [100] and TOBJ as A; = 1.2, A, = 1,
Ag = 5000, and A4 = 10. All evaluations were performed on a laptop with a 2.6 GHz Intel
Core i7-6700HQ and 16 GB of RAM.
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(a) (b) (0

Figure 3.2: Comparison of joint space trajectories for the ISO cube scenario. The plots show the first and second
DOF of different algorithms. The straight line reference in joint space is shown in red, the calculated joint trajectory
in blue with a TOPJ [100], b TOBJ, ¢ TPBJ.

Figure 3.3: Industrial robot workcell with UR5 manipulators.

3.4.1 Evaluation of deviation from straight-line in joint space

For the first evaluation, I consider a subset of the well-known ISO 9283 [161] cube industrial
benchmark as shown in Fig. 3.2. Here, the robot’s end effector has to follow a number
of waypoints that are part of a two-dimensional rectangle inside a three-dimensional cube
while applying blending. The corresponding results are shown in Fig. 3.2. The previous work
TOPJ [100] in Fig. 3.2a completed the ISO cube task within 6.26s by passing through all
waypoints and the generated trajectory has to deviate from the straight-line movement to
avoid stopping at each waypoint. For improving the quality of the trajectory, TOBJ presented
in this work extends the TOPJ by blending around the target position, which results in a
better straight-line movement and completed the ISO cube task with a shorter time of 6.1s
due to a shortened path length. The polynomial based algorithm (TPBJ) can further reduce
the completion time to 5.94 s with a bigger blending circle radius.

3.4.2 Evaluation of the algorithm in a real robot workcell

I evaluate my algorithms on a Universal Robots UR5 robot manipulator as shown in Fig. 3.3
by looking at the actual velocity and current measured by the URS5 controller with an update
rate of 125 Hz over the native Real-Time Data Exchange protocol. I compare my approaches
against the algorithm developed by TO-BAV [81]. The evaluation results are illustrated in
Fig. 3.4. The maximum velocity and acceleration values are identical for all trajectory gener-
ators. The only difference is that [81] does not consider any jerk limitation. The remaining
algorithms limit the maximum jerk to a value of five times faster than the maximum veloc-
ity. I evaluate the computational complexity of each algorithm by running the experiment
40 times. TO-BAV [81] takes 0.263(50)s to generate a blending trajectory. The proposed
algorithm TrajPoly-Blend-Cart shows a similar computation time of 0.265(50) s. TPBJ is more
efficient with a computation time of 0.16(2) s and is 1.56x faster than TO-BAV. In comparison
to these three algorithms, the optimization-based approaches due to the non-convex and non-
linear constraints optimization formulation—have a computation time of 2.52(50)s in each
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(a) TO-BAV (b) TOPJ (c) TOBJ (d) TPBJ (e) TPBC
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Figure 3.4: A comparison of different trajectory profiles for the UR5 example. The individual plots show a—
e position, f—j velocity with the controller’'s target (red) and actual (blue) value, and p—t corresponding velocity
differences.

batch optimization, with 86 DOF = 516 inequality constraints and (2H + 3) DOF = 42 equality
constraints in one MPC-horizon step with H = 2. The computed trajectories are visualized in
a 3D environment [142] as shown in figs. 3.4a to 3.4e. The blending directly implemented
in Cartesian space follows a straight line. The other four algorithms have a similar trajectory
performance. It needs be pointed out that the blending mode in [100] is different from the
other algorithms, as it can pass precisely through all desired waypoints without stopping.
From the perspective of velocity performance, the result from [81] indicates a large gap be-
tween desired and real velocity which occurs at each turning point, shown in Fig. 3.4p, as
the robot controller is not able immediately to execute a trajectory that contains an infinite
jerk. The robot further shows higher peaks in the measured motor current as demonstrated
in Fig. 3.4k. If the maximum specified acceleration is further increased, the additional bur-
den on the motors may lead to hardware issues and a reduced lifetime. In contrast to this,
the algorithm presented in this work considers the jerk limitation. The robot controller can
follow the desired waypoints continuously and demonstrates reduced motor current values.
Figures 3.4g and 3.4h exhibit a clear period of cruising phase in comparison to the other
algorithms, as the objective function in the optimization step emphasizes a longer constant
velocity phase over the acceleration and deceleration phases. This behavior is desirable in
certain industrial robot task such as welding and gluing, as the cruising segments show a
smoother overall behavior compared to the other segments.
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Table 3.1: Benchmark results of path planning scenarios. The best results are highlighted in bold and smaller
values are better. The maximum blending deviation & is set to 0.1. The jerk limitation used by TPBJ is set to 100x
and 500x of the maximal velocity constraints, denoted as TPBJ1 and TPBJ5, respectively. TOBJ is set to 100x.
Npoine describes the number of waypoint, t.qqy, is the computation time, and ¢, is the traveling time. L, is the
traveling length, L, is the base straight-line length, and | present the percentage.

Scenario 1 (Npoine = 42) Scenario 2 (Nyoine = 55) Scenario 3 (Npoine = 42) Scenario 4 (Npoine = 181)
Alg. TO-BAV TOPP-RA TOBJ TPBJ1 TPBJ5 TO-BAV TOPP-RA TOBJ TPBJ1 TPBJ5 TO-BAV TOPP-RA TOBJ TPBJ1 TPBJ5 TO-BAV TOPP-RA TOBJ TPBJ1 TPBJS
Leomp 0.23 0.28 54.15 0.15 0.088 0.28 0.186 65.7 0.65 0.319 0.32 0.45 149.52  0.41 0.25 1.68 0.54 231.68 0.70 0.41
tia 4.08 3.759 7.09 7.02 5.95 3.67 3.40 6.35 6.58 5.88 25.20 23.95 26.17 2632 2548 11.75 10.55 26.48 26.44 1891
Lag/Lya  0.999 1.0027 0.997 1.0001 0.999  0.999 1.003 0.998 1.0001 0.998 0.998 1.174 0.997 1.001 0.997 0.996 1.001 1.001  1.001 0.997

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3 (d) Scenario 4

Figure 3.5: Benchmarks on different motion planning scenarios. a a Comau Racer 7-1.4 moves to a workstation
with a parallel gripper. b a UR5 moving between two walls. c—d a Kuka KR60-3 next to a wall and 3 columns with
a vacuum gripper.

3.4.3 Comparison between TO-BAV, TOPP-RA and TPBJ

Since the trajectory generation from [81, 128] does not consider jerk constraints, the acceler-
ation immediately jumps to the peak value. Therefore, the velocity achieves extreme values
in a short time and increases the burden on the robot motor and leads to undesired behaviors
when following such a trajectory. The main benefit of my algorithm is that I can explicitly con-
sider the jerk when generating a much smoother trajectory. This smoothness naturally comes
at the cost of a longer execution time due to the additional jerk constraints. By varying the
maximum value for the jerk constraints, I can tune the trajectory profile to be slightly longer
with high smoothness or shorter and thus closer in runtime to [81]. In this section, I compare
the algorithm of [81, 128] and my polynomial-based one, as using an extreme jerk value in
the optimization-based one may not converge since the gradient value in jerk direction is not
at the same order of magnitude with other gradient values in the gradient vector. The results
are shown in Figs. 3.6a to 3.60. The first column shows the results from TO-BAV [81], where
the velocity arrives at the peak value very quickly with execution time 2.2577s. The second
column illustrates the results of TOPP-RA [128], which is forced precisely to pass through
desired waypoints with the traveling time 2.88s. The other columns show the results of
the polynomial-based algorithm with increasing jerk limits, starting from 5, to 100, and fi-
nally 10000 times the maximum velocity value. The respective trajectory travel time reduces
from a value of 3.577s to 2.28 s and my algorithm gradually approaches the profile of [81],
while still limiting the jerk. From the perspective of computation time, TO-BAV takes 0.256 s
to generate the trajectory and TOPP-RA requires slightly less time with 0.244 s to obtain the
result. My algorithm is more efficient than these two algorithms with 0.165s. I plot the first
and third DOF path without loss of generality, shown in the first row. TOPP-RA produces a
trajectory shown in Fig. 3.6b which has a noticeably bigger straight-line deviation in joint
space than other two algorithms. The bigger straight-line deviation can lead to a collision,
which is not desirable for the industrial application. From the perspective of velocity and
acceleration performance, the velocity profile from TOPP-RA shown in figs. 3.6g and 3.6l is
less smooth than TO-BAV and TPBJ and exhibits several vibration points.
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Figure 3.6: Comparison of results from TO-BAV [81] (the first column), TOPP-RA [128](the second column) and
TPBJ(from the third column to the last column) with increasing jerk constraints. a—e show the plot of first and
third DOF with generated trajectory (blue) and target straight-line path (red). f—j is the velocity profile. k—o is the
acceleration profile. In my approach, TPBJ gradually increases jerk constraints from j,.. = {5,100, 10000} v, .

3.4.4 Evaluation of computation complexity in motion planning scenarios

I evaluate the algorithms for generating trajectories in different path planning scenarios with
an increasing number of waypoints (from 42 to 181) and different point distribution char-
acteristics, as illustrated in Fig. 3.5. The paths are generated by using Robotic library [142],
and the resultant path is optimized with an advanced optimizer and given as a sequence of
waypoints in joint space. I compare my approaches against TO-BAV, which is currently a stan-
dard trajectory generator in the Movelt! framework, and TOPP-RA. I summarize the results in
Table 3.1. Regarding computation time, TPBJ is faster in most scenarios apart from scenario
2. In comparison to TOBJ and TPBJ under the same jerk limitation (100x of maximal veloc-
ity constraints), they show a similar performance. However, if the jerk limitation is bigger
than 100x, TOBJ has a convergence problem, because jerk and time have huge differences
in numerical magnitude. In comparison to TO-BAV and TPBJ with jerk limitation set to 100x
and 500x of the maximum velocity constraint, I can conclude that with a higher jerk limi-
tation, TPBJ can significantly reduce the traveling time. This conclusion can be drawn from
subsection 3.4.3 as well. The trajectory optimizer TOPP-RA without jerk limitation gener-
ates a trajectory with minimal traveling time. From the perspective of straight-line deviation,
TOPP-RA generated a trajectory with significant overshooting in scenario 3 with 117.4% path
length with respect to a straight-line movement, since TOPP-RA utilizes cubic spline inter-
polation for path parameterization. The drawbacks of using cubic spline interpolation are
shown in [100]. The Cartesian space blending is not evaluated in motion planning scenes
since motion planning implemented in configuration space did not consider the singularity
problem, which can lead to a problem by inverse kinematics. The generated solutions from
a path planner are given as a sequence of waypoints in joint space. The final results are
illustrated in Fig. 3.7. For following the linearly interpolated solution path, TO-BAV of [81],
as well as TOBJ and TPBJ, presented here show similar performances. TrajOpt-Pass-Joint
from [100] has a small deviation due to its property of precisely following through the given
waypoints and adhering to a specified tolerance between them. From the perspective of time,
the trajectory generated by TO-BAV arrives at the goal in the shortest time, however with-
out considering jerk limitations. From the perspective of computation time, in the scenario
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(a) TO-BAV (b) TPBJ (c) TrajOpt-Pass-Joint (d) TOBJ
(e) TO-BAV (f) TPBJ (g) TrajOpt-Pass-Joint (h) TOBJ

Figure 3.7: Evaluation of trajectories in different motion planning scenarios, a—b a Kuka LWR next to a table with
a parallel gripper with 15 waypoints, e—f a Kuka KR60-3 next to a wall and three columns with a vacuum gripper
with 28 waypoints

a-b,TPBJ is 3x faster than the TO-BAV, and in the scenario e—f is 2.76x faster. By comparing
TrajOpt-Pass-Joint and TOBJ, I can see that under the premise of no collision, the blend-
ing options can provide a better trajectory performance from the perspective of straight-line
movement.

3.5 Conclusion

In this work, I have extended my previous work by including the capability to blend around
the target position. I have presented two different approaches to finding a time-optimal and
jerk-limited trajectory. In the first approach, the algorithm follows the same principle as in my
previous work by using a bridged optimization procedure, which reduces the computational
complexity to a linear complexity with respect to the number of waypoints and degrees of
freedom. In contrast to my previous work, I redesigned the objective function and blending
constraints to achieve a better straight-line movement in joint space and allow the trajectory
to blend around the target position. However, TOBJ has a convergence problem when the
jerk constraint exceeds 100x of the maximum velocity constraint due to the huge differences
in numerical magnitude between jerk und time. Further improvement will be left to future
work by using more advanced optimization strategies. The second approach combines a
trapezoidal trajectory with a seven-degree polynomial. In this approach, I compute a point-
to-point motion for every two waypoints by using a standard trapezoidal acceleration model.
By specifying a blend percentage, the seven-degree polynomial can be used to find a curve
segment around the target position. To find a time-optimal trajectory that fully considers all
kinematic constraints, I iteratively increase the trajectory time until these constraints are no
longer violated for all degrees of freedom. The second approach can be directly extended
to the Cartesian space by using the introduced quaternion interpolation algorithm. These
two approaches do not suffer from convergence problems and show good performance in my
experiments when compared against state-of-the-art approaches without jerk limitations.
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Chapter 4

Gaussian Process Implicit Surfaces based 6D Pose
Estimation

Chapter Summary

In this chapter, I proposed a surface-to-surface (S2S) point registration algorithm by exploit-
ing the Gaussian Process Implicit Surfaces for partially overlapping 3d-surfaces. Unlike tra-
ditional approaches, which separate the corresponding search and update steps in the inner
loop, I formulate the point registration as a nonlinear non-constraints optimization problem
which does not expect to find any corresponding points between two point sets. According
to the implicit function theorem, I form one point set as a Gaussian Process Implicit Surfaces
utilizing the signed distance function, which implicitly creates three manifolds. Points on the
same manifold share the same function value, indicated as {1;0;—1}. In consequence, the
problem is converted to find a rigid transformation, which minimizes the inherent function
value. In the case of a partially overlapping 3D surface, the Fast Point Feature Histogram
(FPFH) algorithm is applied to both point sets and a Principal Component Analysis (PCA) is
performed on the result. Based on this, the initial transformation can then be computed. I
conduct experiments on multiple datasets to evaluate the effectiveness of my proposed ap-
proach against existing state-of-the-art methods.

This chapter is a slightly modified version of peer-reviewed conference paper ©2020 IEEE.
Reprinted, with permission, from

* Lin, Jianjie, Rickert, Markus, and Knoll, Alois, “6D Pose Estimation for Flexible Produc-
tion with Small Lot Sizes based on CAD Models using Gaussian Process Implicit Sur-
faces,” IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)
2020

The images created, algorithms designed, data from experiments and text written by me in
this publication will be directly referenced in this chapter. The original version is referred
to 169

Contributions

I took a leading role in the composition and revision of the manuscript. I have made the fol-
lowing significant personal contributions in discussing and developing the ideas, implemen-
tation, and evaluation: introducing the GPIS to reformulate the 6D pose estimation problem
and designing a Lie-manifold optimization procedure for solving the GPIS based pose estima-
tion. I am the leading developer of the algorithm implementation and am responsible for the
experimental evaluation.
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4.1 Introduction

While the majority of European companies consists of small and medium-sized enterprises,
only a very limited number of them currently uses robot systems in their production. In
contrast to larger companies, they mainly deal with small lot sizes and constantly changing
production processes. Adapting a robot systems to new products and parts is however very
time-consuming and requires expert knowledge in robotics that is not commonly found in
shop floor workers [126]. While a number of modern robot systems currently on the mar-
ket proposes an easier programming concept based on reusable skills, these approaches still
require a manual adaptation to new processes. In contrast to this, approaches from ser-
vice robotics are able to automatically solve declarative goal specifications by using semantic
knowledge in combination with reasoning and inference [169].

Synthesizing robot programs based on semantic product, process, and resource descrip-
tions enables an automatic adaptation to new processes and involves handling the recognition
of objects and parts in the environment. These parts are typically designed in CAD systems
and described via a boundary representation [127]. In order to grasp them with a robot, a full
6D pose estimation is required. Given the small lot size production of SMEs with constantly
changing objects, it is not feasible to train object recognition models over a long period of
time. Recognizing these parts efficiently by directly using their CAD models during execution
is therefore essential in achieving short changeover times. Fig. 4.1 shows an example of such
an assembly use case for a mechanical gearbox together with a point cloud scene captured
by the 3D camera sensor attached to the robot.

Point registration is one of the main approaches in computing the pose transformation by
two given point sets and is widely used in MRI/CAT scan alignment [42] and robot manipu-
lation [131]. The problem is especially challenging when two noisy point sets only partially
overlap without initial alignment. A standard approach for point registration is based on the
Iterative Closest Point (ICP) algorithm [50, 155]. It is interesting due to its intuitive and
straightforward implementation. The identification of corresponding points follows a greedy
search algorithm that is subjective to local minima and identifies incorrect points for some
rotations. Furthermore, the success of ICP heavily relies on a good initial alignment. There
are many variants which aim at optimizing the process for correspondence search, such as
widening the convergence basin, heuristic global search, relaxed assignments, or distance
fields, which however often fail to achieve a better performance and typically follow the
principle of point to point (p2p) or point to surface (p2s) registration. Furthermore, with in-
creasingly powerful neural networks, many researchers started applying deep learning to the
problem of computing a pose transformation [78]. However, these approaches still follow
the concept of finding the corresponding point and use a RANASAC-based Perspective-n-
Point(PnP) algorithm to acquire the 6D pose. In addition, they require a large data set to
encode a surrogate task and cannot be transferred to another task efficiently. For a flexible
production application however, efficiency is a key factor required in any suitable algorithm.

This work, to the best of my knowledge, is the first one to consider the surface-to-
surface (s2s) point registration and to describe one surface as an implicit function by employ-
ing Gaussian process regression, also referred to as Gaussian Process Implicit Surfaces (GPIS).
I define three manifolds by borrowing the idea of signed distance functions (SDF) [196] with
values {1,0,—1}. All points on a surface should have the same value of 0. Instead of search-
ing the corresponding points between two different point sets, the goal is now to find a rigid
transformation that makes function value zero by transferring the point using this transfor-
mation. I evaluate the presented GPIS-based point registration on multiple point sets. In
comparison to state-of-the-art algorithms, the presented approach can arrive at or exceed the
same accuracy. I prioritize robustness over convergence speed and my approach can achieve
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Figure 4.1: Robot setup for assembling a gear box with (a) a lightweight robot and a 3D camera sensor, (b) point
cloud scene of mechanical gearbox parts on the table.

more robust results than most of the existing algorithms. The primary advantage in contrast
to other algorithms is that my approach does not require finding the corresponding point
iteratively. The initialization for the transformation can be calculated based on a FPFH and
PCA. The registration problem is efficiently solved with a Lie algebra-based Gaussian Newton
solver.

4.2 Related Work

6D pose estimation is widely used and extensively studied and point registration technology
is commonly used to find the spatial relationship between two point sets. Most of the ad-
vanced algorithms in this field are based on ICP and several variants exist [132, 155]. The
typical work flow for geometric registration consists of two stages: initial (global) alignment
and local refinement. Initial alignment is either based on simple Euclidean distance or on
more complex sampling-based algorithms that identify matching points by utilizing local ge-
ometrical descriptors like Fast Point Feature Histogram (FPFH) [53, 148]. RANSAC [138] can
be applied against outliers. In the following, the initial rigid transformation can be estimated
by using a least squared method or by using the branch-and-bound framework (BnB) [187],
which is a global optimization algorithm. In both cases, finding a good initial alignment
can be computationally expensive. After the initial alignment, local refinement is executed
by alternating the steps for finding the nearest neighborhood and the steps for updating the
transformation based on the greedy search algorithm. This is susceptible to local minima
and can only produce an accurate result with a good initialization. Several variants can be
used to improve the performance: Fitzgibbon et al. [44] proposed a Levenberg-Marquardt
algorithm that uses finite differences to optimize the objective function. Granger et al. [50]
applied Expectation-Maximization (EM) principles to consider Gaussian noise, which can im-
prove the robustness of local registration. Li et al. [91] utilize the Gaussian mixture model
to model the surface uncertainty so that it increases the robustness of the registration. My-
ronenko et al.[113] introduced Coherent Point Drift (CPD), which is agnostic as to the used
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transformation model and similar to GMM takes a probabilistic approach to the alignment of
point sets. Chavdar et al. [123] applied stochastic optimization to consider noise robustness,
outlier resistance, and optimal global alignment. Yang et al. [187] proposed Globally Opti-
mal ICP (Go-ICP) by using the Branch and Bound framework to derive the lower and upper
bound for the error function and to integrate a local ICP in the same frame. Guo et al. [53]
introduced the Fast Global Registration (FGR) algorithm that uses a scaled Geman-McClure
estimator to describe the error function, optimizes the objective function by using Block Co-
ordinate Descent, and applies FPFH to search the corresponding set before optimization.

All algorithms mentioned above share the requirement of finding the correct correspond-
ing pair. This is followed by using either greedy search or a global optimizer to get the final
rigid transformation. With continuous improvement in the field of deep learning, many re-
searchers began to learn the 6D pose directly by using RGB images [184]. However, a large
number of point sets is required to learn the surrogate task and the underlying relationship
between learned loss function and the pose accuracy is still unclear. Such an approach cannot
be easily deployed in a flexible production line.

4.3 Problem Formulation

The standard ICP algorithm aims to estimate a rigid transformation T = {R, p} between given
two point sets X = {x;},i = 0,...,n and Y = {y;},i = 0,...,m, that minimizes the object
function .

E(T) = mmZi:l(xi —Ty 4.1)
by iteratively finding corresponding points. The objective function in (4.1) however is a non-
convex function and therefore susceptible to local minima. The basic ICP algorithm can be
formulated as:

1. Set the initial guess for the transformation T, = {Ry, po} and P’ = P, and closest point
dataset X’ = {0}

2. Find point correspondence for each point p; from the set P’ to the set X by optimized
the object function j = argmin;_...y_d(p;, %), and add x;. to &’

3. Find alignment by optimizing 4.1 to find T, = {R, p;}, which can be solved by using
the singular value decomposition.

4. Apply alignment to update P’ by p; < R,p; + p, to computer the Euclidean distance
error e; = ||x; — pi||

5. Update error to check if the loop will be break, otherwise go back to step 2

The implementation for ICP is straightforward, however the performance for ICP can not be
guaranteed for many application. There have some significant drawback for this implemen-
tation: Firstly, a good initial guess should be provided, otherwise the ICP will be convergent
to the local minimum. Secondly, at the step 2, searching for the closest point for each point p;
by using the minimal Euclidean distance shares the similar idea of greedy search algorithms,
which can also be easily stuck in the local minimum, and step 2 is actually a non-convex op-
timization problem, which is quite expensive for computation. There have many variants for
ICP. like EM-ICP [50], LM-ICP [44], GMM-basedICP [91], Coherent Point Drift (CPD)[113],
all of these variants are trying to improve the performance step 2.

In this chapter, I consider the problem from a different angle: aligning two point sets
independent of corresponding points. I model one of the point set as an implicit surface,
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Figure 4.2: Different kernel functions that can be used for modeling a Gaussian Process Implicit Surfaces.

which can capture the local structure of the surface and then transfer another point set to
this implicit surface. I assume that all points on the same surface share the same function
value of 0. Then, the point registration problem is turned into finding a transformation that
minimizes the objective function

Bm)=23" [lfay, v 4.2)

4.4 Preliminary Knowledge

4.41 Gaussian Process Implicit Surfaces

In most robotics applications, sensing the environment is very important for knowing the
surrounding. There are many methods to describe the object in simulation or the real sce-
nario, for example, mesh with triangles, which are described as vertexes, and face. The data
format for standard mesh can be ply, obj, stl, or step file. However, such descriptions have
a drawback, which is discrete and can not be directly integrated into an objective function.
Many application is required to constraints the contact points on the surface. An alternative
solution for describing an object is the so-called Implicit surface [174]. According to the
implict function theorem, the implicit function can be formally described as:

flx)=0, (4.3)

where f is a scalar function that takes an input x € R? and results in a d — 1 dimensional
manifold S. For point registration, I will constrain d to dimension 3. Many existing methods
can be used to describe the implicit surface, e.g., trimmed B-splines [58], transcendental
functions, or thin plate splines [37]. In this work, Gaussian Process Implicit Surfaces [181]
will be used to describe the 3D mesh surface. Unlike thin plate splines, shown in Fig. 4.2a,
the Radial Basis Function (RBF) kernel (Fig. 4.2b) can only describe a local patch whose
distribution will rapidly converge to zero when a point is not near the queried point and not
on the surface, which however is in contrast to my assumption. As an alternative, thin plate
splines will be selected via

kij(r) = 2r(:i),is + Ri\)’/[dis - BRMdiS r(?is ’ (44)

with a maximum radius of Ry;y;, inside the training point cloud sets X. The parameter ry;, is
the distance between two points, which can be computed with following formula:

k=2
rais = % — %1 = | D 20x— %502 (4.5)
k=0
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It can be computed as

Ryiais = max{[lx; —x; 1}, Vx;,x; € X', (4.6)
It can be straightforward derived that k;;(r) is bounded
0 < k;j(r) <R3 4.7)
and k;;(r) is rotation invariant due to the R||x; —x;[| = [|x; — x;].

Gaussian Process Implicit Surfaces can be considered as a standard regression problem,
which is expressed as
f~N(0,K(X,X)+0"10), (4.8)
where N denotes a normal distribution with the mean u(Xx') = 0 and variance K(X, X)+o'Io.
The covariance matrix K(.,.) consists of k;;(x;,%;) and o corresponds to the noise.
The goal therefore is to predict the value by evaluating the following formulas for the
queried point y;:

£11%) =K [K+0"10] " f=Kla (4.9)
V(y;|X) = k(y;,y;) —k' [K+0"To ] 'k, . (4.10)

The kernel function k,(X,y;) is used to describe the correlation between source point set X
and target point set y;. The function value f,(y;|X) is a prediction of y; with the correspond-
ing variance, which is expressed as V(y;|X’) and can be used to evaluate the reliability of the
predicted value. For simplification, this value is not included inside the objective function.
The 3D model points according to SDF are denoted as {Xi e x| X = {xi,ai,O}}. To aid
the training of an implicit function, two additional point sets will be created: {Xl- ex!|X;, =
{x;, 04, 1}} lies outside the surface and {Xl- ex !X = {xi,oi,—l}} lies inside the surface.
How to generate these two additional point sets is presented in [90]. The final training point
sets consist of X = X% U X' U X7 e RS,

After modeling the training point sets as the GPIS in the sense of a manifold, the objective
function E can be further expressed as

fj(Yj|X)=kj(X;y]‘)Ta=Z?:O k(x;,y;)a (4.11)
1 m m
E= ijo FAyila) = ijo a'kkla, (4.12)

where m is the number of points in the target point cloud and n is the number of points
in the source point cloud. f; is the predictive value given by y; that is equal to zero if the
target point lies on the mesh surface. The main benefits of this formulation are that no
corresponding points between two point sets are required and that it converts the problem
into a standard nonlinear squares problem, which can be solved by standard convex solvers.

4.4.2 Lie algebra for optimization

The transformation matrix T consists of a rotation matrix R and a translation p. First of all,
I will describe some properties of the rotation matrix. R is a special orthogonal group SO(3),
which needs to satisfy the following condition: {R € SO(3)|IRRT =1,detR = 1}. The orthog-
onal condition imposes the constraints for the rotation matrix, which reduces the num-
ber of degrees of freedom to three. Unlike Lie group SO(3), the corresponding Lie alge-
bra so(3) = {® = ¢" € R®*3|¢p € R%} is a vector space with a skew-symmetric matrix &.

0 —¢3 &,
d=¢"= ¢3 0 —¢; | €RP3 peR3.
—¢2 ¢ O
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The inverse of the operator (.)" is defined as (.)" and leads to ¢ = ®". The exponential map
will convert the Lie algebra so(3) to the Lie group SO(3) by utilizing the matrix exponential
formulas: R = exp (¢")

oo

exp(A) =I+A+ EWCIEDCII SR % (4.13)
21 T3l i
R=-exp(¢")= Zoo 1 (qSA)n = exp(fa) = cos 1+ (1 —cos O)aa’ +sinfa”, (4.14)

n=0 n!
with R € SO(3) and ¢ € R?, ¢ € s0(3). Furthermore, the exp(¢”) can be simplified as:
exp(¢p”) = exp(fa) = cos 01+ (1 —cos @)aa’ +sinHa” (4.15)

And 6 = ||¢|| and a = % is interpreted as unit-length axis of rotation, and I € R**? = aa” —

a’a”. It can be shown that R = exp((0 +2mm)a’), which indicates the singularity of lie
algebra, namely, it has no unique solution for the inverse of lie group, but if by limiting the
angle of rotation of |0| < m, each rotation R in lie group SO(3) has a unique solution 6 in lie
algebra s0(3), and the calculate can be done:

tr(R) = tr (cos 61+ (1 —cos f)aa’ + sin Qa’\) (4.16)
= cos 0 tr(I) +(1 —cos O)tr (aaT) +sin 0 tr (a/\) “4.17)
S~~~ ~—— ~——
3 aTa=1 0
=2cosf +1 (4.18)
it can be solved that
0 = cos™! (%) +21mm (4.19)

and I will pick a value which lies inside |6| < 7, and the axis can be solved by using Ra = a,
namely a is the eigenvector of R with the eigenvalue is equal to 1. Similar to the rotation
matrix, the transformation matrix T = exp(&") which can be interpreted in terms of Lie
groups SE(3) [72] with the corresponding Lie algebra se(3).

A
s5¢(3) = {g - [ g ] €RS,p €R®, p €50(3),E" = [ "ST ﬁ ] GR“X“} (4.20)
where p can be considered as translation but not equivalent in the translation in the SE(3),
and ¢ € s0(3) has the same meaning shown in the rotation matrix.

4.4.3 Jacobian of Lie Algebra

In this optimized formulation, the target point set is transferred by T to align the source
point set, which is embedded into f(X). The gradient-based optimization uses the Jacobian
matrix to search for the minimum solution. In a pure rotation variance point registration,
the translational information can be neglected. I will describe in detail the gradient of Ry; =
a(;};{:g} which is computed based on a gradient perturbation method R = exp(y)")R,, with
1) € R? and leads to two methods can be used to acquire the gradient:

1. Newton’s difference quotient, which requires Baker-Campbell-Hausdorff (BCH) for-
mula. The Jacobian matrix will be computed at each iteration, which is complicated.

d(Ry;) — lim exp((qb +5¢)A)5’i_eXP(¢A)J7i

a¢ 90 6¢

(4.21)
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2. For the first method, Baker-Campbell-Hausdorff (BCH) formula [6] is applied to ap-
proximate the formula with small perturbation 6¢:

exp((¢ + 371 ($)01($)5¢)" ) = exp((3,($)59)" ) exp(¢p”) (4.22)

The drawback of using BCH formula is that it requires to compute Jacobian matrix J; at every
iteration, which is however computation complicated. Based on those observations, in this
paper, the left side perturbation method for calculation of gradient is applied:

O(Ry;) _ . exp(")RopY; — Rop;

P LA
oy Pp—0 Y
— lim (I + wA)Ropyj - Ropglj
Y0 Y
. _(Ropyi)/\'lp ~
= hm = Ral)" (4.23)
where a”*b = —b”a. Furthermore, by taking into account the transformation information and

without consideration of translation, the kernel function k(y;) is adapted as k(Ry;) and is
approximated by using the first order of the Taylor series as:

ki(Ry;) = k;(exp(y")Rop¥;)
kT ORy;
~ ki(Repyi) + | =— Z
i(Ropy;) ( )lyjﬂopyj 70
ok:

T
~ ki(Rypyi) +( =— —(Rop¥y )Y,
Rood)+(55), L CRa¥ )
Bij

P (4.24)

-
T
b3

T : . .
where §; ; €R, (g—;) €RY3, and §;;" € R'*? is the gradient vector conditioned on the y;. It

can be shown, that k;(Ry;) can be approximated as f3; ; + 5E W which can completely capture
the local curvature of the manifold.

In a similar vein, I apply the perturbation method for calculating the gradient of T and
consider the directional of the derivative of T with respect to the perturbation e = [6¢,6p] €
R®, which can be computed as

orp) _,ew(e)ew(s)p—ew(e)p

Jde e—0 €
~ (1+€")exp(8")p—exp(8")p
~ lim
e—0 €
e"exp(g/\)p
0 c
- .25
5" &p Rp+t (4.25)
Lo o 1
= lim 5E
[ 5¢"(Rp+t)+6p ]
oL 0 I —Rp+t)"]. o
—ll_r{(l) 6 _[ OT OT _(TP) .

The operator (.)® : R* — R**® is defined as

o oA
[f?] =[g§ o ] (4.26)
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Figure 4.3: The algorithm consists of three stages: In the first stage, two additional point sets X! and X2 are
created to augment the original point set as X = X°U XU X!, which is used to form the implicit function GPIS.
In stage two, | compute FPFH for each point in the source and target point set and a cross-checking is executed to
identify a corresponding group. The PCA is utilized to compute the initial transformation by evaluating the objective
function. In the last stage, the alignment is optimized by a convex solver.

where ¢ € R® and 7 is a scalar that maps the vector space to a higher manifold. For
simplification, I omit x; in k; ;(x;, Ty;) and use k; ;(Ty;) instead. The first order Taylor series
in kernel function, it can be approximated with respect to the perturbation € as

ki(T§;) = k; j(exp(e™)Top¥;)
. ) ki,j T aTy]
~ ki,j (TOPy]) + ( ayJ ) |Yj:TopS'j a €

~
5](1',]'
de

€ (4.27)

— T
=P+ 015 €,

ok ; )T e R4 and 5i,jT — (8ki )T|Y:T 9.((.1.}7].)@) e R¥*6. The
j=LopYj

where ﬂi,j = kl(Top}A’]) S ]R, ( 3y; a—yj

L. . Bk . .
derivative of the kernel function a—y’_’ in (4.27) is expressed as
J

ok; ; or;;  sign(y; —x%;) |y; —x;l
2 - :6rij(rij — Rydis)s P) = & (yJ l) sz - (4.28a)
"ij Yj ||Yj — x|
Oki; _ Oki; Omy sign (y; —xi) ly; —xil
av.  9r. 0 - = 67;;(rij — Rwais) >
Vi Ty 9y ly; — x|
= 6(ryj —Ruais) sign (y; —x;) ly; —xi| (4.28b)

. . Ok . .
It can be straightforward to adapt the derivative - if the kernel function is changed.
ij

4.5 GPIS-Based S2S Registration Algorithm

For the partially overlapping situation, the transformation matrix T is considered in the ker-
nel’s corresponding distance function with r = ||x; —Ry; —pl| = ||x; — Ty;||. Therefore, the
equation (4.11) is updated as f; = k;(X,Ty;)"a. By combining this with the approximation



64 4 Gaussian Process Implicit Surfaces based 6D Pose Estimation

of the kernel function (4.27), the objective function (4.12) can be further simplified as

fi=> (Bij+6Te)a, =KI(B,5Te)a (4.29)
E(T) = 52;":0 a'k; (8,57e)kI(B,87e)a, (4.30)
with kT(ﬁ 5Te) = [/31] +68] i€ s Byt 5T ] € R, As a result, (4.30) is converted to

a nonhnear quadratic equatlon with the approx1mated nonlinear kernel function k;(f, 5Te)
and the argument for this optimized problem is changed from the Lie group T € SE(3) to the
perturbation variable of the Lie algebra € € se(3).

4.5.1 Gradient of objective function

By taking the derivative of E(T) with respect to €T, I get

JE(T) _ s 3(a"k;(B,5"€))

deT j=0 deT
B3 X0y LILELURTY
=2 (o b KB, 5T e)a
_Z] 0 J(Z _o B+ 5y ji€). (4.31)

where J; is defined as Do iy j € R®! and can capture the surface’s curvature by summing
up all gradients in the kernel function. I can further define &; = S o Bi ,jai- To get the opti-

k]T(ﬂ,5Te)a

mum perturbation €* at the current position, the formula aE(T) is forced to be zero, leading
to
T
Z]olzloglae Z]OJJ
Je* = —ijo Ji X (4.32)
-1
=T (4.33)
with J = 377 J;J7 € R, T is therefore updated as

Topn — €xp((€")" ) Top pts (4.34)

which captures the local structural manifold by means of the Lie algebra. The optimization
process follows the principle of the Gauss-Newton algorithm. I can further adapt J as J +
Adiag(J), which is the LM algorithm.

4.5.2 Initial alignment using PCA and FPFH

A good initial guess for the optimization is important in order to guarantee a good result and
run-time. I present a new method for computing the initial alignment by employing the PCA
and FPFH [148] algorithms. First, a FPFH is calculated for each point in the two point sets,
which are referred to as F(X°) and F()). I then embed F(X°) into a k-d tree Kdp(yoy and a
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nearest neighbor search is performed for each feature F(y;) € F()), such that G, is a group
pair set of the results x;|; for the queries y;:
G = {{Yjaxilj} | KdF(XO)(F(Yj))> Vy; € v} (4.35)

Subsequently, I embed F()) into another k-d tree Kdp(,y and perform a nearest neighbor
search for each result stored in G, such that G, is a group pair set of the results y;; for the
queries x;; that are stored in G;:

Ga = {{xi1;, ¥j1i} | Kdpyy (F (), Vx5 € Gr } (4.36)

I only keep the subset G; N G, that contains bidirectional nearest neighbors and refer to
these as A’ and )’. Statistical analysis techniques are then applied to remove any out-
liers in these groups [149]. The final selected points are grouped together and are denoted
as Xgroup,ppru € R™™73 and Vyyoup ppen € R™3, After this, a PCA is used to compute the
initial transformation Tpcy between Xgroup pppr @0d Vyroup rern- Given a point cloud P € RS,

PCA is performed by
- —T
> (p;—P)(P;—P)

n

= EAET (4.37)

where P; € R® is the i point of P,P € R® is the center of P,E is the eigenvector matrix
composed of eigenvectors (e;,e,,e;) (a.k.a., principal axes), and A = diag(A;, Ay, A3) are
the corresponding eigenvalues (a.k.a.,principal values). By aligning the principal axes to the
three axes of the world coordinate, I obtain the canonical pose as P.,, = PE. The rotation-
invariant property of P, can be facilely derived as follows: By multiplying an arbitrary
rotation matrix SO(3), I can get an rotated version of P=RP

5. (P, - RP) (P, RP)' ZR(Z(Pi—ﬁ)(Pi—ﬁ)T

n n

) R' = (RE)A(RE)® (4.38)
where RE becomes the new principal axes. Therefore, I can have an rotation invariant canon-
ical pose

(PR").,, =PRT-RE=PE=P_,, (4.39)

However, the PCA-based transformation contains the sign ambiguities, since the eigenvector
with + can satisfy the eigen decomposition. Consequently, There have totally 8 different
eigenvectors variants by by assigning different signs. Note, that Tpcs has four different pos-
sibilities according to the right-hand rule (Fig. 4.4). In this four cases, the determinate of
(eq,e,,e3) is equal to one, see Table 4.1 For choosing the properly Tpca, I can evaluate the

formula "
Ty < min Zj:()“f(TPCA,kS’j: X)|

2
1 >
ke{0,--3}

(4.40)

I select the transformation matrix T, that has the smallest function value. The whole process
is illustrated in Fig. 4.3 and the algorithm is summarized in Alg. 1.

4.6 Evaluation

In order to compare my algorithm against the state of the art, I evaluated it against other
registration algorithms regarding accuracy RMSE and time on the Stanford 3D Scanning
Repository’s Happy Buddha, Stanford Bunny, and Chinese Dragon [173] as well as Blender’s
Suzanne model. PCL-ICP [149] is the standard implementation of the ICP algorithm in the
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Table 4.1: Determinants and geometric meanings of the eigenvector matrix by assigning different signs.

Determinant Geometric meaning

€1, T€ey, e otation 4.4a
+ 1 + ) + 3 1 R« 4.4
—eq,—€,, +e Rotation 44b
( 1 2 3) 1 tat
+e,,—e,,—e otation 4.4c
1 ) 3 1 Rotat
—eq,+e,,—e otation 4.4
( 1 ) 3) 1 Rotat d
—eq, te,y,+e — mproper rotation
1 2 3 1 I prop tat
+e,,—e,, te — mproper rotation
1 2 3 1 [ prop
+eq,te,,—e — mproper rotation
1 2 3 1 I prop tat
—€q,—€y,—€ — mproper rotation
1 2 3 1 [ prop

Algorithm 1 Optimization of transformation matrix by Gauss-Newton/Levenberg-Marquardt
algorithm
Require: X, Y, H

1: Modeling GPIS f(X) > Section 4.4.1
2: Compute FPFH features F(X°) and F()) > Section 4.5.2
3: Calculate G, and G, > (4.35), (4.36)
4 {Xgroup,FPFH: ygroup,FPFH} «— StaticalRemove(gl n gz)
5: T (_PCA(Xgroup,FPFH: ygroup,FPFH) > (440)
6: Topo « argmin 337 f (X, Ty;)
7: forh=1:H do
8: Approximate k; (yj) Yy, €y > (4.27)
9: if Gauss-Newton then

10: Set J=2,J;J]

11: end if

12: if Levenberg-Marquardt then

13: Set J=31,J;J] + Adiag(S)

14: end if

15:  calculate e" =—J" 3L J; 20 B > (4.33)

16: Update T, > (4.34)

17: if ||e*||r < € then break

18: end if

19: end for

20: return T,

Point Cloud Library, which is a local registration algorithm as it relies on a good initial align-
ment. SAC-IA-ICP [148] employs FPFH to get the initial alignment and then uses ICP to
iteratively align the two point clouds. It is therefore considered a global point registra-
tion algorithm. GoICP and its variant GoICPT with trimming [187] are global registration
algorithms that use the BnB algorithm in their implementations and also support partial
overlapping point registration. Global registration RANSAC (Gl.RANSAC) [197] requires no
initial alignment. Instead, it utilizes RANSAC for the initialization alignment by searching
corresponding points in the FPFH feature space. Fast Global Registration (FGR) is another
registration algorithm that utilizes FPFH for searching corresponding points. The algorithm
presented in this paper is labeled GPIS-S2SPR. In this section, three different experiments
were conducted. In order to reduce the computational burden, the tested point sets were
downsampled for every algorithm into small scale numbers (1500-2500) by using voxel fil-
tering. All evaluations were performed on a laptop with a 2.6 GHz Intel Core i7-6700HQ
and 16 GB of RAM.
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Figure 4.4: The four possible coordinate systems for the PCA when computing the initial transformation matrix.
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Figure 4.5: RMSE for the Stanford Bunny with partial overlap (85%) without Gaussian noise: (a) GolCP,
(b) GoICPT (10%), (c) PCL-ICP, (d) GI.RANSAC, (e) SAC-IA-ICP, (f) FGR, (g) GPIS-S2SPR.

4.6.1 RMSE for random transformations

For exploring the capability of my algorithm, I evaluated algorithms using the Stanford Bunny
point set with 50290.000 points without Gaussian noise and only partial overlap (85%). I
reduced the number points by applying a voxel grid filter with a size of 0.005 [149]. I ran
each algorithm on a set of 40 random transformation matrices (Fig. 4.5).

From the results, I can see that GoICP and its variant GoICP with trimming (10%), as sug-
gested in [187], performed worse in this experiment with median values of 0.110 and 0.108.
PCL-ICP was evaluated using an identity matrix as initialization and behaved slightly better
with a median value of 0.109 and a smaller variance in comparison to GoICP. GL.LRANSAC
showed significant improvement with a median value of 0.005 and SAC-IA-ICP achieved a
median value of 0.002. FGR achieved a median value of 0.001. In contrast to the previous
algorithms however, its mean value of 0.017 deviated from the median and is much higher.
This is due to its lack of robustness in handling large rotational changes, which is further
evaluated in the next experiment (Section 4.6.2). My algorithm showed the best overall
performance, with a median value of 0.001 and a small variance.

4.6.2 Rotation and translation invariance

Rotation and translation invariance are essential factors for point registration. I conducted
two experiments with the Stanford Bunny dataset to evaluate these two properties. For the
first experiment, I rotated the source point set 50.000° around the y axis and translated it with
a vector of [0.1,0.2,0.3], as illustrated in the first row of Fig. 4.6. In the second one, I rotated
the point set 180.000° around the z axis without translation, as shown in the second row
of Fig. 4.6. The same initial alignment is used for each algorithm in both cases. I repeated
both experiments 40 times. The best results are shown in Fig. 4.6. PCL-ICP and FGR show
entirely different behaviors in these two cases, while they failed with a more than 0.1 RMSE
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Figure 4.6: Stanford Bunny together with alignment results of selected algorithms for a—f 50.000° rotation around
the y axis and small translation, g—| 180.000° rotation around the z axis with translation set to zero. The first
column a g indicated Source/Target. From the second to last column are the algorithms for the comparison: PCL-
ICP, SAC-IA-ICP, FGR, GL.RANSANC, and GPIS-S2SPR.

value in the second case. For these two algorithms, I conducted further experiments with
different rotations. FGR failed with a high probability for high rotation values and I therefore
conclude, that FGR is not rotation invariant. SAC-IA-ICP showed no significant difference in
both experiments, achieving roughly the same mean value of 0.009. GL.RANSAC also showed
similar performance in both cases with mean values of 0.003 and 0.006. In this experiment,
rotation and translation showed no significant effect in my GPIS-S2SPR approach, with an
approximate RMSE of 0.002.

4.6.3 Noise and overlap robustness

I evaluated the algorithms on all four point sets with the number of points varying from 30000
to 50000. Furthermore, I applied three different levels of noise based on a Gaussian distribu-
tion with variances set to 0, 0.00025, and 0.0005, respectively. I also evaluated the capability
of point registration in a partially overlapping scenario, where only a subset of the points
from the source point cloud is used for the target point cloud. Three different overlap fac-
tors were used in the experiments: 100%, 85%, and 65%. Furthermore, I used an identity
matrix for the initial alignment in each test to maintain identical conditions. Each algo-
rithm was executed 40 times for each configuration, leading to a total of 1440 times for all
possible combinations. The results with individual RMSE values ¢ and runtime t for each
configuration are listed in Table 4.2. The algorithms GoICP and GoICPT (10% trimming)
consistently showed the worst performance in all test cases with regard to the mean value of
RMSE and total computation time. The BnB algorithm in these algorithms is very expensive
to compute and the constant switch between ICP and BnB was not able to achieve a global
optimum solution. PCL-ICP was able to converge very fast but is susceptible to local min-
ima. SAC-IA-ICP achieved the best performance in case of an overlapping factor of 100%
with an RMSE of 0.001. However, the RMSE value increased drastically to 0.010 in case of a
partial overlap, GL.RANSAC explores the corresponding points in terms of FPFH and showed
similar performance. FGR converged very fast but showed a bad performance in all exper-
iments for the reasons explained in Section 4.6.2. My GPIS-S2SPR algorithm does not rely
on identifying corresponding points and is therefore stable for different transformations. In
this experiment, the RMSE for GPIS-S2SPR is stable in terms of the overlapping factor and
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Table 4.2: Benchmark results for all algorithms on four different point sets with three levels of Gaussian noise and
three different overlap factors. The best RMSE value € for each configuration is highlighted in green.

noise = 0.00000 noise = 0.00025 noise = 0.00050

1.00 0.85 0.65 1.00 0.85 0.65 1.00 0.85 0.65

€ t € t € t € t € t € t € t € t € t

PCL-ICP 0.081 0.5 0.090 04 0.067 0.3 0046 0.4 0.082 06 0.046 0.3 0069 04 0.107 0.6 0.073 0.3
GoICP 0.115 20.3 0.110 20.1 0.097 20.0 0.046 20.1 0.024 20.1 0.063 20.2 0.089 20.1 0.101 20.1 0.046 20.1

o0
E GoICPT 0.100 21.5 0.108 21.5 0.099 214 0.106 21.5 0.104 21.7 0.098 21.4 0.103 21.4 0.109 21.7 0.103 21.4
2 SAC-IA-ICP  0.001 6.1 0.002 56 0.010 71 0001 6.6 0002 6.1 0.011 82 0.001 7.0 0.003 6.4 0.011 7.9
g GLRANSAC 0.001 1.6 0.005 1.7 0.005 2.3 0.001 1.7 0.005 1.8 0.005 1.9 0.001 1.7 0.005 1.9 0.005 23
=] FGR 0.017 0.4 0.009 0.4 0.017 03 0.004 04 0.007 04 0.020 03 0.004 04 0.007 04 0.015 03
GPIS-S2SPR  0.001 0.6 0.001 0.5 0.001 0.5 0.001 0.5 0.001 0.6 0.002 05 0.001 05 0.002 0.6 0.002 0.7
PCL-ICP 0.134 0.8 0.108 08 0.116 0.7 0049 0.6 0.127 1.3 0.095 0.6 0.131 09 0.115 0.6 0.106 0.9
E GoICP 0.089 23.5 0.055 21.6 0.086 22.0 0.089 21.8 0.081 21.8 0.089 21.8 0.064 21.8 0.072 21.7 0.117 21.5
‘: GoICPT 0.092 23.2 0.059 21.5 0.084 21.5 0.079 21.6 0.071 21.7 0.097 21.7 0.045 21.5 0.091 21.6 0.062 21.5
& SAC-IA-ICP  0.001 11.2 0.005 10.6 0.018 10.3 0.001 11.7 0.006 10.7 0.027 11.4 0.001 124 0.006 11.5 0.018 11.1
§ GLRANSAC 0.014 1.7 0.018 1.7 0.040 2.0 0016 1.8 0.011 1.8 0.039 23 0.013 1.9 0.025 1.9 0.022 27
a FGR 0.049 0.6 0.039 06 0.060 0.5 0.070 0.6 0.049 0.6 0.061 0.5 0.046 0.7 0.071 0.6 0.052 0.6
GPIS-S2SPR  0.003 0.8 0.002 1.1 0.002 1.1 0.001 43 0.002 21 0.002 1.8 0.002 1.3 0.003 1.2 0.002 1.6
PCL-ICP 0.087 0.5 0.100 0.3 0.079 0.4 0.090 0.2 0065 03 0.09% 04 0.071 0.5 0.082 0.5 0.101 04
E GoICP 0.017 21.6 0.022 21.7 0.018 214 0.034 21.5 0.035 21.7 0.021 21.5 0.018 21.5 0.053 21.5 0.033 21.6
- GoICPT 0.022 21.4 0.014 21.4 0.021 20.0 0.011 199 0.009 20.0 0.084 20.1 0.013 20.1 0.044 20.2 0.017 20.2
g SAC-IAJICP 0.001 59 0.003 53 0009 48 0.001 60 0003 54 0009 49 0001 65 0.004 58 0009 52
% GLRANSAC 0.001 2.1 0.005 26 0.005 29 0.001 23 0.005 25 0.004 28 0.001 26 0.005 25 0.005 28
a FGR 0.012 0.5 0.022 0.5 0.024 04 0.012 0.5 0016 04 0.017 04 0.021 0.5 0.015 0.5 0.013 04
GPIS-S2SPR  0.002 0.7 0.002 0.9 0.002 1.0 0.002 08 0.002 09 0.003 1.0 0.002 0.7 0.002 1.0 0.003 0.9
PCL-ICP 0.094 0.2 0.086 04 0.110 0.3 0.095 0.5 0076 0.2 0.071 02 0.124 04 0.047 0.4 0.064 04
E GoICP 0.043 21.5 0.032 21.4 0.085 21.3 0.075 21.4 0.050 21.3 0.052 21.3 0.051 21.4 0.067 21.5 0.012 21.4
- GoICPT 0.013 20.2 0.025 20.1 0.028 20.2 0.016 20.2 0.031 20.2 0.022 20.1 0.023 20.0 0.031 19.9 0.020 20.0
& SAC-IA-ICP  0.001 55 0.007 52 0.009 63 0001 62 0014 73 0.017 74 0001 6.7 0.011 7.5 0.015 6.2
ST GLRANSAC 0.002 1.1 0.005 13 0.006 1.8 0.02 1.0 0.005 14 0.006 1.6 0.002 1.1 0.005 15 0.005 1.8
3 FGR 0.022 04 0.022 04 0.019 03 0.016 04 0019 04 0015 03 0.024 04 0.022 0.4 0.021 03

GPIS-S2SPR  0.003 1.0 0.002 0.8 0.002 0.8 0.001 06 0.003 0.7 0002 0.8 0.002 0.7 0.002 0.7 0.003 1.2

Table 4.3: Mean RMSE over all noise levels and overlap factors for all point sets and algorithms. The best result
is highlighted in green.

Data PCL-ICP GoICP GoICPT SAC-IA-ICP GIL.RANSAC FGR GPIS-S2SPR
Bunny 0.073  0.077 0.103 0.005 0.004 0.011 0.001
Suzanne 0.109 0.083 0.076 0.009 0.022 0.055 0.002
Dragon 0.086 0.028 0.013 0.004 0.004 0.017 0.002
Buddha 0.085 0.052 0.052 0.008 0.004 0.020 0.002
Mean 0.088 0.060 0.061 0.007 0.009 0.026 0.002

noise for all point sets. As it is able to consider noise in its formulation, the RMSE is approxi-
mated equal to 0.002 for all noise levels. Table 4.3 shows the total RMSE computed over all
possible combinations for each point set and algorithm. GPIS-S2SPR showed the best over-
all performance. In terms of computation time, it is not always the fastest approach, since
GPIS is time-consuming due to the computation of an inverse of the covariance matrix with
a complexity of O(m?).

4.6.4 Evaluation with scanned datasets

To further verify my algorithm, I evaluate the point sets from semantic-8 [54] and Urban
Scenes Velodyne Point Cloud Dataset [83]. The corresponding results are shown in Fig. 4.7.
I compare my algorithm with PCL-ICP in Fig. 4.7a, where the RMSE of PCL-ICP is 48 times
that of my algorithm. In Fig. 4.7b—4.7f, each sub-figure consists of two images, where the left
one is the initial state, and the right one is the result of point registration. It can be seen that
my algorithm can work in different scenarios, such as urban scenes [83] and different kinds
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Figure 4.7: Comparison between PCL-ICP and GPIS-S2SPR with examples from the large scale point cloud
classification dataset Semantic-8 [54]. In a, the alignment result of PCL-ICP is on the left and the result of GPIS-
S2SPR on the right. From b—f, left shows the initial pose of source and target point set, while right shows the result
of applying GPIS-S2SPR.

of buildings. Furthermore, I evaluate my algorithm with two additional point sets from [197]
and Shapenet [22], which are shown in Fig. 4.8. The source point sets in Fig. 4.8 are indicated
as blue points and the target point sets as orange points. The initial setting for source and
target point sets are demonstrated in Fig. 4.8a, 4.8b and 4.8c. From Fig. 4.8d, 4.8e, and 4.8f,
I can see that the alignment accuracy is very high in both point sets with an RMSE value of
0.002, 0.0001, and 0.0001, respectively.

4.7 Conclusion

I propose a new algorithm for a partially overlapping 3D surface registration algorithm. In
this algorithm, I abandon the traditional idea of point to point or point to plane correspon-
dence search to register the points. Instead, I view the 3D surface as a Gaussian Process
Implicit Surfaces, which utilizes the signed distance function to describe three manifolds.
Furthermore, I convert the point registration as a nonlinear least-squares problem to find a
rigid transformation between two point sets. For accelerating the optimization process, I use
a Principal Component Analysis (PCA) together with Fast Point Feature Histograms descrip-
tors to compute the initial transformation. Moreover, I derive the Jacobian matrix by applying
the Lie algebra perturbation method, which approximated the kernel function with the first-
order Taylor series. The whole optimization follows the principle of Gauss-Newton algorithm.
By slightly adapting the Jacobian matrix with a damping value, I can convert the algorithm
to Levenberg-Marquardt solver. My approach demonstrated a higher accuracy performance
and more robust rotation invariant properties compared to state-of-the-art methods.
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Figure 4.8: Evaluation of GPIS-S2SPR with additional scanned point sets from [197] and Shapenet [22]. The first
row shows the initial setting for source and target pointsets. The second row shows the alignment results.






Chapter 5

Rotation Invariance Learning for Point Cloud Clas-
sification

Chapter Summary

Rotation invariance is a crucial property for 3D object classification, which is still a chal-
lenging task. State-of the- art deep learning-based works require a massive amount of data
augmentation to tackle this problem. This is however inefficient and classification accuracy
suffers a sharp drop in experiments with arbitrary rotations. I introduce a new descriptor that
can globally and locally capture the surface geometry properties and is based on a combina-
tion of spherical harmonics energy and point feature representation. The proposed descriptor
is proven to fulfill the rotation-invariant property. A limited bandwidth spherical harmonics
energy descriptor globally describes a 3D shape and its rotation invariant property is proven
by utilizing the properties of a Wigner D-matrix, while the point feature representation cap-
tures the local features with a KNN to build the connection to its neighborhood. I propose
a new network structure by extending PointNet+ + with several adaptations that can hierar-
chically and efficiently exploit local rotation invariant features.

This chapter is a slightly modified version of peer-reviewed conference paper ©2021
IEEE. Reprinted, with permission, from

* Lin, Jianjie, Rickert, Markus, and Knoll, Alois, “Deep Hierarchical Rotation Invariance
Learning with Exact Geometry Feature Representation for Point Cloud Classification,”
IEEE International Conference on Robotics and Automation (ICRA), 2021

The images created, algorithms designed, data from experiments and text written by me in
this publication will be directly referenced in this chapter. The original version is referred
to 186

Contributions

I took a leading role in the writing and revising of the manuscript in this article. I have made
the following significant personal contributions to the formulation, implementation, and eval-
uation of the algorithms in this paper: identifying the problem in the point cloud-based ob-
ject classification, introducing the spherical harmonic based rotation invariance descriptor,
designing the neural network. I am the leading developer of the algorithm implementation
and am responsible for experimental evaluation

73
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5.1 Introduction

Convolutional neural networks (CNN) [86] have shown tremendous success in image pro-
cessing due to their translation-invariant capability of detecting local patterns regardless of
their position in the image and their ability to process regular data, such as image grids or
3D voxels. However, the more challenging rotation-invariant property is still missing in the
designed structure [25]. Data augmentation is a common approach to address this issue.
The infinite property of the rotation group however makes this approach less efficient and
comes with a high computational cost. A big neural network with rotation-augmented data
is required to generalize the data set. In 3D, geometric irregular data formats such as point
clouds increase the difficulty of handling the rotation transformation, while irregular data
formats suffer from a permutation problem N!. To address this issue and to inherit the ben-
efits of convolutional networks, which can process regular data formats, previous work such
as [26, 105] voxelized geometric shapes. [26, 75, 182] proposed a rotation-equivariant net-
work with newly designed spherical convolutional operators. However, the voxelization of
3D geometry induces a trade-off between resolution and computational cost. The pioneering
work PointNet used a spatial transformation network to learn an affine transformation, which
still did not fulfill the requirement. Inspired by CNNs, which use different receptive fields to
aggregate the local features, DGCNN used a dynamic k-nearest neighbors algorithm (KNN)
to exploit local information. However, its classification results still suffer a sharp drop in
rotation experiments. For alleviating the issue, I introduce two different rotation-invariant
features (RIF). The first one is spherical harmonics [69], which transform the Cartesian pose
to the spectral domain by using a non-commutative Fourier analysis methods and are related
to the power spectrum in the perspective of signal processing. The second feature can locally
describe the geometry relationship by creating a Darboux frame at each object point with a
KNN-graph. This geometry point feature is also utilized in the point feature histogram [150]
and fast point feature histogram [148]. The rotation-invariant feature aims at separating the
rotated point cloud and the network so that the input space is invariant to arbitrary rotation
perturbation. Furthermore, I design a new network structure that can hierarchically extract
the local features by applying the farthest point sampling strategy. The proposed network
structure is composed of RIMapping, PF Abstraction, and Classification blocks. In the RIMap-
ping block, rotation-invariant features are fed to a feature transformation network, which
maps the lower level feature to a high level embedding space. Two consequent abstraction
layers work on these high-level embedding features. For further exploiting the local geometry
information, a fully connected point feature graph is built on each cluster and the resultant
features are fed to a point feature transformation. Afterward, a global abstraction layer can
aggregate all previous embedding features together to obtain a global feature. The Classi-
fication block is a standard fully connected network to classify the objects. I evaluated my
proposed network on ModelNet40 with different experimental settings and achieve or exceed
most state-of-the-art approaches.

My primary contributions are two-fold: a) I introduce a novel geometry rotation-invariant
feature descriptor, which can globally and locally represent a 3D shape. b) a new rotation-
invariant classification network structure is designed, which can efficiently exploit local geo-
metric features.

5.2 Related Work

With recent good results from deep learning in image-based recognition, 3D visual recogni-
tion has also received more attention and rapid development. It benefits from deep learning
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Figure 5.1: The structure of the RIF-Net: The geometry RIF features compose of globally spherical harmonics
and locally simplified point feature rotation-invariant features, which are fed to my designed structure. The rotation
invariant feature separates the raw point cloud from the network. As a result, the RIF-net can classify the object
regardless of the rotation transformation in the world space

in extracting and learning geometric features more efficiently, but the recognition of 3D ge-
ometry differs from image-based recognition in many factors. One main aspect are the repre-
sentation formats, where 3D geometry uses various methods such as point cloud-based repre-
sentation, implicit surfaces based representation, or volumetric-based representations. These
different formats lead to different learning methods. In contrast, the imaged-based represen-
tation is interpreted in regular data, where the conventional CNN is designed to handle such
regular data. The permutation N! is a common problem in the irregular data format. Based
on these observations, previous work seeks to utilize benefits from conventional CNNs by
voxelizing the 3D geometric shape [105, 135, 191, 198] or by using multi-view images [67,
135, 165]. However, the trade-off between the resolution and computational cost makes
generalization impossible. Most 3D convolutional neural networks sacrifice high resolution
to obtain fast calculations to build upon a shallow network. To alleviate the negative impact
of accuracy due to resolution, an Octet [143] is proposed by hierarchically partitioning the
space using a set of unbalanced octrees to exploit sparse input data.

In contrast to a volumetric representation, PointNet [134] is the first work that directly
feeds the point cloud into a set of shared MLP networks and uses the max pool operator to
extract global features. It shows a significant improvement in the perspective of 3D shape
reasoning and computational cost. PointNet, however, does not extract local information.
Follow-up work such as PointNet++ [136] progressively aggregated local features using the
farthest point sampling strategy. Moreover, DGCNN [177] introduced a dynamic KNN to
build a local graph and aggregated the edge features to obtain a better feature representa-
tion. A point-based neural network satisfies many properties, e.g., permutation invariance
with a shared MLP and max pool operator and translation equivariance with a relu opera-
tor [75]. This network is shown to solve many classical problems such as classification, part
segmentation, and instance segmentation. The rotation-invariant property is however still
missing in the designed structures. PointNet applies a spatial transformer network [60] to
predict an affine transformation matrix. Other work attempts to augment the data set by
generating a lot of SO(3) combinations. However, SO(3) is infinite, and data augmentation
wastes computational resources and cannot guarantee effectiveness. To alleviate this issue,
previous work proposed a rotation-equivalence network structure. [26, 39, 75] designed a
spherical-based convolutional operator utilizing the properties of spherical harmonics. [170]
proposed tensor field networks, which map point clouds to point clouds under the constraint
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of SE(3) equivariance by utilizing a spherical harmonics filter. Spherical representations for
3D data are not novel and have been used for retrieval tasks before the deep learning era [68,
69].

Spherical-based CNNs were initially designed for voxelized shapes and suffered a loss of
geometric information, as there is no bijection between R* and 2-dimensional sphere S? [23]
as mentioned above. Instead of proposing a new convolutional operator, [23] introduced
rigorously rotation-invariant (RRI) features by transforming the point from Cartesian space
into an embedding space and showed a good improvement in experiments. However, the RRI
features focus only on the local feature using the same dynamic KNN as DGCNN.

5.3 Geometric Rotation Invariant Feature Descriptor

The concepts of Rotation invariance and Rotation equivariance are susceptible to ambiguity.
To remove the ambiguity, the definition of these two concepts are formulated.

Definition 1: Rotation invariance A mapping function ¢(:): V — V is considered as rota-
tion invariant, if Vg; € SO(3) and Vq € R3, it has property

$(£19) = ¢(g29), (5.1

Definition 2: Rotation equivariance A mapping function ¢(-): ¥V — V is considered as
rotation equivariance, if Vg; € SO(3) and Yq € R?, it has property

$(g19) = g19(q), (5.2)

Pioneering works in processing point clouds are PointNet and DGCNN, where EdgeConv
from DGCNN and mini-PointNet from PointNet++ utilize the edge feature represented as
an implicit geometry feature by considering geometric constraints between points. It can be
mathematically formulated as

X; = j:{ly’l]?)égf@(xi —xj,xi) (5.3)
where x; is the Cartesian pose in pointNet+ + and is high-level features in the DGCNN. In gen-
eral, the geometric point descriptor module helps to enhance the scattered point clouds using
additional internal geometric relations. The edge features x; —x; and pose point x; do not
satisfy the property described in (5.1). Furthermore, edge features under a dynamic KNN can
only represent the local geometric context for point clouds in the embedding space. For allevi-
ating this issue, two rotation-invariant descriptors will be introduced, that globally (spherical
harmonics descriptor) and locally (point feature descriptor) represent the geometry shape.

5.3.1 Rotation invariant spherical harmonics descriptor

Definition: Spherical harmonics define an orthonormal basis over the sphere, with the pa-
rameterization

(x,y,2) = (sin(8) cos(p), sin(O) sin(¢), cos(H)), (5.4)

where (x, y,z) is a location defined on a unit sphere with co-latitude 6 and longitude ¢ and
the orthonormal basis function given by Rodrigues’ formula can be described as

Y"(6,¢) =K"P/"(cos 0)eim¢ (5.5)
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with the normalized constant variable KZm with

Km— @2t+1)(1—m)
L an (L+m)!
and the associated Legendre polynomials P/". The parameters [ and m are the spherical

harmonic degree and order, respectively. Furthermore, the order should satisfy the con-
straint — < m < [. The orthogonality property of spherical harmonics is shown as

(5.6)

T 2n
f f YlelCn/*Slned(,Ode :511’5mm’ (5.7)
0=0J p=0

It can be shown that all the above normalized spherical harmonic functions satisfy
Y™(0,9)=(=1)"Y, (6, p). (5.8)

where the superscript * denotes complex conjugation. The real spherical harmonics are some-
times known as tesseral spherical harmonics. These functions have the same orthonormality
properties as the complex ones above. The harmonics with m > 0 are said to be of cosine type
and those with m < 0 of sine type. The reason for this can be seen by writing the functions
in terms of the Legendre polynomials P" with Condon-Shortley phase convention as

(—1)m«/§K|lm|Pl|m|(cos 0)sin(|m|p) ifm<0
Yim=4 +/ %P{”(cos 9) ifm=0 (5.9)
(—1)m1/§K,lnle(cos 6) cos(myp) ifm>0
Moreover, for any rotation matrix R € SO(3), the rotated SH Y;"(R-) can be expressed as a
linear combination of other SHs of the same degree [
!
* /
®)= Y [DPImm ] Y, (5.10)
m’/=—1
where D{[m, m’] € CR+D*+D) s called the Wigner D-matrix. Note that the Wigner ma-
trices D! are all orthonormal and irreducible representations of SO(3) [48], which considers
them as smallest representations possible. The elements for the (2¢ + 1) x (2¢ + 1) matrix D*
of degree ( are

D} o(a,B,y) =e™d} (B)e™, (5.11)
where a, 8,y are ZYZ Euler angles representing the rotation, —¢ < m,n < £, and dﬁm([j) is
real and proportional to the Jacobi polynomial P,Ea’b)(cos/j), with k,a, b being functions of

¢,m,n. In accordance with the unitary of Dg ), the energy within a subspace is preserved.
Therefore, for any given vector ¢ € C%*1, the Wigner D-matrix shows a norm preservation
property [2, 140] as ||D{¢|| = ||c||.

The theory of spherical harmonics says that any spherical function (0, ¢) is decomposed
as the sum of its harmonics:

oo m=l
FO,0)=D > a¥{"(6,¢), (5.12)

=0 m=—1

The associated Legendre polynomials is defined associated Legendre polynomials

! l+k—1
m N mal m/2 k! k—m [ —_—
Pl (X)— (—1) 2 (1_x2) k:Em mx ( k )( ]2< ) (5133)

(l—m) .
(l+mn'!

P = (—1)" (5.13b)
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The coefficient alm is described as

2 T
=ff(9,<.0)Yl’"*(9,<p)d9=J dwf dOsin60f (6, )Y, (6, )
Q 0 0

Eqn. (5.12) can be seen as a kind of Fourier series on the sphere.

Information loss for a limited bandwidth

Since I cannot solve | — oo, I limit the band [ to a constant degree ng, 4., The spherical
function can be simplified as

Nsh,deg m=
£(6,9)= Z Z Y6, ) (5.14)
=0 m=-1
The information loss is defined as
Ngh, deg

Z fi— Zfz

Furthermore, the numerical solution of coefficients a;" can be approximated by using the
Monte Carlo integration approach.

Loss = (5.15)

Ngh deg

Q=" f O ) V] (O b) (5.16)

Mg ,deg =0

Spherical Harmonics energy descriptor

Polygonal-based surface representations are typically described as Cartesian coordinates (x, y, 2).
For spherical harmonics, the surfaces are represented by (0, ¢), therefore the mesh must be
transformed into spherical polar coordinates (r, 6, ¢) about the origin. In this case I define
(0, ¢) = r [120] with the energy spectrum descriptor of spherical harmonics [69]

X (f) = {ll£o(8, DI, 111100, 0)II,...} (5.17)

with the frequency components
-1 -1 l
fi=laay La Yy (5.18)

Utilizing the norm preservation property of Wigner D-matrices [39, 69, 140], I can prove that
|lf;1l is a rotation-invariant descriptor.

5.3.2 Rotation invariant point feature descriptors

I employ point feature representations to encode the neighborhood’s geometrical properties,
which provides an overall point density and pose invariant multi-value feature. The surface
normal [147] is estimated by using PCA on the k-neighborhood. For each pair p, and q, with
q; € N(p;), Darboux frame at (pg,n,) is defined as

(Pc—ps)

u=n;, V=roAeXU, W=uxv. (5.19)
The point features descriptor [149] is described as a quadruplet (a, ¢, 6, dy) with
dy = [P — ps”Z’ a=v-n,
5.20
¢=u- (pfdtpS), 0 =atan2(w-n,,u-n;). ( )
Furthermore, I augment the distance r; = || ps”2 to the point feature, therefore, I get a

quintuple feature descriptor.
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Figure 5.2: a illustrates the Darboux frame between a point pair. b calculates the simplified point features of a
source point g with a KNN graph for each point pair. A fully connect point feature (PF) graph c is built on a given
source point q;.

Proof of rotation-invariant property

Given a point set S = {pi |p; eR" }f]:_ol. It is obvious that the L? norm is a rotation-invariant
operator R" to R due to norm preservation: ||Rx||§ = ||x||§. It can be easily extended that the
inner product (-,-) between two arbitrary points preserves the rotation-invariant property. In
addition, the cross product has the property Ra x Rb = R(a x b) under proper rotations R. I
define the Darboux frame at q; as a triple tuple: O; = (u;, v;, w;). By applying a rotation matrix
to the point set, I can get q; = Rq; with the corresponding Darboux frame O; = (uj,vj,wj>. It
leads to

u]. = Rui’ (5.213)

Vj = M X Rui = RVi, (521b)
IPe —psll.

W] = u]' X Vj = R(ul‘ X Vi) = RWi (521C)

Based on these relation, I can conclude that O; = RO; = (Ru;, Rv;,Rw;). As a result, the PF
descriptor is proven to be rotation-invariant:

ds¢,; = |IPe,j — Ps,jll, = [IRPe; —RPgill, = dy¢ iy = dye (5.22a)
a; = (Vj,nt’j> = <va~, Rnt’l-> = <vl~, nt,i> =q (5.22b)
b = <uj’ (Pt,jd_ Ps,j)> _ <Rui’R(pt,id_ ps,i)> s, (5.220)
st st
0; = atan2 ((wj,n, ;). (u;,n, ;))
= atan2 ((Rwi,Rnt’l), <Rui,Rnt’l~>) =0; (5.22d)

5.3.3 Geometry rotation invariant feature-descriptor

The SH-energy and PF descriptors are shown to be rotation-invariant descriptors. The SH-
energy descriptor focuses on capturing the global features of the 3D shape and the PF descrip-
tor aims at describing the local features. It is straightforward to concatenate both descriptors
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Figure 5.3: The model architecture a consists of the RIMapping, PF Abstraction, and Classification blocks. In the
RIMapping block, a spherical harmonics energy descriptor and simplified point features (SPF) at each point are
computed to form a Geometry RIF descriptor, which is fed to a RIF Transformation to extract a high-level feature.
In the PF Abstraction Block, | have two PF Set Abstraction layers b together with a PF Global Abstraction layer ¢
to obtain a final global feature, which is used in a fully-connected Classification network.

and this results in the rotation-invariant feature (RIF)-descriptor at q;
Xoiri = [Xnis Xppio)s --r (Koo pr,i,k)]T , (5.23)
where X,.;¢; € R&*(ntmet) with point feature descriptor
Xprij=Ldij i bij,0;5,75:] € R™, (5.24)
with n, =5 and the spherical harmonics energy descriptor

Fgi = [Ifoilln s fng i

The advantage of this formulation embodies that I can extract a high layer feature at each
point pair under KNN-Graph.

|:| S RnSh, Nsh = Ngh deg +1. (525)

5.4 Network Architecture

The proposed rotation-invariant network consists of three blocks: RIMapping, PF Abstraction,
and Classification, where the latter is a feed-forward network. My main contributions are on
the design of the RIMapping and PF Abstraction blocks.

5.4.1 Pre-Alignment with Principal Component Analysis

In an experiment on rotation invariance, I transfer a point cloud set q with an arbitrary rota-
tion matrix R, resulting in a rotated clone q' = Rq. According to [68], I pre-align each input q
based on the PCA to its principle axes, which are indicated as orthonormal coordinates Ry,
with the formula of q; = qu. It can be shown that the PCA alignment for a rotated clone q!
with corresponding orthonormal coordinates R; = RR, leads to g, =R{q' =R;R"Rq=R}q =
q;. Therefore, pre-alignment can reduce the impact of the rotation matrix on the network.
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5.4.2 RIMapping Block

The RIMapping block consists of the Geometry RIF descriptor and RIF Transformation. For
acquiring the rotation-invariant features, I leverage the spherical harmonics and point feature
representation with a KNN to enrich geometric features for the point cloud, which is repre-
sented as a rotation-invariant descriptor with a size of R 1>+ and k;-neighborhood
that can globally and locally manifest a 3D shape. This descriptor provides low-level geomet-
ric clues for high-level geometric feature learning, realized with a RIF Transformation. The
RIF Transformation layer utilizes a mini PointNet (without input and feature transformation),
consisting of a set of shared Conv2d layers with kernel size equal to 1, to extract a global fea-
ture employing a max-pooling operator. The output of RIF Transformation is indicated as
embedding feature with a size of R"*%. The PF Transformation has the same structure as
the RIF Transformation, apart from the different input sizes. Both Transformations intend to
aggregate the local details by calculating a weighted average of neighboring features through
a shared local fully-connected layer.

5.4.3 PF Abstraction Block

PF Set Abstraction

The extracted information from the RIMapping block is still insufficient for the precise clas-
sification task, as max-pooling can only describe an outline and some local details could be
omitted. To address the problem, I propose the PF Set Abstraction Layer to hierarchically
exploit the local features, which consists of the sampling layer, grouping layer, and PointNet
layer. PointNet++ inspires PF Set Abstraction. However, there are several significant adap-
tations inside the grouping layer. In the sampling layer, I use iterative farthest point sam-
pling (FPS) to obtain n, points, indicated as P;,i € [0, -+ ,n,]. Each point P; is the center of a
local region C;. In the sequence, a KNN graph is built at point P; to obtain k,-neighborhood,
indicated as [Py ;, Py, , Py, ;], with i € [0, ,n,y]. In contrast to PointNet+ +, which com-
bines the point with the feature from the last layer and works as input for the PointNet layer,
I utilize a PF graph to convert a point to a rotation-invariant feature, where PF graph is a fully
connected graph (Fig. 5.2¢) and built at each local region C;. Then, I can get a feature with
a size of R\~1™r for each point P, ; in the region C;. In the end, a new rotation-invariant
point feature for all local regions is obtained, indicated as fpp € R™2*k1*k1=1* - Sequentially,
I apply the PF Transformation to extract a feature for each local region. I concatenate the pre-
vious feature at each center point P; with the newly extracted feature to form a new feature
representation and feed it to the PointNet layer.

PF Global Abstraction

The global abstraction is the successor layer to the PF Set Abstraction layer, which reduces
the original input cloud to X, € R™*3, I build a PF graph at the reduced point set and
concatenate it with its spherical energy descriptor, which leads to a new representation with
a size of R™*(m=Dx(metna) - 1n the sequence, I apply the RIF Transformation for extracting a
new feature representation. This new feature will concatenate with the feature from the PF
Set Abstraction layer. In the end, a mini PointNet is applied to obtain a global feature.
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Table 5.1: Comparison of rotation robustness on rotation-augmented ModelNet40 benchmark. My proposed
network shows the best performance in the settings z/SO(3) and SO(3)/SO(3). Note, values are given as a
percentage.

Method Input(size) z/z  z/S0(3) SO(3)/SO(3)
PointNet [134] pc (1024 x 3) 89.2 14.7 83.6
PointNet++ [136] pc (1024 x 3) 89.3 28.6 85.0
VoxNet [105] voxel (30%) 83.0 - 73.0
RotationNet 20x [67] voxel (20 x 2242) 92.4 20.0 80.0
SO-Net [89] pc+normal (5000 x 6) 92.6 21.1 80.2
DGCNN [177] pc (1024 x 3) 92.2 335 81.1
Spherical CNN [39] voxel 2 x 642 889 78.6 86.9
ClusterNet [23] pc (1024 x 3) 87.1 87.1 87.1
ours(ng, geg=20) pc(1024 x 3) 88.4  88.6 88.5
ours(ngp, geg=30) pc(1024 x 3) 88.6 88.7 88.8

5.5 Experiments

I evaluate my approach regarding rotation robustness and compare it with other state-of-
the-art methods. I use ModelNet40 [183] as data set for validating the effectiveness of the
proposed network structure. ModelNet40 consists of 40 categories in the form of CAD mod-
els (mostly human-made). I use the official split with 9843.000 shapes for training and
2468.000 for testing. I apply the farthest point sampling algorithm to obtain 1024.000 points
on mesh faces according to the face area and then shift and normalize the point into a unit
sphere with centroid on the origin. During training, I use Adam [71] for 200 epochs with an
initial learning rate of 10~°. The algorithm is implemented with PyTorch on Linux with one
GeForce RTX 2080Ti GPU.

5.5.1 Evaluation of rotation robustness

For evaluating the property of rotation robustness, I multiply each point cloud from Mod-
elNet40 with a randomly sampled rotation matrix. Based on the same principle as [39], I
evaluate my model using three different settings: a) training and testing with azimuthal ro-
tations (z/z), b) training and testing with arbitrary rotations (SO(3)/SO(3)), c) training with
azimuth rotations while testing with arbitrary rotations (z/SO(3)). The results are presented
in Table 5.1. It can be seen that most networks exhibit a sharp drop in performance in the
settings SO(3)/SO(3) and z/SO(3), in particular in the latter one. The network DGCNN [177]
shows an outstanding performance in the setting z/z with an accuracy of 92.200 %, while it
only achieves 21.100 % in z/SO(3). DGCNN applies the point directly for classification, which
changes dramatically when applying a rotation matrix in SO(3). As mentioned before, that
point cloud is not a rotation-invariant representation. This is also a common problem for
the PointNet-based network. The spherical CNN [39] uses a spherical harmonics-based con-
volution layer by rasterizing the point cloud, which shows a significant improvement in the
setting of 2/SO(3). However, the difference between its best performance z/z and z/SO(3) is
still significant with a value of 10.300 %. ClusterNet [23] uses the RRI representation together
with a cluster abstraction to increase classification performance with a result of 87.100 % in
each setting. Note that the result of ClusterNet is directly cited from [23], as the code is
not available as open source. Table 5.1 demonstrates that my approach achieves the best
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Figure 5.4: (a) shows the point cloud with different noise levels and (b) shows the comparison results against
point perturbations on rotation setting z/z.

performance in the settings z/SO(3) and SO(3)/SO(3) with ny, 4e; = 20,30. The difference
in the results between each setting is very small, approximately 0.200 %. Based on these ob-
servations, I can conclude that my proposed network shows the best performance regarding
rotation robustness.

5.5.2 Robustness Tests

Evaluation of model against point cloud perturbation

For further evaluation of robustness against perturbation, I conducted experiments by adding
perturbation at each point. Many studies have shown that deep learning-based networks can
be fooled by using an adversarial attack. Following the same principle, I add a perturbation
value to each point with ||5]| < €, where € is set between 0.002 and 0.01, as shown in Fig. 5.4a.
The results are listed in Fig. 5.4b. It can be seen that in these two different perturbation levels,
my network with ng, 4., = 20 is more robust under perturbation when compared to PointNet
and PointNet++.

Evaluation of model against point cloud density

The point cloud density also plays an important role in the classification task. In this section,
I downsample ModelNet40 to different point densities in the range of 1024.000 to 128 by
using the farthest point sampling strategy (FPS) or random input droupout (DP). The down-
sampled point clouds are shown in Fig. 5.5a and the corresponding classification accuracy is
illustrated in Fig. 5.5b. It is worth noting that my proposed network is very robust against
point density changes in these three rotation setups, which decreases the classification ac-
curacy from 88.600% to 82.700% by FPS and varies from 88.600% to 75.400% by DP. In
comparison to DGCNN [177], the results vary from the 92.200% to 79.200% in z/z and
from 33.500% to 26.500 % in z/SO(3). Under the same point density, my model shows no
significant change, which further verifies my model’s robustness.

Evaluation of model against partial point cloud

In reality, I can only get a partial point cloud by using a single stationary camera. To evaluate
the partial point cloud classification model, I train my model with a complete point cloud
and test against a partial point cloud. The partial point cloud is obtained by first deleting the
completed point cloud with a ratio p from 0.1 to 0.2 and then using iterative FPS (Fig. 5.6a).
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Figure 5.5: a shows the downsampled point cloud and b illustrates the comparison results of different point
densities in three rotation settings with FPS and DP.
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Figure 5.6: a shows the partial point cloud with the deletion ratio p from 0.1 to 0.2 and b shows the results.

The results are illustrated in Fig. 5.6b. I compare my model with PointNet and DGCNN
under three rotation settings. Training and testing data set are rotated with a PCA algorithm
to reduce the impact of arbitrary rotation. From Fig. 5.6b, I can conclude that my model
shows the best performance and far exceeds the other two classification models in all three
experiments.

5.5.3 Ablation Studies

Analysis of architecture design

To evaluate my network architecture’s effectiveness, I use PointNet as the baseline and con-
nect my individually designed component to it. Note that I realign all data in this section with
PCA (Section 5.4.1). In Table 5.2, I can see that it shows a significant improvement when
compared to the original PointNet in the setting of z/SO(3) and that the average accuracy
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Table 5.2: Effectiveness of designed network block.

Method z/z  z/S0(3) SO(3)/SO(3) mean

PointNet [134] 89.2 14.7 83.6 62.4
PCA+PointNet 80.9 80.9 80.8 80.84
RIMapping(ng, ge;=20) +PointNet ~ 82.0 83.2 84.5 83.23
ours(without SH) 85.40 85.7 86.2 85.77
ours(ngp, geg=20) 88.4 88.6 88.5 88.5

Table 5.3: Effectiveness of maximum degree ng, geg-

Nghdeg 2/Z2  2/SO(3) SO(3)/SO(3)

8 88.10 87.60 87.60
15 87.80 88.30 87.80
20 88.40 88.60 88.50
30 88.60 88.70 88.80

rate has increased about 18.000 %. Furthermore, I analyzed the effectiveness of the RIMap-
ping block by connecting it to PointNet. The results listed in Table 5.2 show that the accuracy
in 2/S0(3) and SO(3)/SO(3) improved by 2.300 % and 3.700 %. Comparing my proposed net-
work’s worst performance shows that my PF Abstraction block helps in improving the final
accuracy in all three settings. I also evaluated the effectiveness of the spherical harmonics
energy descriptor. The results are listed in Table 5.2. Without the spherical harmonics energy
descriptor, the accuracy is worse when compared against my original design. However, it still
shows better performance when compared to the PointNet-based network.

Effectiveness of maximum degree of spherical harmonics

The spherical harmonics descriptor is an essential aspect of my network. Based on the in-
formation loss, a higher degree of spherical harmonics leads to a smaller information loss.
However, it will also increase the computational complexity to O(n?). For evaluating the ef-
fectiveness of the ng, 44, I vary the degree. The results are listed in Table 5.3 and it can be
seen that the higher ng, 4, the better the final classification accuracy.

5.6 Conclusion

I presented a rotation-invariant point cloud-based neural network, which utilizes a global
spherical harmonics feature and a local points feature to achieve rotation-invariant proper-
ties. Furthermore, a new neural network structure is designed, inspired by PointNet+ +, but
with several adaptations such as PF graph and PF Transformation. The network is applied to
3D object classification, but can be extended to part segmentation and instance segmentation.
Via several experiments, I have shown that my network can deal with arbitrary input orien-
tations and achieve competitive performance compared to other state-of-the-art approaches
on the ModelNet40 data set. Furthermore, my network shows robustness against point per-
turbations, point density, and partial point cloud.






Chapter 6

Point Cloud Transformer for Dense Point Cloud Com-
pletion

Chapter Summary

This chapter addresses the problem of the point cloud completion problem. Inferring a com-
plete 3D geometry given an incomplete point cloud is essential in many vision and robotics
applications. Besides, the irregular nature of point clouds makes this task more challenging.
This chapter presents a novel method for shape completion by investigating the point trans-
former structure. The inherent nature of permutation invariance of the attention mechanism
in the Transformer structure makes it well suited for learning point clouds. In addition, the
attention mechanism can effectively capture the local context within a point cloud and effi-
ciently exploit its incomplete local structure details. A morphing-atlas-based point generation
network further fully utilizes the extracted point Transformer feature to predict the missing
region using charts defined on the shape. Shape completion is achieved via the concatenation
of all predicting charts on the surface. Extensive experiments on the Completion3D and KITTI
data sets demonstrate that the proposed PCTMA-Net outperforms the state-of-the-art shape
completion approaches and has a 10% relative improvement over the next best-performing
method.

This chapter is a slightly modified version of peer-reviewed conference paper ©2021 IEEE.
Reprinted, with permission, from

e Lin, Jianjie, Rickert, Markus, Perzylo, Alexander, Knoll, Alois, “PCTMA-Net: Point
Cloud Transformer with Morphing Atlas-based Point Generation Network for Dense
Point Cloud Completion,” IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS), 2021

The images created, algorithms designed, data from experiments and text written by me in
this publication will be directly referenced in this chapter. The original version is referred
to 194.

Contributions

I took a leading role in the writing and revising of the manuscript in this article. I have
made the following significant personal contributions to the formulation, implementation,
and evaluation of the algorithms in this paper: identifying the necessity of point cloud com-
pletion in the real scenario, designing the transformer-and manifold-like neural network for
recovering the partial point cloud. I am the lead developer of the algorithm implementation
and responsible for experimental evaluation.
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6.1 Introduction

The use of point clouds as a format of shape representation has increased in the last years due
to the rapid development of 3D acquisition technologies such as Lidar and depth cameras.
The limited sensor resolution, occlusion, and camera angles however make it challenging
to obtain a point cloud representation of the complete shape of an object. As a result, the
acquired raw points are typically sparse, noisy, and miss large regions. On the other hand,
complete 3D shapes are essential in vision applications, such as semantic segmentation and
SLAM [19]. A complete 3D shape can improve the performance of CAD model-based point
registration [95] and enables more flexible grasp planning [175]. In this work, I focus on
completing partial 3D shapes that suffer from occlusion and limited sensor resolution. Previ-
ous work [51, 168, 188] principally followed the encoder-decoder paradigm framework by
extracting a latent global feature from an incomplete point cloud. Decoders leverage these
feature to predict missing regions. Benefiting from PointNet-based [134] feature extractor
networks, the task of shape completion made tremendous progress in recent years. However,
the extracted global features from PointNet ignore the geometric relationship within the point
clouds due to the max-pooling operation. As a result, these approaches suffer from a loss of
structural detail in the reconstruction.

The intuitive solution is to make up for the shortcomings of the PointNet by excavating
the semantic affinity within the point cloud. Therefore, I propose a novel framework named
Point Cloud Transformer with Morphing-Atlas-based Point Generation Network for Shape
Completion (PCTMA-Net) to address this problem. The Transformer [176] is a standard
framework for natural language processing and has been further extended to vision tasks
for image recognition [35], as well as point cloud classification and segmentation [52]. The
Transformer follows the encoder-decoder structure and consists of four main modules: input
embedding, positional encoding, (self-)attention mechanism, and positional feed-forward.
In this work, I apply only the encoder module and neglect the positional encoding module
due to the point cloud’s irregular nature. The Transformer’s central core is the attention
mechanism, which can generate refined attention features by leveraging the global context.
The attention weight between any two positions is updated by the dot product of query
and key vector. The weighted sum of all attention weights is the attention feature. The
concept of query, key, and value vector makes it possible to match and learn the global
context. The attention feature of each word is related to all input features. Furthermore, the
permutation invariant nature of softmax, dot product, and point-wise feed-forward network
makes it well-suited for point cloud learning. The offset attention mechanism introduced
in [52] uses the idea of the Laplacian matrix to improve the attention performance further.
In this work, I replace the original attention design with the offset attention mechanism.
The morphing-atlas-based point generation network is the decoder component in my overall
structure. The extracted global feature from the Transformer is further utilized to generate
the points. An atlas, as defined in topology, consists of a set of charts on a surface. Therefore,
I assume that a missing region of the surface can be recovered by a chart. Based on this
assumption, I duplicate the Transformer feature and concatenate it with a predefined grid.
I utilize the idea of multi-head attention by linearly projecting the concatenated features to
learn ng,,, different features, where each feature is responsible for generating a chart defined
on the surface. I quantitatively and qualitatively evaluated the proposed PCTMA-Net on the
Completion3D data set and demonstrate a 10% relative improvement over the next best-
performing method for the task of shape completion. Furthermore, the qualitative evaluation
on the KITTI data set shows that my proposed network is able to predict more structural
details than other state-of-the-art approaches.

My contributions are summarized as follows:
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1. I propose a novel shape completion framework named Point Cloud Transformer with
Morphing-Atlas-based point generation Network for shape completion, which is inher-
ently permutation-invariant and has the capability of learning the global context within
the point clouds and preserving structural details.

2. The integration of the concept of an atlas and the multi-head attention mechanism
leads to the generation of high-resolution, high-fidelity, and fine-grained shapes.

3. Extensive experiments are conducted on the Completion3D benchmarks, and the KITTI
data set, which indicate that the proposed networks remarkably outperforms other com-
petitive methods.

6.2 Related Work

Shape completion approaches made significant progress in recent years due to the rapid
development of deep learning and 3D acquisition technologies. I can roughly categorize
the existing work into volumetric-based and multilayer perceptron-based networks from the
perspective of network structure and the underlying 3D data representation.

Volumetric-based shape completion: The extension of CNN to 3D convolutional neural
networks can be used for dealing with a shape in the volumetric representation [186], [57].
Notable work such as 3D-Encoder-Predictor Networks (3D-EPN) [28] progressively recon-
struct the 3D volumetric shape. The work in [55] directly generates the high resolution 3D
volumetric shape by combining the global structure with the refinement of local geometry,
while [164] introduced a variational auto-encoder to learn a shape prior to inferring the la-
tent representation of complete shapes. GRNet [185] took one step further by introducing
Gridding and Gridding Reverse to convert between point clouds and 3D grids. However, a
quantization effect is introduced during the transformation of point clouds into a 3D volumet-
ric representation. The computational costs increase cubically to the resolution and therefore
make it more challenging to process fine-grained shapes.

Multilayer perceptron (MLP)-based shape completion: Point clouds can be directly
obtained by several acquisition techniques. It is much more efficient compared to the voxel-
based representation when processing costs are compared. Inspired by PointNet [134] and
its successor work [136],[177], several approaches use them for point cloud learning, as the
point-wise MLP enables the handling of irregular point clouds and aggregating features us-
ing a symmetric function. However, the PointNet network suffers from a loss of structure
details. The current state-of-the-art approaches for shape completion such as AtlasNet [51],
PCN [193] and Folding-Net [188] use PointNet as their baseline to extract global features
and to apply a decoder to predict the missing regions. Unlike PCN and FoldingNet, AtlasNet
completes the shape by generating surface elements utilizing the atlas concept. TopNet [168]
improves the decoder by using a hierarchical rooted tree. By combining reinforcement learn-
ing with an adversarial network, RL-GAN-Net [152] and Render4Completion [57] propose
a reinforcement learning agent-controlled GAN to improve the quality and consistency of
the generated complete shape. However, most of these studies suffer from information loss
on structural details, as they predict the whole point cloud only from a single global shape
representation. SA-Net [180] extended these approaches with a skip-attention mechanism to
preserve more structural details. PF-Net [59] introduced a point pyramid decoder to generate
a shape in different resolution levels.
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Figure 6.1: The overall structure of PCTMA-Net. The whole structure consists of a Transformer encoder and
morphing-atlas point generation decoder. The Transformer encoder aims to extract features from the input point
clouds by using an N x stacked encoder layer which consists of an attention mechanism and positional feed-
forward network. The morphing-atlas-based surface reconstruction decoder uses multi-chart point generation
networks for point cloud completion by concatenating the features from the Transformer encoder and mesh grid.

6.3 The Architecture of PCTMA-Net

6.3.1 Overview

The overall structure of PCTMA-Net is illustrated in Fig 6.1, which aims to learn a seman-
tic affinity within a partial point cloud by using a Transformer encoder. The complete 3D
shape is reconstructed with a morphing-atlas decoder utilizing the extracted feature from the
Transformer encoder. I formulate the whole shape completion pipeline as: Given a partial
point cloud, indicated as P with N;, points, where each point is represented in 3D coor-
dinates x = [x;,;,2;], I first convert this partial point cloud into a feature vector F, by a
PointNet. The difference to previous work [51, 188], which relies on only the global feature
for shape completion, is that I further utilize the Transformer encoder to process the feature
to obtain a piece of semantic affinity information for predicting the missing regions. The
extracted feature is later fed to the morphing-atlas point generator for completing the shape.

6.3.2 Point Cloud Transformer Encoder

The Transformer encoder of PCTMA-Net first transforms an incomplete point cloud to the fea-
ture space using an input embedding network. Ithen feed the extracted feature to N x stacked
encoder layers, where they share a similar philosophy of design as the original paper [176],
except for the attention mechanism. The purpose of the encoder layer is to learn a semanti-
cally rich and discriminate representation for each point. The encoder can be mathematically
formulated in the following: By given a partial point cloud P € R¥n*4 with N, points each
having a d-dimensional feature description, an embedding feature F, is firstly learned with
an input embedding network, indicated as Feppedding: The difference to the embedding net-
work presented in [52] is that I defined Feppeqaing @s @ PointNet followed by a max-pooling
operator. As a result, I acquire a d,, 4.-dimensional embedding feature F, € Rdmed instead
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of Fy € Rmeae*Nn[52], It will improve the shape completion performance, as the F, after
max-pool operator can reduce redundant information and make the training more efficient.
The global feature F, is later fed to Fepcoder, :

F;, = Fencoderi (Fi_1),i=[1,...,N]. (6.1)

Furthermore, I concatenate the features from each encoder layer and follow up by two cas-
cade LBR layers to form an effective global feature

F. = BatchNorm(F; ® - -- @ Fy) (6.2a)
Frp = LBR(LBR(F,)), (6.2b)

where F; € Rmodel F, € RN*mocel and Fp € Rmecel, The operator @ is denoted as concatena-
tion, and the function LBR represents a linear layer followed by BatchNorm and ReLU opera-
tors. The Fepeoder, cONSists of two sub-layers, namely self-attention mechanism and positional
forward feedback:

Fencoder, (Fi—1) = FFN;(attention; (F;_,)), (6.3a)
FFN;(x) = LBR; ; (LBR; o(x)) + x. (6.3b)

The layer FFN; is a shared positional forward feedback network comprising two cascaded
LBRs with the size of [dg, dpoge1], Where dg = 2048 and d,, 4. = 1024.

Offset self-attention mechanism Self-attention is a mechanism that calculates the seman-
tic relationship between different elements within a sequence of data. In the context of point
cloud processing, attention is employed to build weights between every two positions in the
feature space. In comparison to k-nearest neighbors algorithms, the attention mechanism
has a larger receptive field. Furthermore, the attention mechanism’s permutation invari-
ant property makes it suitable for disordered, irregular data representation such as point
clouds. The work in [52] proposed the offset attention by utilizing the idea of a Laplacian
matrix L = D—E, where E is the adjacent matrix E and D is the diagonal matrix. The attention
mechanism is adopted as

Fsa,out = attention(Fsa,in) (64)
= LBR(Fsa’in —F,)+F,.

The remaining part of the attention computation operators still follows the same design as
in the original paper [176]. Fg, in (6.4) concatenates the multi-head attention with the
following formulation:

FSa = Linear(Fheadl D---D Fheadh): (65)

where the attention feature at the i-head Fycaq,,1 € [1,...,h] is formulated as

SKT
Fhead, = softmax( Q

A~

W, (6.6)

k

with Q = Linear(Q), K = Linear(K), ¥ = Linear(V). The variables Q,K and V are projected
with a different linear layer respectively. Following the same principle as the orlglnal paper, I
setQ=K=V=F;, € Rmodel | [ reshape the linear projected query and key as Q, K € R moderx1
to obtain the attention weights A by matrix dot product via QK”. I normalize A with +/d;
to avoid large values in magnitude, where d; = %. The equation in (6.6) shows, that
the self-attention Fy,q, is equal to the weighted sums of the value vector Linear(V) using the
corresponding attention weights. The multi-head attention mechanism can jointly capture
information from different representation subspace at different positions [176]. Therefore,
it can efficiently preserve and capture the point cloud’s detailed topology and structure for
predicting the missing regions in comparison to [51, 168].
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Figure 6.2: Visualization of MA-Network

6.3.3 Morphing-Atlas-Based Point Generation Network

At the first stage, the Transformer encoder extracts a global feature Fry for expressing an
incomplete point cloud. I then feed the extracted features into a morphing-atlas-based point
generator for predicting continuous and smooth shapes. Atlas is defined in the topology for
describing a manifold and an atlas is composed of each chart that, roughly speaking, describes
the local region of the manifold. In the context of 3D shapes, the manifold can be considered
as a shaped surface. Therefore, I can represent a 3D shape by combing all the charts. Based
on the Atlas concept, I define a chart as C; and let a designed decoder D; learn to map a 2D
grid to a 3D surface. Furthermore, I introduce a hyper-parameter ng,,, to control the number
of charts defined on a shape to predict a smooth and high-resolution shape. The global
feature Frp € Rmocel is duplicated N,y /Mep,y times and then concatenated with a mesh grid to
describe a new feature, denoted as Fyg ; € R mocer+2)* (Nour/Menar) | It beneficial to linearly project
Frg; with different learned linear projections. This concept is similar to multi-head attention
by allowing the model to obtain the shape features from different representation subspaces
at different positions. Therefore, Frg; is duplicated n,,,, times and each Fry; is fed to an
MLP layer which produces a new hidden code, denoted as F,,,; € R (dmodet +2)% Noue/Mehare) | &
[1,...,nehar]- In the next step, for each single chart, I feed F,,,; into a PointGenNetwork, as
illustrated in Fig. 6.2. In the end, all charts are concatenated to form a complete shape.

6.3.4 Evaluation Metrics

I apply the Chamfer distance (CD) [40] as a quantitative evaluation metric due to its efficient
computation compared to the earth mover’s distance [40]. The Chamfer distance measures
the mean distance between each point in one point cloud to its nearest neighbor in another
point cloud. Let S; = [x;, yi,zi]?a be the ground truth and S; = [x;, yi,zi]?R be the recon-
structed point by given a partial point cloud. ng; and ny indicate the number of points in S
and Sg, respectively. The Chamfer distance dcp, of S; and Si with L2 norm is formulated as

1 ) 1 .
dCD:—ergSon—yllz+— Znélsnllx—yllz. (6.7)
Ng xeSRy ¢ ng yGSGX R

6.3.5 Implementation details

I implemented PCTMA-Net in PyTorch, where the model is optimized with an Adam optimizer
with ; = 0.9 and 3, = 0.999, together with a CosineAnnealingLR scheduler. The number of
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Table 6.1: Point completion results on Completion3D with ground truth and input resolution (2048 points) com-
pared using Chamfer distance (CD) with L? norm. The results are multiplied by 10%. In my algorithm (PCTMA-Net),
| set meshgrid = 0.05. The best result is highlighted in green, and a lower value is better.

Methods Airplane Cabinet Car Chair Lamp Sofa Table Watercraft Overall
AtlasNet (N, = 2048) [51] 5.82 29.28 11.02 27.11 34.04 19.11 29.27 15.55 21.40
AtlasNet (N, = 16384) [51] 5.50 19.89 9.23 21.17 30.99 15.34 21.67 14.64 17.31
FoldNet [188] 12.83 23.01 14.88 25.69 21.79 21.31 20.71 11.51 19.07
FCN [193] 9.79 22.70 12.43 25.14 22.72 20.26 20.27 11.73 18.22
TopNet (N, = 16384) [168] 5.85 21.27 10.03 20.09 22.98 14.65 24.25 11.78 16.36
PointNetFCAE (N, =2048) [1] 5.81 21.14 895 22.01 33.36 15.81 27.52 14.09 18.59
PointNetFCAE (N, = 16384) [1] 4.00 16.70 6.24 14.63 18.15 10.99 15.77 8.55 11.88
SA-Net [180] 5.27 14.45 7.78 13.67 13.53 14.22 11.75 8.84 11.22
GRNet (N, = 2048) [185] 7.64 24.06 12.02 24.62 28.73 18.85 32.90 12.48 20.16
GRNet (N,,; = 16384) [185] 3.79 14.86 6.71 12.74 13.73 11.05 15.43 6.50 10.60
ours (N = 32, Ny = 2048) 3.60 14.67 7.03 14.04 20.61 10.66 18.01 7.62  12.03
Ours (Npare = 128, Noye = 10240) 316 1353 658 13.21 1293 10.29 14.25 6.98  10.11
ours (Mg = 32, Ny, = 16152) 338  13.00 6.12 1272 11.87 9.18 1243 7.17 9.48

encoder layers used in the Transformer encoder is set to 4, and I follow the original papers
by setting the multi heads in the offset attention mechanism to 8. I trained the network on
a Linux system with a 2.600 GHz Intel Core i7-6700HQ, 16.000 GB of RAM, and one Nvidia
RTX 2080 Ti GPU.

6.4 Experiments

I compare my proposed shape completion algorithm PCTMA-Net with other state-of-the-art
approaches on two large scale data sets: Completion3D [168] and KITTI [47]. The Chamfer
distance is employed as a metric in the evaluation.

6.4.1 Shape completion on Completion3D data set

Completion3D [168] from ShapeNet [22] offers a data set, which consists of 28974 training
samples and 800 point cloud evaluation samples with a point resolution of 2048 for training
and validation, respectively. In the comparison, I use different output resolutions and the
quantitative results are summarized in Table 6.1. Note that the results of FoldNet [188],
SA-Net [180], and PCN [193] are cited from the Completion3D benchmark leaderboard.
Table 6.1 shows that my PCTMA-Net algorithm outperforms the other methods in 6 out of
8 categories with the overall Chamfer distance of 9.480 for N, = 16152.000 and ng,« =
32. The qualitative visualization of completion results shown in Fig. 6.3 indicates that my
approach is able to predict more details. The performance in the quantitative and qualitative
evaluations proves the Transformer encoder and the morphing-atlas decoder’s effectiveness
for predicting and preserving the shape details.

6.4.2 Shape completion on robustness of input resolution

The input resolution can greatly affect the performance of a neural network. In this section,
I will study the robustness of input resolution on the different network structures. I down-
sample the evaluation data set from Completion3D to obtain four levels of input resolutions:
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Figure 6.3: Visualization of completion results on the Completion3D evaluation set.

256, 512, 1024, and 2048. The visualization of these four levels of input resolutions is shown
in Fig. 5.5a. All networks are trained on an input resolution of 2048 and output a fixed size
of 16384.000 points. For point resolutions less than 2048, I follow the principle in PCN [193]
to select points from the input randomly and pad the input cloud to raise the number of points
to 2048. I evaluate these four levels of input resolution on the Completion3D data set. The
quantitative illustration in Fig. 5.5b indicates that my network has the best robustness and
outperforms the other approaches in all four input resolutions experiments.

6.4.3 Shape completion on KITTI data set

For a further study of the application area, I conduct experiments on the KITTI data set [47],
which is collected from real-world Velodyne Lidar scans composed of 2401 highly sparse
point clouds. Note that the KITTI data set does not include the ground truth in a quantitative
evaluation. Therefore, I can only qualitatively visualize the shape completion results. Unlike
other work [168, 185], which trains the network with only the car category in ShapeNet [22]
and then evaluates the KITTI data set, I use the same trained network as in Section 6.4.1 for
evaluation. This evaluation strategy can show the capability of the generalization of one
network. The incomplete point clouds from KITTI have diverse input resolutions and are
highly sparse. I use the same strategy as in Section 6.4.2 to lift the number of points to
2048. Besides, I transform the incomplete point cloud by using the 3D bounding boxes to
get a point cloud that is distributed between [—0.5,0.5]. The qualitative result illustrated
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Figure 6.4: In a the point resolution varies from 256, 512, 1024 to 2048. In b, | compare the proposed approach
against other state-of-the-art approaches on the Completion3D benchmarks. Lower values are better.
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Figure 6.5: Qualitative completion results on the LiDAR scans from KITTI. The incomplete input point cloud is
extracted and normalized from the scene with its 3D bounding box.

in Fig. 6.5 indicates that my approach and PointNetFCAE can generate more detailed shape
information compared to the other methods.

6.4.4 Ablation Studies

In this section, I will study the effectiveness of my designed structure and chosen hyper
parameters. All studies are conducted on the Completion3D data set for consistency. Without
loss of generality and without special instructions, I set Ny, = 10240.000 and ng,,,; = 32 in
the following experiment.

Effect of Transformer encoder

The Transformer encoder is the main core used in PCTMA-Net, which has two hyper param-
eters: the number of encoder layers n.,.,qer and the number of heads h used in the attention
mechanism. In this section, I will study the effect on shape completion by varying different
combinations of these two parameters. I can conclude from Table 6.2, that I can achieve
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Table 6.2: The Chamfer distance (CD) on different hyper parameters in the Transformer encoder.

Nencoder 2 4 6
h 4 8 4 8 4 8
CD (x 104) 10.86 10.41 10.59 10.21 10.69 10.21

Table 6.3: The Chamfer distance (CD) on the number of charts.

Methart 8 32 128

CD (X104) 10.45 10.21 10.11
parameter (x10%) 52.75 93.26 258.73

better shape completion performance with higher numbers of h and n.y.oqge- Taking vari-
ous factors such as the network parameters into consideration, I set these hyper parameters
to h =8 and ngpepger = 4-

Effect of number of charts

The hyper parameter ng,,, is used to control the number of charts defined on a shape. In
this section, I will study the effectiveness of the number of charts. I summarize the results
in Table 6.3. It can be shown, that PCTMA-Net can result in a smaller Chamfer distance
with a greater number of charts. However, the parameters of the network will be increased
correspondingly, which is shown in the second row of Table 6.3.

Effect of grid strategy

In my proposed morphing-atlas decoder, the pointGenNet maps 2D grids to 3D surfaces. In
this section, I will use the plane grid for point generation, which introduces two additional
values. I can either randomly sample the value from [0, 1] or use a grid with a predefined
grid scale and grid size. The evaluation results on different grid strategies are listed in Ta-
ble 6.4. It can be shown, that the mesh grid method shows significantly better performance
in comparison to the randomly sampled grid methods. I further study the effectiveness of the
grid scale by using the same grid size. The results in Table 6.4 show that the mesh grid scale
from 0.05 to 0.5 has a similar performance.

Effect of metrics

Most existing work employs the Chamfer distance as a loss function due to its efficient com-
putation. The earth mover’s distance (EMD) is another option for point clouds with:

1 .
(S, S¢) = @@gg%}; [lx =2l (6.8)
R

where & is the bijection function. In this section, I will study the effect on shape completion
of different training loss functions. The comparison results in Table 6.5 demonstrate, that for
a pure EMD loss function, the shape completion value with the metric of CD has the worst
performance. The utilization of CD and EMD in the loss function can reduce the Chamfer
distance value, and generate a more uniformly distributed point cloud than the pure CD loss
function. As EMD uses the bijection function to force the output to have the same density
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Table 6.4: The Chamfer distance (CD) on different grid types. In Meshgrid (k), k indicates the grid scale.

Grid type Rand grid Meshgird (0.5) Meshgrid (0.05)
CD (x 104) 11.36 10.25 10.21

Table 6.5: The Chamfer distance (CD) on different loss functions.

Loss function EMD CD+EMD CD
CD (x10%  16.12 10.45 10.21

distribution as the ground truth for coping with the linear assignment problem. It hence can
generate a point cloud which is more discriminative to local details. However, EMD is much
more computationally expensive with approximately ©(n?), where n is the number of point
cloud, compared to CD.

Effect of point generator

In this section, I study the effect of different point generators on shape completion, intro-
duced in FoldNet [188], TopNet [168], by attaching them to my Transformer encoder. The
results are summarized in Table 6.6. All of these three networks have improved to some de-
gree by using the Transformer encoder. FoldNet shows an improvement from 19.07 to 13.22,
TopNet improved from 16.36 to 13.49, and the performance of AtlasNet improved from 17.31
to 11.36.

6.5 Conclusion

I propose a novel network named PCTMA-Net for point cloud completion. Through its
encoder-decoder structure, PCTMA-Net can effectively capture features of local regions for
predicting missing shape parts. The utilization of the concept of an atlas further helps the
network to reconstruct a smooth shape with a predefined number of charts. I conducted
extensive experiments on the Completion3D and KITTI data sets to validate my proposed
network structure’s effectiveness. Via the experiments, I can conclude that my approach
outperforms other state-of-the-art approaches on these two large data sets.

Table 6.6: The Chamfer distance (CD) on different point generators. | abbreviate my Encoder as TE and connect
to different algorithm point generators.

Methods TE-FoldNet TE-TopNet TE-AtlasNet
CD (x10%) 13.22 13.49 11.36
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Chapter 7

Gaussian Process Implicit Surface and Bayesian
Optimization based Grasp Planning

Chapter Summary

This chapter proposes a general algorithm that combines analytical grasp planning and Bayesian
optimization. I parameterize the object surface with the Gaussian Process Implicit Surface
for unifying the solving process. Besides, a two-stage optimization procedure is used to fig-
ure out the hand posture and hand finger configuration iteratively. The incorporation of
Bayesian Optimization and alternating direction method of multipliers is further investigated
in the grasp optimization loop. This chapter is a slightly modified version of peer-reviewed
conference paper ©2021 IEEE. Reprinted, with permission, from

* Lin, Jianjie, Rickert, Markus, and Knoll, Alois, “Grasp Planning for Flexible Production
with Small Lot Sizes using Gaussian Process Implicit Surfaces and Bayesian Optimiza-
tion,” IEEE International Conference on Automation Science and Engineering (CASE),
2021

The images created, algorithms designed, data from experiments and text written by me in
this publication will be directly referenced in this chapter. The original version is referred
to 162

Contributions

I took a leading role in the writing and revising of the manuscript in this article. I have
made the following significant personal contributions to the formulation, implementation,
and evaluation of the algorithms in this paper: utilizing the GPIS for describing the grasped
object, designing two-stage optimization procedure. I am the lead developer of the algorithm
implementation, and resposible for experimental evaluation.
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7.1 Introduction

Only a limited number of small and medium-sized enterprises in Europe use robot systems
in production, mainly dealing with small lot sizes and requiring a more flexible production
process. It is, however, very time-consuming and expensive to adapt a robot system to a
new production line, and it requires expert knowledge for deploying such a system, which,
however, is not commonly available in shop floor workers [126]. Intuitive programming is
currently proposed on the market for accelerating programming and remedying the problems
caused by a lack of expert knowledge. Moreover, the service robots use semantic knowledge
in combination with reasoning, and inference [169] to solve the declarative goal. Automat-
ically synthesizing a robot program based on the semantic product, process, and resource
descriptions enable an automatic adaptation to new processes. In this process, the recogni-
tion of objects and parts in the environments is involved, which is typically designed in CAD
systems and described via a boundary representation [127]. Due to the small lot size pro-
duction of SMEs, it is not feasible to train the objects over a long period of time by using the
data-driven approaches. Based on this observation, it will accelerate the deploying time if I
grasp the object firstly in a simulator with the CAD models and then transfer the preplanned
grasp to the real world with a 6D pose estimation [95]. Fig. 3.3 shows an example of such a
grasping use case for a mechanical gearbox together with a point cloud scene captured by the
3D camera sensor attached to the robot. Dexterous robotic grasping planning has been an ac-
tive research subject in the robotic community over the past decades. Grasping is essential in
many areas such as industrial factories and household scenarios. There have many different
kinds of robotic hands, i.e., traditional parallel-jaw grippers, complex multi-fingered hands,
or even vacuum-based end effectors. The goal of grasp planning aims to find a proper con-
tact on the object and an appropriate posture of the hand related to the object to maximize
grasp quality. This is a challenging task, especially for multi-fingered hands, due to different
kinds of object shapes, the complicated geometric relationship between robotic hands and
objects, and the high dimensionality of hand configurations. Grasp planning can be divided
into analytic approaches [9] on the one side and empirical or data-driven approaches on the
other side [13]. The analytic grasp synthesis approach is usually formulated as a constrained
optimization problem over criteria that measure dexterity, equilibrium, and stability and ex-
hibit a certain dynamic behavior. Besides, it requires the analysis of statically-indeterminate
grasps [9] and under-actuated systems. The latter describes hands, in which the number of
the controlled degrees of freedom is fewer than the number of contact forces, therefore fur-
ther increasing the complexity of grasp synergies. One common assumption made in analytic
methods is that precise geometric and physical models are available to the robot. Further-
more, optimizing grasp quality with constraints based on a convex optimization solver such
as SQP can not guarantee finding a good grasp. In contrast to analytic approaches, the em-
pirical or data-driven approaches rely on sampling the grasp candidate either from a data
set or by first learning a grasp quality and then selecting the best by ranking them accord-
ing to some specific metric. In this work, I will study how to optimize the palm pose and
contact point in the same framework by utilizing a global Bayesian optimization solver un-
der consideration constraints. Gaussian Process Implicit Surface Atlas (GPIS-Atlas) is used to
parameterize the diverse shape. Therefore the geometry information can be integrated into
the Bayesian optimization framework. Furthermore, GPIS-Atlas has the capability to describe
the perfect geometry model in the form of a CAD model or the noisy point clouds [181]. In
the work [95], the 6D pose is estimated between an object in the form of CAD model and the
corresponding point clouds taken from an Ensenso Camera. Therefore, for finding an appro-
priate grasp pose for this object, I can directly apply my Bayesian optimization framework
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with the CAD model instead of working on noisy point clouds. After that, I transform the
grasp pose using the 6D pose transformation from [95].

7.2 Related work

Multi-fingered hand grasp planning is still challenging due to the high dimensionality of hand
structure and complex graspable object shapes. Automatic grasp planning is a difficult prob-
lem because of the vast number of possible hand configurations. Several different approaches
have been proposed to find an optimal grasp pose over the past decades. Goldfeder et al. [49]
introduced a database-backed grasp planning, which uses shape matching to identify known
objects in a database with are likely to have similar grasp poses [49]. Ciocarlie et al. pre-
sented [24] Eigengrasp planning defines a subspace of a given hand’s DOF space and utilizes
the Simulated Annealing planner to find an optimized grasp. Miller et al. [107] proposed a
primitive shape-based grasp planning which generates a set of grasps by modeling an object
as a set of shape primitives, such as spheres, cylinders, cones, and boxes. Pelosso et al. [125]
use an approach based on Support Vector Machines that approximate the grasp quality with
a new set of grasp parameters. It considers grasp planning as a regression problem by given
a feature vector, which should be defined heuristically. With the continuous success of deep
learning vision, researchers utilize deep learning, also in combination with reinforcement
learning, to learn a grasp quality directly from an image via large training data sets [61].
Levine et al. [88] used between 6 and 14 robots at any given point in time to collect data in
two months and train a convolutional neural network to predict grasp success for a pick-and-
place task with a parallel-jaw gripper. Mahler et al. [103] proposed a Dex-Net-based deep
learning framework using a parallel-jaw gripper or vacuum-based end effector learn a grasp
policy based on millions of grasp experiments. Kalashnikov et al. [66] introduced a scal-
able self-supervised vision-based reinforcement learning framework to train a deep neural
network Q-function by leveraging over 580k real-world grasp attempts. However, the deep
learning-based algorithm can only take the 2d image as an input, and the trained neural net-
work cannot be easily transferred to another robotic hand configuration. Varley et al. [175]
obtained the geometry representation of grasping objects from point clouds using a 3D-CNN.
Ten et.al [124] is the state of the art 6 DOF grasp planner (GPD). Liang et.al. [92] proposed
an end-to-end PointNetGPD to detect the grasp configuration from a point sets. Mousavian
et al. introduced a 6DOF GraspNet by sampling a set of grasping using a variational autoen-
coder. In addition to deep learning, the Bayesian optimization-based algorithm in [119] can
consider uncertainty in input space to find a safe grasp region by optimizing the grasp qual-
ity. Furthermore, it utilizes unscented transformation-based Bayesian optimization (UBO), a
popular nonlinear approximation method, to explore the safe region. However, UBO consid-
ers only the palm pose optimization without considering the contact point. I present a grasp
planning approach in this work, where I combine Bayesian optimization with an analytical
approach. I use the Grasp Wrench Space (GWS) [43] as grasp quality metric, which calculates
the convex hull over discretized friction cones from the individual contact wrench spaces of
all contacts. Due to the GWS metric’s complexity, I explore the potential of Bayesian optimiza-
tion to optimize this highly-nonlinear grasp quality problem. Since the hand posture (hand
palm pose) and hand configuration can be considered separately because the finger’s con-
tact points on the object surface only depend on the hand posture and forward kinematics of
hand joints, I propose a dual-stage approach: In the first stage, I optimize the hand palm pose
without considering hand configuration, and in the second stage, I use the result of the first
stage and optimize the contact points on the object surface. My approach optimizes a hand
palm pose T € SE(3) regarding its grasp quality. For this, I present the rotation in hyperspher-
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ical coordinates instead of a rotation matrix or quaternion. I further parameterize the object
surface as a Gaussian Process Implicit Surface (GPIS) [181] and use a k-D tree to find the
closest point between the current palm pose and object surface. Based on GPIS, I can further
compute a chart C and the corresponding normal vector N, on this nearest point. Utilizing
this chart, I can make a local adaption of the palm pose to find a better location concerning
the object surface. In the second stage, I convert the problem of solving constraints between
the contact points and the object surface to querying the GPIS given a known contact point.
Since the standard framework of Bayesian optimization cannot solve this constraint optimiza-
tion problem, I use the Alternating Direction Method of Multipliers (ADMM) [17] to assist
the contact point optimization by decomposing the whole problem into a set of subproblems.

7.3 Problem Formulation

In general, to define a grasp, I need two sets of variables: the intrinsic variables to define
the hand degrees of freedom (DOF) and the extrinsic variables to define the hand’s position
relative to the target object. Grasp planning is used to find the optimized contact points
and an associated hand configuration to maximize grasp quality. The contact point on the
object surface is denoted as ¢ =[c;,--, ¢, ], where ¢; € SE(3), and n is the number of fingers.
I will assume that contact happens on the fingertip, and one finger only has one contact
on the object surface 0. The finger joint of the hand configuration is described as q =
(41, ,qn], Wwhere m is the DOF. Note that some finger joints are under-actuated (passive
joint). Therefore the number of finger joints is not equal to the DOF. The pose of the palm is
represented by Ty, (R, p). Mathematically, the optimized problem can be formulated as:

max Q(C, q, Tpalm) (7 13)

c’q’Tpalm
s.t. ¢= FKpalmZC(q: Tpahn) eO (7.1b)
Qmin,i <q; = Qmax,i> i=1--m, (7.10)

where Q(c, q, Tp,im) is the GWS, which is a 6-dimensional convex polyhedron, the epsilon and
volume quality metric introduced by Ferrari and Canny [43]. The epsilon quality is defined
as the minimum distance from the origin to any of the hyperplanes defining the boundary
of the GWS. In contrast, the volume quality is the volume of GWS. FKpjns. is the forward
kinematics from the palm pose to the contact points. The formulation (7.1b) constrains all
contact points on the object surface O. Furthermore, a contact is defined as any point where
two bodies are separated by less than the contact threshold €., but not interpenetrating.
In this work, the object surface will be parameterized by using GPIS to easily check if the
contact point satisfies the constraint (7.1b). The problem in (7.1) is a high-dimensional
nonlinear constraint problem, besides the gradient of the objective function and constraints
cannot be analytically computed. Further, the convex optimization solver can only find a
local minimum. Based on those observations, Bayesian optimization is applied to find a near-
global optimization solution for these problems. Since the palm pose and contact point are
nearly independent, I can switch between optimizing the palm pose and the contact point.
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7.4 Bayesian Optimization for Grasp Planning

Bayesian optimization is a global optimization method, which can be used to solve the prob-
lem

Xoptimized = glea/‘)ffobj(x) P (7.2)

where the objective function f;,(x) is a black-box function or a function which is expensive
to evaluate and X C R is a bounded domain. I use the Latin Hypercube Sampling (LHS) to
get the initial sampling, and save it as data set Dy.,_; = {(xo, Y0) s+ (Xe_1, yt_l)}, and learn
a Gaussian process model (GP). The essential step is to choose an appropriate acquisition
function. Here, I use Expected Improvement [65], which is defined as

EI(x) = E[ max ( fou;(%) — for(x*),0)], (7.3)

where E is the expectation function, fu,;(x") is the best observation with the location x* so
far. The EI(x) can be evaluated analytically under the GP model as

EI(x) = 1(0(x))((u(0) — fo(x") — £)2(2) + 0 () (2)), (7.4)
with Z = ﬂ(a(x))(%ﬁ), where 1(x) is the indicator function that is equal to 0 for

x < 0 and equal to 1 otherwise. The mean u(x) and standard deviation o(x) are defined
in the GP posterior at x, and ® and ¢ are the CDF (cumulative distribution function) and
PDF (probability density function) of the standard normal distribution. & is a parameter
which balances between the exploration and exploitation. The objective function in my al-
gorithm for optimizing the grasp contact points is grasp quality which consist of epsilon and
volume quality.

fobj(x) = (ﬂ(qe)qe + Aqvolume) 5 (7.5)

where A is a predefined parameter. The Matérn covariance function (v = 5/2) is chosen
as kernel function for the Gaussian process model in the Bayesian optimization and can be

described as:
2
Ks/5(d) = o? (1 + @ + i) exp (—@) (7.6)
p  3p? P

with hyper parameter o and length-scale p. The parameter d is the distance between two
query points. Since I need to optimize the palm pose, which is interpreted as a transfor-
mation. I define the distance between two transformation matrices as Ay = ||p; —p2ll +
[ log(RIR,)I|, /v/2, where the term ||log(R]Ry)||, /¥/2 is the geodesic distance defined in the
Riemann manifold. To optimize the hyperparameter, the algorithm RProp (Resilient Prop-
agation) [12] is applied, a popular gradient descent algorithm that only uses the signs of
gradients to compute updates and can dynamically adapt the step size for each weight inde-
pendently.

The object surface in my algorithm is described as a GPIS and every point lying on the
surface in the set X, should satisfy the equality constraints X, = {x eR?: fops(x) = 0}. Fur-
thermore, the tangent space of each point on these surface will be computed by using

vfgpls(xi) 0
B[]

where ®,(x;) € R*>*? is the basis of tangent space at the location x and V fgpis(x;) € R®*! is the
gradient of implicit function for x. By using ®;(x), I can map x; to x; with x! = x; + ®;(x;) u;,
where u; € R**! is a point in the local coordinate on this chart. The sample value x| is shown

as black dots in Fig. 7.1a, the tangent vector on the chart is shown as red and green arrows,
while the blue arrow shows the normal vector.
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7.4.1 Hand Palm Pose Optimization (HPP-Opt)

To optimize the palm pose, I need to take the transformation Ty, (R, p) € SE(3) into account,
where the rotation matrix R can be interpreted by using a unit quaternion q. Since the
unit quaternion manifold My is an Riemannian manifold, by virtual equality of My and
4D unit hypersphere S = {x € R®"! : ||x|| = 1}, the quaternion q can be represented in
the hyperspherical coordinates with ¢,v, 0 where ¢, range over [0, ] and 6 ranges over
[0,27). Employing hyperspherical coordinates, the constraints of q disappear. Therefore,
the palm pose optimization is converted to an unconstrained optimization, and it can be
mathematically formulated as

max fobj(q’ Tpalm(R(¢: TP, 9)’ tpalm)) . (78)
¢,9,0,thaim

To reduce the search space, I constrain the palm pose between two bounding boxes, rep-
resented by an axis-aligned minimum bounding box (AABB), denoted as Xpapp; with i €
{1, 2}. The smaller one is shown as an orange cube in Fig. 7.1a. I define the variable
Xpaim = [P> ¢, Y, 01" € R®!. Sampling a point between two bounding box cannot be formu-
lated mathematically, therefore, I use an ellipsoid &, = (ay, by, ¢y, ag, by, ¢) to approximate
Xaapp,1 and another ellipsoid &, = (ay, by, ¢3,ag, by, ¢y) to approximate the bigger bounding
box Xjapp,2- As the result, the palm pose sample t = [t,, t,, t,] can be formulated as

t, =ag+rxa;sin(0)cos(¢) (7.9a)
ty = by + 1 bysin(0)sin(¢) (7.9b)
t, =co+r1*cycos(6), (7.9¢)
where mg = m, m; = M: m € {a, b,c}, and k € {x,y,z}. The parameter r is a

random variable which ranges over [1, .« ], Where

1
Fmax = , —— . (7.10)
(8)cos(¢) 2 by sin(0) sin(¢) 2 (6))2
\J (a1 sin| azcos ) +( 1 sinl bzsm ) + (cl czc)zs )
The parameter 6 ranges over [0, 7] and 0 ranges over [0,27). The two ellipsoids are shown
in Fig 7.1b. The problem in (7.8) can be solved by using Bayesian optimization, as shown in
Alg. 2. The solution found by Bayesian optimization is based on the probability of best grasp
distribution. To improve the performance, a local adaption based on GPIS-Atlas is proposed.

GPIS-Atlas based local adaption

The first step is to find the closest point from the current palm pose to the object using k-D tree
algorithm. Assuming I found the pose t s, @ chart C; with the center point t . is created

0.1
0.05

015 o1 -0.05
0.05 01 01 yIm]

Figure 7.1: Visualization of a Tangent space on a mug surface and b sampling for initial palm pose.
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Algorithm 2 Palm Pose Optimization HPP-Opt
Require: ng,, Mjer
1: Get LHS Do,y = {(X0, ¥0).- - -» (-1, ¥e-1)}
Fit the Gaussian process Model p( yIx, DO:t—l)
Optimized hyper Parameter Rrop
for t =1 to n,, do
xpalm,t = argmax EI (X|D0:t—1)

X
Find a collision-free contact and get q, X,,im
Gg= GPISAﬂaS(fGPIS’ Xpalm)

{gbest(xpalm,t, q), ymax,t } = argénaxfobj (q, Xpalm)

9: Add the new sample D,., = {DO;t_l, (Xpaim, ¢ ymax,[)}
10: update Gaussian process model (GP)
11: end for
12: x;alm = argernax fobj (X;)
X;€Xo:¢

. +
13: return xpalm

by solving (7.7). I denoted the outward unit normal vector of this chart C; as N jyes and the
robot hand posture is designed to orient to the direction of a chart normal N.. I apply the
following approaches to get the pose T. Assuming that the normal vector of hand in the initial
state points to the z-axis n,, the hand is currently in local frame 7, with rotation matrix WRH1
with respect to the world frame W. The next hand configuration should point to the normal
direction N¢ in local frame #,, therefore the corresponding rotation matrix WRHC, can be
interpreted in angle-axis representation [n,y;s, O.xis] With 0,4, = atan2(||n, x N¢||,n, -INC) and
NMais = N, X Ne. As a result, I can transform the local frame #; to #., with the rotation
transformation as "Ry, ="R;, "Ry . Furthermore, the translation of the palm pose is
defined as tym = toosest + ANiosest- This means that the new palm pose Xp,i, is parallel to
the chart C; with the distance ||A||, as shown in Fig. 7.1a. The parameter is optimized so that
the hand is not colliding with the object. The whole transformation is defined as Ty, =
T(L, thaim) T(WRHci,O) T(R,,0). The transformation T(R,,0) is used to further guarantee no
collision. Furthermore, I can define a point set on the chart C; as A, and randomly choose a
Sample tsau‘nple € XCi as Ljogest-

7.4.2 ADMM-Based Contact Point Optimization (ADMM-CP-Opt)

The contact point optimization is used to find a set of desired joints q for each finger and the
contact points ¢ on the object surface. It can be described as

max - fob;(Q, Tpaim) (7.11a)
s.t.  ¢=FK(q, Tpaim), (7.11b)
Ifapis(er)l < €, k=1---n (7.11¢)
dx € [dminj> dmax k), ~ k=1---m, (7.11d)

where FK calculates the forward kinematics, and n represents the number of contact points
on the object surface. The parameter m is the DOF of a hand. A contact point is represented
as a transformation T.. However, each finger has fewer joints than 6, which results in an un-
derestimated system. Consequently, I cannot directly calculate the inverse kinematics based
on the contact points, and it is not possible to arbitrarily move the fingertip on the object
surface. To relax the constraints, I will not fix the palm pose, but constrain the palm pose on
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Algorithm 3 GPISAtlas() function for local adaption

Require: fepis, Xpaim,current
1: Sett=x palmcurrent(o 2)

2: Get Celosest = KD(tpalm,current)
3: SetG={}, A <0, 0, <0, Aax> MNeeed
4: Compute Chart C; and N, Dy equation 7.7
5: for n = 0 to ngq do
6: t;losest = tlosest T vi(tclosest)urand
7: while C doheckCollsion
8: 1:palrn closest + ANclosest
9: if A <A, then
10: Tpalm = Tl(I: tpalm)TZ(WRHci ’ 0)
11: A=A+ A,
12: else
13: R, = Angleaxis(0, 0,1, 9,)
14: 0, — 0, +Ag,
15: Tpalm = Tl(I: tpalm)TZ(WRHci ) O)TS (Rz: 0)
16: end if
17: end while
18: Execute the Grasp, get hand configuration q
19: g = g u {Xpalm’ q}
20: end for
21: return G

the chart Cyam ;, Which is parallel to chart C; on the object surface, therefore Ty, € Cpaimi-
Since the equality constraints cannot be solved by using Bayesian optimization, the Alternat-
ing Direction Method of Multipliers (ADMM) based Bayesian optimization [17] is utilized to
solve the contact pose optimization problem (7.11) with the new formulation

I(rllea];(fobj(qa Tpalm) + gc(q) Tpalm) > (7 12)

with gc(q: Tpalm) = .U'Z?:() ci(q; Tpalm)2 and ci(q: Tpalm) = ‘fGPIS(FKi(q; Tpalm(R: P)))‘ — €. In
order to solve (7.12), ADMM introduces an auxiliary variable z, resulting in
g;zé)é fobj(qa Tpalm) + gc(zz Tpahn) (7 133)
st. q=z. (7.13b)

In the following, I neglect Ty, in foh; and g.. By applying Augmented Lagrangian function
for equation (7.13), a new objective function is formulated as

2
£p(@2Y) = fu(@ +g:2) + 5 la—z+ | (7.14)
2
Therefore, I can solve f,,,(q) and g.(z) by alternating over the following sub problems:
e
q" = argmax foy(@) + 5 Clla—z+ | (7.15a)
2
P v
2! = argmax g,(2) + - [lg"" —z+ | (7.15b)
z 2 P 2
v =y +p(g =2, (7.15¢)

The optimal condition is defined as ||q**! —z"*1||, < eP™al and ||p(zF" —2Zb)||, < e,
where eP™a! and edUal are two predefined optimality tolerances. Each sub problem is solved
by using Bayesian optimization. The algorithm is summarized in Alg. 4.



7.5 Experiment evaluation 109

Algorithm 4 ADMM-Based Contact Point Optimization (ADMM-CP-Opt)
Require: fGPISJ Tpalm(R’ tpalm)

1: Compute Chart C; and get ®;(t,,,) solving equation 7.7

2: forn = 0 to ny.q do

3: t'= tpalm + (I)i(tpalm)urand

4 for iter = 0 to max;,,, do
k 2

5 SOIVG qk+1 = Boq(fobj(q) + % ”q_ Zk + %”22)
6: Solve 21 =BO, (g.(2) + £ g —z+ %)
7 Update yk+1 — yk + p(qk+1 _ Zk+1)

8: Get ¢, :”'qur1 — 2|, €3 = [lp(ZF* — 29,
9: if e; < Pl and e, < €9 then break
10: end if
11: yk (_yk+1’zk (_Zk+1
12: Update BOy, BO,
13: end for
14: end for

15: return ¢, T (R, t)

7.4.3 Integration of HPP-Opt and ADMM-CP-Opt

The HPP-Opt and ADMM-CP-Opt are in detail introduced in the previous section. This section
will integrate both optimizations in one framework and aim to find a near-global optimized
grasp. The integration process is summarized in Alg. 5. Since HPP-Opt does not consider
the hand finger configuration and the grasp is executed relying on the function of AutoGrasp
from Graspit! [108], I executed ADMM-CP-Opt by using the result of HPP-Opt. The final
solution combines the palm pose from HPP-Opt and the hand finger from ADMM-CP-Opt. It
can seem that the ADMM-CP-Opt hat at least the one solution as HPP-Opt.

7.5 Experiment evaluation

Simulation results are introduced in this section to verify the effectiveness of my algorithm.
The experiment is executed in the platform Graspit! [108] by using Barret hand Barret hand
hat three fingers, finger one hat two joints, where the last joint is under-actuated. Finger two
and three have one common joint. Each finger has three joints where both fingers have a
passive joint. Therefore the Barret hand fingers have totaled 4 DOFs. The hand palm pose is
denoted as a 6-dimensional vector. Therefore the whole Barret hand system has totaled 10
DOFs. The experiment’s graspable object is stored in the mesh file, such as one example: mug
The GPIS describes the object by using the mesh triangle verities as the input. My approach
achieves a 95% success rate on various commonly used objects with diverse appearances,
scales, and weights compared to the other algorithm. All evaluations were performed on a
laptop with a 2.600 GHz Intel Core i7-6700HQ and 16.000 GB of RAM.

7.5.1 Experiment on HPP-Opt

In this section, the algorithm HPP-Opt is compared with other grasp planning. The first grasp
planning approach is a simulated annealing grasp planner using an auto grasp quality en-
ergy as a search strategy, which behaves like a random grasp planning. The second approach
uses an EigenGrasp planner combined with a simulated annealing solver to guide potential
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Algorithm 5 Integration of HPP-Opt and ADMM-CP-Opt
Require: ngip,, Nier

1: Get LHS Dy, ; = {(XO,J’O),---,(Xrﬂ’J’r—l)}

2: Fit the Gaussian process Model p (y|x, Dy.;—1)

3: Optimized hyper Parameter Rrop

4: for t=1 to ny,, do
Xpalm,r — argmax EI (X|D0:t—1)

X
Find an no collision contact, and get q, X,
G, =GPISAtlas (fepis, Xpaim)
{gbest(xpalm,t > (l), ymax,t} = arggmaxfobj (Cl, Xpalm)

1
9: gZ(X;)alm,[’ q/) = Admm'cp'opt(fGPIS5 Tpalm(xpalm,t ))
10: ylfnax,t = fObj(q/’ X{)alm)
11: Add new sample Dy, = {Dy._1, (x;alm’t,yr’nax’[)}
12: update Gaussian process model (GP)
13: end for

14: x;alm = argmax fo,; (x;)
X; €Xo:¢

. +
15: return Xpalm

Table 7.1: Evaluation of different grasp planning algorithm for all data sets. The results is an average of first 20
best Grasp Candidates. A greater value of epsilon and volume means a more stable grasp. The best result is
highlighted in green

Algorithms
random Alg EigenGrasp HPP-Opt ADMM-CP-Opt
quality qe Qvolume qe volume qe Qvolume de Qvolume
Mug 0 9.5352e-05 1.7281e-04 7.1981e-04 0.0555 0.0097 0.06 0.0161
Flask 0 3.9603e-05 4.9050e-04 2.0142e-04 0.0107 0.0014 0.0107 0.0026
Phone 0 3.9209e-05 0.0017 4.6942e-04 0.0142 0.0035 0.0142 0.0042
Sphere 0.0042 0.0019 0 0.0011 0.0495 0.0121 0.050 0.0279

Bishop 0 8.1935e-05 0.0012 9.7708e-05 0.0094 0.0011 0.0094 0.0016

quality energy. The Bayesian optimization and simulated annealing both are global optimiza-
tion solvers, where the latter one is a probabilistic technique for approximating the global
optimum of a given function. I compare the algorithms with different kinds of shapes. The
experiment is conducted in a fixed time of 20 seconds, and I average the first 20 best grasp
candidates. The best grasp candidate of mug and flask from whole grasp candidates are vi-
sualized in Fig. 7.2. The initial state of Barret hand and object are randomly defined, shown
in Fig. 7.2a and 7.2e. It can be seen that the hand configuration selected by random grasp
planning is skewed to the object, and contact points on the surface are not properly, and the
resulting quality is also worse. The results of EigenGrasp show a better solution where the
palm pose is trying to parallel to the object surface. The palm pose selected by HPP-Opt is
more reasonable in comparison to the other two algorithms. I show the quantitative result
is in table (7.1). In different kinds of geometry shapes, my algorithm can achieve a much
more stable grasp than other algorithms. The epsilon quality achieved by the first approach
is almost zero besides in the case of a sphere. The epsilon quality by Eigen grasps a minimal
value. On average, the epsilon quality of HPP-Opt is 28.5 times greater than Eigen grasp’s ep-
silon quality. And the HPP-Opt’s volume quality is 32.1417 times greater than Eigen Grasp’s
volume quality. Furthermore, I show the best grasp candidate from the first 20 best grasp
candidates in Table 7.2.
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(a) Mug: Initial (b) Random Alg (c) EigenGrasp

(e) Flask: Initial (f) Random Alg (9) EigenGrasp (h) HPP-Opt

Figure 7.2: Comparison of different Grasp planning Algorithm examples for different objects with the multi-fingered
hand

7.5.2 Experiment of integration HPP-Opt and ADMM-CP-Opt

In section 7.5.1, hand palm pose is optimized based on the Bayesian optimization algorithm
combing with local adaption, and hand finger configuration is set based on the function of
AutoGrasp from Graspit [108]. The principle of AutoGrasp is to close each hand finger DOF at
a rate equal to a predefined speed factor multiple with its default velocity, and the movement
is stopped at the contact point. Therefore ADMM-CP-Opt is used to assist the HPP-Opt to
find a better hand finger configuration. The comparison result is visualized in Fig. 7.3. In
the case (7.3a), fingers two and three are too close and grasp the bottom of the flask. As a
consequence, the resulting triangle has a small internal angle. Applying ADMM-CP-Opt splits
the fingers two and three by maximizing epsilon and volume quality and makes the resulting
triangle closer to the equilateral triangle with a more stable grasp. The same improvement
happen in the Fig. 7.3b - Fig. 7.3f as well. The solution founded by ADMM-CP-Opt is trying to

Table 7.2: The best grasp from 20 grasp candidates. The best result is highlighted in green

Algorithms
random Alg EigenGrasp HPP-opt ADMM-CP-Opt
quahty qe Qvolume qe Qvolume qe Qvolume 9e Qvolume
Mug 0 0.0012 0.0065 0.0011 0.1039 0.0151 0.1158 0.0340
Flask 0 0.0004 0.0130 0.0031 0.0449 0.0018 0.0452 0.0019

Phone 0 0.0004 0.0310 0.0007 0.0208 0.0198 0.0335 0.0006
Sphere 0.0844 0.0301 0 0.0086 0.0914 0.0362 0.1676 0.0728
Bishop 0 0.0012 0.0164 0.0004 0.0390 0.0020 0.0444 0.0045
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make the resulting triangle as closer as the equilateral triangle. In Table 7.1, ADMM-CP-Opt
improves the volume quality of HPP-Opt. And In table 7.2, ADMM-CP-Opt shows a better
grasp than HPP-Opt in most cases under epsilon and volume quality metrics.

®

Figure 7.3: The comparison result of HPP-Opt and ADMM-CP-Opt. In each sub figure, the left one is result of
HPP-Opt, and the right one is improved by using ADMM-CP-Opt

7.6 Conclusion

I propose a new algorithm for grasp planning with multi-fingered hands by optimizing the
hand palm pose and hand finger configuration separately. Using a global Bayesian optimiza-
tion solver, no initial configuration is required, which shows superiority over the convex opti-
mization solver. I propose a dual-stage optimization process by considering the independence
of the hand palm pose and finger configuration. In the first stage, I utilize a GPIS to describe
the graspable object so that collision checking of contact points can be integrated into the
optimization framework. Furthermore, the chart on the object surface can be computed us-
ing the GPIS, which can be used to explore the local information of objects. Two ellipsoids
are used to define the palm pose constraints domain. Relying on the first stage result, I apply
an ADMM based Bayesian optimization to optimize the contact points. The whole process
will switch between HPP-Opt and ADMM-CP-Opt. I collect the best 20 Grasps, and the final
grasp is selected by ranking the grasp candidates under consideration of epsilon and volume
quality. In this work, I describe only the object in GPIS. In future work, I can describe the
hand part into GPIS so that the collision checking can be converted to a problem by querying
the distance between two surfaces. Besides, the robot arm is not considered in the grasping
scenario. It will be interesting to integrate the constraints of robot arm manipulability in the
objective function.



Chapter 8

Point Transformer with Lie Algebra Grasp Repre-
sentation for an End-to-End 6-DOF Grasp Detection

Chapter Summary

With the recent massive progress in the 6-DOF Grasp learning network, grasp selection for
unseens objects attracts a lot of attention. However, most of the existing approaches consist
of a complex sequence pipeline for generating the potential Grasp. I propose an end-to-end
grasp detection network in this work to create a diverse and accurate 6-DOF grasp posture
based on pure point clouds. I adopt the hierarchical PointNet++ with a skip-connection
point transformer encoder block to extract contextual local region point features, called
LiePFormer-GraspNet, that efficiently generates a distribution of 6-DoF parallel-jaw grasps
directly from a pure point cloud. Furthermore, I introduce two different grasp detection loss
functions to enable a continuously differentiable property for the network. These two loss
functions give the neural network the ability to generalize to unseen objects, like generators.
Moreover, I train this GraspNet with the synthesized grasp data set ACRONYM containing 17
million parallel-jaw grasps and generalize well with an actual scanned YCB data set, which
contains 77 objects. Finally, I conducted experiments in the PyBullet simulator. As a result, I
demonstrate that my proposed grasp detection network can outperform most state-of-the-art
approaches regarding the grasp success rate.

113
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Figure 8.1: The visualization of the overall network pipeline. On the left side, one object from ACRONYM [38] is
randomly chosen for training the LiePFormer-GraspNet and outputs diverse grasp configurations and grasp quality
for regressing. A point cloud is taken for generating the grasping posture at the inference phase on the right side.
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8.1 Introduction

Grasp detection is an essential task in robotic manipulation, especially in unstructured envi-
ronments such as warehouses or households. Analytical-based grasp approaches can achieve
a high grasp quality when provided with an accurate object model [97]. Nevertheless, it is
still difficult to generalize to unseen objects and most approaches are limited to simulations.
Data-driven approaches, especially machine-learning tools, can complement analytical-based
grasp approaches to significantly reduce the required amount of information of object models.
Most recent work represents a grasped object as an RGB image, so that the convolutional-
based network can be exploited to generate the grasp configurations. These works are clas-
sified as 3/4-DOF (degree of freedom) grasping and constrain the gripper vertically to the
objects (top-down grasp). This type of grasping can dramatically simplify the pick and place
task problem. However, the constraints nature of 3/4-DOF reduces the potential to integrate
motion planning, where motion planning algorithms try to explore all possible directions to
generate a good motion trajectory. This limitation inspired researchers to study a more gen-
eral approach (6-DOF grasp) [92, 110, 124, 137], enabling a grasp in an arbitrary direction.
The proposed approaches in [92, 124] sample the grasp configuration in terms of the region
of interest (ROI) and evaluate each sampled grasp configuration separately. However, the
whole process is time-consuming, as the number of generated grasp configurations increases.
In [110, 111], the variational auto-encoder (VAE) approach with an evaluation network is
introduced for generating diverse grasp configurations. This VAE replaces the heuristic ge-
ometry sampler in [92, 124], which can significantly simplify the generation process. An
evaluation network will further refine the candidate grasp configuration. I classify such ap-
proaches in [110, 111] as a two-stage approach. For further simplifying the grasp detection
algorithm, [62, 117, 137] proposed a one-stage strategy, which directly outputs the grasp
quality and grasp configuration at the same time. The proposed approaches in [117, 137]
consider the grasp detection problem as a one-to-one pose regression, heuristically selecting
the ground truth grasp configurations. The coarse-to-fine approach introduced in [62] takes a
step further by considering the grasp detection as a one-to-multiple pose regression problem
and requires a manual quantization of the grasp orientation for refinement.

In this work, I follow the one-to-one grasp pose regression strategy proposed in [117, 137],
since the quantized orientation refinement is not restricted to the deep learning framework.
I believe there is an infinite number of grasp configurations for an object that can grasp an
object and that the similarity of candidate grasp configuration and ground truth depends
on the distance between two grasp points. Based on this assumption, I propose the grasp
quality loss function, which obeys the Gaussian distribution. Furthermore, most related work
represents the orientation via Euler angles and later converts it to a rotation matrix. This
conversion is shown to be discontinuous. In addition, translation and rotation regression loss
are considered separately from each other. I utilize Lie algebra for representing a transforma-
tion matrix to overcome the discontinuous gradient problem and integrate the rotation and
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translation loss function into one. To generate diverse grasp configurations, I downsample
the point cloud into a predefined number of points and consider each downsampled point
as a grasp point. The grasp configuration is generated in terms of its corresponding grasp
point. My proposed 6-DOF grasp detection algorithm follows the deep learning framework.
It is trained with the synthetic data set ACRONYM [38] and evaluated with the scanned YCB
data set [20], where the data was taken with a commodity depth camera and saved as a
partial point cloud. I do not specify the object category for training. Instead, I utilize the
proposed network for the generalization of unseen objects. I reference the grasp network
as LiePFormer-GraspNet for two reasons. The first one is that I modify the hierarchically
PointNet+ + with a stacked skip-connected point transformer encoder as the backbone. Two
separated MLP based networks are then used to predict the grasp quality and grasp config-
uration, respectively. The second reason is that the proposed network can directly output
the Lie algebra vector for representing the grasping posture. I rank the grasp quality at the
inference phase and select the highest grasp quality as the final candidate. Besides, I follow
the concept of Grasplt! [108] by moving the potential grasp configuration in the approach
direction until the gripper contacts the object. The overall structure of the network process
is illustrated in Fig. 8.1.

8.2 Related Work

Grasp selection or grasp estimation is used to estimate the grasp posture in the world coordi-
nate given the input sensor data, where the data can be image or point cloud. I can roughly
categorize the grasp selection approaches into analytical-based and data-driven based. A
common assumption in the analytical based grasp approach [9, 116] is that precise geomet-
ric and physical models of an object are available to the robot. In a large-scale industrial
application, the objects are typically modeled and available in CAD. However, in the un-
known scenario environment, such an assumption cannot be easily met. Moreover, surface
properties or friction parameters are also essential for the analytical-based approaches. Sev-
eral methods have tried to address these problems, such as in [194], where the author used
a particle filter for an estimate of the surface parameter. In previous work [97], the authors
proposed a novel approach with the combination of Gaussian Process implicit surfaces and
Bayesian optimization for computing a grasp configuration, which can exploit the GPIS to
model the object with noise implicitly,. However, the approaches mentioned above are still
limited to simulation and also error-prone.

The success of deep learning inspired researchers to exploit neural network structures
for grasp detection. I can roughly categorize the deep learning-based grasp approaches
into 2D planar grasp and 6-DOF grasp. In the 2D planer grasp, the researcher utilized a
five-dimensional vector for presenting robotic grasps posture [63, 87], which are rectan-
gles with a position, orientation and size: (x,y,0,h,w). In the deep learning framework,
three ways are typically applied for obtaining the oriented rectangle-based grasp configura-
tion: classification-based [87], regression-based [80], and detection-based approaches [141].
However, the 2D planer grasp restricts the grasp in the direction of top-down. The 6-DOF
grasp provides more possibilities to interact with the objects and considers the flexibility of
the robotic manipulator in an environment. Grasp Pose Detection (GPD) proposed in [124]
samples diverse candidate grasps around the region of interest (ROI). The generated grasp
posture is then fed into an adopted CNN, which is classified from the perspective of grasp
score. The PointNetGPD [92] considers the 3D geometry in a different way, which takes the
point cloud directly as input for PointNet to learn a grasp quality network. The geometry-
based grasp sampler is critical for these two approaches. In [110], an adopted variational
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Figure 8.2: The overall structure of LiePFormer-GraspNet. The point cloud is first fed with a PointNet++ for ex-
tracting the point feature. Inside the set abstraction, the feature is provided to a skip-connected point transformers
encoder for learning the semantic feature with the multi-head attention mechanism. The final contextual global
feature will be separated into two MLP networks to learn the Lie algebra-based grasp representation and the
Gaussian distributed-based Grasp quality.

Auto-Encoder (VAE) is proposed to train a grasp sampler for generating diverse sets of grasps
and the gradient of the evaluation network is utilized to refine the generated grasp. Fur-
thermore, an improved version of 6-DOF GraspNet is proposed in [111] by introducing a
learned collision checker conditioned on the gripper information and the raw point cloud
of the scene. Contact-GraspNet introduced in [166] reduces the dimensionality of grasp
representation to 4-DOF for facilitating the learning process. In contrast to the two-stage
approaches, a single-shot strategy is proposed in [137] to regress the grasp configuration by
using PointNet+ +. With the same concept, PointNet+ +Grasp is introduced in [117], which
can directly predict the poses, categories, and scores of all the grasps. These two approaches
consider grasp detection as a regression and classification problem, reducing the diversity of
grasp distribution.

8.3 Algorithm

8.3.1 Grasp Problem Formulation

Given the point cloud of an object in Cartesian world coordinates, the purpose of the LiePFormer-
GraspNet is to find a set of possible 6-DOF grasp configurations for picking up the object with

a parallel-jaw gripper from arbitrary direction. I describe the grasp configuration as g = [¢, T],
illustrated in Fig. 8.3b. The grasp quality is denoted as ¢, and the grasp pose is defined as

a transformation matrix. In contrast to most grasp detection networks, which represent the
grasp pose as (x,y,z,7,, ry, ry) € R®, I formulate the grasp transformation matrix using Lie
algebra se(3) € R®. Therefore, the grasp configuration in this work is denoted as g = [c, V]
with v = [t¥,w"]"T € R®, which is a 6-dimensional vector of coordinates in the Lie alge-
bra se(3). The se(3) v comprises two separate 3-dimensional vectors: w determines the rota-
tion and t the translation.

8.3.2 Network Structure Design

Similar to most deep learning-based grasp network structures, I explore PointNet++ as my
main skeleton to extract the point features. To enhance the capability of PointNet++, I mod-
ify its set abstraction structure by integrating a skip-connection point transformer encoder
block [176]. The point transformer encoder [99, 195] is shown to have a strong capability
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to attend to some important features. Furthermore, the point transformer encoder structure
with a skip connection for aggregating the feature can propagate larger gradients to initial
layers. These layers can learn as fast as the final layers, giving us the ability to train deeper
networks. The main benefit of using the hierarchically skip-connection transformer encoder
is to learn an attention map between the point feature after the furthest point sampling [134],
which is originally aggregated only using the max pooling and neglects the geometry rela-
tionship within the features. In addition, the attention mechanism is shown to be invariant
to permutations and is therefore useful to the point cloud application. Furthermore, I follow
the idea from [52], which replaces the self-attention with an offset-attention to enhance the
transformer encoder. The offset-attention originates from Graph convolution networks [18],
which show the benefits of using a Laplacian matrix L. = D —E to replace the adjacency ma-
trix E, where D is the diagonal degree matrix. After extracting the network’s main skeleton,
two additional branches are deployed to compute the grasp quality and grasp configuration
separately. These two branches are composed of MLP layers for regression. Here, the grasp
quality in the ground truth is normalized between [0, 1]. I use the sigmoid operator instead of
softmax for regression since softmax is suitable for predicting the probability. Finally, the net-
work is fed with a point cloud with the size of R2°°°*3 and predicts 256 grasp configurations
to make sure the inference fits in the GPU memory.

8.3.3 Grasp Loss Design

I follow the same strategy as [137] to consider the grasp detection as a task of grasp pose
and quality regression. As shown in Fig. 8.2, I simultaneously predict the grasp quality and
grasp configuration with two MLPs.

Gaussian-based Grasp Quality Loss

I formulate the prediction of grasp quality as a regression problem. In [62], the authors
used the focal loss for computing the classification loss by assigning each subsample grasp
point with a predefined score by checking if the grasp point is enclosed by the gripper using
the ground truth grasp posture. In this work, I consider the assignment of grasp quality
from another perspective. The assumption here should be made firstly that a predicted grasp
quality follows the Gaussian distribution. The closer to the assigned ground truth grasp
configuration, the higher the grasp quality. To regress the point-wise 6-DoF grasp pose, I
assume each point q in the point set has its best grasp configuration g, corresponding to the
ground truth. In contrast to most work, which considers the regression unique and fixed, I use
the Gaussian distributed-based grasp quality to enlarge the grasp configuration by allowing
the predicted point to slightly deviate from the ground truth. The point is denoted as grasp
center g, as assumed in most works. Therefore, for each selected point, I use the k-nearest
neighbors (KNN) to find the nearest grasp point inside the ground truth grasp point set, then
I can compute the ground truth grasp quality at this grasp point. It can be formulated in the
following:

llg; — q,ll?
e

1
Lscore = EZ”Cj,p_Cj,gHZJ (8.1b)
J

Cjg = exp( ) (8.1a)

where g; is the selected grasp point, and qg is the corresponding grasp point, which is chosen
by using the KNN. The score c; , is the computed grasp quality at the grasp point q;, where ¢; ,
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Figure 8.3: Visualization of the parallel Franka Emika gripper setting: (a) a simplified parallel gripper (blue line)
with its Franka Emika gripper collision mesh, (b) Franka Emika grasp configuration with respect to the mug, (c) a set
of translation-shifted grasp configurations at different grasp points with respect to the ground truth grasp posture,
(d) a grasp configuration chart defined on the mug with its corresponding Lie algebra map. (e) Visualization of the
refinement process. The generated grasp pose moves in the direction of the gripper approach and stops until the
predefined contact condition is met.

is the predicted grasp quality from the network. The Gaussian distribution quality assignment
simplifies this process, while in most work a predefined parameter is used to assign the grasp
success [110, 111].

Lie Algebra Transformation Loss

The widely used L; or L, metrics for computing the distance between Euler angles has been
proven [137] to suffer from discontinuity and ambiguity in deep learning applications. Two
common approaches are typically employed to mitigate the discontinuity for learning a ro-
tation loss. The first one is converting the Euler angle into a rotation matrix and using the
Frobenius distance for obtaining the loss such as ||I;,3 — R'R||z. Another approach utilizes
normalized quaternions for presenting a rotation matrix. Both expressions are still discon-
tinuous. The rotation expression in [137] introduces a 6D representation of the 3D rotation
matrix to remedy the problem of discontinuity, which however increase the complexity. Im-
portantly, all approaches mentioned above consider rotation and translation separately. For
normal rotation classification, the separation can simplify the loss function. However, in grasp
planning, the rotation matrix and translation vector should be coupled. Therefore, I use Lie
algebra for overcoming the discontinuity and ambiguity issue. I consider the grasped object
to be composed of a set of charts and I define each grasp configuration at one chart, illus-
trated in Fig. 8.3d. Based on the manifold theory, or more specifically Lie group theory, SE(3)
is a continuous group. Furthermore, SE(3) is a differentiable manifold. SE(3)-TrackNet [179]
can be referred to for additional details regarding the benefits of using Lie algebra to train a
SE(3) neural network.

As shown in Section 8.3.1, I use Lie algebra se(3) for representing a transformation matrix
with v =[t', wT]" € R®. According to the Lie algebra theory [10, 156], the exponential map,
which maps elements from the algebra to the manifold and determines the local structure
oyt
0, 1
is the skew-symmetric matrix of w, e®" is defined as I + Sineco" + 1_“’39(0)")2 and V =

Iz + = COSO (w)+&=sind Sme (w™)?. The scale value 0 is the norm of w. It can be shown that using
the exponent1al map, I can easily convert the 6-dimensional vector coordinate to SE(3). In the
same way, I can convert SE(3) to se¢(3) using the logarithm map with w = (Log(R))" and t =
V~'trans. The operator (V) converts a skew-symmetric matrix to a vector, which is reciprocal
to the operator (A). In this work, the proposed network produces a Lie algebra se(3) value
for each selected grasp point, denoted as v;,.3). Using the same strategy introduced in

. . . . e
of the manifold, is used to express the transformation matrix as e’ = [ ] , where w”
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Figure 8.4: Visualization of results from the network after collision checking. The blue lines are the grasp config-
urations generated by the LiePFormer-GraspNet. The meshes are some examples from the YCB data set.

Section 8.3.3, I can obtain the corresponding ground truth grasp configuration, indicated

as T; .. In addition, I add the translation q; —q, to T; ,, indicated as T; . (Fig. 8.3¢).

The logarithm map and group operation are employed to define the geodesic distance as
Euclidean norm by
p (M, My) = [|log (M7 "M, )| (8.2)

where M; € Lie group, defined on a differentiable manifold. The sum of the squared geodesic
distance, is given as
N
L=>p*(B(f).M) (8.3)
i=1
The regression function 8 : R — G estimates the element M on the matrix Lie group G for
a given d—dimensional feature vector f as M = B(f).
The Baker-Campbell-Hausdorff (BCH) [144] formula formulate the logarithm log (eM1 eMZ)

as a Lie algebra element using only Lie bracket for noncommutative Lie groups. A first order
approximation to the BCH [133] is

log (eMeM2) =M, + M, + % [M, M,]+ 0 (M2,M2) (8.4)

where M; and M, are m; = log(M;) and m, = log(M,), respectively. The geodesic distance
can be approximated by

p (M, My) = ||log (M;'M,)|| = |[log[ e ™™ ]|

= Hmz—rn1+0.5 [—m;, m2]+O( m%, m%)” (8.5)

~ |lmy —my ||
Therefore, the sum of squared geodesic distance can be approximated as

N
Lyezy ~ Y lllog (M) —log (B ()1

i=1

j (8.6)
1
=150 Z [V ,503) — 108(Tj ¢/
0

2

It can be easily proven that if v; ..(3) is equal to log(T; 4/), the predicted grasp configuration is
aligned to ground truth. The approximation is sufficient for regression as long as the training
samples lie in a small neighborhood of the identify.

Grasp planning Loss

Finally, I combine the grasp quality and transformation loss to form a grasp loss with weight-
ing coefficients as
Liotat = W1Lscore + W2L52(3) . (8.7)
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Figure 8.5: PyBullet simulation platform for grasping the objects. The process consists of two steps: in the first
step, a grasp configuration at the palm with respect to the point cloud is generated by LiePFormer-GraspNet.
Then, the end effector of a robotic manipulator is aligned to the palm pose of the grasp configuration. An inverse
kinematics solver is applied for computing the joint configuration. In the end, a point to point motion is executed
for grasping the object.

8.3.4 Grasp Configuration Selection and Refinement

LiePFormer-GraspNet will generate various grasp configurations at the inference phase by
feeding a point cloud, which can be obtained via a sensor.I first need to prune all infeasible
grasps by collision checking [122].Since a higher grasp quality shows a more reliable grasp
for the object, I arrange the grasp quality in descent order and select the grasp configuration
with the highest grasp quality. My grasp configuration is agnostic to the used parallel gripper.
Therefore, at the inference phase, I need to adapt the grasp configuration with respect to the
chosen gripper setting. In this work, I use the Franka Emika Panda gripper to evaluate the
grasp. The blue gripper in Fig. 8.3a shows the simplified version, while the gray gripper shows
the collision mesh. As shown in [38], the predicted grasp configuration is denoted as the pre-
grasp, which might lead to a stable grasp when closing the finger. Therefore, I can further
refine the grasp configuration based on that pre-grasp by approaching the gripper in the
direction of the approach direction. The grasp approach direction is defined in the direction
along the gripper handle, as shown in Fig. 8.3e. The approaching process is terminated when
the gripper is in contact with the object. More details about this approach strategy can be
found in the Graspit! platform [108].

8.4 Experimental Results

8.4.1 Experimental Settings
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Table 8.1: Results (in %) of a single object grasping experiment. Success is defined as at least one feasible grasp
configuration for each object. My LiePFormer-GraspNet can outperform other state-of-the-art approaches.

Method Avg. tomato soup can pudding box potted meat can orange plum scissors e-cups
GPD [124] 86.3 81.6 92.9 78.8 74.8 926 97.7 85.8
PointNetGPD [92] 86.0 75.0 94.1 68.6 80.1 94.3 98.4 90.8
LiePFormer-GraspNet (Ours) 94.8 90.0 100.0 96.3 92.3 98.0 100.0 96.8

Table 8.2: Ablation study of skip-connection transformer encoder in LiePFormer-GraspNet (in %).

Method Avg. tomato soup can pudding box potted meat can orange plum scissors e-cups
LiePFormer-GraspNet (without transformer)  92.7 85.3 100.0 92.3 85.3  93.0 100.0 92.8
LiePFormer-GraspNet 94.8 90.0 100.0 96.3 923  98.0 100.0 96.8

Grasping Data Set

I use the large-scale grasp data set ACRONYM [38, 166] for training and evaluate it with
the YCB data set [20]. ACRONYM is a grasp data set for robot grasp planning based on the
physics simulation FleX, which contains 17.7M parallel-jaw grasps, spanning 8872 objects
from 262 different categories, each labeled with the grasp result obtained from a physics
simulator. The objects from the ACRONYM data set [38] are from ShapeNetSem [153], with
the assumption of uniform density and identical friction. I extend the ACRONYM data set by
assigning each grasp configuration with a deterministic grasp point. Unlike most state-of-the-
art approaches, that train and evaluate the network with the same data set, [ use the YCB data
set for evaluation. The YCB data set includes objects from daily life, with different shapes,
sizes, textures, weights, and rigidities. YCB data set aims at evaluating the generalization of
proposed grasp detection network.

Grasping Tasks

The experimental environment is set up inside the PyBullet [27], which contains a Franka
Emika robotic manipulator, a Franka Emika parallel gripper, a table, the objects to grasp,
and one depth camera. I randomly place a single YCB object on the table by considering the
reachability of the robotic manipulator. A depth camera is applied to extract the point cloud
for the application using the projection and view matrices. I perform the experiments in two
steps. In the first step, I infer the grasp configuration by feeding the point cloud and then
apply inverse kinematics to get the joint values for the robotic manipulator. I close the fingers
to grasp the object finally.

Baselines

I compare my approaches against two open-sourced baselines: GPD [124] and PointNet-
GPD [92]. GPD uses a geometry sampler to sample many grasp candidates and then uses
an adapted CAN to evaluate the grasp configuration in terms of grasp score. PointNetGPD
replaces the geometry sampler with PointNet++ to learn a grasp quality network. In this
work, I follow the default network settings from the original papers.

8.4.2 AQuantitative Results

I demonstrate the results for generating the grasp configurations in terms of success rate in
Table 8.1, where the success rate is the percentage of successful grasps for grasping a single
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Figure 8.6: The overview of point cloud completion-based grasp planning.

object. The experiment is conducted by randomly translating each object and rotating in the
z orientation. The objects vary from big components (pudding box) to small objects (plum).
I trained my network with the ACRONYM data set, evaluated it with the whole YCB data set,
and summarized part of the results in Table 8.1. From the results, I can conclude that my
approach can be generalized to an unseen object, which is not contained in the ACRONYM.

8.4.3 AQualitative Results

In this section, I demonstrate the results generated from my proposed LiePFormer-GraspNet.
The results are qualitatively illustrated in Fig. 8.4. LiePFormer-GraspNet will first generate
256 grasp configurations and their grasp qualities, where the number of 256 is a hyperpa-
rameter, which can be changed in terms of the GPU memory. Then, the generated grasps
will be pruned via collision checking. By the grasp refinement phase, the object is assumed
to be placed on a table. The grasp configurations are selected based on their grasp qual-
ity and their collision-free property. Furthermore, I demonstrate the results in a PyBullet
environment (Fig. 8.5) with different initial robot joint configurations. The execution of a
grasp configuration is composed of two steps: in the first step, I select the collision-free grasp
configuration with the highest graps quality from my LiePFormer-GraspNet. Then, an in-
verse kinematics solver is applied for getting the joint configuration. From the qualitative
results (Fig.8.4 and 8.5), I can conclude that my proposed LiePFormer-GraspNet can gener-
ate diverse grasp configurations for satisfying the various grasp initial configurations, which
enables the application of motion planning.

8.4.4 Ablation Study

The skip-connection point transformer encoder block is integrated into the PointNet+ + struc-
ture for extracting more attractive features for grasping. This section wants to study the effect
of the transformer encoder block by using pure PointNet+ + as the main skeleton. I compare
the results in Table 8.2. The results show that the introduced modification of PointNet+ +
can help the LiePFormer-GraspNet better regress performance by extracting more valuable
features.
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8.4.5 Proposed future work

In this work, I assumed I obtain the full view of point cloud object representations, which,
however, have only partial point cloud representation due to the single camera in the reality.
In my previous work, I proposed a point transformer-based point cloud completion neural
work [99], which aims at completing the partial point cloud. Incorporating the point cloud
completion neural network and my proposed grasping network will be more attractive and
enable more practical applications.

8.5 Conclusion

This work proposes a new grasp detection neural network based on PointNet++ with a
hierarchically skip-connection transformer encoder. Two different grasp loss functions, a
Gaussian distribution-based quality score loss and a grasp Transform Loss in terms of Lie
algebra, are introduced for remedying the discontinuity problem due to rotation loss in form
of Euler angles and quality score loss in form of an indicator function. My network is trained
with the synthetic data set ACRONYM [38] and also works well in the real-world YCB data
set. Furthermore, the experimental results show that my framework can detect diverse grasps
with a higher converge on the ground truth grasps and that it can generalize to unknown
objects, as the YCB data set [20] is different from ACRONYM [38].
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Chapter 9
Conclusions and Future Work

Until now, most factories are not yet geared to respond quickly to change, adapt promptly
to production demands and customer needs, or to quality problems that arise since robotics
in the factory are mainly manually configured, calibrated, and managed. Moreover, it re-
quires a great deal of expertise, which significantly limits reproducibility and scale. Besides,
the classic methods of instructing robotic programming in the teach-in method are no longer
flexible and approaching their limits when facing a complex requirement. Hence, I can con-
clude that implementing flexible manufacturing established on existing factory infrastructure
is costly and time-consuming. An intelligent robotic system, which includes new program-
ming paradigms with advanced machine learning technology and integrates sensor devices to
handle new object classes, is an alternative to enable smart and flexible manufacturing. This
system directly contrasts the status quo manufacturing has endured for the past 30 years.
Furthermore, the rapid advances in artificial intelligence allow virtually mapping plants, pro-
cesses, and products into a digital twin environment for better quality control. The primary
intention of the intelligent robotic system is not to replace human workers. Instead, by rea-
sonably distributing the work of humans and robots, the burden of human workers can be
reduced, and unnecessary injuries can be avoided, especially in the human-robot interaction
scenario. The whole article focuses on the theme that is how to make robots intelligent,
flexible, and practical to adapt to the high-speed changing demand production environment.
In this work, I proposed my first step toward the goal to build the intelligent robotic system
from the perspective of vision, trajectory planning, and grasp planning. However, several
concepts still need to be investigated in greater depth, and many extensions to this work are
possible.

The off-the-shelf motion planning algorithm generates a collision-free path that avoids the
manually hand-crafted waypoints in the joint space. The path is presented in the form of po-
sition without assigning the time of law. Kinodynamic planning improves the pure geometry
motion planning by considering the kinematic constraints. However, this approach is proven
to be an NP-hard problem and is limited to the velocity constraint. Therefore, I focus on my
first effort on trajectory planning to create a smooth trajectory for multiple waypoints. My
solution is based on a nonlinear-constraints optimization framework by connecting every two
waypoints using the trapezoidal acceleration profile considering kinematic constraints. One
key observation is that the standard trajectory module offered by the robotic manufacturer
mainly considers the acceleration constraints and uses the spline-based or polynomial-based
approach to interpolate or approximate trajectory. I have proposed a passing-through trajec-
tory algorithm that presents several advantages over the state-of-art. Firstly, it supports the
jerk constraint. Secondly, it performs better over the most state of the art approach in the
straight-line criteria. I have evaluated the proposed algorithm on several examples to prove
the importance of those features. I developed an extension version by blending the waypoints
to avoid overshooting. The new algorithm exhibits better straight-line performance. The
complexity of optimizing trapezoidal acceleration-based trajectory grows exponentially with
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increasing geometrical waypoints. I innovatively introduced the model predictive control-
based optimization strategy by iteratively optimizing the subproblems. Each subproblem is
initialized with the previous optimization step to reduce the complexity. As a consequence,
the complexity linearly depends on the number of waypoints.

I revisited classic computer vision topics such as object detection, pose estimation, and
shape completion and developed my algorithms to complement the state-of-the-art algo-
rithms. In the field of pose estimation, the iterative closest point (ICP) algorithm is among
the most famous and commonly used algorithms. The corresponding point search and initial-
izing step are the primary factors affecting the performance, which causes the optimization
to easily be stuck into the local point, even worse, stuck in the saddle point. In this work, I
proposed to describe the object with the Gaussian Process Implicit Surface (GPIS). Therefore
the pose estimation problem can be converted to the function fitting problem. To the best of
my knowledge, this is the first work using the GPIS to solve the pose estimation problem. The
GPIS function exploits the properties of the signed distance function to build three different
manifolds layers, which avoids the corresponding search step and assumes that the points on
the same object share the same function value. In the end, the pose estimation problem is fi-
nally reformulated as a manifold optimization problem. Through several experiments, I show
that compared to a standard ICP based approach, my GPIS based pose estimation approach
achieves comparable accuracy with significantly fewer optimization steps and exhibits rota-
tion and translation invariant properties. The object classification problem is also addressed
in this work. Due to the inherent problem of point cloud-based deep learning, the rotation
invariant property can only be partially satisfied by means of vast amounts of data, which is
not applicable in reality. The Fourier transform function decomposes functions depending on
space or time into functions depending on spatial or temporal frequency. In a similar vein,
each function defined on a sphere’s surface can be reformulated as a sum of these spherical
harmonics. This work proposed a new object descriptor by representing the point cloud object
into the spherical harmonic energy function, which is proved to share the rotation invariant
property. Furthermore, I introduced a point graph inter-geometry descriptor to strengthen
the proposed spherical harmonic energy descriptor. In contrast to the most spherical har-
monic neural network, which introduces additional operators to improve performance, my
proposed descriptor is intuitive and straightforwardly applied in the existing network without
further modification. The effectiveness of the presented object rotation-invariant descriptor
has been validated via several experiments. The shape completion is the last computer vi-
sion topic addressed in this work, which attempts at completing the partial view of the point
cloud due to the limited angle view. I view the shape completion problem from a different
and uncommon perspective. Like the pose estimation algorithm, I assume each object has
its corresponding manifold. I developed a PCTMA-Net in which a transformer-based neural
network is be exploited to extract a high-dimensional feature of the partial point cloud. From
another dimension, the extracted feature will be remapped to the manifold for reconstructing
the full view of the point cloud. The PCTMA-Net can be further applied to grasp planning for
widening solution space.

Grasp planning is a critical ingredient in the framework of the intelligent robotic system.
I proposed two algorithms to enable proper grasping when facing an unknown object. In
the first approach, the incorporation of Bayesian optimization (BO) and alternating direction
method of multipliers (ADMM) has been used for figuring out the 6D grasp configuration,
where I use the Gaussian Process Implicit Surface (GPIS) to represent the grasped object.
The object can be extracted from the real world using the 3D sensor or sampled from the
CAD model, which is the standard data format in the industry. Furthermore, I separate the
optimization of hand palm posture and grasp contact point based on the observation that the
optimization of palm posture is independent of the contact point. Therefore, I can update the
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palm pose and contact point using the BO-ADMM solver in an iterative fashion. An end-to-
end transformer-based neural network is proposed in the second algorithm to predict the 6D
grasp planning by directly feeding with the raw point cloud. I evaluate these two algorithms
with several experiments and demonstrate their effectiveness and efficiency.

The algorithms I presented in this thesis are the first step towards the goal of intelligent
robotic systems. There are still several extensions that can be further investigated for future
work. I firmly believe that my work is helpful in many robotic and computer vision applica-
tions and will bring some inspiration to this field. In the following subsection, some ideas of
the direction for future work will be discussed.

9.1 Online trajectory adaption

I have presented two algorithms targeting generating a smooth trajectory that passes through
or blends around the waypoints. It is sufficient for the industry application for repetitive
work. In the future, the online trajectory adaption with the trapezoidal acceleration profile
should be further investigated, especially in the human-robot interaction scenario. I have
made slight progress in the work [98] by incorporating a high-dimensional polynomial func-
tion and seven-segment profile. It has already significantly reduced time expenditure for
optimizing a smooth trajectory. However, it is still not sufficient for the real-time application.

9.2 Reducing the complexity of GPIS based pose estimation

The work I presented about the pose estimation with the Gaussian Process Implicit Surface
function is an innovative work by replacing the corresponding point search step, which sig-
nificantly enhances the optimization efficiency. However, the complexity of GPIS is known
as O(N3), where N is the number of point clouds. Updating a covariance matrix is a signif-
icant factor that affects performance. There have already been some works that address the
problem by using the sparse data set and reached substantial progress. However, the dataset
used in those works typically exhibits no geometry meaning. A further adaption is required
for remaining the geometry details.

9.3 Object classification in a more general scenes

I have presented my approach for object detection from point cloud data considering the
rotation invariant feature. However, my focus has been on using a single object for object
detection, and the spherical harmonic energy function and the point graph inter-geometry
descriptor can not be easily directly applied to a scene that may contain multiple objects.
A two-stage pipeline incorporating a scene segmentation neural network can be helpful to
extend my proposed algorithms to a more general application scenario.

9.4 Combined partial point cloud completion and grasp planning

The point cloud completion neural network presented in this thesis has succeeded in real-
izing this work’s primary goal. The secondary purpose of this neural network is to improve
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grasp planning. One way is to directly utilize the reconstructed full point cloud to predict a
better grasp configuration. Another direction of future work in this area is to decompose the
object into a series of primitive shapes, simplifying the grasp planning searching space and
significantly increasing efficiency. Moreover, integrating the primitive shape constrain solver
in the grasp planning pipeline explains the predicted grasp configuration.
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Appendix A
Appendix

In this appendix, I give a brief review of some basic concepts from optimization and linear
algebra. The treatment is by no means complete and is mainly meant to set out my notation.

A.1 Norms

The standard inner product for two vectors (x,y) € R" is defined as
n
<X y>= xTy=inyi (A.1)
i

For a vector x € R", the following norm is used

n
def
Il =D Il (A.2a)
i=1
n 1/2
def 1/2
x|l = (lez) = (x"x)" (A.2b)
i=1
def
Ielloe = max |x;| (A.20)

.....

The operator || - ||, is also denoted as Euclidean norm or L, norm, and I refer ||-||; as L; norm,
and || - ||oo @S Lo Norm. Similarly, the matrix norm A is defined as

Al = max Z|Al]| (A.3a)

[Allz = v/ Amax (ATA) (A.3b)
n

1Alleo = :angfm; A (A.30)

The Frobenius norm of A has the following formal:

>3 =

i=1 j=1

min{m,n}

V/trace (A*A) = Z a?(A) (A4

i=1

IAllg =

where o;(A) are the singular values of A, and the trace of a nx n matrix A = A*A is formulated
as

trace(A) = ZH:AH = Zn: A (A.5)
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where A; is the eigenvalue of the matrix A. Furthermore, condition number of square non-
singular matrix A is defined by
cond(A) = [|A|[|A|I™! (A.6)

The condition number measures the ratio of the maximum relative stretching to the max-
imum relative shrinking that the matrix does to any non-zero vectors. Therefore, cond(A)
is oo indicating a singular matrix. A low condition number of a problem is said to be well-
conditioned. In contrast, I say the problem is ill-conditioned.

A.2 Optimization in a Nutshell

Optimization may be regarded as the cornerstone of many areas of applied mathematics,
computer science, engineering, and a number of other scientific disciplines. Mathematical
optimization or mathematical programming is selecting the best element, concerning some
criterion, from some set of available alternatives. Optimization modeling is a methodology
to define an objective function together with the constraints for a given problem. An opti-
mization problem calculates an objective function’s extrema (maxima, minima, or stationary
points) over a set of unknown real variables. It is conditional to the satisfaction of a system
of equalities and inequalities, collectively termed constraints

* An objective function is a quantitative measure of the system’s performance to minimize
or maximize. For instance, the time-optimal or the minimal deviation of straight-line
trajectory is the goal in the trajectory generation, whereas in fitting experimental data
to a model such as a pose estimation or deep learning, I may want to reduce the total
deviation of the observed data from the predicted data.

* The variables are the main components of the system. In trajectory generation, the
variables may be the kinematic variables or trajectory traveling time, whereas, in the
application of data science, the variables would be the model’s parameters.

* The constraints are the functions that describe the relationships among the variables
and define the allowable values for the variables. In trajectory generation, for example,
the kinematic limitations cannot exceed.

The optimization problem can be mathematically formulated in the following as:

Hel]iRn" f(x) (A.7a)
st h(x)=0,i=1...,m (A.7b)

gi(x)<0,j=1...p (A.7¢)

where x is the unknown variable, and f(x) is the objective function. The scalar function g;(x)
and h;(x) is the equality, and inequality constraint function, respectively. The unconstrained
optimization problem is a special case of (A.7) where m = p = 0. Furthermore, the opti-
mization can be categorized as linear or nonlinear dependent on the linearity of the objective
function and constraint function. There are many different ways to classify optimization
problems. The nonlinear problem can be further divided into the convex and non-convex
in terms of convexity property, where the concept of convexity is fundamental in the most
practical applications. The function is denoted as a convex function if the following condition
is satisfied

flax+(1—a)y)<af(x)+(1—a)f(y), forallae[0,1] (A.8)
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where x, y are two arbitrary points in the convex set S. A problem posses the convex prop-
erty (A.8) can facilitate the optimization step in the theory and practice. Besides, the found
local optimal solution is, in fact, also a global solution. However, the global solution in most
cases is far tricky, and the analytical methods are typically not applicable. The numerical
approaches can lead to a non-global solution or local solution. The main principle in the
optimization algorithm is to determine how to move from the current iterate to the next for
improving the performance in term of the direction and moving step length, which derives
many different algorithms, such as line search, trust region. I can briefly formulate the line
search algorithm in the following (A.9)

min f(x; + apy) (A.9a)
a>0
Xi41 = X + apy (A.9b)

where a indicates the step length in the moving descent direction p,. At each new point, a
new search direction and step length are computed, and the process is repeated. In contrast
to the line search algorithm, the trust region approximates the original objective function by
constructing a quadratic function within a region

min  m(x, +p),s.t.|pll, <Ax (A.10a)
p
1
my (xx +p) = +pT V£, +§pTka (A.10Db)

where A is the trust region radius, and Vf; is the gradient at current point, and B; is the
corresponding hessian matrix or its approximation matrix. The idea behind the trust-region
algorithm is to find a proper region radius A; so that the candidate solution produces a
sufficient decrease in f. Otherwise, the radius should be shrunk.

A.2.1 Sequential Quadratic Programming

Most of the problems involved in this thesis are nonlinear and constraints. Sequential quadratic
programming (SQP) is one of the most effective methods for nonlinearly constrained opti-
mization. Literally, SQP is an optimization algorithm, which decomposes a problem into a
sequence of optimization subproblems, and each subproblem is approximated as a quadratic
model around the current iterate. Furthermore, the SQP can be integrated into the line search
or trust region framework. Therefore, the main challenge is to formulate the quadratic sub-
problem to yield a good step for the nonlinear optimization problem. I can rewrite the (A.7)
with the Lagrangian equation:

p m
£(x,2,0)=fx)+ > A;h(x) + >0, g(x) (A.11)
j i
where A € R? and o € R™ are Lagrange multipliers. The first order necessary optimality or
Karush-Kuhn-Tucker (KKT) [79] conditions requires the following condition
VLA 0)=VIi(x*)+ Vh(x)A*+Vg(x*)o*=0 (A.12)

The challenge of the SQP is to construct a quadratic programming subproblems at each iterate
X,. An appropriate search direction p;, = x—x; is worked as a solution to this QP subprogram.
I decompose the construction process into two ways. Firstly, an approximation around the
objective function f with the Taylor series is executed:

f(x) = f(x) + VI(x—x) + %(x—xk)TVerx flx—xy) (A.13)
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and the constraint functions g and h by their local affine approximations:

g(x) = g(xx) + Vg(x—xz) (A.14a)
h(x) = h(x;) + Vh(x—x;) (A.14b)
Therefore the QP subprograms can be formulated as
rrgn f(x;) + V£ p + %p}fvxx fpr (A.15a)
s.t. g(x)+Vgip, <0 (A.15b)
h(x)+Vhip, =0 (A.15¢)

The formulation in (A.15) does not consider the KKT conditions or Newton-KKT condition.
An alternative approach is to replace the Hessian matrix of objective function with the Hes-
sian matrix of Lagrangian equation [118], and it results in the following formulation:

. 1
min my = f(x)+ VI(x) p+ 5pTvixz (X, Ak, Ok) P (A.162)
st g (%) + Vg (x) p<o (A.16b)
h; (x,)+ Vh;(x) p=0 (A.160)

The candidate at the iterate x; is given by x;,;. The construction is repeated until the algo-
rithm converges to a local minimum x*. As mentioned before, the SQP can be incorporated
into the line search or trust-region framework by adding additional constraints in the sub-
program, such as ||pi|l, <A,. There exist several challenges in the QP subproblem, such as
the convexity of the my and the complexity of computing the Hessian matrix V2 _£. If the
Hessian matrix Vf{xﬁ is positive semi-definite, I can conclude that the (A.16) is a convex
QP problem, which shares a similar complexity as the linear programming. In contrast, if
the VJZCXL is an indefinite matrix, it leads to a nonconvex QP problem, which has several
stationary points and local minima. The more detailed algorithm refers to [118].

A.2.2 Bayesian Optimization

The approximation for an objective function with the Taylor series can be challenge in some
applications, such as data fitting, since the objective functions in those cases are either de-
scribed as a black box model or too expensive to evaluate. Besides, the convex optimization-
based approach can only converge to a local minimum. Finding a global solution for a non-
convex function is still a challenging problem. In the last decades, many researchers have
proposed several heuristic approaches to find a better local minimum, such as multiple start-
ing points. However, they can not be guaranteed to share the same performance in all cases.
To further mitigate the problem, the concept of global optimization concerning a specific ap-
plication area is introduced that attempts to find the global minima or maxima of a function
or a set of functions on a given set. The global optimization approach using the random vari-
ables, denoted as stochastic optimitzation (SO), has attracted a lot of attention in the past
years, which is broadly used in data-driven-based applications, such as Simulated anneal-
ing (SA) [73], Evolutionary algorithm (EA) [192], Particle swarm optimization (PSO) [70].
Bayesian optimization (BO) [45, 82, 160]. In this thesis, I use Bayesian optimization to find
out grasp configurations. Therefore, I will briefly introduce this technology in this section.
Bayesian Optimization, abbreviated as (BO), is a machine learning based approach by
employing the concept of Bayer theory and Gaussian process regression, and focusing on the
following problem
max f(x) (A.17)
x€EA
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Algorithm 6 Structure of Bayesian Optimization
Require: ngy,, Niger
Ensure: fp; i (x")

1: Get LHS Dy.—1 = {(X0, ¥0) 5+ -» (Xe—1, ¥e-1)}
Fit the Gaussian process Model p (y|x, Dg.;—1)
Optimized hyper Parameter
: for t =1 to ny,, do
X, = argmax, EI(x|Dg.,_;)
Observe a sample y, = f;;(x,) + €,
Add the new sample Dy., = {Dg..—1, (X;, ¥ )}
update Gaussian process model

9: end for
10: x* = argmax, ¢, for; (%;)
11: return x*

NT LD

where A is described as the feasible set, and f(x) is the objective function, which could be
"expensive to evaluate" or lack the known special structures, i.e., the convexity and linearity.
Besides, It is best-suited for the Bayesian Optimization in the case that obtaining the first and
second derivative of f(x) is not possible. Therefore, a surrogate for the objective function is
used to approximate the behaviors in the local region. In comparison to the trust region ap-
proach, which limits the region radius and approximates the objective function with its first
and second derivative, the surrogate function in the BO uses the Gaussian process regression
function [139] to realize this purpose. The ability to optimize the derivative-free functions
makes the BO extremely attractive. The naive structure of Bayesian Optimization is to be
described in Alg 6. The BO is mainly built on three components: Sampling, Gaussian Pro-
cess (GP) Regression, and acquisition function (EI). The sampling strategy is firstly used to
explore the feasible set. Whereas the easiest way is to employ a random sample or grid-based
sample. Then the Gaussian Process regression function utilizes these samples with their cor-
responding scores to approximate the objective function and acts as the surrogate function.
In the next, The probabilistic information that resides in the model from the acquisition func-
tion can be used to determine which sample is the next worthing evaluating. The acquisition
function has a much different representation includes the probability of improvement, ex-
pected improvement, upper confidence bounds (UCB), Knowledge Gradient, Entropy Search,
and Predictive Entropy Search [160]. Maximizing a well-behaved acquisition function can be
solved with a numerical optimization technique, such as Newton’s Method or quasi-Newton
methods. Therefore, the whole Bayesian optimization is described as solving the maximum
problem of the acquisition function in an iterative fashion. In summary, Bayesian optimiza-
tion provides a probabilistically principled tool to achieve a global solution. However, the
approach mentioned above does not consider any additional constraints. Similar to the stan-
dard nonlinear programming approach, the augmented Lagrange multiplier [46, 129] can
also be integrated into the Bayesian optimization framework for considering the equality and
inequality constraints. The Bayesian optimization with the constraints is still a challenging
problem. The corporate with ADMM [3, 97] in BO attracts a lot of attention in the machine
learning application. In my work [97], I attempt to incorporate BO and ADMM for figuring
the grasp configuration under consideration of the constraints.

A.2.3 The Optimization Algorithm in the Deep Learning Framework

In recent years, the optimization algorithm in machine learning, especially in the deep learn-
ing, achieved a considerable process. The optimization algorithm in deep learning allows



158 A Appendix

a complex model to continuously update its parameters and minimize the loss function as
it evaluates on the training dataset. Similar to the approaches mentioned earlier, an ob-
jective function for a particular task needs to be designed, and an optimization algorithm
attempts to minimize the loss. It is known that almost all the model within the deep learning
framework is nonconvex, and no analytical solution is available. There are many challenges
in deep learning algorithms, such as the local minima, saddles point, and vanishing gradi-
ents. Among these challenges, the problem of vanishing gradients is the most insidious to
encounter, which causes optimization to stall. In the reminder of this section, I will briefly
introduce some advanced optimization technology within the deep learning framework.

The gradient descent (GD) based approach is fundamental for the all optimization ap-
proach to update the model’s parameters. In generally, The batch gradient optimization (BGD)
can be formally described as

f(x) = %Z £,(x) (A.18)
i=1

where x is denoted as the parameters in the model, the parameter n is the number of sample
contained in a train dataset. The equation (A.18) is the averages of the loss functions for
each example in the training dataset. Therefore the gradient of (A.18) can be straightforward
derived as

Vf(x) = % > IVEX) (A.19)
i=1

The computational complexity in (A.19) is growing linearly depending on the number of a
set O(n). It is well known that deep learning models crave for data, therefore, the number of n
is typically a hug value. The concept of stochastic gradient descent approach (SGD) is used
to improve the computational efficiency. The stochastic usage in the SGD embodies that it
reduces the computational cost at each iteration by randomly sampling an index in [1,...,n]
instead of using the whole gradient at once. Therefore the step update is reformulated as

X —x—nV f;(x) (A.20)

where 1) is the learning rate. As a result of SGD, the computational cost is reduced to O(1).
The stochastic nature of gradient introduces much more noise than the average gradient
descent algorithm. The uncertainty is affected by the instantaneous gradient nV f;(x) even
though the minimum almost arrives. The performance can be improved by introducing the
concept of Mini-Batch Gradient Descent, which is an balance between the batch gradient
decent and stochastic gradient decent. The mini-batch gradient descent splits the training
dataset into multiple small batches where each batch has a size of B, and update the model’s
parameter with

1 &
V fy(x) = E;Vfi(x) (A.21a)
X «— x—nVfp(x) (A.21b)

The mini-batch gradient descent can facilitate the computation using the vectorized imple-
mentation.

The gradient-based approach highly depends on the gradient value, which shares signif-
icant benefits in the case of curvature or noisy gradient. Due to the saddle point in the op-
timization problem, the optimization step can be stuck. The physical concept of momentum
allows to build the inertia in the search space and overcome the oscillation and across the flat
points.The inertia indicates the encountered gradient in the previous updates that avoids the
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problem of the gradient descent approach, which bounces around the search space. Math-
ematically speaking, the momentum introduces an additional parameter for controlling the
past parameter update information’s influence on the current update. It can be formulated
as

v, < Bv,_; + VI1(x,) (A.22a)
Xp1 < X1 — M VE(x,) (A.22b)

Note that f = 0 can convert the momentum approach to a standard decent gradient algo-
rithm. The value V f(x,) can be chosen as batch, stochastic or mini-batch gradient value.

Until now, I consider the learning rate 1 in the GD or momentum approach as a constant
value, which is manually chosen. The boundary of the learning rate is difficult to statically
determined. The algorithm Adagrad [36] is used to adapt the learning rate to the parameters
based on the past gradients that have been computed

n

+/Diag(G,) +¢€

where the operator © indicates the matrix-vector product, and e is used to avoid the singu-
larity. The value in the diagonal of matrix G, is computed as

Xpyp1 X — o Vf(x,) (A.23a)

Grii = Gy i + VE(x,) (A.24)

The advantage of using the Adagrad is to eliminate the manual tuning step. However, the
accumulation of the squared gradients of G, ;; reduces the learning rate. The learning rate
will eventually converge to an infinitely small value, and no additional knowledge can be
acquired in the end, which means the process will be stalled at some point. The concept of
RMSProb [171] is introduced to mitigate the problem of vanishing the learning rate. The
idea behind the RMSProb is to use the leaky average to normalized the the sum of weights of
learning rate.

Giii =G +(1—71)V fiz(xt) (A.25a)
1 © Vi(x,) (A.25b)

+/Diag(G,) +¢€

The coefficient y € [0, 1] determines how the history can affect the parameter update. Adap-
tive Moment Estimation (Adam) [71] is another approach to adapt the learning rate and
momentum, which combines all the benefits of previous mentioned approaches into one ef-
fective optimization. It and has become more and more popular as one of the more robust
and effective optimization algorithms. It can be formully described as

Xyl < X —

Ve — BV + 1—- /31) Vf(xt) (A.26a)
st < Bose_1 + (1 — By) VE(x,)? (A.26b)

Here f3; and f, are nonnegative weighting parameters. v, and s, are the first and second
. _pt A
moment of the gradients, respectively. Using the fact of Zf:o pt= %, I can re-normalized

the v, and s, as

(A.27a)

S = (A.27b)
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Then I use the same parameter update strategy as introduced in the RMSProp

Xppp ¢ X — —— g (A.28)

Vv t+e ‘

Adam’s effectiveness and stability make it the preferred optimization method for many algo-
rithms.
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Grasp Planning for Flexible Production with Small Lot Sizes based on
CAD models using GPIS and Bayesian Optimization

Jianjie Lin, Markus Rickert and Alois Knoll

Abstract— Grasp planning for multi-fingered hands is still
challenging due to the high nonlinear quality metrics, the high
dimensionality of hand posture configuration, and complex ob-
ject shapes. Analytical-based grasp planning algorithms formu-
late the grasping problem as a constraint optimization problem
using advanced convex optimization solvers. However, these are
not guaranteed to find a globally optimal solution. Data-driven
based algorithms utilize machine learning algorithm frame-
works to learn the grasp policy using enormous training data
sets. This paper presents a new approach for grasp generation
by formulating a global optimization problem with Bayesian
optimization. Furthermore, we parameterize the object shape
utilizing the Gaussian Process Implicit Surface (GPIS) to
integrate the object shape information into the optimization
process. Moreover, a chart defined on the object surface is
used to refine the palm pose locally. We introduced a dual
optimization stage to optimize the palm pose and contact points
separately. We further extend the Bayesian optimization by uti-
lizing the alternating direction method of multipliers (ADMM)
to eliminate contact optimization constraints. We conduct the
experiments in the graspit! Simulator that demonstrates the
effectiveness of this approach quantitatively and qualitatively.
Our approach achieves a 95% success rate on various common
objects with diverse shapes, scales, and weights.

I. INTRODUCTION

Only a limited number of small and medium-sized enter-
prises in Europe use robot systems in production, mainly
dealing with small lot sizes and requiring a more flexible
production process. It is, however, very time-consuming and
expensive to adapt a robot system to a new production line,
and it requires expert knowledge for deploying such a sys-
tem, which, however, is not commonly available in shop floor
workers [1]. Intuitive programming is currently proposed on
the market for accelerating programming and remedying the
problems caused by a lack of expert knowledge. Moreover,
the service robots use semantic knowledge combined with
reasoning and inference to solve the declarative goal. Auto-
matically synthesizing a robot program based on the semantic
product, process, and resource descriptions enable automatic
adaptation to new processes. In this process, the recognition
of objects and parts in the environments is involved, which
is typically designed in CAD systems and described via a
boundary representation [2]. Due to SMEs’ small lot size
production, it is not feasible to train the objects over a
long period of time by using data-driven approaches. Based
on this observation, it will accelerate the deploying time if
we grasp the object firstly in a simulator with the CAD
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Embedded System, Department of Informatics, Technische Universitit
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models and then transfer the preplanned grasp to the real
world with a 6D pose estimation [3]. Dexterous robotic
grasping planning has been an active research subject in
the robotic community over the past decades. Grasping is
essential in many areas, such as industrial factories and
household scenarios. There have many different kinds of
robotic hands, i.e., traditional parallel-jaw grippers, complex
multi-fingered hands, or even vacuum-based end effectors.
The goal of grasp planning aims to find a proper contact
on the object and an appropriate posture of the hand re-
lated to the object to maximize grasp quality. This is a
challenging task, especially for multi-fingered hands, due to
different kinds of object shapes, the complicated geometric
relationship between robotic hands and objects, and the high
dimensionality of hand configurations. Grasp planning can
be divided into analytic approaches [4] on the one side and
empirical or data-driven approaches on the other side [5]. The
analytical grasp synthesis approach is usually formulated as
a constrained optimization problem over criteria that measure
dexterity, equilibrium, and stability and exhibit a certain dy-
namic behavior. Besides, it requires the analysis of statically-
indeterminate grasps [4] and under-actuated systems. The
latter describes hands, in which the number of the controlled
degrees of freedom is fewer than the number of contact
forces, further increasing the complexity of grasp synergies.
One common assumption made in analytic methods is that
precise geometric and physical models are available to the
robot. Furthermore, optimizing grasp quality with constraints
based on a convex optimization solver such as SQP can
not guarantee to find a good grasp. In contrast to analytic
approaches, the empirical or data-driven methods rely on
sampling the grasp candidate either from a data set or
by first learning a grasp quality and then selecting the
best by ranking them according to some specific metric.
This work will study how to optimize the palm pose and
contact point in the same framework by utilizing a global
Bayesian optimization solver under consideration constraints.
Gaussian Process Implicit Surface Atlas (GPIS-Atlas) is used
to parameterize the diverse shape. Therefore the geometry
information can be integrated into the Bayesian optimization
framework. Furthermore, GPIS-Atlas has the capability to
describe the perfect geometry model in the form of a CAD
model or the noisy point clouds [6]. In the work [3], the
6D pose is estimated between an object in the form of a
CAD model and the corresponding point clouds taken from
an Ensenso Camera. Therefore, for finding an appropriate
grasp pose for this object, we can directly apply our Bayesian
optimization framework with the CAD model instead of
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working on noisy point clouds. After that, we transform the
grasp pose using the 6D pose transformation from [3].

II. RELATED WORK

Multi-fingered hand grasp planning is still challenging due
to the high dimensionality of hand structure and complex
graspable object shapes. Automatic grasp planning is a
difficult problem because of the vast number of possible
hand configurations. Several different approaches have been
proposed to find an optimal grasp pose over the past decades.
Goldfeder et al. [7] introduced a database-backed grasp
planning, which uses shape matching to identify known
objects in a database with are likely to have similar grasp
poses [7]. Ciocarlie et al. presented [8] Eigengrasp planning
defines a subspace of a given hand’s DOF space and utilizes
the Simulated Annealing planner to find an optimized grasp.
Miller et al. [9] proposed a primitive shape-based grasp
planning which generates a set of grasps by modeling an
object as a set of shape primitives, such as spheres, cylinders,
cones, and boxes. Pelosso et al. [10] use an approach based
on Support Vector Machines that approximate the grasp
quality with a new set of grasp parameters. It considers grasp
planning as a regression problem by given a feature vector,
which should be defined heuristically.

With the continuous success of deep learning vision,
researchers utilize deep learning, also in combination with re-
inforcement learning, to learn a grasp quality directly from an
image via large training data sets [11]. Levine et al. [12] used
between 6 and 14 robots at any given point in time to collect
data in two months and train a convolutional neural network
to predict grasp success for a pick-and-place task with a
parallel-jaw gripper. Mahler et al. [13] proposed a Dex-Net-
based deep learning framework using a parallel-jaw gripper
or vacuum-based end effector learn a grasp policy based on
millions of grasp experiments. Kalashnikov et al. [14] intro-
duced a scalable self-supervised vision-based reinforcement
learning framework to train a deep neural network Q-function
by leveraging over 580k real-world grasp attempts. However,
the deep learning-based algorithm can only take the 2d
image as an input, and the trained neural network cannot
be easily transferred to another robotic hand configuration.
Varley et al. [15] obtained the geometry representation of
grasping objects from point clouds using a 3D-CNN. Ten
et.al [16] is the state of the art 6 DOF grasp planner (GPD).
Liang et.al. [17] proposed an end-to-end PointNetGPD to
detect the grasp configuration from a point sets. Mousavian
et al. introduced a 6DOF GraspNet by sampling a set of
grasping using a variational autoencoder. In addition to
deep learning, the Bayesian optimization-based algorithm
in [18] can consider uncertainty in input space to find a safe
grasp region by optimizing the grasp quality. Furthermore, it
utilizes unscented transformation-based Bayesian optimiza-
tion (UBO), a popular nonlinear approximation method,
to explore the safe region. However, UBO considers only
the palm pose optimization without considering the contact
point. We present a grasp planning approach in this work,
where we combine Bayesian optimization with an analytical
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approach. We use the Grasp Wrench Space (GWS) [19] as
grasp quality metric, which calculates the convex hull over
discretized friction cones from the individual contact wrench
spaces of all contacts. Due to the GWS metric’s complexity,
we explore the potential of Bayesian optimization to optimize
this highly-nonlinear grasp quality problem. Since the hand
posture (hand palm pose) and hand configuration can be
considered separately because the finger’s contact points on
the object surface only depend on the hand posture and
forward kinematics of hand joints, we propose a dual-stage
approach: In the first stage, we optimize the hand palm pose
without considering hand configuration, and in the second
stage, we use the result of the first stage and optimize the
contact points on the object surface. Our approach optimizes
a hand palm pose T € SE(3) regarding its grasp quality. For
this, we present the rotation in hyperspherical coordinates
instead of a rotation matrix or quaternion. We further pa-
rameterize the object surface as a Gaussian Process Implicit
Surface (GPIS) [6] and use a k-D tree to find the closest
point between the current palm pose and object surface.
Based on GPIS, we can further compute a chart C and
the corresponding normal vector N on this nearest point.
Utilizing this chart, we can make a local adaption of the palm
pose to find a better location concerning the object’s surface.
In the second stage, we convert the problem of solving
constraints between the contact points and the object surface
to querying the GPIS given a known contact point. Since the
standard framework of Bayesian optimization cannot solve
this constraint optimization problem, we use the Alternating
Direction Method of Multipliers (ADMM) [20] to assist
the contact point optimization by decomposing the whole
problem into a set of subproblems.

III. PROBLEM FORMULATION

In general, to define a grasp, we need two sets of variables:
the intrinsic variables to define the hand degrees of free-
dom (DOF) and the extrinsic variables to define the hand’s
position relative to the target object. Grasp planning is used
to find the optimized contact points and an associated hand
configuration to maximize grasp quality. The contact point
on the object surface is denoted as ¢ = [cy, -, c,], where
¢; € SE(3), and n is the number of fingers. We will assume
that contact happens on the fingertip, and one finger only has
one contact on the object surface ©. The finger joint of the
hand configuration is described as g = [qy, ***, q,,], Wwhere m
is the DOF. Note that some finger joints are under-actuated
(passive joint). Therefore the number of finger joints is not
equal to the DOF. The pose of the palm is represented by
Thaum(R, ). We formulate the problem as:

max Q(c,q, Tpalm) (1a)

c.q, palm
s.t. ¢= FKpalch(q’ Tpalm) (S (0] (lb)
Amin,i <g; < Amax,i» i=1--m, (lo

where O(c,q, Tpalm) is the GWS, which is a 6-dimensional
convex polyhedron, the epsilon and volume quality metric
introduced by Ferrari and Canny [19]. The epsilon quality
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is defined as the minimum distance from the origin to any
of the hyperplanes defining the boundary of the GWS. In
contrast, the volume quality is the volume of GWS. FK;j5.
is the forward kinematics from the palm pose to the contact
points. The formulation (1b) constrains all contact points on
the object surface ©. Furthermore, a contact is defined as any
point where two bodies are separated by less than the contact
threshold €., but not interpenetrating. In this work, the object
surface will be parameterized by using GPIS to easily check
if the contact point satisfies the constraint (1b). The problem
in (1) is a high-dimensional nonlinear constraint problem,
besides the gradient of the objective function and constraints
cannot be analytically computed. Further, the convex opti-
mization solver can only find a local minimum. Bayesian
optimization is applied to find a near-global optimization
solution for these problems. Since the optimization of palm
pose is independent of optimization of contact point, we
switch between optimizing the palm pose and the contact
point.

IV. BAYESIAN OPTIMIZATION FOR GRASP PLANNING

Bayesian optimization is a global optimization method,
which can be used to solve the problem

Xoptimized = MaX fop;(x) )

where the objective function f,(x) is a black-box function
or a function which is expensive to evaluate and X C RP
is a bounded domain. We use the Latin Hypercube Sam-
pling (LHS) to get the initial sampling, and save it as
data set Dy.,_; = {(X0,¥0)+---» (X1, ¥_1)}. and learn a
Gaussian process model (GP). The essential step is to choose
an appropriate acquisition function. Here, we use Expected
Improvement [21], which is defined as

El(x) = E[max ( fou(%) = fopj(x™), 0)] , 3)

where E is the expectation function, f,;(x™) is the best
observation with the location x* so far. The EI(x) can be
evaluated analytically under the GP model as

EI) = 1(000) ( (1) = fo ") = ) (2 + 0(0)H(2) )

+
with Z = ﬂ(a(x))(%), where 1(x) is the
indicator function that is equal to 0 for x < 0 and equal
to 1 otherwise. The mean u(x) and standard deviation o(x)
are defined in the GP posterior at x, and ® and ¢ are the
CDF (cumulative distribution function) and PDF (probability
density function) of the standard normal distribution. & is
a parameter which balances between the exploration and
exploitation. The objective function in our algorithm for
optimizing the grasp contact points is grasp quality which
consist of epsilon and volume quality.

fobj(x) = (ﬂ(qe)Qe + 4 qvolume) s (4)

where A is a predefined parameter. The Matérn covariance
function (v = 5/2) is chosen as kernel function for the Gaus-
sian process model in the Bayesian optimization and can be

described as: Ksy(d) = o2 | 1+ @ + % exp <_@

with hyper parameter o and length-scale p. The parameter d
is the distance between two query points. Since we need to
optimize the palm pose, which is interpreted as a transfor-
mation. We define the distance between two transformation
matrices as Agp = |t; — 1| + Hlog(RlTRZ)HF/\/E, where

the term ”log(RlTRz)” /\/5 is the geodesic distance defined
in the Riemann manffold. We use the RProp (Resilient
Propagation) [22] for optimizing the hyperparameter.

The object surface in our algorithm is described as a GPIS
and every point lying on the surface in the set X, should sat-
isfy the equality constraints X, = {x ER3 : fops(x) = ()}.
Furthermore, the tangent space of each point on these surface
will be computed by using

Y/ Gers 1) [0]
®,x)= " . 5
l ®Tx,) i) = ®)

where @;(x;) € R¥? is the basis of tangent space at the
location x and V fgpig(x;) € R3*¥! is the gradient of implicit
function for x. By using @;(x), we can map x; to xl’.
with x/ = x; + @,(x;)u;, where u; € R?*! is a point in the
local coordinate on this chart. The sample value x| is shown
as black dots in Fig. 1a, the tangent vector on the chart is
shown as red and green arrows, while the blue arrow shows
the normal vector.

A. Hand Palm Pose Optimization (HPP-Opt)

To optimize the palm pose, we need to take the transfor-
mation Tpalm(R, t) € SE(3) into account, where the rotation
matrix R can be interpreted by using a unit quaternion q.
Since the unit quaternion manifold My is an Riemannian
manifold, by virtual equality of My and 4D unit hyper-
sphere S3 = {x e R¥* x| = 1}, the quaternion g can
be represented in the hyperspherical coordinates with ¢, y, €
where ¢,y range over [0,z] and 6 ranges over [0,2x).
Employing hyperspherical coordinates, the constraints of g
disappear. Therefore, the palm pose optimization is converted
to an unconstrained optimization:

max fobj (q7 Tpa]m(R(d)’ v, 0)’ tpa]m)) . (6)

RN

To reduce the search space, we constrain the palm pose
between two bounding boxes, represented by an axis-aligned
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Fig. 1: Visualization of (a) Tangent space on a mug surface
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minimum bounding box (AABB), denoted as X spp; With
i € {1, 2}. The smaller one is shown as an orange cube
in Fig. la. We define the variable Xpalm = [t, ¢,y 0]T €
R®! Sampling a point between two bounding box cannot
be formulated mathematically, therefore, we use an ellip-
soid & = (ay, by, ¢y, ay, by, ¢y) to approximate X pp ;| and
another ellipsoid &, = (ay, by, ¢y, ag, by, cy) to approximate
the bigger bounding box X,app,- As the result, the palm
pose sample t = [t,, Ty t,] can be formulated as

t, = ay +r * a; sin(0) cos(¢)
1, = by + r by sin() sin(¢)
t,=co+r*cycos@d),

kmin,1+kmax,1 — kmax,l _kmin,l

where my = ——""= m; = 3 , me{ab,c},
and k € {x,y,z}. The parameter r is a random variable
which ranges over [1, r,.], where

1
(al sin(@) cos(¢) )2 + (bl sin(#) sin(¢h) )2 + (c] cos(9) )2

a by e

max —

The parameter 6 ranges over [0, z] and 6 ranges over [0, 27x).
The problem in (6) can be solved by using Bayesian opti-
mization.The solution found by BO is based on the probabil-
ity of best grasp distribution. To improve the performance,
a local adaption based on GPIS-Atlas is proposed.

1) GPIS-Atlas based local adaption: The first step is to
find the closest point from the current palm pose to the
object using k-D tree algorithm. Assuming we found the
Pose ?joeesi- @ Chart C; with the center point # .. is created
by solving (5). We denoted the outward unit normal vector
of this chart C; as N . and the robot hand posture is
designed to orient to the direction of a chart normal N.. We
apply the following approaches to get the pose T. Assuming
that the normal vector of hand in the initial state points
to the z-axis n,, the hand is currently in local frame
with rotation matrix WRH1 with respect to the world frame
W. The next hand configuration should point to the normal
direction N in local frame H , therefore the corresponding
rotation matrix WRH can be 1nterpreted in angle-axis repre-

sentation [A,, O,y with O.xis = atan2(||n, X N¢||,n,-N¢)
and n,;; = n, X N.. As a result, we can transform the
local frame Hl to H with the rotation transformation
as M RHc = WRT WR . Furthermore, the translation
of the palm pose is deﬁned as Toaim = Teosest T ANclosest-
This means that the new palm pose X, is parallel to the
chart C; with the distance ||A||, as shown in Fig. la. The
parameter is optimized so that the hand is not colliding
with the object. The whole transformation is defined as
Toum = T, tpalm) T(WRH ,00T(R,,0). The transforma-
tion T(R,,0) is used to further guarantee no collision.
Furthermore, we can define a point set on the chart C; as
X¢, and randomly choose a sample fyyp1. € X, a8 Lojosest-

B. ADMM-Based Contact Point Optimization (ADMM-CP-
Op1)

The contact point optimization is used to find a set of
desired joints g for each finger and the contact points ¢ on
the object surface. It can be described as

HL}E}IX fobj(q’ Tpalm) (7a)
st. ¢ =FK(q, Tpum) (7b)
|fopis(c) <€,  k=1--n (7¢)
qx € [qmin,k, qmax’k], k=1--m, (7d)

where FK calculates the forward kinematics, and n represents
the number of contact points on the object surface. The
parameter m is the DOF of a hand. A contact point is
represented as a transformation T, . However, each finger has
fewer joints than 6, which results in an underestimated sys-
tem. Consequently, we cannot directly calculate the inverse
kinematics based on the contact points, and it is not possible
to arbitrarily move the fingertip on the object surface. To
relax the constraints, we will not fix the palm pose, but
constrain the palm pose on the chart Cpyp, ;, Which is parallel
to chart C; on the object surface, therefore Ty, € Cogim ;-
Since the equality constraints cannot be solved by using
Bayesian optimization, the Alternating Direction Method of
Multipliers (ADMM) based Bayesian optimization [20] is
utilized to solve the contact pose optimization problem (7)

with the new formulation

max fonj (4 Tpaim) + &e(@: Tpuim) ®)

with .(q, Tpum) = # X €i(q, Tyam)* and ¢;(q, Tygm) =

‘fGPIS <FK1 (q7 Tpalm(R, t)) > ‘
ADMM introduces an auxiliary variable z, resulting in

— €.. In order to solve (8),

(%a)
(9b)

q,n;g; Sooj(@ Toaim) + 20(2, Tpaim)

st. g=z.

In the following, we neglect Tp,;,, in f; and g.. By applying
Augmented Lagrangian function for equation (9), a new
objective function is formulated as

y 2

Ep(q’zvy)zfobj(q)'i'gc(z)'i'g "q_z+_ (10)
Pll2

Therefore, we can solve fobj(q) and g.(z) by alternating over
the following sub problems:

cl2

¢! =argmax fy@+ S{q-F+ L]
q P 2
p |

ZM! = argmax g.(z)+ % ||¢" -z + = (11b)
z 2 P

yk+1 — yk +p(qk+l _ zk+1). (110)

The optimal condition is defined as ||g**t! — z*+! ” < eprimal

and |[p(z¥t! — z5)|| < el where ePrimal apd edual gre two

predefined optimality tolerances. Each sub problem is solved
by using Bayesian optimization.
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(a) Mug: Initial (b) Random Alg (c) EigenGrasp (d) HPP-Opt

(e) Flask: Initial (f) Random Alg (g) EigenGrasp (h) HPP-Opt

Fig. 2: Comparison of different Grasp planning Algorithm
examples for different objects with the multi-fingered hand

V. EXPERIMENT

Simulation results are introduced in this section to verify
the effectiveness of our algorithm. The experiment is exe-
cuted in the platform Graspit! [23] by using Barret hand
Barret hand hat three fingers: finger one hat two joints, where
the last joint is under-actuated. Finger two and three have
one common joint. Each finger has three joints where both
fingers have a passive joint. Therefore the Barret hand fingers
have totaled 4 DOFs. The hand palm pose is denoted as a
6-dimensional vector. Consequently, the whole Barret hand
system has totaled 10 DOFs. The experiment’s graspable
object is stored in the mesh file The GPIS describes the
object by using the mesh triangle verities as the input. Our
approach achieves a 95% success rate on various commonly
used objects with diverse appearances, scales, and weights
compared to the other algorithm. All evaluations were per-
formed on a laptop with a 2.6 GHz Intel Core i7-6700HQ
and 16 GB of RAM.

A. Experiment on HPP-Opt

In this section, the algorithm HPP-Opt is compared with
other grasp planning. The first grasp planning approach is a
simulated annealing grasp planner using an auto grasp quality
energy as a search strategy, which behaves like a random
grasp planning. The second approach uses an EigenGrasp
planner combined with a simulated annealing solver to guide
potential quality energy. The Bayesian optimization and
simulated annealing are both global optimization solvers,
where the latter is a probabilistic technique for approximating
the global optimum of a given function. We compare the
algorithms with different kinds of shapes. The experiment is
conducted in a fixed time of 20 seconds, and we average the
first 20 best grasp candidates. The best grasp candidate of
mug and flask from whole grasp candidates are visualized
in Fig. 2. The initial state of Barret hand and object are
randomly defined, shown in Fig. 2a and 2e. It can be seen that
the hand configuration selected by random grasp planning is
skewed to the object, and contact points on the surface are
not properly, and the resulting quality is also worse. The

TABLE I: Evaluation of different grasp planning algorithm
for all data sets. The results is an average of first 20 best
Grasp Candidates. A greater value of epsilon and volume
means a more stable grasp. The best result is highlighted in
green

Algorithms

random Alg EigenGrasp HPP-Opt ADMM-CP-Opt
quality ¢, volume e volume 9 dwhme e 4volume
Mug 0 9.5352e-05  1.7281e-04  7.1981e-04  0.0555  0.0097 0.06 0.0161
Flask 0 3.9603e-05  4.9050e-04  2.0142¢-04  0.0107  0.0014  0.0107  0.0026
Phone 0 3.9209e-05 0.0017 4.6942e-04  0.0142  0.0035 0.0142  0.0042
Sphere  0.0042 0.0019 0 0.0011 0.0495  0.0121 0.050  0.0279
Bishop 0 8.1935e-05 0.0012 9.7708e-05  0.0094  0.0011  0.0094  0.0016

TABLE II: The best grasp from 20 grasp candidates. The
best result is highlighted in green

Algorithms

random Alg EigenGrasp HPP-opt ADMM-CP-Opt
quality 4e volume 4e 4volume de Gvolume 4e volume
Mug 0 0.0012  0.0065 0.0011 0.1039 0.0151 0.1158  0.0340
Flask 0 0.0004  0.0130  0.0031  0.0449 0.0018 0.0452  0.0019
Phone 0 0.0004  0.0310  0.0007 0.0208 0.0198  0.0335  0.0006
Sphere  0.0844  0.0301 0 0.0086  0.0914 0.0362 0.1676  0.0728
Bishop 0 0.0012  0.0164 0.0004 0.0390 0.0020 0.0444  0.0045

results of EigenGrasp show a better solution where the palm
pose is trying to parallel to the object surface. The palm
pose selected by HPP-Opt is more reasonable in comparison
to the other two algorithms. We show the quantitative result
is in table (I). In different kinds of geometry shapes, our
algorithm can achieve a much more stable grasp than other
algorithms. The epsilon quality achieved by the first approach
is almost zero besides in the case of a sphere. The epsilon
quality by Figen grasps a minimal value. On average, the
epsilon quality of HPP-Opt is 28.5 times greater than Eigen
grasp’s epsilon quality. And the HPP-Opt’s volume quality
is 32.1417 times greater than Eigen Grasp’s volume quality.
Furthermore, we show the best grasp candidate from the first
20 best grasp candidates in Table II.

B. Experiment of integration HPP-Opt and ADMM-CP-Opt

In section V-A, hand palm pose is optimized based on
the Bayesian optimization algorithm combing with local
adaption, and hand finger configuration is set based on the
function of AutoGrasp from Graspit [23]. The principle of
AutoGrasp is to close each hand finger DOF at a rate equal
to a predefined speed factor multiple with its default velocity,
and the movement is stopped at the contact point. Therefore
ADMM-CP-Opt is used to assist the HPP-Opt to find a
better hand finger configuration. The comparison result is
visualized in Fig. 3. In the case (3a), fingers two and
three are too close and grasp the bottom of the flask. As
a consequence, the resulting triangle has a small internal
angle. Applying ADMM-CP-Opt splits the fingers two and
three by maximizing epsilon and volume quality and makes
the resulting triangle closer to the equilateral triangle with
a more stable grasp. The same improvement happen in the
Fig. 3b - Fig. 3f as well. The solution founded by ADMM-
CP-Opt is trying to make the resulting triangle as closer as
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the equilateral triangle. In Table I, ADMM-CP-Opt improves
the volume quality of HPP-Opt. And In table II, ADMM-
CP-Opt shows a better grasp than HPP-Opt in most cases
under epsilon and volume quality metrics.

VB ot Jd
%% Q@ 5.

®

Fig. 3: The comparison result of HPP-Opt and ADMM-CP-
Opt. In each sub figure, the left one is result of HPP-Opt,
and the right one is improved by using ADMM-CP-Opt

VI. CONCLUSION AND OUTLOOK

We propose a new algorithm for grasp planning with
multi-fingered hands by optimizing the hand palm pose and
hand finger configuration separately. No initial configuration
is required using a global Bayesian optimization solver,
which shows superiority over the convex optimization solver.
We propose a dual-stage optimization process by considering
the independence of the hand palm pose and finger con-
figuration. In the first stage, we utilize a GPIS to describe
the graspable object so that collision checking of contact
points can be integrated into the optimization framework.
Furthermore, the chart on the object surface can be computed
using the GPIS, which can be used to explore the local
information of objects. Two ellipsoids are used to define
the palm pose constraints domain. Relying on the first stage
result, we apply an ADMM based Bayesian optimization to
optimize the contact points. The whole process will switch
between HPP-Opt and ADMM-CP-Opt. We collect the best
20 Grasps, and the final grasp is selected by ranking the
grasp candidates under consideration of epsilon and volume
quality. In this work, we describe only the object in GPIS.
In future work, we can describe the hand part into GPIS so
that the collision checking can be converted to a problem
by querying the distance between two surfaces. Besides,
the robot arm is not considered in the grasping scenario.
It will be interesting to integrate the constraints of robot arm
manipulability in the objective function.
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Abstract— We propose a surface-to-surface (S2S) point reg-
istration algorithm by exploiting the Gaussian Process Implicit
Surfaces for partially overlapping 3D surfaces to estimate the
6D pose transformation. Unlike traditional approaches, that
separate the corresponding search and update steps in the inner
loop, we formulate the point registration as a nonlinear non-
constraints optimization problem which does not explicitly use
any corresponding points between two point sets. According
to the implicit function theorem, we form one point set as a
Gaussian Process Implicit Surfaces utilizing the signed distance
function, which implicitly creates three manifolds. Points on
the same manifold share the same function value, indicated
as {1,0,—1}. The problem is thus converted into finding a rigid
transformation that minimizes the inherent function value. This
can be solved by using a Gauss-Newton (GN) or Levenberg-
Marquardt (LM) solver. In the case of a partially overlapping
3D surface, the Fast Point Feature Histogram (FPFH) algorithm
is applied to both point sets and a Principal Component Anal-
ysis (PCA) is performed on the result. Based on this, the initial
transformation can then be computed. We conduct experiments
on multiple point sets to evaluate the effectiveness of our
proposed approach against existing state-of-the-art methods.

I. INTRODUCTION

While the majority of European companies consists of
small and medium-sized enterprises, only a very limited
number of them currently uses robot systems in their pro-
duction. In contrast to larger companies, they mainly deal
with small lot sizes and constantly changing production
processes. Adapting a robot systems to new products and
parts is however very time-consuming and requires expert
knowledge in robotics that is not commonly found in shop
floor workers [1]. While a number of modern robot systems
currently on the market proposes an easier programming
concept based on reusable skills, these approaches still
require a manual adaptation to new processes. In contrast to
this, approaches from service robotics are able to automati-
cally solve declarative goal specifications by using semantic
knowledge in combination with reasoning and inference [2].

Synthesizing robot programs based on semantic product,
process, and resource descriptions enables an automatic
adaptation to new processes and involves handling the recog-
nition of objects and parts in the environment. These parts
are typically designed in CAD systems and described via
a boundary representation [3]. In order to grasp them with
a robot, a full 6D pose estimation is required. Given the

1y ianjie Lin, Markus Rickert are with fortiss, An-
Institut ~ Technische  Universitit =~ Miinchen, = Munich, = Germany
{lin, rickert}@fortiss.org

2Alois Knoll are with Robotics and Embedded System, Depart-
ment of Informatics, Technische Universitit Miinchen, Munich, Germany
knoll@in.tum.de

(b)

Fig. 1: Robot setup for assembling a gear box with (a) a
lightweight robot and a 3D camera sensor, (b) point cloud
scene of mechanical gearbox parts on the table.

small lot size production of SMEs with constantly changing
objects, it is not feasible to train object recognition models
over a long period of time. Recognizing these parts effi-
ciently by directly using their CAD models during execution
is therefore essential in achieving short changeover times.
Fig. 1 shows an example of such an assembly use case
for a mechanical gearbox together with a point cloud scene
captured by the 3D camera sensor attached to the robot.

Point registration is one of the main approaches in com-
puting the pose transformation by two given point sets and
is widely used in MRI/CAT scan alignment [4] and robot
manipulation [5]. The problem is especially challenging
when two noisy point sets only partially overlap without
initial alignment. A standard approach for point registration
is based on the Iterative Closest Point (ICP) algorithm [6],
[7]. It is interesting due to its intuitive and straightforward
implementation. The identification of corresponding points
follows a greedy search algorithm that is subjective to local
minima and identifies incorrect points for some rotations.
Furthermore, the success of ICP heavily relies on a good
initial alignment. There are many variants which aim at
optimizing the process for correspondence search, such as
widening the convergence basin, heuristic global search,
relaxed assignments, or distance fields, which however often
fail to achieve a better performance and typically follow the
principle of point to point (p2p) or point to surface (p2s)
registration. Furthermore, with increasingly powerful neural

978-1-7281-6212-6/20/$31.00 ©2020 IEEE 10572
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networks, many researchers started applying deep learning
to the problem of computing a pose transformation [8].
However, these approaches still follow the concept of find-
ing the corresponding point and use a RANASAC-based
Perspective-n-Point(PnP) algorithm to acquire the 6D pose.
In addition, they require a large data set to encode a surrogate
task and cannot be transferred to another task efficiently. For
a flexible production application however, efficiency is a key
factor required in any suitable algorithm.

This work, to the best of our knowledge, is the first one
to consider the surface-to-surface (s2s) point registration and
to describe one surface as an implicit function by employing
Gaussian process regression, also referred to as Gaussian
Process Implicit Surfaces (GPIS). We define three manifolds
by borrowing the idea of signed distance functions (SDF) [9]
with values {1,0,—1}. All points on a surface should have
the same value of 0. Instead of searching the corresponding
points between two different point sets, the goal is now to
find a rigid transformation that makes function value zero by
transferring the point using this transformation. We evaluate
the presented GPIS-based point registration on multiple
point sets. In comparison to state-of-the-art algorithms, the
presented approach can arrive at or exceed the same accuracy.
We prioritize robustness over convergence speed and our
approach can achieve more robust results than most of the
existing algorithms. The primary advantage in contrast to
other algorithms is that our approach does not require finding
the corresponding point iteratively. The initialization for the
transformation can be calculated based on a FPFH and PCA.
The registration problem is efficiently solved with a Lie
algebra-based Gaussian Newton solver.

II. RELATED WORK

6D pose estimation is widely used and extensively studied
and point registration technology is commonly used to find
the spatial relationship between two point sets. Most of the
advanced algorithms in this field are based on ICP and
several variants exist [10], [7]. The typical work flow for
geometric registration consists of two stages: initial (global)
alignment and local refinement. Initial alignment is either
based on simple Euclidean distance or on more complex
sampling-based algorithms that identify matching points by
utilizing local geometrical descriptors like Fast Point Feature
Histogram (FPFH) [11], [12]. RANSAC [13] can be applied
against outliers. In the following, the initial rigid transforma-
tion can be estimated by using a least squared method or by
using the branch-and-bound framework (BnB) [14], which is
a global optimization algorithm. In both cases, finding a good
initial alignment can be computationally expensive. After the
initial alignment, local refinement is executed by alternating
the steps for finding the nearest neighborhood and the steps
for updating the transformation based on the greedy search
algorithm. This is susceptible to local minima and can only
produce an accurate result with a good initialization. Several
variants can be used to improve the performance: Fitzgibbon
et al. [15] proposed a Levenberg-Marquardt algorithm that
uses finite differences to optimize the objective function.

Granger et al. [6] applied Expectation-Maximization (EM)
principles to consider Gaussian noise, which can improve
the robustness of local registration. Li et al. [16] utilize the
Gaussian mixture model to model the surface uncertainty so
that it increases the robustness of the registration. Myronenko
et al.[17] introduced Coherent Point Drift (CPD), which is
agnostic as to the used transformation model and similar
to GMM takes a probabilistic approach to the alignment of
point sets. Chavdar et al. [18] applied stochastic optimization
to consider noise robustness, outlier resistance, and optimal
global alignment. Yang et al. [14] proposed Globally Optimal
ICP (Go-ICP) by using the Branch and Bound framework to
derive the lower and upper bound for the error function and
to integrate a local ICP in the same frame. Guo et al. [12]
introduced the Fast Global Registration (FGR) algorithm
that uses a scaled Geman-McClure estimator to describe
the error function, optimizes the objective function by using
Block Coordinate Descent, and applies FPFH to search the
corresponding set before optimization.

All algorithms mentioned above share the requirement of
finding the correct corresponding pair. This is followed by
using either greedy search or a global optimizer to get the
final rigid transformation. With continuous improvement in
the field of deep learning, many researchers began to learn
the 6D pose directly by using RGB images [19]. However, a
large number of point sets is required to learn the surrogate
task and the underlying relationship between learned loss
function and the pose accuracy is still unclear. Such an
approach cannot be easily deployed in a flexible production
line. In this paper, we introduce a different approach for
GPIS-based point registration (GPIS-S2SPR), that does not
need to explicitly use corresponding points. By applying
Gaussian Process Implicit Surfaces, we can achieve a more
robust performance compared to state-of-the-art algorithms.

III. PROBLEM FORMULATION

The standard ICP algorithm aims to estimate a rigid
transformation T = {R,t} between given two point sets
X ={x;},i =0,....,nand Y = {y;},i = 0,...,m, that
minimizes the object function

E(T)=min ¥ T 1
( )_mmzt=1<x"_ yargmin,:o’...,m(||x,-—Ty,||2)) M

by iteratively finding corresponding points. The objective
function in (1) however is a non-convex function and there-
fore susceptible to local minima.

In this paper, we consider the problem from a different
angle: aligning two point sets independent of corresponding
points. We model one of the point set as an implicit surface,
which can capture the local structure of the surface and then
transfer another point set to this implicit surface. We assume
that all points on the same surface share the same function
value of 0. Then, the point registration problem is turned
into finding a transformation that minimizes the objective
function

B =1 Y |y @
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IV. PRELIMINARY KNOWLEDGE
A. Gaussian Process Implicit Surfaces

According to the implict function theorem, the implicit
function can be formally described as f(x) = 0, where f is
a scalar function that takes an input x € R? and results
in a d — 1 dimensional manifold S. For point registra-
tion, we will constrain d to dimension 3. Many existing
methods can be used to describe the implicit surface, e.g.,
trimmed B-splines [20], transcendental functions, or thin
plate splines [21]. In this work, Gaussian Process Implicit
Surfaces [22] will be used to describe the 3D mesh surface.
Unlike thin plate splines, the Radial Basis Function (RBF)
kernel can only describe a local patch whose distribution will
rapidly converge to zero when a point is not near the queried
point and not on the surface, which however is in contrast
to our assumption. As an alternative, thin plate splines will
be selected via

kij(r)=2r" =3Cr* + C?, 3)

with a maximum radius of C inside the training point
cloud sets X. The parameter r is the distance between two
points. Gaussian Process Implicit Surfaces can be considered
as a standard regression problem, which is expressed as
f~N(0,K(X,X)+06"Ic), where N denotes a normal
distribution with the mean y(X) = 0 and variance K(&X, X)+
oTIc. The covariance matrix K(.,.) consists of kij(x;,x;)
and o corresponds to the noise.

The goal therefore is to predict the value by evaluating the
following formulas for the queried point y;:

£ =K' [K +6"T6] " f = kTa @)
V(1) = k(y;,9,) - kT [K+6TTo] " k. ()

The kernel function k. (X, y;) is used to describe the corre-
lation between source point set X and target point set ;.
The function value f,(y;|X) is a prediction of y; with
the corresponding variance, which is expressed as V(y;|X)
and can be used to evaluate the reliability of the predicted
value. For simplification, this value is not included inside
the objective function. The 3D model points according to
SDF are denoted as {Xi eX| X, = {xi,ai,O}}. To aid
the training of an implicit function, two additional point sets
will be created: {Xi e X' | X; = {x;,0, 1}} lies outside
the surface and {X,- ex !X = {xi,oi,—l}} lies inside
the surface. How to generate these two additional point sets
is presented in [23]. The final training point sets consist
of ¥ =x0u X! ux!eR™,

After modeling the training point sets as the GPIS in the
sense of a manifold, the objective function E can be further
expressed as

[i1X) = kX, y) a= Z?:o k(x;, ¥ ©)
E= % 2;:0 sz(.VjIX) = 2;":0 aTkijTa, 7

where m is the number of points in the target point cloud
and 7 is the number of points in the source point cloud. f;

is the predictive value given by y; that is equal to zero if
the target point lies on the mesh surface. The main benefits
of this formulation are that no corresponding points between
two point sets are required and that it converts the problem
into a standard nonlinear squares problem, which can be
solved by standard convex solvers.

B. Lie Algebra for Optimization

The transformation matrix T consists of a rotation ma-
trix R and a translation ¢, which can be interpreted in
terms of Lie groups SE(3) [24] with the corresponding Lie
algebra 3e(3). It can also be converted to a Lie group by
utilizing the exponential map T = exp(&"), where T =
(0T ¢7]" € RS with p € R® and ¢ € 80(3). In this
optimized formulation, the target point set is transferred
by T to align the source point set, which is embedded
into f(X). The gradient-based optimization uses the Jacobian
matrix to search for the minimum solution. We apply the
perturbation method for calculating the gradient of T and
consider the directional of the derivative of T with respect
to the perturbation € € RS, which can be computed as

oTy;)
T =exp (") T,, # (I + €MT,,, aej

= (T9)°. 8
The operator () : R* = R*0 is defined as [¢T,5]T® =

nI —&"

o o
vector space to a higher manifold. For simplification, we
omit x; in k;(x;, T§;) and use k;(T'y;) instead. By integration
of the perturbation formula (8) with the first order Taylor
series in kernel function, it can be approximated as

ki(T9;) = k;(exp(e™T,, ;) = k;((I + €MT,, ;)
ok; aT}A’j

T
~ ki (T,,p;)+ <—’)
1( opyj) a}’j Y,=Top3; de

, where € € R? and n is a scalar that maps the

€ 9)

~ P +6,~Te,

ok,

T
=)' € RP* and 5T =
Byj

where §; = k(T,,9,) € R, (

(%)
ay;

((Ty)°) € R!X6, The derivative of the

Yi=Lopy; ok
kernel function a_yi in (9) is expressed as
j
Ok _ ki O~ Oy, -
— = ——=6(r;; — P—X;).
oy, or, oy, vu TN

V. GPIS-BASED S2S REGISTRATION ALGORITHM

For the partially overlapping situation, the transformation
matrix T is considered in the kernel’s corresponding distance
function with r = ||x;—RJ;—t|| = ||x;—TJ;|. Therefore, the
equation (6) is updated as f; = k(X,T);)" a. By combining
this with the approximation of the kernel function (9), the
objective function (7) can be further simplified as

fi=2" b+l a, = k'(B.8"e)
E(T) = % Z;":O a'k(B,8'e) k' (B8 ) a,

(10)
(1D
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Stage 3

Stage 1 Stage 2
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——(EprH)
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Source P& Ty Tini
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Outlier X!

Data X°

Inlier X~

Source

Fig. 2: The algorithm consists of three stages: In the first
stage, two additional point sets X! and X2 are created to
augment the original point set as X = X0 u X' u X1,
which is used to form the implicit function GPIS. In stage
two, we compute FPFH for each point in the source and
target point set and a cross-checking is executed to identify
a corresponding group. The PCA is utilized to compute the
initial transformation by evaluating the objective function. In
the last stage, the alignment is optimized by a convex solver.

with kT(B,8%€) = [ + 8€e, -, B, +8le| € R As
a result, (11) is converted to a nonlinear quadratic equation
with the approximated nonlinear kernel function k(f, 8% €)
and the argument for this optimized problem is changed from
the Lie group T € SE(3) to the perturbation variable of the
Lie algebra € € 3e(3).

A. Gradient of Objective Function

By taking the derivative of J with respect to €T, we get

m 0(aTk(B,8%€))

OE(T) o
0€T - Zj=0 aeT k (ﬁva 6)(1
m n a(a[ﬂi + a[€T6i)
- 21=0(2i=0 T)kT(ﬁ, 8Te)a

- Z;n:o(zlr;o ai‘si)kT(ﬂ, 8'e)a
- Z;n=0 4 (Z:;o Pio; + 6,'T€0‘i> ,

where 4; is defined as Yo € R6*! and can capture the

surface’s curvature by summing up all gradients in the kernel

function. To get the optimum perturbation €* at the current
JE(T)

position, the formula e is forced to be zero, leading to

Z:l:o 4 2?:0 5lae* = 2;‘":0 4 2?:0 i%
Je* = - 2;":0 A; 2?:0 Pia;
e = —J_l 2:1:0 Aj Z?:O ﬁiai >

with J = Z;":O A jAjT € R®6. T is therefore updated as

(12)

(13)
(14)

T, s < exp((€*)) Top pot (15)

op,

which captures the local structural manifold by means of the

Lie algebra. The optimization process follows the principle

of the Gauss-Newton algorithm. We can further adapt J as
oA jA]T. + Adiag(S), which is the LM algorithm.

B. Initial Alignment Using PCA and FPFH

A good initial guess for the optimization is important in
order to guarantee a good result and run-time. We present

a new method for computing the initial alignment by em-
ploying the PCA and FPFH [11] algorithms. First, a FPFH
is calculated for each point in the two point sets, which are
referred to as F(XY) and F(Y). We then embed F(X°) into a
k-d tree Kdp(yo) and a nearest neighbor search is performed
for each feature F(y j) € F(Y), such that G, is a group pair
set of the results x;|; for the queries y;:

G = {1y} xi;} | Kdpeeo) (F(y)) Vy; € V).

Subsequently, we embed F()) into another k-d tree Kd FO)
and perform a nearest neighbor search for each result stored
in G;, such that G, is a group pair set of the results Yjii for
the queries x;; that are stored in G:

(16)

il)
Gy = {{xi55 ¥} | Kdpy) (Fxyp ), Vxyy; € Gy

We only keep the subset G; N G, that contains bidirectional
nearest neighbors and refer to these as X’ and ). Statis-
tical analysis techniques are then applied to remove any
outliers in these groups [25]. The final selected points are
grouped together and are denoted as Xy, pprH € R"Fprx3
and Vyroup rpra € R™ernX3 . After this, a PCA is used to
compute the initial transformation Tpc, between Xy, o0 rprn
and Yo ppry- Note, that Tpea has four different possibil-
ities according to the right-hand rule (Fig. 3). By evaluating
the formula

T . m T . 2
init <, Jmin Z;:o”f( PCA,ij,X)” ,

we select the transformation matrix T, that has the smallest
function value. The whole process is illustrated in Fig. 2 and
the algorithm is summarized in Alg. 1.

a7

(18)

VI. EVALUATION

In order to compare our algorithm against the state of
the art, we evaluated it against other registration algorithms

Algorithm 1 Optimization of transformation matrix by
Gauss-Newton/Levenberg-Marquardt algorithm
Require: X, Y, H

1: Modeling GPIS f(&X)

> Section IV-A

2: Compute FPFH features F(X°) and F(Y) > Section V-B
3: Calculate G, and G, > (16), (17)
4 { & group,pprs Verowpppen } < StaticalRemove(G; N G,)

5:T (_PCA(Xgroup.FPFH’ ygroup,FPFH) > (18)
6: T, < argmin Y7 f (X, Ty))

7: for h=1: H do

8: Approximate k,(y;) Vy, € Y > (9)
9: if Gauss-Newton then

10: Set J = Z;’;O AJ‘A;r

11: end if

12: if Levenberg-Marquardt then

13: Set J =37 A, AT + Adiag(S)

14: end if

15: caleulate * = —-J7' Y7 (A, ¥ fia; > (14)
16: Update T,,, > (15)

17: if ||€*]|r < € then break
18: end if

19: end for

20: return T, .
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Fig. 3: The four possible coordinate systems for the PCA
when computing the initial transformation matrix.

regarding accuracy RMSE and time on the Stanford 3D
Scanning Repository’s Happy Buddha, Stanford Bunny, and
Chinese Dragon [26] as well as Blender’s Suzanne model.
PCL-ICP [25] is the standard implementation of the ICP
algorithm in the Point Cloud Library, which is a local
registration algorithm as it relies on a good initial align-
ment. SAC-IA-ICP [11] employs FPFH to get the initial
alignment and then uses ICP to iteratively align the two
point clouds. It is therefore considered a global point reg-
istration algorithm. GoICP and its variant GoICPT with
trimming [14] are global registration algorithms that use the
BnB algorithm in their implementations and also support
partial overlapping point registration. Global registration
RANSAC (GL.LRANSAC) [27] requires no initial alignment.
Instead, it utilizes RANSAC for the initialization alignment
by searching corresponding points in the FPFH feature
space. Fast Global Registration (FGR) is another registration
algorithm that utilizes FPFH for searching corresponding
points. The algorithm presented in this paper is labeled
GPIS-S2SPR. In this section, three different experiments
were conducted. In order to reduce the computational burden,
the tested point sets were downsampled for every algorithm
into small scale numbers (1500-2500) by using voxel fil-
tering. All evaluations were performed on a laptop with
a 2.6 GHz Intel Core i7-6700HQ and 16 GB of RAM.

A. RMSE for Random Transformations

For exploring the capability of our algorithm, we evaluated
algorithms using the Stanford Bunny point set with 50290
points without Gaussian noise and only partial over-
lap (85%). We reduced the number points by applying a
voxel grid filter with a size of 0.005 [25]. We ran each algo-

0.117 | 0.0060 | %
0.111 | 0.0035 |
—
—
0.105 | 0.0010 | @
a b d e f g

Fig. 4: RMSE for the Stanford Bunny with par-
tial overlap (85%) without Gaussian noise: (a) GolCP,
(b) GoICPT (10%), (c) PCL-ICP, (d) GL.LRANSAC, (e) SAC-
IA-ICP, (f) FGR, (g) GPIS-S2SPR.

rithm on a set of 40 random transformation matrices (Fig. 4).

From the results, we can see that GoICP and its variant
GoICP with trimming (GoICPT) (10%), as suggested in [14],
performed worse in this experiment with median values
of 0.110 and 0.108. PCL-ICP was evaluated using an identity
matrix as initialization and behaved slightly better with a
median value of 0.109 and a smaller variance in comparison
to GoICP. GL.LRANSAC showed significant improvement
with a median value of 0.005 and SAC-IA-ICP achieved
a median value of 0.002. FGR achieved a median value
of 0.001. In contrast to the previous algorithms however, its
mean value of 0.017 deviated from the median and is much
higher. This is due to its lack of robustness in handling large
rotational changes, which is further evaluated in the next
experiment (Section VI-B). Our algorithm showed the best
overall performance, with a median value of 0.001 and a
small variance.

B. Rotation and Translation Invariance

Rotation and translation invariance are essential factors
for point registration. We conducted two experiments with
the Stanford Bunny dataset to evaluate these two proper-
ties. For the first experiment, we rotated the source point
set 50° around the y axis and translated it with a vector
of [0.1,0.2,0.3], as illustrated in the first row of Fig. 5.
In the second one, we rotated the point set 180° around
the z axis without translation, as shown in the second row
of Fig. 5. The same initial alignment is used for each
algorithm in both cases. We repeated both experiments 40
times. The best results are shown in Fig. 5. PCL-ICP and
FGR show entirely different behaviors in these two cases,
while they failed with a more than 0.1 RMSE value in
the second case. For these two algorithms, we conducted
further experiments with different rotations. FGR failed with
a high probability for high rotation values and we therefore
conclude, that FGR is not rotation invariant. SAC-IA-ICP
showed no significant difference in both experiments, achiev-
ing roughly the same mean value of 0.009. GLRANSAC
also showed similar performance in both cases with mean
values of 0.003 and 0.006. In this experiment, rotation and
translation showed no significant effect in our GPIS-S2SPR
approach, with an approximate RMSE of 0.002.

C. Noise and Overlap Robustness

We evaluated the algorithms on all four point sets with
the number of points varying from 30000 to 50 000. Fur-
thermore, we applied three different levels of noise based
on a Gaussian distribution with variances set to 0, 0.00025,
and 0.0005, respectively. We also evaluated the capability
of point registration in a partially overlapping scenario,
where only a subset of the points from the source point
cloud is used for the target point cloud. Three different
overlap factors were used in the experiments: 100%, 85%,
and 65%. Furthermore, we used an identity matrix for the
initial alignment in each test to maintain identical conditions.
Each algorithm was executed 40 times for each configuration,
leading to a total of 1440 times for all possible combinations.
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Fig. 5: Stanford Bunny together with alignment results of selected algorithms for (a)—(f) 50° rotation around the y axis and
small translation, (g)—(1) 180° rotation around the z axis with translation set to zero.

TABLE I: Benchmark results for all algorithms on four different point sets with three levels of Gaussian noise and three
different overlap factors. The best RMSE value e for each configuration is highlighted in green.

noise = 0.00000

noise = 0.00025 noise = 0.00050

1.00 0.85 0.65 1.00 0.85 0.65 1.00 0.85 0.65
€ t € t € t € t € t € t € t € t € t

PCL-ICP 0.081 0.5 0.090 04  0.067 0.3 0.046 04  0.082 0.6 0.046 0.3 0.069 04 0.107 0.6 0.073 0.3

< GolICP 0.115 203 0.110 201 0.097 20.0 0.046 20.1 0024 201 0.063 202 0.089 20.1 0.101 20.1 0046 20.1
S GoICPT 0.100 215 0.108 21.5 0.099 214 0.106 215 0.104 21.7 0.098 214 0.103 214 0109 21.7 0103 214
2 SAC-IA-ICP  0.001 6.1  0.002 5.6 0.010 7.1 0.001 6.6  0.002 6.1 0.011 8.2 0.001 7.0 0.003 6.4 0.011 79
g GLRANSAC  0.001 1.6 0.005 1.7 0.005 23 0.001 1.7 0.005 1.8 0.005 1.9 0.001 1.7 0.005 1.9  0.005 23
Mm FGR 0.017 0.4 0.009 04 0.017 03  0.004 0.4  0.007 04  0.020 03 0.004 0.4 0.007 04 0.015 0.3
GPIS-S2SPR  0.001 0.6  0.001 0.5  0.001 0.5 0.001 0.5 0.001 0.6 0.002 0.5  0.001 0.5 0.002 0.6 0.002 0.7
PCL-ICP 0.134 0.8  0.108 0.8 0.116 0.7 0.049 0.6 0.127 1.3 0.095 0.6 0.131 09 0.115 0.6 0.106 0.9

g GoICP 0.089 235 0.055 21.6 0.086 220 0.08 21.8 0081 21.8 0.089 21.8 0.064 21.8 0072 21.7 0117 215
o GoICPT 0.092 232 0.059 215 0.084 215 0079 216 0071 21.7 0.097 21.7 0.045 215 0091 216 0062 215
g SAC-IA-ICP  0.001 112 0.005 106 0.018 103 0.001 1.7 0006 107 0.027 114 0.001 124 0006 115 0018 11.1
3 GLRANSAC  0.014 1.7 0.018 1.7 0.040 2.0 0.016 1.8 0.011 1.8 0.039 23 0.013 1.9 0.025 1.9 0.022 2.7
3 FGR 0.049 0.6  0.039 0.6 0.060 0.5 0.070 0.6  0.049 0.6 0.061 0.5 0.046 0.7 0.071 0.6 0.052 0.6
GPIS-S2SPR  0.003 0.8 0.002 1.1 0.002 1.1 0.001 43 0.002 2.1 0.002 1.8 0.002 1.3 0.003 12 0.002 1.6
PCL-ICP 0.087 0.5 0.100 0.3 0.079 0.4 0.090 02  0.065 0.3 0.096 04 0.071 0.5 0.082 0.5 0.101 0.4

) GoICP 0.017 216 0.022 21.7 0.018 214 0034 215 0035 21.7 0.021 215 0.018 215 0053 215 0033 216
) GoICPT 0.022 214 0.014 214 0.021 200 0.011 199 0.009 200 0084 20.1 0.013 201 0.044 202 0.017 202
g SAC-IA-ICP  0.001 59 0.003 53 0.009 4.8 0.001 6.0 0.003 54  0.009 49  0.001 6.5 0.004 58  0.009 52
Eﬂ GLRANSAC  0.001 2.1 0.005 2.6 0.005 29 0.001 23 0.005 2.5 0.004 2.8 0.001 2.6  0.005 2.5  0.005 2.8
A FGR 0.012 05 0.022 05 0.024 04 0.012 05 0.016 04 0.017 04 0.021 05 0.015 05 0.013 0.4
GPIS-S2SPR  0.002 0.7 0.002 09 0.002 1.0 0.002 0.8  0.002 09  0.003 1.0 0.002 0.7 0.002 1.0 0.003 0.9

g PCL-ICP 0.094 0.2 0.086 04 0.110 0.3 0.095 0.5 0.076 02 0.071 02 0.124 04  0.047 04  0.064 0.4
o GoICP 0.043 215 0.032 214 0.085 213 0075 214 0050 213 0.052 213 0.051 214 0067 215 0012 214
5 GoICPT 0.013 202 0025 20.1 0028 202 0.016 202 0.031 202 0.022 201 0.023 200 0.031 199 0.020 20.0
g SAC-IA-ICP  0.001 55 0.007 52  0.009 6.3  0.001 62 0.014 73 0.017 7.4 0.001 6.7 0.011 75 0.015 6.2
A GLRANSAC  0.002 1.1 0.005 1.3 0.006 1.8 0.002 1.0 0.005 1.4 0.006 1.6 0.002 1.1 0.005 1.5 0.005 1.8
E FGR 0.022 0.4  0.022 04 0.019 03 0.016 04  0.019 04 0.015 03 0.024 04  0.022 04 0.021 0.3
= GPIS-S2SPR  0.003 1.0 0.002 0.8  0.002 0.8  0.001 0.6  0.003 0.7 0.002 0.8  0.002 0.7 0.002 0.7 0.003 1.2

TABLE II: Mean RMSE over all noise levels and overlap
factors for all point sets and algorithms. The best result is
highlighted in green.

Data PCL-ICP  GoICP  GoICPT SAC-IA-ICP GLRANSAC FGR  GPIS-S2SPR
Bunny 0.073 0.077 0.103 0.005 0.004 0.011 0.001
Suzanne 0.109 0.083 0.076 0.009 0.022 0.055 0.002
Dragon 0.086 0.028 0.013 0.004 0.004 0.017 0.002
Buddha 0.085 0.052 0.052 0.008 0.004 0.020 0.002
Mean 0.088 0.060 0.061 0.007 0.009 0.026 0.002

The results with individual RMSE values e and runtime ¢
for each configuration are listed in Table I. The algorithms
GoICP and GoICPT (10% trimming) consistently showed
the worst performance in all test cases with regard to the
mean value of RMSE and total computation time. The
BnB algorithm in these algorithms is very expensive to
compute and the constant switch between ICP and BnB
was not able to achieve a global optimum solution. PCL-
ICP was able to converge very fast but is susceptible to
local minima. SAC-IA-ICP achieved the best performance
in case of an overlapping factor of 100% with an RMSE

of 0.001. However, the RMSE value increased drastically
to 0.01 in case of a partial overlap, G.LRANSAC explores the
corresponding points in terms of FPFH and showed similar
performance. FGR converged very fast but showed a bad
performance in all experiments for the reasons explained in
Section VI-B. Our GPIS-S2SPR algorithm does not rely on
identifying corresponding points and is therefore stable for
different transformations. In this experiment, the RMSE for
GPIS-S2SPR is stable in terms of the overlapping factor and
noise for all point sets. As it is able to consider noise in its
formulation, the RMSE is approximated equal to 0.002 for all
noise levels. Table II shows the total RMSE computed over
all possible combinations for each point set and algorithm.
GPIS-S2SPR showed the best overall performance. In terms
of computation time, it is not always the fastest approach,
since GPIS is time-consuming due to the computation of an
inverse of the covariance matrix with a complexity of @(m?).

D. Gearbox Assembly Application

We explore the capability of our algorithm by using real
point cloud data captured by the system shown in Fig. 1b,
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Fig. 6: The first column shows the CAD models of the
gearbox components tree, bearing, and pipe. The second one
shows the mesh sampled point cloud from the CAD model
for each component. The cluster extracted from the point
cloud scene (Fig. 1b) is shown in column three. Column four
shows the initial source and target point cloud. The alignment
results of GPIS-S2SPR are shown in the last column.

where the task is to assemble a mechanical gearbox. In order
to grasp the objects on the table with the attached parallel
gripper, we require a 6D pose transformation.

The gear box assembly task consists of four parts, a
mechanical tree (Fig. 6a), two ball bearings (Fig. 6f), and a
mechanical pipe (Fig. 6k). All parts are available in the form
of CAD models. For the 6D pose estimation, we apply mesh
sampling to acquire a detailed point cloud (PC) for each
CAD model, shown in Fig. 6b, 6g, and 6l. The noisy point
cloud data shown in Fig. 6¢, 6h, and 6m is extracted from the
actual data captured by the camera sensor as demonstrated
in Fig. 1b. We combine the Euclidean Cluster Extraction and
Region growing segmentation from PCL [25] to extract each
component from the point cloud scene. The initial position
relationship between the source and target point cloud is
shown in the fourth column of Fig. 6, where the tree is
lying on the table and the pipe is rotated by 90°. As only
one 3D camera is used, we can only get a partial view
of the objects. The noise added by the camera sensor is
not a Gaussian distribution. We evaluate our algorithm with
these three components, the results are shown in the last
column of Fig. 6. Although the tree and ball bearing are two
highly symmetrical components, the algorithm can match the
bottom and the upper part with an error of 0.004 In the case
of the pipe alignment, the pipe cluster has two disconnected
parts and only an approximated 25% of object information
is available, which further increases the complexity. Our
algorithm can match the objects with an error of 0.009

E. Evaluation with Scanned Datasets

To further verify our algorithm, we evaluate the point
sets from semantic-8 [29] and Urban Scenes Velodyne Point
Cloud Dataset [30]. The corresponding results are shown
in Fig. 7. We compare our algorithm with PCL-ICP in
Fig. 7a, where the RMSE of PCL-ICP is 48 times that of
our algorithm. In Fig. 7b—7h, each sub-figure consists of two

images, where the left one is the initial state, and the right
one is the result of point registration. It can be seen that
our algorithm can work in different scenarios, such as urban
scenes [30] and different kinds of buildings. Furthermore,
we evaluate our algorithm with two additional point sets
from [27] and Shapenet [31], which are shown in Fig. 8. The
source point sets in Fig. 8 are indicated as blue points and
the target point sets as orange points. The initial setting for
source and target point sets are demonstrated in Fig. 8a, 8b
and 8c. From Fig. 8d, 8e, and 8f, we can see that the
alignment accuracy is very high in both point sets with an
RMSE value of 0.002, 0.0001, and 0.0001, respectively.

VII. CONCLUSION

We propose a new algorithm for a partially overlapping
3D surface registration algorithm. In this algorithm, we
abandon the traditional idea of point to point or point to
plane correspondence search to register the points. Instead,
we view the 3D surface as a Gaussian Process Implicit
Surfaces, which utilizes the signed distance function to
describe three manifolds. Furthermore, we convert the point
registration as a nonlinear least-squares problem to find a
rigid transformation between two point sets. For accelerating
the optimization process, we use a Principal Component
Analysis (PCA) together with Fast Point Feature Histograms
descriptors to compute the initial transformation. Moreover,
we derive the Jacobian matrix by applying the Lie algebra
perturbation method, which approximated the kernel function
with the first-order Taylor series. The whole optimization
follows the principle of Gauss-Newton algorithm. By slightly
adapting the Jacobian matrix with a damping value, we can
convert the algorithm to Levenberg-Marquardt solver. Our
approach demonstrated a higher accuracy performance and
more robust rotation invariant properties compared to state-
of-the-art methods by evaluating diverse experiments.
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Parameterizable and Jerk-Limited Trajectories with Blending for
Robot Motion Planning and Spherical Cartesian Waypoints

Jianjie Lin, Markus Rickert, and Alois Knoll

Abstract— This paper presents two different approaches
to generate a time local-optimal and jerk-limited trajectory
with blends for a robot manipulator under consideration of
kinematic constraints. The first approach generates a trajectory
with blends based on the trapezoidal acceleration model by
formulating the problem as a nonlinear constraint and a
non-convex optimization problem. The resultant trajectory is
locally optimal and approximates straight-line movement while
satisfying the robot manipulator’s constraints. We apply the
bridged optimization strategy to reduce the computational
complexity, which borrows an idea from model predictive
control by dividing all waypoints into consecutive batches with
an overlap of multiple waypoints. We successively optimize each
batch. The second approach is a combination of a trapezoidal
acceleration model with a 7-degree polynomial to form a path
with blends. It can be efficiently computed given the specified
blending parameters. The same approach is extended to Carte-
sian space. Furthermore, a quaternion interpolation with a high
degree polynomial under consideration of angular kinematics
is introduced. Multiple practical scenarios and trajectories are
tested and evaluated against other state-of-the-art approaches.

I. INTRODUCTION

Trajectory generation is a fundamental topic in the robotics
community that deals with the calculation of a time-optimal,
smooth, jerk-limited, and accurate motion for a well-defined
task. Manually programming and optimizing paths for com-
plex robot systems is no longer viable when it comes to
flexible production with small lot sizes and multiple robot
manipulators, a common use case in small and medium-
sized enterprises [1]. In order to quickly adapt to new
processes, new paths have to be generated automatically by
modern path planning algorithms that are able to calculate
complex motions for multiple manipulators in a narrow
space. As cycle times should be as short as possible, globally
optimal path planning algorithms [2] present a consider-
able advantage over classical algorithms that are followed
by a local optimization step. In order to avoid stopping
at every waypoint in a path, supporting various forms of
blending is a desired property in a trajectory generation
algorithm to further increase the performance of a robot
system. Kinodynamic path planning algorithms with velocity
information however are proven to be PSPACE hard [3]
and therefore lead to a large increase in computation time.
Industrial robot controllers and open-source implementations
commonly support blending via linear parabolic motions
and cubic spline interpolation. Trajectories based on linear

Jianjie Lin, Markus Rickert, Alois Knoll are with Robotics, Artificial
Intelligence and Real-Time Systems, Department of Informatics, Technis-
che Universitit Miinchen, Munich, Germany jianjie.lin@tum.de
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parabolic blending, that only limit the acceleration, suffer
from infinite jerk around the blend waypoints [4]. Although
cubic spline interpolation can improve the smoothness of a
path by limiting the jerk, it can result in a more significant
deviation of the straight-line movement. This is especially
important when calculating trajectories for position-based
solutions in robot path planning. Trajectory generation with-
out explicit error bounds in the path deviation can lead to
undesired behavior. Deviating too far from the collision-
free solution path can result in collisions. Based on these
observations, we present two different approaches to generate
a trajectory for following multiple waypoints. They support
an explicit upper bound in deviation and are jerk-limited
around the blended waypoints. In our previous work [4],
we consider the situation of performing an accurate motion
for a robot manipulator by forcing the trajectory to pre-
cisely pass through all waypoints, which are either manually
specified or generated via a path planning algorithm. In
this work, we extend this to a more general application by
considering blending around the waypoints. In contrast to
most state-of-the-art blending algorithms, the jerk limitation
is followed throughout the trajectory. In the same way as
Haschke et al. [5] and Kroger et al. [6], the trapezoidal
acceleration profile is used to generate the trajectory between
two consecutive waypoints. As stated in [4], the trapezoidal
acceleration profile increases the optimization complexity
while considering phase synchronization. In comparison to
our previous work [4], we relaxed the objective function by
introducing two additional weights to control the distribution
of acceleration, deceleration, and cruising phases, which
reduces the optimization complexity and shows a better
performance from the perspective of straight-line movement.
We continue to utilize the principle of model predictive
control [4] for optimizing all waypoints by decomposing
them into many consecutive waypoint batches and bridging
each two adjacent batches with an overlapping waypoint. In
addition to the optimization approach, we present another
new approach that combines the trapezoidal acceleration
model with a high-degree polynomial to perform a blending
trajectory in joint and Cartesian space. Notably, quaternion
interpolation is integrated and extended to a high degree
polynomial, which considers the angular jerk and results in
a smooth quaternion trajectory.

II. RELATED WORK

Generating time-optimal and smooth trajectories has been
studied extensively for decades in the robotics community.

978-1-7281-9077-8/21/$31.00 ©2021 |IEEE 13982
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The proposed trajectory planning techniques are roughly
divided into two categories: online and offline planning.
Online real-time trajectory generation is mainly used to
deal with unforeseen events and a dynamic and fast modifica-
tion of the planned trajectory. Macfarlane et al. [7] proposed
a jerk-bounded fifth-order polynomial with parabolic blends
between two waypoints. Haschke et al. [S] presented an
online trajectory planner by considering arbitrary initial
kinematics and stopping at each waypoint. Kroger et al. [6]
extended the online planner in a more general approach,
which can handle arbitrary start and goal states. Lange
et al. [8] proposed a path-accurate and jerk-limited online
trajectory generation in configuration space. However, this
cannot be easily extended to multiple waypoints and it is
also not possible to blend the trajectory around the target.
Offline trajectory planning is suitable for a well-defined
task, such as assembly or welding applications. The standard
trajectory generator utilizes polynomials based on splines
such as cubic splines or polynomials of higher degrees to
provide a jerk-bound smooth trajectory. B-splines and their
extension method [9] are also widely used to generate smooth
trajectories. Although polynomial-based and B-spline-based
algorithms can generate a smooth trajectory, they cannot
fully explore the robot’s capabilities and show a significant
deviation from a straight line. Pham et al. [10] proposed a
new approach based on reachability analysis for the time-
optimal path parameterization (TOPP) problem. Similarly,
Nagy and Vajk [11] applied a linear programming-based (LP)
solver to tackle TOPP. Furthermore, Barnett et al. [12] intro-
duced a bisection algorithm (BA) by extending the dynamic
programming approaches to generate a trajectory. However,
those algorithms are expensive to perform a trajectory with
blends. Kunz et al. [13] proposed a path-following algorithm
by adding circular blends that consider the acceleration
bounds in joint space. Dantam et al. [14] presented spher-
ical, parabolic blends by using the SLERP function, where
no interpolation in a Cartesian pose is considered. These
algorithms however do not take jerk limitation into account.

III. PROBLEM FORMULATION

The goal is to find a time-optimal, jerk-limited, and smooth
trajectory that blends an intermediate waypoint without vi-
olating kinematic constraints. Furthermore, it is required to
minimize the deviation to a straight line in either joint or
Cartesian space. The trapezoidal acceleration-based trajec-
tory model [4], also called seven-segment model, has the
capability to generate a smooth and jerk-limited trajectory.
At segment h € [0, -+, 6], the kinematics are formulated as

k _ ko ik
Gp1 O =, + Iy Al
1 2
1h+1(t)_Uzh+a Atlh+2jzhAtth’ (1)
2 3
2alhAt g]zhAt

at the waypoint i in the axis k. The parameter At;, is
the time difference, defined as #;,,; — ;- For a phase

:h+1(t)_ zh+U At +

synchronization [15] trajectory, position, velocity, acceler-
ation, and jerk in each axis at the same segment should
be synchronized. The time evolution of a position is in-
terpreted by a third-order polynomial, which can increase
the smoothness of trajectories by bounding the jerk. In this
paper, we present two approaches: In the first approach, we
extend our previous work, which enforces a precise pass
through all waypoints, denoted as TrajOpt-Pass-Joint (TOPJ),
to generate a blending trajectory by formulating it as a non-
linear constraint optimization problem, indicated as TrajOpt-
Blend-Joint (TOBJ). In the second approach, we combine
the trapezoidal acceleration model with a high-dimensional
polynomial (7-degree) to generate a blending trajectory both
in joint space TrajPoly-Blend-Joint (TPBJ) and Cartesian
space TrajPoly-Blend-Cart (TPBC).

A. Blending by Optimization in Joint Space (TOBJ)

A blending trajectory is formulated as a nonlinear con-
straint optimization problem by applying a nonlinear op-
timization solver (SQP) [16]. The work presented in this
paper introduces a newly designed objective function and
additional inequality and equality constraints. We follow the
same optimization strategy as introduced in [4].

1) Objective Function: The purpose of the objective func-
tion f is to find a trajectory that is optimal in time and moves
as linearly as possible in joint space as

Z( ( (Atz ace T Att dec))' ) (Ati,cruisAZ)z)

k= AP @
+ Ay ;(u§3)2 exp<— 262 )) :

where n is the number of waypoints, m are the degrees
of freedom of a robot. The time interval of the accel-
eration phase is indicated as At ,., the cruising phase
as Af; ..yis> and the deceleration phase as At; 4... The weight
values A; and A, are used to control the distribution of
the acceleration/deceleration and cruising phase. The choice

((At, ace T Ati’dec)/ll)2 + (Ati’cruis/lz)2 has advantages

over the formulation ((Af; .. + At g + At,-’cruis/lz)z,
which avoids the product of (Af; oo + Af; 4o )AL, (yis» SO that
acceleration/deceleration phase and cruising phase cannot
affect each other. On top of this, Ay is used to minimize
the whole trajectory time. In this formulation, A3 and 4;/4,
conflict with each other. 4;/4, is used to achieve a straight-
line motion, while minimizing the time with Ay requires a
longer acceleration/deceleration phase that can lead to an
overshooting trajectory. In [4], the straight-line deviation
bound is added in the objective function. In this work, we
relax this constraint by emphasizing a straight-line in joint
space. Furthermore, the overshooting is observed with

— k k k k
Ati,CFUiS - ((pi,target_pi—l,())_ (Api,acc + Apt dec))/vi,3 ’ (3)

— h=2 k ok

W};ler;: ApldCC Z:h Oplh(tth’ i0°
k k

Do Pl VF yoaf 085, al). If the time At

0) and ApF =

i,dec

icruis is neg-
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ative, the reached position overshoots the target. To elim-
inate this undesired behavior, the cruising phase should
be omitted. Since Apf‘blCC + Apff dec has a longer distance

than pk we can reduce the cruising veloc-

itarget Pi_ 1,0’

ity vk, to shorten Ap Besides,

i3 ,acc’
velocity v;; influences the position Ap¥ . which can be
> idec

automatically tuned by the optimization’ solver. We add a

the trapezoidal end

I
icruis

regular term (U )2 exp(——=—) in the objective function
with o, which controls the decay rate. It can be shown

12
that at At ~ 0, the regular term (U )2 exp(— —isuis C“"S)

is approximated as (U )2 and the Velocny is reduced by

minimizing the objectlve function. In the case of Az, >0,

[2
i crun

icruis

i,cruis

the Gaussian value exp(—— 53— ) is exponentially decayed to
zero, which has no effect on the cruising phase.

2) Kinematic Constraints: Instead of passing through
the waypoints, we define a blending bound between two
consecutive line segments. Furthermore, we set a non-zero
velocity and acceleration for each waypoint, except for the
first and last waypoint. The constraints are described as

P(f,h) l+1blstdrt’ h, €[4,...,6],
P (t,'+1,h2) = pf+l,bl,end ,hy, €0,...,3],
WKty o) = vk (t,0) = 0, At 2 0,
a“(tg) = d“(t,0) = d"(1;3) = 0, C))

5l <k ldf el <ab YheTo,....6]

k@l <ok L@l < pkL YR ED, ... 6]
k

k k
Piviiower = Pit1o1 = Pis1 plupper ’

where p* is the start blending segment position at

i+1,bl,start
waypoint i + 1 in axis k and p+] bl.end is the end blending

segment posmon at waypoint i + 1 in axis k. The vari-
able pl blLlower’ pl blupper is a lower and upper blending bound,
respect1vely The corresponding optimized blending way-
point at i + 1 in axis k is indicated as p Lol The variable A,
and h, are predefined values that depend on the blending
percentage. One relaxation of the jerk j constraint [5] is
made by allowing double acceleration or deceleration phases:
sign(j) is no longer strictly defined as [+,0,F,0,F,0, %]
but changed to sign(j) = [+,0, +,0, +, 0, +]. This relaxation
allows reaching the next waypoint without slowing down.

3) Blending Bound Constraints: The blending con-
straint Piblcon is computed as p; +1 +yrn, where J is defined
-9 Pit1— Pit2~Pit]

—H— and = R

Nl Tooiel 992 = Toopa
Addmonally, r=1I;/(tana; 1 /2) with ;| = arccos(jrlTﬁz)

— o g pixi=pill |Pis2=pPinill  8sin(ay,/2)

and /; = nnn{ > s 3 S (E——r } where
is the predefined blending distance from g;,;. n is the per-
centage value for controlling the blending bound. The devi-
ation ey = ||P; p1.con — P(;.7)|| is bound. Utilizing the blend-

ing constraints, we have pf‘bl lower = min{pf.‘bl con’ pk(tij)}

=ma {pi,bl,con’p (t1’7)}'

with §, =

and P i,blupper

B. Blending with Polynomial in Joint Space (TPBJ)

The second approach combines the trapezoidal with a
high-dimensional polynomial to form a blending path. The
blending segment is described as a high-degree polynomial
under consideration of initial f, = (py, vy, ag. Jjo) and
final f; = (py, vy, ay, j;) kinematic constraints. These
require a total of eight coefficients, therefore we utilize
a 7-degree polynomial function in one dimension: f(f) =
byt! + bgt® + -+ + byt> + byt + by. The coefficients b - b3

can be cornputed using f w1th by = py, by = vy, by = 70
and by 160 The coefficients b, to b, depending on f, and
polynomlal time ¢ can be described as

LA S I

1 1 14 b, » 1 2 3 b

1 111 0

7 6 st o4rd bo | = [u| —[o12q32] |

425 3014 2083 1222 | | bs o 00 26 | |2

4 12013 294 by /1 00 0 61 bs
2101} 1201} 603 241 |\~ 1T, —_——

o J
v xq Y1 Ay Y2

Ay

Due to this, x,(ty, fo. /1) = A7'(y; — Ayy,) with time
matrices Ay, A,. The polynomial is simplified as

@, foo f1) = [0, 0, 6%x,(11, fo, [1) + Ma(t, ), (5)

where h,(t, f,) is described as ljoz‘3 + %aot2 + vgt + py.
Firstly, we assume that the initial f; and final f; kinematic
constraints are available. Therefore, f(¢) depends only on the
time ¢. To find a polynomial blending trajectory that satisfies
all kinematic constraints, we need to verify the extreme point
of the polynomial by computing the root of its derivative.
For example, the extreme point of jerk can be found at the
position where the first derivative of the jerk (snap) is equal
to zero. In addition, a n-degree polynomial has at most » real
roots. The constraints can be mathematically formulated as

|f(n—l)(ﬁ(f("))))ﬁ(i(f(n)))I < kmax > (6)

where f is n-th derivative of f with n € [1,4] and the
corresponding constraints k.. € [Pmax> Umax> Fmax> Jmax]-
The root-finding function A(f™) for a given polynomial is
used to find the extreme value position for £, y,(x) is
the indicator function of A and will be set to one if x €
[0,7], otherwise to zero. Note that if the y,(x) function
is not derivable, the gradient-based optimization solver will
diverge. To find a time-optimal polynomial trajectory that
satisfies initial/final conditions and lies within the kinematic
constraints, we iteratively check the constraints (6) by adding
a small delta to t+ = ¢ + At, where in our case Af is set
to 0.001. Furthermore, to obtain the initial f{; and final f;
kinematics, we compute a Point to Point (P2P) trapezoidal
acceleration profile movement between each two waypoints,
which can be in joint space or Cartesian space, with zero
initial and end conditions, and the computed traveling time
is indicated as t;_,;,. After that, we predefine a blending
percentage # to set a start blending time 1, = (1-m)t;_5;4,
and end blending time 7, Nt 1_siyo for each two
consecutive trajectories. By querying the trapezoidal model
att, - and 1, . we obtain the kinematics f and f7.
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C. Blending with Polynomial in Cartesian Space (TPBC)

Utilizing the same principle, we extend the algorithm to
the Cartesian space, which is widely used in industrial appli-
cations. The blending trajectory in Cartesian space requires
separate blending for position and orientation. Interpolation
of the Cartesian space is executed in the same way as de-
scribed in Section III-B. For the orientation part, which has to
consider a spherical interpolation, we apply the formulation:

~ B u(t) sin(0(¢)/2)
h(t) = h;Ah(?) = h; ( cos(0(1)/2), > @

where h; is the initial quaternion, and Ah(t) transforms the
quaternion from h; to h(¢). The Eigen axis between two
quaternions is defined as u(t) = 0(t)/ ||0()|| € R3 with a
rotation angle 0(¢) = ||0(¢)||. Therefore, the quaternion inter-
polation depends only on 8(f) € R3. To consider the angular
velocity @, angular acceleration @, and angular jerk @ at
the start and end state for the quaternion blending, the time
evolution function 6(¢) is described as: (t) = a;(x — D7 +
ax(x =10+ +agx’ with x = ﬁ € [0, 1]. Its roots and
its derivative are computed at point 32 =0 and x = 1. Based
onh = %hw, we can derive the relationship between ® € R3
and 9 € R3 as o = ud + sin(@w x u — (1 — cos(0))w,
where w = “X9 € R3 and § = u”0 is a scalar value. We
further simplify @ with the skew-symmetric matrix (-)* as
® = (uu’ - Smﬂﬁuxu>< — U=cos@yx)g = A, 0. In the same
way, we can compute the angular acceleration @ and jerk &.
We combine Cartesian position and quaternion interpolation
to form a trajectory with blends.

IV. EXPERIMENTAL EVALUATION

We compare the performance of the presented approaches
in this paper with the work by Kunz et al. [13] (TO-BAV),
Pham et al. [10] (TOPP-RA) and our previous work [4].
The work in [13] generates a trajectory with a designed cir-
cular blend under consideration of velocity and acceleration
bounds and the work [10] used the reachability-analysis (RA)
to solve the time optimal path parameterization (TOPP)
problem. Our previous work [4] generates a trajectory by
forcing a precise pass through all desired waypoints without
stopping. For the evaluation of the motion planning scene,
the collision-free paths in the examples are computed using
the Robotics Library [17], which is also used for kinematic
calculations and simulation. In the evaluation, we set the
weights in [4] and TOBJ as 4, = 1.2, 4, = 1, 43 = 5000,
and 4, = 10. All evaluations were performed on a laptop
with a 2.6 GHz Intel Core i7-6700HQ and 16 GB of RAM.

A. Evaluation of Deviation from Straight-Line in Joint Space

For the first evaluation, we consider a subset of the well-
known ISO 9283 [18] cube industrial benchmark as shown in
Fig. 1. Here, the robot’s end effector has to follow a number
of waypoints that are part of a two-dimensional rectangle
inside a three-dimensional cube while applying blending.
The corresponding results are shown in Fig. 1. The previous
work TOPJ [4] in Fig. la completed the ISO cube task

within 6.26 s by passing through all waypoints and the gener-
ated trajectory has to deviate from the straight-line movement
to avoid stopping at each waypoint. For improving the quality
of the trajectory, TOBJ presented in this work extends the
TOPJ by blending around the target position, which results
in a better straight-line movement and completed the ISO
cube task with a shorter time of 6.1s due to a shortened
path length. The polynomial based algorithm (TPBJ) can
further reduce the completion time to 5.94s by setting a
bigger blending circle radius.

B. Comparison between TO-BAV, TOPP-RA and TPBJ

In this section, we compare the algorithm of [10], [13] and
our polynomial-based one, as using an extreme jerk value
in the optimization-based one may not converge since the
gradient value in jerk direction is not at the same order
of magnitude with other gradient values in the gradient
vector. The results are shown in Figs. 2a to 20. The first
column shows the results from TO-BAV [13], where the
velocity arrives at the peak value very quickly with execution
time 2.2577s. The second column illustrates the results of
TOPP-RA [10], which is forced precisely to pass through
desired waypoints with the traveling time 2.88s. The other
columns show the results of the polynomial-based algorithm
with increasing jerk limits, starting from 5, to 100, and
finally 10000 times the maximum velocity value. The re-
spective trajectory travel time reduces from a value of 3.577 s
to 2.28 s and our algorithm gradually approaches the profile
of [13], while still limiting the jerk. We plot the first and third
DOF path without loss of generality, shown in the first row.
TOPP-RA produces a trajectory shown in Fig. 2b which has
a noticeably bigger straight-line deviation in joint space than
other two algorithms. The bigger straight-line deviation can
lead to a collision, which is not desirable for the industrial
application. From the perspective of velocity and acceleration
performance, the velocity profile from TOPP-RA shown
in Figs. 2g and 2I is less smooth than TO-BAV and TPBJ
and exhibits several vibration points.

C. Evaluation of the Algorithm in a Real Robot Workcell

We evaluate our algorithms on a Universal Robots URS
robot manipulator by looking at the actual velocity and
current measured by the URS controller with an update rate
of 125 Hz over the native Real-Time Data Exchange protocol.
We compare our approaches against the algorithm developed

() (b) (©)

Fig. 1: Comparison of joint space trajectories for the ISO
cube scenario. The plots show the first and second DOF of
different algorithms. The straight line reference in joint space
is shown in red, the calculated joint trajectory in blue with
(a) TOPJ [4], (b) TOBJ, (c) TPBI.
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(a) Pos. (TO-BAV) (b) Pos. (TOPP-RA)

(c) Pos. (TPBJ)

(d) Pos. (TPBJ) (e) Pos. (TPBI)

22rad/s — 22rad/s — |13rad/s 2.19rad/s — 1.94rad/s —
év& O
—1.31rad/s -
—2.6rad/s | | —2.7rad/s + | | —2.52rad/s + | —225rad/s + |
Os 2.257s Os 2.887s 0s 3.578s 0s 2.328s 0s 2.28s
(f) Vel. (TO-BAV) (g) Vel. (TOPP-RA) (h) Vel. (TPBJ) (i) Vel. (TPBJ) (j) Vel. (TPBJ)
2 _ 2 2 _
6.3rad/s 6.3rad/s? 417rad/s> 6.31rad/s 6.32rad/s
b ﬁ —3.3rad/s? *
—6.3rad/s? + —6.3rad/s? + —6.9rad/s? | —6.27rad/s? + |
0s 2.257s 0s 2.887 S Os 3.578s 0s 2.328s 0s 2.28s

(k) Acc. (TO-BAV) (1) Acc. (TOPP-RA)

(m) Acc. (TPBJ)

(n) Acc. (TPBJ) (o) Acc. (TPBJ)

Fig. 2: Comparison of results from TO-BAV [13], TOPP-RA [10] and TPBJ with increasing jerk constraints. (a)—(e) show the
plot of first and third DOF with generated trajectory (blue) and target straight-line path (red). (f)—(j) is the velocity profile.
(k)—(0) is the acceleration profile. In our approach, TPBJ gradually increases jerk constraints from ji,,, = {5, 100, 10000} v,

2%

(a) TO-BAV (b) TOPJ (c) TOBJ (d) TPBJ (e) TPBC
1.6rad/s —
rad/s I.Irad/s — 10rad/s - 1.2rad/s 0.9rad/s —
_ - g% —llrads— _ _ —1.2rad/s —
18rad/s | | 14rad/s / | 1.3rad/s - \% | rad/s | g |
0s 3.30s 383s Os 3.80s 0s 3.56s 0s 4.365s
(f) TO-BAV (g) TOPJ (h) TOBJ (i) TPBJ (j) TPBC
4radss 107 1072 10~ 1072 1072
2rad/s —+ 2.1rad/s 2.5rad/s 2rad/s
Orad/s Orad/s W Orad/s W Orad/s y Orad/s W
—2rad/s —2.1rad/s — —2.5rad/s — —2rad/s =
—4rad/s | [ [ [
0s 3.30s Os 3.83s 0s 3. 805 0s 3.56s 0s 4.365s
(k) TO-BAV (1) TOPJ (m) TOBJ (n) TPBJ (o) TPBC

Fig. 3: A comparison of different trajectory profiles for the UR5 example. The individual plots show (a)—(e) position,
(H)—(j) velocity with the controller’s target (red) and actual (blue) value, and (k)—(0) corresponding velocity differences.

by TO-BAV [13]. The evaluation results are illustrated in
Fig. 3. The maximum velocity and acceleration values are
identical for all trajectory generators. The only difference
is that [13] does not consider any jerk limitation. The
remaining algorithms limit the maximum jerk to a value of
five times faster than the maximum velocity. We evaluate
the computational complexity of each algorithm by running
the experiment 40 times. The computed trajectories are
visualized in a 3D environment [17] as shown in Figs. 3a
to 3e. The blending directly implemented in Cartesian space
follows a straight line. The other four algorithms have a sim-
ilar trajectory performance. It needs be pointed out that the
blending mode in [4] is different from the other algorithms,
as it can pass precisely through all desired waypoints without

stopping. From the perspective of velocity performance, the
result from [13] indicates a large gap between desired and
real velocity which occurs at each turning point, shown in
Fig. 3k, as the robot controller is not able immediately to
execute a trajectory that contains an infinite jerk. If the
maximum specified acceleration is further increased, the
additional burden on the motors may lead to hardware issues
and a reduced lifetime. In contrast to this, the algorithm
presented in this work considers the jerk limitation. The robot
controller can follow the desired waypoints continuously
and demonstrates reduced motor current values. Figures 3g
and 3h exhibit a clear period of cruising phase in comparison
to the other algorithms, as the objective function in the
optimization step emphasizes a longer constant velocity
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TABLE I: Benchmark results of path planning scenarios. The best results are highlighted in bold and smaller values are
better. The maximum blending deviation 6 is set to 0.1. The jerk limitation used by TPBJ is set to 100x and 500x of the
maximal velocity constraints, denoted as TPBJ1 and TPBJS, respectively. TOBJ is set to 100x. N, describes the number
of waypoint, .y, is the computation time, and #, is the traveling time. L, is the traveling length, Ly, is the base
straight-line length, and we present the percentage.

alg

Scenario 1 (N = 42) Scenario 2 (Npyiq = 55) Scenario 3 (Npgin = 42) Scenario 4 (Npg = 181)

Alg. TO-BAV  TOPP-RA TOBJ TPBJ1 TPBJ5 TO-BAV TOPP-RA TOBJ TPBJ1 TPBJ5 TO-BAV TOPP-RA TOBJ] TPBJl TPBI5 TO-BAV TOPP-RA TOBJ TPBJI  TPBJS
Teomp [5] 0.23 0.28 54.15 0.15 0.088 0.28 0.186 65.7 0.65 0.319 0.32 0.45 149.52 0.41 0.25 1.68 0.54 231.68 0.70 0.41
tira [5] 4.08 3.759 7.09 7.02 5.95 3.67 3.40 6.35 6.58 5.88 25.20 23.95 26.17 26.32 25.48 1175 10.55 26.48 26.44 1891
Lag/Lyra 0.999 1.0027 0.997  1.0001 0.999 0.999 1.003 0.998  1.0001  0.998 0.998 1.174 0.997 1.001 0.997 0.996 1.001 1.001 1.001 0.997

(a) Scenario 1

(b) Scenario 2 (c) Scenario 3 (d) Scenario 4

Fig. 4: Benchmarks on different motion planning scenarios. (a) a Comau Racer 7-1.4 moves to a workstation with a parallel
gripper. (b) a URS moving between two walls. (¢)—(d) a Kuka KR60-3 next to a wall and 3 columns with a vacuum gripper.

phase over the acceleration and deceleration phases. This
behavior is desirable in certain industrial robot task such
as welding and gluing, as the cruising segments show a
smoother overall behavior compared to the other segments.

D. Evaluation of Computation Complexity in Motion Plan-
ning Scenarios

We evaluate the algorithms for generating trajectories in
different path planning scenarios with an increasing number
of waypoints (from 42 to 181) and different point distribution
characteristics, as illustrated in Fig. 4. We compare our
approaches against TO-BAV, which is currently a standard
trajectory generator in the Movelt! framework, and TOPP-
RA. We summarize the results in Table I. Regarding com-
putation time, TPBJ is faster in most scenarios apart from
scenario 2. In comparison to TOBJ and TPBJ under the same
jerk limitation (100x of maximal velocity constraints), they
show a similar performance. However, if the jerk limitation is
bigger than 100x, TOBJ has a convergence problem, because
jerk and time have huge differences in numerical magnitude.
In comparison to TO-BAV and TPBJ with jerk limitation set
to 100x and 500x of the maximum velocity constraint, we
can conclude that with a higher jerk limitation, TPBJ can sig-
nificantly reduce the traveling time. This conclusion can be
drawn from subsection I'V-B as well. The trajectory optimizer
TOPP-RA without jerk limitation generates a trajectory with
minimal traveling time. From the perspective of straight-line
deviation, TOPP-RA generated a trajectory with significant
overshooting in scenario 3 with 117.4% path length with
respect to a straight-line movement, since TOPP-RA utilizes
cubic spline interpolation for path parameterization. The
drawbacks of using cubic spline interpolation are shown
in [4].

V. CONCLUSION

In this work, we have extended our previous work by
including the capability to blend around the target position.
We have presented two different approaches to finding a
time-optimal and jerk-limited trajectory. In the first approach,
the algorithm follows the same principle as in our previous
work by using a bridged optimization procedure, which
reduces the computational complexity to a linear complexity
with respect to the number of waypoints and degrees of
freedom. In contrast to our previous work, we redesigned
the objective function and blending constraints to achieve
a better straight-line movement in joint space and allow
the trajectory to blend around the target position. However,
TOBJ has a convergence problem when the jerk constraint
exceeds 100x of the maximum velocity constraint due to
the huge differences in numerical magnitude between jerk
und time. Further improvement will be left to future work
by using more advanced optimization strategies. The second
approach combines a trapezoidal trajectory with a seven-
degree polynomial. In this approach, we compute a point-
to-point motion for every two waypoints by using a stan-
dard trapezoidal acceleration model. By specifying a blend
percentage, the seven-degree polynomial can be used to
find a curve segment around the target position. To find
a time-optimal trajectory that fully considers all kinematic
constraints, we iteratively increase the trajectory time until
these constraints are no longer violated for all degrees of
freedom. The second approach can be directly extended
to the Cartesian space by using the introduced quaternion
interpolation algorithm. These two approaches do not suffer
from convergence problems and show good performance
in our experiments when compared against state-of-the-art
approaches without jerk limitations.
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Deep Hierarchical Rotation Invariance Learning with
Exact Geometry Feature Representation for Point Cloud Classification

Jianjie Lin, Markus Rickert, and Alois Knoll

Abstract— Rotation invariance is a crucial property for 3D
object classification, which is still a challenging task. State-of-
the-art deep learning-based works require a massive amount
of data augmentation to tackle this problem. This is however
inefficient and classification accuracy suffers a sharp drop
in experiments with arbitrary rotations. We introduce a new
descriptor that can globally and locally capture the surface
geometry properties and is based on a combination of spher-
ical harmonics energy and point feature representation. The
proposed descriptor is proven to fulfill the rotation-invariant
property. A limited bandwidth spherical harmonics energy
descriptor globally describes a 3D shape and its rotation-
invariant property is proven by utilizing the properties of
a Wigner D-matrix, while the point feature representation
captures the local features with a KNN to build the con-
nection to its neighborhood. We propose a new network
structure by extending PointNet++ with several adaptations
that can hierarchically and efficiently exploit local rotation-
invariant features. Extensive experimental results show that
our proposed method dramatically outperforms most state-of-
the-art approaches on standard rotation-augmented 3D object
classification benchmarks as well as in robustness experiments
on point perturbation, point density, and partial point clouds.

I. INTRODUCTION

Convolutional neural networks (CNN) [1] have shown
tremendous success in image processing due to their
translation-invariant capability of detecting local patterns
regardless of their position in the image and their ability
to process regular data, such as image grids or 3D voxels.
However, the more challenging rotation-invariant property is
still missing in the designed structure [2]. Data augmentation
is a common approach to address this issue. The infinite
property of the rotation group howver makes this approach
less efficient and comes with a high computational cost.
A big neural network with rotation-augmented data is re-
quired to generalize the data set. In 3D, geometric irregular
data formats such as point clouds increase the difficulty
of handling the rotation transformation, while irregular data
formats suffer from a permutation problem N!. To address
this issue and to inherit the benefits of convolutional net-
works, which can process regular data formats, previous
work such as [3], [4] voxelized geometric shapes. [5], [3], [6]
proposed a rotation-equivariant network with newly designed
spherical convolutional operators. However, the voxelization
of 3D geometry induces a trade-off between resolution and
computational cost. The pioneering work PointNet used a

Jianjie Lin, Markus Rickert, Alois Knoll are with Robotics, Artificial
Intelligence and Real-Time Systems, Department of Informatics, Technis-
che Universitit Miinchen, Munich, Germany jianjie.lin@tum.de
{rickert, knoll}@in.tum.de

spatial transformation network to learn an affine transforma-
tion, which still did not fulfill the requirement. Inspired by
CNNs, which use different receptive fields to aggregate the
local features, DGCNN used a dynamic k-nearest neighbors
algorithm (KNN) to exploit local information. However, its
classification results still suffer a sharp drop in rotation
experiments.

For alleviating the issue, we introduce two different
rotation-invariant features (RIF). The first one is spherical
harmonics [7], which transform the Cartesian pose to the
spectral domain by using a non-commutative Fourier analysis
methods and are related to the power spectrum in the
perspective of signal processing. The second feature can
locally describe the geometry relationship by creating a
Darboux frame at each object point with a KNN-graph. This
geometry point feature is also utilized in the point feature
histogram [8] and fast point feature histogram [9]. The
rotation-invariant feature aims at separating the rotated point
cloud and the network so that the input space is invariant
to arbitrary rotation perturbation. Furthermore, we design a
new network structure that can hierarchically extract the local
features by applying the farthest point sampling strategy.
The proposed network structure is composed of RIMapping,
PF Abstraction, and Classification blocks. In the RIMapping
block, rotation-invariant features are fed to a feature transfor-
mation network, which maps the lower level feature to a high
level embedding space. Two consequent abstraction layers
work on these high-level embedding features. For further
exploiting the local geometry information, a fully connected
point feature graph is built on each cluster and the resultant
features are fed to a point feature transformation. Afterward,
a global abstraction layer can aggregate all previous em-
bedding features together to obtain a global feature. The
Classification block is a standard fully connected network to
classify the objects. We evaluated our proposed network on
ModelNet40 with different experimental settings and achieve
or exceed most state-of-the-art approaches.

Our primary contributions are two-fold: a) we introduce
a novel geometry rotation-invariant feature descriptor, which
can globally and locally represent a 3D shape. b) a new
rotation-invariant classification network structure is designed,
which can efficiently exploit local geometric features.

II. RELATED WORK

With recent good results from deep learning in image-
based recognition, 3D visual recognition has also received
more attention and rapid development. It benefits from deep
learning in extracting and learning geometric features more
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efficiently, but the recognition of 3D geometry differs from
image-based recognition in many factors. One main aspect
are the representation formats, where 3D geometry uses
various methods such as point cloud-based representation,
implicit surfaces based representation, or volumetric-based
representations. These different formats lead to different
learning methods. In contrast, the imaged-based representa-
tion is interpreted in regular data, where the conventional
CNN is designed to handle such regular data. The per-
mutation N! is a common problem in the irregular data
format. Based on these observations, previous work seeks to
utilize benefits from conventional CNNs by voxelizing the
3D geometric shape [4], [10], [11], [12] or by using multi-
view images [11], [13], [14]. However, the trade-off between
the resolution and computational cost makes generalization
impossible. Most 3D convolutional neural networks sacrifice
high resolution to obtain fast calculations to build upon a
shallow network. To alleviate the negative impact of accuracy
due to resolution, an Octet [15] is proposed by hierarchically
partitioning the space using a set of unbalanced octrees to
exploit sparse input data.

In contrast to a volumetric representation, PointNet [16]
is the first work that directly feeds the point cloud into
a set of shared MLP networks and uses the max pool
operator to extract global features. It shows a significant
improvement in the perspective of 3D shape reasoning and
computational cost. PointNet, however, does not extract local
information. Follow-up work such as PointNet++ [17] pro-
gressively aggregated local features using the farthest point
sampling strategy. Moreover, DGCNN [18] introduced a
dynamic KNN to build a local graph and aggregated the edge
features to obtain a better feature representation. A point-
based neural network satisfies many properties, e.g., permu-
tation invariance with a shared MLP and max pool operator
and translation equivariance with a relu operator [5]. This
network is shown to solve many classical problems such as
classification, part segmentation, and instance segmentation.
The rotation-invariant property is however still missing in the
designed structures. PointNet applies a spatial transformer
network [19] to predict an affine transformation matrix. Other
work attempts to augment the data set by generating a lot
of SO(3) combinations. However, SO(3) is infinite, and data
augmentation wastes computational resources and cannot
guarantee effectiveness. To alleviate this issue, previous work
proposed a rotation-equivalence network structure. [20], [5],
[3] designed a spherical-based convolutional operator uti-
lizing the properties of spherical harmonics. [21] proposed
tensor field networks, which map point clouds to point clouds
under the constraint of SE(3) equivariance by utilizing a
spherical harmonics filter. Spherical representations for 3D
data are not novel and have been used for retrieval tasks
before the deep learning era [7], [22].

Spherical-based CNNs were initially designed for vox-
elized shapes and suffered a loss of geometric information, as
there is no bijection between R and 2-dimensional sphere
S? [23] as mentioned above. Instead of proposing a new
convolutional operator, [23] introduced rigorously rotation-

invariant (RRI) features by transforming the point from
Cartesian space into an embedding space and showed a good
improvement in experiments. However, the RRI features
focus only on the local feature using the same dynamic KNN
as DGCNN.

III. GEOMETRIC RIF DESCRIPTOR

Given a set of transformations T, : V — V for g; €
SO(3), a rotation-invariant function ¢(-) has the property

O(T, @) = (T, q). (1)

where ¢ € R? is a point in the Cartesian coordinate
system. Pioneering works in processing point clouds are
PointNet and DGCNN, where EdgeConv from DGCNN
and mini-PointNet from PointNet++ utilize the edge feature
represented as an implicit geometry feature by considering
geometric constraints between points. The edge features x; —
x; and pose point x; do not satisfy the property described
in (1). Furthermore, edge features under a dynamic KNN
can only represent the local geometric context for point
clouds in the embedding space. For alleviating this issue,
two rotation-invariant descriptors will be introduced, that
globally (spherical harmonics descriptor) and locally (point
feature descriptor) represent the geometry shape.

A. RI Spherical Harmonics (SH) Descriptor

Definition: Spherical harmonics define an orthonormal
basis over the sphere, with the parameterization

(x, y, z) = (sin(@) cos(g), sin(O) sin(p), cos(H)), 2)

where (x, y, z) is a location defined on a unit sphere with co-
latitude @ and longitude ¢ and the orthonormal basis function
given by Rodrigues’ formula can be described as

Y/"(0, ) = K" P"(cos )™, 3)

with the normalized constant variable K" and the associ-
ated Legendre polynomials P/". The parameters / and m
are the spherical harmonic degree and order, respectively.
Furthermore, the order should satisfy the constraint —/ <
m < 1. The real spherical harmonics are sometimes known
as tesseral spherical harmonics. These functions have the
same orthonormality properties as the complex ones above.
The harmonics with m > 0 are said to be of cosine type
and those with m < 0 of sine type. The reason for this can
be seen by writing the functions in terms of the Legendre
polynomials P/ with Condon-Shortley phase convention as

(~D"V2K],
%Pl’"(cos 0)

(=)™ V2K, P (cos 6) cos(me)

P"(cos @) sin(|m|p) if m <0

Y, = ifm=0

if m>0
)
Moreover, for any rotation matrix R € SO(3), the rotated
SH Y[’" (R-) can be expressed as a linear combination of other
SHs of the same degree /
I
Ry =Y DR 1] v )

m'=—1
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where D;[{)[m, m'] € CE+DXC+D g called the Wigner D-
matrix. Note that the Wigner matrices D' are all orthonormal
and irreducible representations of SO(3) [24], which consid-
ers them as smallest representations possible. In accordance
with the unitary of D(l), the energy within a subspace is
preserved. Therefore, for any given vector ¢ € C2*!, the
Wigner D-matrix shows a norm preservation property [25],
[26] as ”Dg?c = ||c||. The theory of spherical harmonics
says that any spherical function f(6, ¢) is decomposed as
the sum of its harmonics:
co m=l
O0,0=3 Y a,Y"0.9), ©)
1=0 m=—1
with the coefficient a;". Equation (6) can be seen as a kind
of Fourier series on the sphere.
1) Information loss for a limited bandwidth: Since we
cannot solve /| — oo, we limit the band / to a constant

degree ng, 4o The information loss is defined as

Agh deg o)
IR
=0 =0 2

Furthermore, the numerical solution of coefficients a;" can be
approximated by using the Monte Carlo integration approach.

)

Loss =

Nsh,deg
@' == N O b)Y (O ) ®)
Agh deg j=0 k

2) SH energy descriptor: Polygonal-based surface rep-
resentations are typically described as Cartesian coordi-
nates (x, y, z). For spherical harmonics, the surfaces are rep-
resented by f(6, ¢), therefore the mesh must be transformed
into spherical polar coordinates (r, 8, ¢») about the origin. In
this case we define f(60, ¢) = r [27] with the energy spectrum
descriptor of spherical harmonics [7]

Xy () = {| fo@. ). | £10.9). ..} ©)
with the frequency components

-1 —I+1 I
fr=la Y a7 ey Y] (10)

Utilizing the norm preservation property of Wigner D-
matrices [7], [20], [26], we can prove that || f;|| is a rotation-
invariant descriptor.

B. RI Point Feature (PF) Descriptors

We employ point feature representations to encode the
neighborhood’s geometrical properties, which provides an
overall point density and pose invariant multi-value feature.
The surface normal [28] is estimated by using PCA on the
k-neighborhood. Furthermore, for each pair p; and g, with
g, € N(p,), Darboux frame at {p,,n,) is defined as

— _ (pi—py)

N T (o

The point features descriptor [29] is described as a quadru-
plet {a, ¢, 0, dy) with

dy = “Pt _psllz >
d) —u- ptd:tps ,

Xu, w=uxyv.

a=v-n,,
12
0=atan2(w-n,,u-n,). (12)

(P—ps)

v=
[Tp=p I,

Xu

w=uXv a6

(a) (b) (c)

Fig. 1: (a) illustrates the Darboux frame between a point pair.
(b) calculates the simplified point features of a source point g
with a KNN graph for each point pair. A fully connect point
feature (PF) graph (c) is built on a given source point g;.

Furthermore, we augment the distance r; = ||p;]|, to the
point feature, therefore, we get a quintuple feature descriptor.

1) Proof of rotation-invariant property: Given a point
set S = {p;/Ip € R”}i]\igl. It is obvious that the L?
norm is a rotation-invariant operator R” to R due to norm
preservation: ||Rx||§ = ||x||%. It can be easily extended
that the inner product (-,-) between two arbitrary points
preserves the rotation-invariant property. In addition, the
cross product has the property Ra X Rb = R(a X b) under
proper rotations R. We define the Darboux frame at g; as a
triple tuple: O; = (u;, v;, w;). By applying a rotation matrix
to the point set, we can get ¢; = Rq; with the corresponding
Darboux frame (9j = (uj,vj,wj>. As a result, we can
conclude that O; = RO; = (Ru;, Rv;, Rw;). The PF
descriptor is proven to be rotation-invariant:

dyyy = [Py = Py, = IR — Rp, = iy = dy (13)
a; = <vj’nt,j> = <Rvi’Rnt,i> = <vi’nt,i> = (14)

¢j _ <uj’ (Pt,jd_stps,j)> _ <Rui’R(Pt,id_ﬂps,i)> — ¢
(15)

0, =atan2 ((w;.n, ;). (u;.m; ;)
= atan2 (( Rw;, Rn,;) ,(Ru;,Rn,;)) = 0, (16)
C. Geometry RIF-Descriptor

The SH-energy and PF descriptors are shown to be
rotation-invariant descriptors. The SH-energy descriptor fo-
cuses on capturing the global features of the 3D shape and
the PF descriptor aims at describing the local features. It
is straightforward to concatenate both descriptors and this
results in the rotation-invariant feature (RIF)-descriptor at g;

T
Xipi = [(Xsh,i’ Xyrio)s s (Xgpis pr,i,k)] , (17
where X/, € R¥>@atm6) with point feature descriptor

(18)

with nye =5 and the spherical harmonics energy descriptor

Xy = [Hfo,i“”'-")

—_ npf
Xprij = dij>ijs @i js0; 5,751 € R,

] (S RnSh, nsh = nsh,deg + 1 .
(19)

f"sh,deg’i
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Fig. 2: The model architecture (a) consists of the RIMapping, PF Abstraction, and Classification blocks. In the RIMapping
block, a spherical harmonics energy descriptor and simplified point features (SPF) at each point are computed to form a
Geometry RIF descriptor, which is fed to a RIF Transformation to extract a high-level feature. In the PF Abstraction Block,
we have two PF Set Abstraction layers (b) together with a PF Global Abstraction layer (c) to obtain a final global feature,

which is used in a fully-connected Classification network.

IV. NETWORK ARCHITECTURE

The proposed rotation-invariant network consists of three
blocks: RIMapping, PF Abstraction, and Classification,
where the latter is a feed-forward network. Our main con-
tributions are on the design of the RIMapping and PF
Abstraction blocks.

A. Pre-Alignment with PCA

In an experiment on rotation invariance, we transfer a
point cloud set g with an arbitrary rotation matrix R,
resulting in a rotated clone q' = Rgq. According to [22],
we pre-align each input q based on the PCA to its principle
axes, which are indicated as orthonormal coordinates R,
with the formula of q; = qu. It can be shown that the
PCA alignment for a rotated clone q' with corresponding
orthonormal coordinates R; = RR leads to q, = Rqul =
RgRTRq = qu = q;. Therefore, pre-alignment can reduce
the impact of the rotation matrix on the network.

B. RIMapping Block

The RIMapping block consists of the Geometry RIF de-
scriptor and RIF Transformation. For acquiring the rotation-
invariant features, we leverage the spherical harmonics and
point feature representation with a KNN to enrich geometric
features for the point cloud, which is represented as a
rotation-invariant descriptor with a size of R™1X(nFpr)
and k;-neighborhood that can globally and locally manifest
a 3D shape. This descriptor provides low-level geometric
clues for high-level geometric feature learning, realized with
a RIF Transformation. The RIF Transformation layer utilizes
a mini PointNet (without input and feature transformation),
consisting of a set of shared Conv2d layers with kernel

size equal to 1, to extract a global feature employing a
max-pooling operator. The output of RIF Transformation
is indicated as embedding feature with a size of R" %,
The PF Transformation has the same structure as the RIF
Transformation, apart from the different input sizes. Both
Transformations intend to aggregate the local details by cal-
culating a weighted average of neighboring features through
a shared local fully-connected layer.

C. PF Abstraction Block

1) PF Set Abstraction: The extracted information from
the RIMapping block is still insufficient for the precise classi-
fication task, as max-pooling can only describe an outline and
some local details could be omitted. To address the problem,
we propose the PF Set Abstraction Layer to hierarchically ex-
ploit the local features, which consists of the sampling layer,
grouping layer, and PointNet layer. PointNet++ inspires
PF Set Abstraction. However, there are several significant
adaptations inside the grouping layer. In the sampling layer,
we use iterative farthest point sampling (FPS) to obtain n,
points, indicated as P, i € [0, ---,n,]. Each point P, is the
center of a local region C;. In the sequence, a KNN graph
is built at point P, to obtain k;-neighborhood, indicated
as [Py;, Py, ,Pkl,,-], with i € [0,-,n,]. In contrast to
PointNet++, which combines the point with the feature from
the last layer and works as input for the PointNet layer, we
utilize a PF graph to convert a point to a rotation-invariant
feature, where PF graph is a fully connected graph (Fig. 1c)
and built at each local region C;. Then, we can get a feature
with a size of R*171*™i for each point P, ; in the region C;.
In the end, a new rotation-invariant point feature for all local
regions is obtained, indicated as fpp € R™*kXki=1xmr
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Sequentially, we apply the PF Transformation to extract a
feature for each local region. We concatenate the previous
feature at each center point P, with the newly extracted
feature to form a new feature representation and feed it to
the PointNet layer.

2) PF Global Abstraction: The global abstraction is
the successor layer to the PF Set Abstraction layer, which
reduces the original input cloud to X, € R">3, We build a
PF graph at the reduced point set and concatenate it with its
spherical energy descriptor, which leads to a new represen-
tation with a size of RM*(n=DXUhi+mn) Tn the sequence, we
apply the RIF Transformation for extracting a new feature
representation. This new feature will concatenate with the
feature from the PF Set Abstraction layer. In the end, a mini
PointNet is applied to obtain a global feature.

V. EXPERIMENTS

We evaluate our approach regarding rotation robustness
and compare it with other state-of-the-art methods. We use
ModelNet40 [30] as data set for validating the effectiveness
of the proposed network structure. ModelNet40 consists of
40 categories in the form of CAD models (mostly human-
made). We use the official split with 9843 shapes for training
and 2468 for testing. We apply the farthest point sampling
algorithm to obtain 1024 points on mesh faces according to
the face area and then shift and normalize the point into
a unit sphere with centroid on the origin. During training,
we use Adam [31] for 200 epochs with an initial learning
rate of 1073 The algorithm is implemented with PyTorch on
Linux with one GeForce RTX 2080Ti GPU.

A. Evaluation of Rotation Robustness

For evaluating the property of rotation robustness, we
multiply each point cloud from ModelNet40 with a randomly
sampled rotation matrix. Based on the same principle as [20],
we evaluate our model using three different settings: a) train-
ing and testing with azimuthal rotations (z/z), b) training and
testing with arbitrary rotations (SO(3)/SO(3)), c) training
with azimuth rotations while testing with arbitrary rota-
tions (z/SO(3)). The results are presented in Table I. It can be
seen that most networks exhibit a sharp drop in performance
in the settings SO(3)/SO(3) and z/SO(3), in particular in the

TABLE I: Comparison of rotation robustness on rotation-
augmented ModelNet40 benchmark. Our proposed net-
work shows the best performance in the settings z/SO(3)
and SO(3)/SO(3). Note, values are given as a percentage.

Method Input(size) z/z  z/SO@B) SO@3)/SO@3)
PointNet [16] pe (1024 x 3) 89.2 14.7 83.6
PointNet++ [17] pe (1024 x 3) 89.3 28.6 85.0
VoxNet [4] voxel (30%) 83.0 - 73.0
RotationNet 20x [14] voxel (20 x 224%) 92.4 20.0 80.0
SO-Net [32] pe+normal (5000 X 6)  92.6 21.1 80.2
DGCNN [18] pe (1024 x 3) 92.2 335 81.1
Spherical CNN [20] voxel 2 x 642 88.9 78.6 86.9
ClusterNet [23] pc (1024 x 3) 87.1 87.1 87.1
ours(ng, 4ep=20) pc(1024 x 3) 88.4 88.6 88.5
ours(ng, 4eg=30) pc(1024 x 3) 88.6 88.7 88.8

Exgerimenls on rotation setting z/z
89, 855 88.4878575

0 e=0
0oe =0.002

70
‘DD =001

Accuracy
2
23

47.5
44.7
40 39.2
32.6 ’_‘
PointNet

(@) (b)

Fig. 3: (a) shows the point cloud with different noise levels
and (b) shows the comparison results against point perturba-
tions.

PointNet++ Ours

latter one. The network DGCNN [18] shows an outstanding
performance in the setting z/z with an accuracy of 92.2 %,
while it only achieves 21.1% in z/SO(3). DGCNN ap-
plies the point directly for classification, which changes
dramatically when applying a rotation matrix in SO(3).
As mentioned before, that point cloud is not a rotation-
invariant representation. This is also a common problem for
the PointNet-based network. The spherical CNN [20] uses
a spherical harmonics-based convolution layer by rasterizing
the point cloud, which shows a significant improvement in
the setting of z/SO(3). However, the difference between its
best performance z/z and z/SO(3) is still significant with a
value of 10.3 %. ClusterNet [23] uses the RRI representation
together with a cluster abstraction to increase classification
performance with a result of 87.1 % in each setting. Note
that the result of ClusterNet is directly cited from [23], as
the code is not available as open source. Table I demonstrates
that our approach achieves the best performance in the
settings z/SO(3) and SO(3)/SO(3) with ng, 40 = 20, 30.
The difference in the results between each setting is very
small, approximately 0.2 %. Based on these observations,
we can conclude that our proposed network shows the best
performance regarding rotation robustness.

B. Robustness Tests

1) Evaluation of model against point cloud perturbation:
For further evaluation of robustness against perturbation, we
conducted experiments by adding perturbation at each point.
Many studies have shown that deep learning-based networks
can be fooled by using an adversarial attack. Following the
same principle, we add a perturbation value to each point
with ||6|| < €, where € is set between 0.002 and 0.01, as
shown in Fig. 3a. The results are listed in Fig. 3b. It can
be seen that in these two different perturbation levels, our
network with ng, 4o, = 20 is more robust under perturbation
when compared to PointNet and PointNet++.

2) Evaluation of model against point cloud density: The
point cloud density also plays an important role in the
classification task. In this section, we downsample Mod-
elNet40 to different point densities in the range of 1024
to 128 by using the farthest point sampling strategy (FPS) or
random input droupout (DP). The downsampled point clouds
are shown in Fig. 4a and the corresponding classification
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Fig. 4: (a) shows the downsampled point cloud and (b)
illustrates the comparison results of different point densities
in three rotation settings with FPS and DP.
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Fig. 5: (a) shows the partial point cloud with the deletion
ratio p from 0.1 to 0.2 and (b) shows the results.

accuracy is illustrated in Fig. 4b. It is worth noting that
our proposed network is very robust against point density
changes in these three rotation setups, which decreases the
classification accuracy from 88.6 % to 82.7 % by FPS and
varies from 88.6% to 75.4% by DP. In comparison to
DGCNN [18], the results vary from the 92.2 % to 79.2 %
in z/z and from 33.5% to 26.5% in z/SO(3). Under the
same point density, our model shows no significant change,
which further verifies our model’s robustness.

3) Evaluation of model against partial point cloud: In
reality, we can only get a partial point cloud by using a
single stationary camera. To evaluate the partial point cloud
classification model, we train our model with a complete
point cloud and test against a partial point cloud. The partial
point cloud is obtained by first deleting the completed point
cloud with a ratio p from 0.1 to 0.2 and then using iterative
FPS (Fig. 5a). The results are illustrated in Fig. 5b. We
compare our model with PointNet and DGCNN under three
rotation settings. Training and testing data set are rotated with
a PCA algorithm to reduce the impact of arbitrary rotation.
From Fig. 5b, we can conclude that our model shows the
best performance and far exceeds the other two classification
models in all three experiments.

C. Ablation Studies

1) Analysis of architecture design: To evaluate our net-
work architecture’s effectiveness, we use PointNet as the
baseline and connect our individually designed component
to it. Note that we realign all data in this section with

TABLE II: Effectiveness of designed network block.

Method z/z z/SO(3) SO(3)/SO(3) mean

PointNet [16] 89.20 14.70 83.60 62.40

PCA+PointNet 80.90 80.90 80.80 80.84

RIMapping(ng, g, =20)+PointNet ~ 82.00  83.20 84.50 83.23

ours(without SH) 85.40 85.70 86.20 85.77

ours(1y, 4o =20) 8840  88.60 88.50 88.50
TABLE III: Effectiveness of maximum degree ng, ge,-

M deg 2z 2/SO(3) S0(3)/S0(3)
8 88.10 87.60 87.60
15 87.80 88.30 87.80
20 88.40 88.60 88.50
30 88.60 88.70 88.80

PCA (Section IV-A). In Table II, we can see that it shows
a significant improvement when compared to the original
PointNet in the setting of z/SO(3) and that the average
accuracy rate has increased about 18 %. Furthermore, we
analyzed the effectiveness of the RIMapping block by con-
necting it to PointNet. The results listed in Table II show
that the accuracy in z/SO(3) and SO(3)/SO(3) improved
by 2.3% and 3.7%. Comparing our proposed network’s
worst performance shows that our PF Abstraction block helps
in improving the final accuracy in all three settings. We also
evaluated the effectiveness of the spherical harmonics energy
descriptor. The results are listed in Table II. Without the
spherical harmonics energy descriptor, the accuracy is worse
when compared against our original design. However, it still
shows better performance when compared to the PointNet-
based network.

2) Effectiveness of maximum degree of spherical harmon-
icS Ngp g The spherical harmonics descriptor is an essential
aspect of our network. Based on the information loss, a
higher degree of spherical harmonics leads to a smaller infor-
mation loss. However, it will also increase the computational
complexity to O(n?). For evaluating the effectiveness of the
g deg» We Vary the degree. The results are listed in Table III
and it can be seen that the higher n the better the final
classification accuracy.

sh,deg>

VI. CONCLUSION

We presented a rotation-invariant point cloud-based neural
network, which utilizes a global spherical harmonics feature
and a local points feature to achieve rotation-invariant proper-
ties. Furthermore, a new neural network structure is designed,
inspired by PointNet++, but with several adaptations such as
PF graph and PF Transformation. The network is applied to
3D object classification, but can be extended to part segmen-
tation and instance segmentation. Via several experiments,
we have shown that our network can deal with arbitrary input
orientations and achieve competitive performance compared
to other state-of-the-art approaches on the ModelNet40 data
set. Furthermore, our network shows robustness against point
perturbations, point density, and partial point cloud.
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PCTMA-Net: Point Cloud Transformer with Morphing Atlas-based
Point Generation Network for Dense Point Cloud Completion

Jianjie Lin, Markus Rickert, Alexander Perzylo and Alois Knoll

Abstract— Inferring a complete 3D geometry given an in-
complete point cloud is essential in many vision and robotics
applications. Previous work mainly relies on a global feature
extracted by a Multi-layer Perceptron (MLP) for predicting the
shape geometry. This suffers from a loss of structural details,
as its point generator fails to capture the detailed topology
and structure of point clouds using only the global features.
The irregular nature of point clouds makes this task more
challenging. This paper presents a novel method for shape
completion to address this problem. The Transformer structure
is currently a standard approach for natural language process-
ing tasks and its inherent nature of permutation invariance
makes it well suited for learning point clouds. Furthermore,
the Transformer’s attention mechanism can effectively capture
the local context within a point cloud and efficiently exploit
its incomplete local structure details. A morphing-atlas-based
point generation network further fully utilizes the extracted
point Transformer feature to predict the missing region using
charts defined on the shape. Shape completion is achieved
via the concatenation of all predicting charts on the surface.
Extensive experiments on the Completion3D and KITTI data
sets demonstrate that the proposed PCTMA-Net outperforms
the state-of-the-art shape completion approaches and has a 10%
relative improvement over the next best-performing method.

I. INTRODUCTION

The use of point clouds as a format of shape repre-
sentation has increased in the last years due to the rapid
development of 3D acquisition technologies such as Lidar
and depth cameras. The limited sensor resolution, occlusion,
and camera angles however make it challenging to obtain
a point cloud representation of the complete shape of an
object. As a result, the acquired raw points are typically
sparse, noisy, and miss large regions. On the other hand,
complete 3D shapes are essential in vision applications,
such as semantic segmentation and SLAM [1]. A complete
3D shape can improve the performance of CAD model-
based point registration [2] and enables more flexible grasp
planning [3], [4]. In this work, we focus on completing
partial 3D shapes that suffer from occlusion and limited
sensor resolution.

Previous work [5], [6], [7] principally followed the
encoder-decoder paradigm framework by extracting a latent
global feature from an incomplete point cloud. Decoders
leverage these feature to predict missing regions. Benefiting
from PointNet-based [8] feature extractor networks, the task
of shape completion made tremendous progress in recent
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years. However, the extracted global features from PointNet
ignore the geometric relationship within the point clouds due
to the max-pooling operation. As a result, these approaches
suffer from a loss of structural detail in the reconstruction.
The intuitive solution is to make up for the shortcomings
of the PointNet by excavating the semantic affinity within the
point cloud. Therefore, we propose a novel framework named
Point Cloud Transformer with Morphing-Atlas-based Point
Generation Network for Shape Completion (PCTMA-Net)
to address this problem. The Transformer [9] is a standard
framework for natural language processing and has been
further extended to vision tasks for image recognition [10],
as well as point cloud classification and segmentation [11].
The Transformer follows the encoder-decoder structure and
consists of four main modules: input embedding, positional
encoding, (self-)attention mechanism, and positional feed-
forward. In this work, we apply only the encoder module
and neglect the positional encoding module due to the point
cloud’s irregular nature. The Transformer’s central core is the
attention mechanism, which can generate refined attention
features by leveraging the global context. The attention
weight between any two positions is updated by the dot
product of query and key vector. The weighted sum of all
attention weights is the attention feature. The concept of
query, key, and value vector makes it possible to match and
learn the global context. The attention feature of each word
is related to all input features. Furthermore, the permuta-
tion invariant nature of softmax, dot product, and point-
wise feed-forward network makes it well-suited for point
cloud learning. The offset attention mechanism introduced
in [11] uses the idea of the Laplacian matrix to improve the
attention performance further. In this work, we replace the
original attention design with the offset attention mechanism.
The morphing-atlas-based point generation network is the
decoder component in our overall structure. The extracted
global feature from the Transformer is further utilized to
generate the points. An atlas, as defined in topology, consists
of a set of charts on a surface. Therefore, we assume that a
missing region of the surface can be recovered by a chart.
Based on this assumption, we duplicate the Transformer
feature and concatenate it with a predefined grid. We utilize
the idea of multi-head attention by linearly projecting the
concatenated features to learn n,, different features, where
each feature is responsible for generating a chart defined
on the surface. We quantitatively and qualitatively evaluated
the proposed PCTMA-Net on the Completion3D data set
and demonstrate a 10% relative improvement over the next
best-performing method for the task of shape completion.
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Furthermore, the qualitative evaluation on the KITTI data
set shows that our proposed network is able to predict more
structural details than other state-of-the-art approaches.

Our contributions are summarized as follows: (1) We
propose a novel shape completion framework named Point
Cloud Transformer with Morphing-Atlas-based point gener-
ation Network for shape completion (PCTMA-Net), which
is inherently permutation-invariant and has the capability of
learning the global context within the point clouds and pre-
serving structural details. (2) The integration of the concept
of an atlas and the multi-head attention mechanism leads
to the generation of high-resolution, high-fidelity, and fine-
grained shapes. (3) Extensive experiments are conducted
on the Completion3D benchmarks, and the KITTI data
set, which indicate that the proposed networks remarkably
outperforms other competitive methods.

II. RELATED WORK

Shape completion approaches made significant progress in
recent years due to the rapid development of deep learning
and 3D acquisition technologies. We can roughly catego-
rize the existing work into volumetric-based and multilayer
perceptron-based networks from the perspective of network
structure and the underlying 3D data representation.

Volumetric-based shape completion: The extension of
CNN to 3D convolutional neural networks can be used
for dealing with a shape in the volumetric representa-
tion [12], [13]. Notable work such as 3D-Encoder-Predictor
Networks (3D-EPN) [14] progressively reconstruct the 3D
volumetric shape. The work in [15] directly generates the
high resolution 3D volumetric shape by combining the global
structure with the refinement of local geometry, while [16]
introduced a variational auto-encoder to learn a shape prior
to inferring the latent representation of complete shapes.
GRNet [17] took one step further by introducing Gridding
and Gridding Reverse to convert between point clouds and
3D grids. However, a quantization effect is introduced during
the transformation of point clouds into a 3D volumetric
representation. The computational costs increase cubically
to the resolution and therefore make it more challenging to
process fine-grained shapes.

Multilayer perceptron (MLP)-based shape completion:
Point clouds can be directly obtained by several acquisition
techniques. It is much more efficient compared to the voxel-
based representation when processing costs are compared.
Inspired by PointNet [8] and its successor work [18],[19],
several approaches use them for point cloud learning, as
the point-wise MLP enables the handling of irregular point
clouds and aggregating features using a symmetric func-
tion. However, the PointNet network suffers from a loss
of structure details. The current state-of-the-art approaches
for shape completion such as AtlasNet [6], PCN [20] and
Folding-Net [7] use PointNet as their baseline to extract
global features and to apply a decoder to predict the missing
regions. Unlike PCN and FoldingNet, AtlasNet completes
the shape by generating surface elements utilizing the atlas

concept. TopNet [5] improves the decoder by using a hier-
archical rooted tree. By combining reinforcement learning
with an adversarial network, RL-GAN-Net [21] and Ren-
der4Completion [13] propose a reinforcement learning agent-
controlled GAN to improve the quality and consistency of the
generated complete shape. However, most of these studies
suffer from information loss on structural details, as they
predict the whole point cloud only from a single global
shape representation. SA-Net [22] extended these approaches
with a skip-attention mechanism to preserve more structural
details. PF-Net [23] introduced a point pyramid decoder to
generate a shape in different resolution levels.

III. THE ARCHITECTURE OF PCTMA-NET

A. Overview

The overall structure of PCTMA-Net is illustrated in
Fig 1, which aims to learn a semantic affinity within a
partial point cloud by using a Transformer encoder. The
complete 3D shape is reconstructed with a morphing-atlas
decoder utilizing the extracted feature from the Transformer
encoder. We formulate the whole shape completion pipeline
as: Given a partial point cloud, indicated as P with N;,
points, where each point is represented in 3D coordinates x =
[x;,¥;,z;], we first convert this partial point cloud into a
feature vector F; by a PointNet. The difference to previous
work [7], [6], which relies on only the global feature for
shape completion, is that we further utilize the Transformer
encoder to process the feature to obtain a piece of semantic
affinity information for predicting the missing regions. The
extracted feature is later fed to the morphing-atlas point
generator for completing the shape.

B. Point Cloud Transformer Encoder

The Transformer encoder of PCTMA-Net first transforms
an incomplete point cloud to the feature space using an
input embedding network. We then feed the extracted feature
to Nx stacked encoder layers, where they share a similar
philosophy of design as the original paper [9], except for the
attention mechanism. The purpose of the encoder layer is to
learn a discriminate representation for each point. The en-
coder can be mathematically formulated in the following: By
given a partial point cloud P € RNinX? with Ny, points each
having a d-dimensional feature description, an embedding
feature F| is firstly learned with an input embedding network,
indicated as Fyppeqqing: The difference to the embedding
network presented in [11] is that we defined F,peqqing @S @
PointNet followed by a max-pooling operator. As a result, we
acquire a d,,4.-dimensional embedding feature F, € R modci
instead of F, € R%moaer*Nin[11]. Tt will improve the shape
completion performance, as the F,, after max-pool operator
can reduce redundant information and make the training

more efficient. The global feature F, is later fed to Fepcoqer,:

F; = Fencoder, i), i = [1,..., N]. (1)

Furthermore, we concatenate the features from each encoder
layer and follow up by two cascade LBR layers to form an
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Fig. 1: The overall structure of PCTMA-Net. The whole structure consists of a Transformer encoder and morphing-atlas point
generation decoder. The Transformer encoder aims to extract features from the input point clouds by using an NX stacked
encoder layer which consists of an attention mechanism and positional feed-forward network. The morphing-atlas-based
surface reconstruction decoder uses multi-chart point generation networks for point cloud completion by concatenating the

features from the Transformer encoder and mesh grid.

effective global feature
F. = BatchNorm(F; @ --- @ F )
Frg = LBR(LBR(F,)),

2
3)
where F; € Rmodel, F, € RN*model and Frp € Rmodel,
The operator @ is denoted as concatenation, and the func-
tion LBR represents a linear layer followed by BatchNorm
and ReLU operators. The Fy;cqqer, consists of two sub-layers,
namely self-attention mechanism and positional forward
feedback:
Fencoder, (F,»_l) = FFN,-(attention,-(F,»_l)),
FFN;(x) = LBR; | (LBR; ;(x)) +X.

“)
®)

The layer FFN; is a shared positional forward feedback
network comprising two cascaded LBRs with the size
of [di, dioger], Where dip = 2048 and d 4, = 1024.

a) Offset self-attention mechanism: Self-attention is a
mechanism that calculates the semantic relationship between
different elements within a sequence of data. In the context
of point cloud processing, attention is employed to build
weights between every two positions in the feature space. In
comparison to k-nearest neighbors algorithms, the attention
mechanism has a larger receptive field. Furthermore, the
attention mechanism’s permutation invariant property makes
it suitable for disordered, irregular data representation such as
point clouds. The work in [11] proposed the offset attention
by utilizing the idea of a Laplacian matrix L = D — E,
where E is the adjacent matrix E and D is the diagonal
matrix. The attention mechanism is adopted as

The remaining part of the attention computation operators
still follows the same design as in the original paper [9].
The self-attention feature F, in (6) concatenates the multi-
head attention with the following formulation:

F,, = Linear(Fye,q, @ - @ Fpeyq, ) » 0

where the attention feature at the i-head Fy 4,1 €[1, ..., A]
is formulated as

A

QK"

@®)

Fieaq, = sof tmax( )\7 ,
i a,
with Q = Linear(Q), K = Linear(K), V = Linear(V). The
variables Q,K and V are projected with a different linear
layer, respectively. Following the same principle as the orig-
inal paper, wesetQ =K =V =F ; € R4model, We reshape
the linear projected query and key as Q.K € Rmowx!
to obtain the attention weights A by matrix dot product
via QK. We normalize A with @ to avoid large values
in magnitude, where d; = %. The equation in (8) shows,
that the self-attention Fy .4 is equal to the weighted sums of
the value vector Linear(V)lusing the corresponding attention
weights. The multi-head attention mechanism can jointly
capture information from different representation subspace at
different positions [9]. Therefore, it can efficiently preserve
and capture the point cloud’s detailed topology and structure
for predicting the missing regions in comparison to [5], [6].

C. Morphing-Atlas-Based Point Generation Network

At the first stage, the Transformer encoder extracts a
global feature Fpg for expressing an incomplete point cloud.

F, = attention(F,; 6 . .
sa,out (Foain) © We then feed the extracted features into a morphing-atlas-
=LBR(Fyyjp —Fy) + Fyy . based point generator for predicting continuous and smooth
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shapes. Atlas [6] is defined in the topology for describing a
manifold and an atlas is composed of each chart that, roughly
speaking, describes the local region of the manifold. In the
context of 3D shapes, the manifold can be considered as a
shaped surface. Therefore, we can represent a 3D shape by
combing all the charts. Based on the Atlas concept, we define
a chart as C; and let a designed decoder D; learn to map a
2D grid to a 3D surface. Furthermore, we introduce a hyper-
parameter ng,,. to control the number of charts defined
on a shape to predict a smooth and high-resolution shape.
The global feature Frpg € Rémosel is duplicated Ny, /Mepart
times and then concatenated with a mesh grid to describe
a new feature, denoted as Frg; € R moder*2XNou/Mehare),
It beneficial to linearly project Fyg ; with different learned
linear projections. This concept is similar to multi-head
attention by allowing the model to obtain the shape fea-
tures from different representation subspaces at different
positions. Therefore, Fpg; is duplicated ng,. times and
each Fpp; is fed to an MLP layer which produces a new
hidden code, denoted as F g ; € R @modert2XWNou/Menard), j €
[1,...,n¢pq]. For each single chart, we feed Fp,.; into
a PointGenNetwork (Fig. 2), sharing the same structure as
in [6]. All charts are concatenated to form a complete shape.

D. Evaluation Metrics

We apply the Chamfer distance (CD) [24] as a quantitative
evaluation metric due to its efficient computation compared
to the earth mover’s distance [24]. The Chamfer distance
measures the mean distance between each point in one point
cloud to its nearest neighbor in another point cloud. Let S; =
[x;, v zi]:.'G be the ground truth and Sy = [x;,y;, zi]?" be the
reconstructed point by given a partial point cloud. ng; and ng
indicate the number of points in S; and Sy, respectively.
The Chamfer distance dqp of S; and Sy with L2 norm is
formulated as

1 . 2 1 . 2
dep = — Z min [|x=y||“+— Z min [lx=yl1=. (9)
xesg Y€6 "G yes; ¥R

E. Implementation details

We implemented PCTMA-Net in PyTorch, where the
model is optimized with an Adam optimizer with g; = 0.9
and p, = 0.999, together with a CosineAnnealingLR sched-
uler. The number of encoder layers used in the Transformer
encoder is set to 4, and we follow the original papers by
setting the multi heads in the offset attention mechanism
to 8. We trained the network on a Linux system with a

2.6 GHz Intel Core i7-6700HQ, 16 GB of RAM, and one
Nvidia RTX 2080 Ti GPU.

IV. EXPERIMENTS

We compare our proposed shape completion algorithm
PCTMA-Net with other state-of-the-art approaches on two
large scale data sets: Completion3D [5] and KITTI [26]. The
Chamfer distance is employed as a metric in the evaluation.

A. Shape Completion on Completion3D Data Set

Completion3D [5] from ShapeNet [27] offers a data set,
which consists of 28974 training samples and 800 point
cloud evaluation samples with a point resolution of 2048
for training and validation, respectively. In the comparison,
we use different output resolutions and the quantitative
results are summarized in Table I. Note that the results of
FoldNet [7], SA-Net [22], and PCN [20] are cited from the
Completion3D benchmark leaderboard. Table I shows that
our PCTMA-Net algorithm outperforms the other methods
in 6 out of 8 categories with the overall Chamfer distance
of 9.48 for N, = 16152 and ng,, = 32. The qualitative
visualization of completion results shown in Fig. 3 indicates
that our approach is able to predict more details. The perfor-
mance in the quantitative and qualitative evaluations proves
the Transformer encoder and the morphing-atlas decoder’s
effectiveness for predicting and preserving the shape details.

B. Shape Completion on Robustness of Input Resolution

The input resolution can greatly affect the performance of
a neural network. In this section, we will study the robustness
of input resolution on the different network structures. We
downsample the evaluation data set from Completion3D
to obtain four levels of input resolutions: 256, 512, 1024,
and 2048. The visualization of these four levels of input
resolutions is shown in Fig. 4a. All networks are trained
on an input resolution of 2048 and output a fixed size
of 16384 points. For point resolutions less than 2048, we
follow the principle in PCN [20] to select points from the
input randomly and pad the input cloud to raise the number
of points to 2048. We evaluate these four levels of input
resolution on the Completion3D data set. The quantitative
illustration in Fig. 4b indicates that our network has the best
robustness and outperforms the other approaches in all four
input resolutions experiments.

C. Shape Completion on KITTI data set

For a further study of the application area, we conduct
experiments on the KITTI data set [26], which is collected
from real-world Velodyne Lidar scans composed of 2401
highly sparse point clouds. Note that the KITTI data set
does not include the ground truth in a quantitative evaluation.
Therefore, we can only qualitatively visualize the shape
completion results. Unlike other work [5], [17], which trains
the network with only the car category in ShapeNet [27] and
then evaluates the KITTI data set, we use the same trained
network as in Section IV-A for evaluation. This evaluation
strategy can show the capability of the generalization of
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TABLE I: Point completion results on Completion3D with ground truth and input resolution (2048 points) compared using
Chamfer distance (CD) with L? norm. The results are multiplied by 10*. In our algorithm (PCTMA-Net), we set meshgrid =
0.05. The best result is highlighted in green, and a lower value is better.

Methods Airplane  Cabinet Car Chair Lamp  Sofa  Table Watercraft Overall
AtlasNet (N, = 2048) [6] 5.82 29.28 11.02  27.11 34.04 19.11 29.27 15.55 21.40
AtlasNet (N, = 16384) [6] 5.50 19.89 923 21.17 3099 1534 21.67 14.64 17.31
FoldNet [7] 12.83 23.01 14.88 25.69 21.79 2131 20.71 11.51 19.07
FCN [20] 9.79 22.70 1243 25.14 2272 2026  20.27 11.73 18.22
TopNet (N, = 16384) [5] 5.85 21.27 10.03  20.09 2298 14.65 24.25 11.78 16.36
PointNetFCAE (N, = 2048) [25] 5.81 21.14 895 2201 3336 1581 27.52 14.09 18.59
PointNetFCAE (N, = 16384) [25] 4.00 16.70 6.24 1463 1815 10.99 15.77 8.55 11.88
SA-Net [22] 5.27 14.45 778 13.67 1353 1422  11.75 8.84 11.22
GRNet (N, =2048) [17] 7.64 24.06 1202  24.62 2873 1885 3290 12.48 20.16
GRNet (N, = 16384) [17] 3.79 14.86 6.71 1274 1373 11.05 15.43 6.50 10.60
Ours (Bepare = 32, Ny = 2048) 3.60 14.67 7.03 1404 20.61 10.66 18.01 7.62 12.03
Ours (Mo = 128, Ny = 10240) 3.16 13.53 6.58 1321 1293 10.29 14.25 6.98 10.11
Ours (Mgpare = 32, Ny, = 16152) 3.38 13.00 6.12 12,72 11.87 918 1243 7.17 9.48
Airplane Cabinet Car Chair Lamp Sofa Table Watercraft
Atlashet ~ B & \5‘- —-
TopNet - o ”
PointNetFCAE o P i
e c
GRNet g s - ot
F
Ours [ ﬁ -
———
Ground Truth - .

Fig. 3: Visualization of completion results on the Completion3D evaluation set.

one network. The incomplete point clouds from KITTI have
diverse input resolutions and are highly sparse. We use
the same strategy as in Section IV-B to lift the number
of points to 2048. Besides, we transform the incomplete
point cloud by using the 3D bounding boxes to get a point
cloud that is distributed between [—0.5,0.5]. The qualitative
result illustrated in Fig. 5 indicates that our approach and
PointNetFCAE can generate more detailed shape information

compared to the other methods.

D. Ablation Studies

In this section, we will study the effectiveness of our
designed structure and chosen hyper parameters. All studies
are conducted on the Completion3D data set for consistency.
Without loss of generality and without special instructions,
we set N, = 10240 and ny,, = 32 in the following

char
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Chamfer distance

TABLE III: The Chamfer distance (CD) on the number of
charts.

]
256 o= i““' ez 518 Pl LT PP TO

P 216 ,‘/"-uu,. PANIN NN Aehart 8 32 128
512 o e L.. = O . sew AtlasNet 4

P g .l v ot CD (x10%) 10.45 10.21 10.11

- 2 A, . 4SRN | parameter (x10) 52.75 93.26 258.73
U YR S| A R, - o

Loy o~ . . .

. TABLE IV: The Chamfer distance (CD) on different grid
2008 e T 256 512 1,024 2048 types. In Meshgrid (k), k indicates the grid scale.

i Point Resolution

(a) (b) Grid type Rand grid Meshgird (0.5) Meshgrid (0.05)
CD (x10%) 11.36 10.25 10.21

Fig. 4: In (a) the point resolution varies from 256, 512,
1024 to 2048. In (b), we compare the proposed approach
against other state-of-the-art approaches on the Comple-
tion3D benchmarks. Lower values are better.

Input AtlasNet TopNet GRNet PointNetFCAE Ours

Fig. 5: Qualitative completion results on the LiDAR scans
from KITTI. The incomplete input point cloud is extracted
and normalized from the scene with its 3D bounding box.

experiment.

1) Effect of Transformer encoder: The Transformer
encoder is the main core used in PCTMA-Net, which has
two hyper parameters: the number of encoder layers n..qqer
and the number of heads % used in the attention mechanism.
In this section, we will study the effect on shape completion
by varying different combinations of these two parameters.
We can conclude from Table II, that we can achieve better
shape completion performance with higher numbers of A
and ngp.oqe;- Taking various factors such as the network
parameters into consideration, we set these hyper parameters
to h =8 and ngpepger = 4-

2) Effect of number of charts: The hyper parameter n,,,
is used to control the number of charts defined on a shape.
In this section, we will study the effectiveness of the number
of charts. We summarize the results in Table III. It can be
shown, that PCTMA-Net can result in a smaller Chamfer
distance with a greater number of charts. However, the

TABLE II: The Chamfer distance (CD) on different hyper
parameters in the Transformer encoder.

Mencoder 2 4 6

parameters of the network will be increased correspondingly,
which is shown in the second row of Table III.

3) Effect of grid strategy: In our proposed morphing-atlas
decoder, the pointGenNet maps 2D grids to 3D surfaces. In
this section, we will use the plane grid for point genera-
tion, which introduces two additional values. We can either
randomly sample the value from [0, 1] or use a grid with a
predefined grid scale and grid size. The evaluation results
on different grid strategies are listed in Table IV. It can be
shown, that the mesh grid method shows significantly better
performance in comparison to the randomly sampled grid
methods. We further study the effectiveness of the grid scale
by using the same grid size. The results in Table IV show
that the mesh grid scale from 0.05 to 0.5 shares a similar
performance.

4) Effect of metrics: Most existing work employs the
Chamfer distance as a loss function due to its efficient
computation. The earth mover’s distance (EMD) is another
option for point clouds and can be formulated as:

dpmp(Sks Sg) = Y llx=@@lly. (10)

|S | @: SR—>SG X3,

where @ is the bijection function. In this section, we will
study the effect on shape completion of different training loss
functions. The comparison results in Table V demonstrate,
that for a pure EMD loss function, the shape completion
value with the metric of CD has the worst performance. The
utilization of CD and EMD in the loss function can reduce
the Chamfer distance value, and generate a more uniformly
distributed point cloud than the pure CD loss function. As
EMD uses the bijection function to force the output to have
the same density distribution as the ground truth for coping
with the linear assignment problem. It hence can generate a
point cloud which is more discriminative to local details.
However, EMD is much more computationally expensive

TABLE V: The Chamfer distance (CD) on different loss
functions.

h 4 8 4 8 4 8

Loss function EMD CD+EMD CD

CD (x10%) 10.86 10.41 10.59 10.21 10.69 10.21

CD (x10%) 16.12 10.45 10.21
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TABLE VI: The Chamfer distance (CD) on different point
generators. We abbreviate our Encoder as TE and connect to
different algorithm point generators.

Methods TE-FoldNet TE-TopNet TE-AtlasNet

13.49

CD (x10%) 13.22 11.36

with approximately ((n?), where n is the number of point
cloud, compared to CD.

5) Effect of point generator: In this section, we study
the effect of different point generators on shape completion,
introduced in FoldNet [7], TopNet [5], by attaching them
to our Transformer encoder. The results are summarized in
Table VI. All of these three networks have improved to some
degree by using the Transformer encoder. FoldNet shows
an improvement from 19.07 to 13.22, TopNet improved
from 16.36 to 13.49, and the performance of AtlasNet
improved from 17.31 to 11.36.

V. CONCLUSION

We propose a novel network named PCTMA-Net for point
cloud completion. Through its encoder-decoder structure,
PCTMA-Net can effectively capture features of local regions
for predicting missing shape parts. The utilization of the
concept of an atlas further helps the network to reconstruct
a smooth shape with a predefined number of charts. We
conducted extensive experiments on the Completion3D and
KITTI data sets to validate our proposed network structure’s
effectiveness. Via the experiments, we can conclude that our
approach outperforms other state-of-the-art approaches on
these two large data sets.
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