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Abstract

Deep learning has made many advancements in fields such as computer vision, natural language
processing and speech processing. In autonomous driving, deep learning has made great
improvements pertaining to the tasks of lane detection, steering estimation, throttle control, depth
estimation, 2D and 3D object detection, object segmentation and object tracking. Understanding
the 3D world is necessary for safe end-to-end self-driving. 3D point clouds provide rich 3D
information, but processing point clouds is difficult since point clouds are irregular and unordered.
Neural point processing methods like GraphCNN and PointNet operate on individual points for
accurate classification and segmentation results. Occlusion of these 3D point clouds remains a
major problem for autonomous driving. To process occluded point clouds, this research explores
deep learning models to fill in missing points from partial point clouds. Specifically, we introduce
improvements to methods called deep multistage point completion networks. We propose novel
encoder and decoder architectures for efficiently processing partial point clouds as input and
outputting complete point clouds. Results will be demonstrated on ShapeNet dataset.

Deep learning has made significant advancements in the field of robotics. For a robot gripper such
as a suction cup to hold an object firmly, the robot needs to determine which portions of an object,
or specifically which surfaces of the object should be used to mount the suction cup. Since 3D
objects can be represented in many forms for computational purposes, a proper representation of
3D objects is necessary to tackle this problem. Formulating this problem using deep learning
problem provides dataset challenges. In this work we will show representing 3D objects in the form
of 3D mesh is effective for the problem of a robot gripper. We will perform research on the proper

way for dataset creation and performance evaluation.
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Chapter 1

Introduction

1.1 Introduction

Neural networks helped to obtain state of the art results in many of the challenging tasks
like image recognition, image classification, 3D point cloud classification, text understanding and
speech recognition. Convolutional Neural Networks (CNNs) have replaced the traditional
computer vision techniques like Histogram of Oriented Gradients (HOG) and Scale Invariant
Feature Transform (SIFT) to perform many of the vision related tasks like classification, and
recognition. Architectures like ResNet [33], VGGNet [56], DenseNet [57] have shown the ability
of CNNs to extract the features to obtain state of the art results in many vision related tasks like
classification and segmentation.

Understanding the 3D world is one of the most challenging tasks in Artificial Intelligence
(Al). Robust scene understanding is required in the case of applications like end-to-end autonomous
driving and robotics. 3D data is typically represented in the format of point clouds and meshes. Due
to the irregularity and unordered nature of point clouds, applying CNNs is not straight forward.
Many of the previous works [1, 25, 13, 4, 17, 6] used hand crafted features of point clouds, other
works [36] converted point clouds to voxels and used 3D CNNs to perform tasks, some works [10,
14] used Multiview CNNs by converting point clouds to images, and spectral CNNs [11, 12] use
convolutions in spectral domain. Neural point processing using PointNet [15] extracts point cloud
features by operating on individual point. PointNet++ [14] improves PointNet by extracting point
cloud features hierarchically using multi-scale and multi-resolution grouping. Due to its simplistic
architecture and effective performance, PointNet inspired many point cloud processing techniques
[16, 5, 18].

Occlusion is a major problem in the real-world LiDAR scans. For safe end-to-end self-
driving, incomplete point clouds should be made complete. PCN [2] takes the partial point cloud
as input and outputs the complete point cloud. In this work, we propose novel encoder and decoder

architectures for deep multistage point completion networks.

For a robot gripper like suction cup, in order to hold a 3D object firmly there should be a
minimum flat surface area on the 3D object for the suction cup to get a good grip. The good area

can be anywhere on the 3D object. Identifying different good parts on the outer surface of the 3D
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object is difficult. 3D objects can be represented in different forms like point clouds, voxels and
mesh. Representing 3D object with point clouds gives information of outer surface, but only in a
sparse fashion. Representing 3D objects with voxels is generally limited by memory and doesn’t
have high resolution representation of the object surface. Further, the voxels in the center of the
object are generally wasted memory. Representing 3D objects in the form of surface mesh provides
more information of outer surface of 3D object and we can represent mesh in dense form due to its
connectivity among different faces. So, formulating this problem as mesh segmentation helps to
identify different parts of 3D object which are good a good surface for a robot gripper. Deep
learning on 3D mesh data is a newer problem, [48] is the first deep learning model applied to 3D
mesh data. After formulating this problem as a machine learning problem, getting the dataset
suitable for this task is very difficult because there are no publicly available datasets dealing this
problem. In this work, we show some methods for creating and annotating the dataset effectively

and show initial results using existing deep learning architectures.

1.2 Motivation

Understanding the 3D world is very important for end-to-end autonomous driving, and
occlusions create many problems as deep learning networks typically only see only a partial shape
of the object. This research completes the partial shape of the object to minimize this problem.
Also, for efficient point cloud registration, registration on full shapes provides better registration
results instead of partial shapes. This work deals with completing a partial point cloud.

To identify good and bad faces of 3D objects to hold firmly by a robot gripper such as a
suction cup, there are no existing algorithms. Converting the 3D object into 3D mesh and
segmenting the mesh into good and bad faces provides information regarding various good faces

for a robot gripper like suction cup to hold firmly.

1.3 Contributions

The main contributions of this thesis work can be summarized as follows:

® Experimented with different novel deep learning architectures.

® Combining the voxel wise and point wise features for better global feature vector.

® Complete shape of the input partial point cloud is optimized in multiple stages like coarse,
middle and fine.

® Explored the capsule based dynamic routing architecture for the problem of point completion

network.
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® Experimented with self-supervised approach for the task of point completion network.
® Created MATLAB tool for dataset generation for the robot gripper task.

® Experimented with different deep learning architectures for the robot gripper task.

Chapter 2

Background
2.1 Deep Learning

Deep learning has achieved state of the art results in many computer vision related tasks like 2D
and 3D object detection, mesh classification, point cloud classification and segmentation, and
image captioning. Deep learning has replaced traditional computer vision techniques for feature
extraction in the case of 3D data like point clouds and meshes. [36, 55] converts point clouds to
voxels, [15, 16, 14] computes point-wise features and applies symmetric function like maxpooling,
and [48] extracts the mesh features by considering each face as a unit.

2.2 Convolutional Neural Networks

Convolutional Neural Networks (CNNs) have become the standard method for extracting the
features of images and point wise features in point clouds. CNNSs typically consist of the following
layers:

Convolution layer

Pooling layer

Activation layer

Fully connected layer

A convolution layer consists of multiple filters of a window size multiplied with the input
pixels and performs a linear combination of all the multiplied values in that filter window. Filters
in the initial layers learn low level features and filters in the later layers learn higher level features
of the input data. Usually, the convolution operation will be performed in 1D, 2D or 3D. A 1D

convolution is shown in Figure 1 and a 2D convolution operation is shown in Figure 2.

12|Page



;

T
—
D
T
—

Figure 1 An example of 1D Convolution [40].
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Figure 2 An example of 2D Convolution [41].

A pooling layer down samples the image depending on the type of pooling used. There are
two kinds of pooling. One is max pooling as shown in Figure 3, which outputs the maximum value
of the pixels in a certain pooling window. The other is average pooling as shown in Figure 4, which

outputs the average value of all pixel values in a certain pooling window.

1290208 30 | O

8 [12| 2] 0 | 2x2MaxPool |20 |30
34 [70 | 37| 4 S 37

112 (100 | 25 | 12

Figure 3 An example of 2D Maxpooling [42].
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Layer result

Input data
Figure 4 An example of 2D Average Pooling [43].

An activation layer performs a non-linear operation in a certain way depending on the type
of activation function used. There are several activation functions like sigmoid, tanh, ReL U, and
leaky ReLU. Figure 5 shows different activation functions used in deep learning.

10

Sigmoid ] Leaky ReLU
o(z) = L max(0.1z, x)

tanh Maxout
tanh(x) e = max(wr{m + by, wga:‘ + b2)

ReLU ELU |
max (0, z) {"” z20
§ ae®—-1) <0 - ~

Figure 5 Different Activation Functions [44].

Figure 6 An example of Fully Connected Layer [45].
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A fully connected layer is used to transform a high dimensional representation into a n-
dimensional representation by connecting all the neurons in the input and fully connected layer. An

example of fully connected layer is shown in Figure 6.

2.3 PointNet related architectures

A. PointNet:

PointNet [15] operates on the point clouds directly without converting them into other forms like
voxels, a vector representation or rendering multiple views from point clouds. In order to account
for the unordered nature of point clouds, PointNet proposed to use a symmetric function like
maxpool to aggregate the features from the point clouds. PointNet consist of multi-layer perceptron
(MLPs) to learn the point features and then apply symmetric function like maxpool to aggregate
the point-wise features.

input

" mlp
£ transform pool o9y (512,256,k)
£ -
5 g " = shared nx1024
2 = global feature X
= P
— » e B _output scores
H . — s e e — -
=
= B 2
n|x 1088 shared = shared = =
1 = &
L ]
mlp (512,256,128) mlp (128,m)

Segmentation Network

Figure 7 PointNet architecture [15].

PointNet consist of input transform and feature transform which are mini PointNet [15]
like architectures. Input transform provides a 3 x 3 matrix which is applied on every point in the
input point cloud and similarly feature transform provides a 64 x 64 matrix which is multiplied
with pointwise features. A global feature vector is obtained by applying a symmetric maxpooling
function such that this vector can be used in both a classification and segmentation network. The
classification network outputs ‘4’ score and the segmentation network outputs ‘n X m’ scores.

There are many PointNet inspired architectures. The architecture of [15] is shown in Figure 7.
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B. Dynamic Graph CNN:

Inspired by [15], [16] also operates on individual points to learn salient features. [15] considers
each point individually and does not consider the relationships between point pairs. To account for
this DGCNN constructs a knn graph and learns the local properties between the point pairs.
DGCNN applies multi-layer perceptron on the k nearest graph constructed and applies symmetric
maxpooling to get the aggregated features of the graph.

con
................ ] o0
CR p12,2650| |8 S
EdgeCov & mip (1024) ﬁ P94, 755, G 9
i -
mip {128} X pooling g w5
° c ]
3] . = sg
% 2 . spatial EdgeConv o3
| ! tvansform rnlp {64, 64, 64]
E kS " — c g
gl T [ ee— \ <l el ) mip £
EdgeConv ©| | EdgeConv © |™mp (1024) | % | repeating | & | (256, 256, 128,p) | & | & ©
‘mip {64,64,64) | x | mip{64,64,64p | x[——_*|© - LR
c : c pooling |+ c|E 5
.............. Do
L 0=
“3

Figure 8 DGCNN architecture [16].

Figure 8 shows the DGCNN architecture, consisting of spatial transform and edge
convolution block. The network consists of both a classification block and a segmentation block.

spatial transform
Figure 9 DGCNN spatial transform [16].

The spatial transform block aligns the input point cloud into a canonical space by applying
a 3 x 3 matrix. This 3 x 3 matrix is estimated by constructing a k-nearest graph and then
concatenating the point features with its k-nearest point features.
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Figure 10 DGCNN EdgeConv [16].

The most important part of DGCNN is the edge convolution. Edge convolution is
performed by constructing a k-nearest graph, then applying a multi-layer perceptron and then
applying maxpooling to obtain the local features. The edge convolution operation is shown in (1).

el-jm = ReLU (Gm (X] - xi). (xl-)) (1)
In (1), x; is each point in the input point cloud , x; is each point in the k-nearest graph of

x; and ©,, is the weight matrix which can be approximated by a multi-layer perceptron.

C. FoldingNet:
FoldingNet is a point cloud auto-encoder. FoldingNet [34] consists of a graph-based encoder on
top of [15] and a folding-based decoder. FoldingNet [34] deforms a 2D grid into a 3D object surface

of the point cloud.
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Figure 11 FoldingNet architecture [34].

The graph based encoder consists of multi-layer perceptron and graph based maxpooling
layers. First a local covariance matrix of size 3 x 3 is computed using 3D positions of the points
and its one hop neighbors. For every point in the input point cloud, the local covariance matrix is
constructed to give a vector of n x 9 and is concatenated with the input points of size n x 3 to give
a matrix of size n x 12. The graph is a k-nearest graph computed by considering the k nearest
neighbors of the 3D points and after that a maxpooling operation is performed to aggregate the

features. A final codeword of size 1 x 512 is obtained as an output from the encoder.

The folding based decoder deforms the 2D fixed grid points to a 3D point cloud. The
codeword from the graph-based encoder is fed into the decoder by replicating it m times and
concatenated with the 2D grid points to obtain a matrix of size m x 514. A multi-layer perceptron
is applied on this matrix by processing it row-wise to obtain an intermediate point cloud. This
concatenation and point-wise convolution is applied again on this intermediate point cloud to obtain

a final output.

D. 3D Point Capsule Networks:

3D point capsule networks are an auto-encoder. They consist of dynamic routing between primary

point capsules and latent capsules. Individual feature maps are computed by applying point-wise
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multi-layer perceptron. Primary point capsules are obtained by feeding these feature maps into
multiple convolutional layers with different weights. Latent capsules are obtained by applying a
dynamic routing algorithm to the primary point capsules. These latent capsules attend to different
parts of the input point clouds because of the dynamic routing algorithm.

The decoder concatenates a 2D random grid of fixed size to the latent capsules obtained
from the encoder. In order to reconstruct the point cloud of input size, latent capsules are replicated

m times and then concatenated with a 2D random grid.

3D Capsule-Decoder

3D Capsule-Encoder
|

{ \l%
9 Local
Max 1024x 16 £ Patches
Pool B n
A 2
Input -y o g
Point = '
Cloud .?& L
Dynamic e
W — o,

. °
o MLP P’ — => Routing =>
—-E - . (DR)
Latent

Max Capsules

Pool Primary 64 x 64
_:’/_ com anmiip &
apsules Chamfer per Replica

Loss

Unsupervised
Reconstruction

Figure 10 Architecture of 3D Point Capsule Networks [46].

Procedure 1 Routing algorithm.

1: procedure ROUTING(@;;, T, [)

2 for all capsule i in layer [ and capsule j in layer (I + 1): b;; < 0.

3 for r iterations do

4: for all capsule i in layer I: ¢; < softmax(b;)

5 for all capsule j in layer (I + 1): s; « >, cij0;;

6 for all capsule j in layer (I + 1): v; < squash(s;)

7 for all capsule i in layer / and capsule j in layer (I 4 1): b;; + by; + {;.v;
return v;

Figure 11 Dynamic Routing algorithm [47].

Dynamic routing algorithm is applied as shown in Figure 11. The algorithm is applied between all

the point capsules in primary point capsules and all the capsules in latent capsules.
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E. Point Completion Network:

Point completion network (PCN) is an encoder decoder architecture which completes an input
partial point cloud and produces a complete point cloud. The encoder of [2] applies a point-wise
multi-layer perceptron and then a symmetric function such as maxpooling to obtain a global feature
vector. This global feature vector is replicated m times, concatenated with point-wise features and
then applied multi-layer perceptron. A final global feature vector is computed by applying
maxpooling. The final global vector is of size 1024.

The decoder of PCN [2] takes global feature vector from the encoder as input and computes
a coarse output by applying a multi-layer perceptron. The coarse output is concatenated with a 2D
grid of fixed size with radius 4 and with the m times global feature vector. The shared multi-layer
perceptron is applied to output a final detailed output.
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Figure 12 Architecture of PCN [2].

F. MeshNet:

MeshNet [48] is a neural network applied on 3D mesh data, considering each face of the 3D mesh

as an operating unit. MeshNet [48] consist of a mesh convolution block, a structural descriptor and

20|Page



a spatial descriptor. The spatial descriptor takes centers as inputs and then applies a multi-layer

perceptron to compute the center features. The structural descriptor takes neighboring indices, the

normal of each face and the corners of each face as inputs, then computes features using face kernel

correlation and face rotate convolution.
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Figure 13 MeshNet architecture [48].
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Figure 14 Face rotate convolution block [48].
The face rotate convolution block as shown in Figure 14 rotates the face and then applies
a convolution operation on pairs of corner vectors. The face kernel correlation applies correlation
between neighboring corners and a Gaussian kernel.
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Figure 15 Mesh convolution block [48].

The mesh convolution block consists of a combination block and an aggregation block.
The combination block combines the spatial features and structural features by concatenating
spatial and structural features. The aggregation block takes neighboring indices and structural
features as input, then computes the aggregated features by applying multi-layer perceptron and

maxpooling operation.

2.4  Self-supervised Learning:

Transfer learning always helps the model if the task has less training data. But in many tasks, such
as medical imaging and point completion, we cannot find a model to transfer the weights from. In
tasks where transfer learning is not possible, self-supervised learning plays a key role in learning
the input dataset features. In self-supervised learning we define a task known as a pretext task. We
train our model and use these pretext task weights to perform transfer learning on our real, but
limited training data. These pretext tasks don’t need any ground truth data, rather the model defines

a task and extracts its own ground truth for initial training of our model.

Different pretext tasks are defined in [58], [59], [60], [35]. [58] defined the task of
colorization as the pretext task, [59] defined guessing the spatial information by randomly sampling
the different patches of an image as the pretext task, [35] rotated the image into four different

directions and defined classifying the angle rotation as the pretext task.
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Figure 16 An example of pretext task in self-supervised learning [35].

The pretext task used in [35] is shown in Figure 16, which shows the pretext task of rotating
the image by different angles and then predicting the rotated class. Simple tasks like this helps the
model to learn semantic features in a robust way. After pretext task learning, we use these weights
to perform transfer learning on our ground truth labelled data. In the next chapter we will discuss
the various loss functions we used in our models to optimize our tasks of point cloud completion

and 3D mesh segmentation.

2.5 Loss Functions

A. Softmax and Cross Entropy Loss:
The softmax activation function takes an N-dimensional real vector as input and outputs an N-
dimensional real vector with values in the range (0, 1) that add up to 1. It is usually used as the last

layer before calculating loss.

e . (2)
Sj = N a V] €1..N
k=1
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Softmax uses (2) to calculate the probability of each class prediction in the input vector.

Cross entropy loss calculates the distance between the output of deep neural network and
the original distribution. Cross entropy loss is calculated using (3).

H(y,p) = - Z yilogp; (3)

B. Chamfer Distance Function:

CD(S.,S,) = I51I+ Z mmllx yilz +

+ ) min|ly = xll;
xeS$q

Ye Sz

IS I
(4)

The Chamfer Distance (CD) as shown in (4) calculates the average distance between the input point
cloud and output point cloud. In (4) S; denotes the predicted complete point cloud and S, denotes

the ground truth complete point cloud.

C. Earth Mover Distance (EMD) Loss Function:

EMD(S3,S;) = mln _+ E [ — &)l (5)
:51-82 | 84| =
€01

The Earth Move Distance (EMD) as shown in (5) finds a bijection from the input point cloud to the
output point cloud, minimizing the average distance between corresponding points. Here bijection
function finds the minimum cost to move from the predicted point coordinates to the actual ground
truth coordinates. In the next chapter, we will discuss the various models and the training strategies

used to train these models in great detail.
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Chapter 3

Methodology

In this chapter, we will explore all the different architectures we experimented with for the task of
point cloud completion and 3D mesh segmentation. Each architecture is shown and discussed in
great detail. A training strategy for each architecture is also provided. For the point cloud
completion, each architecture consists of an encoder and a decoder, the output of the encoder is fed
into the decoder to get the complete point cloud. Several approaches of point cloud feature
extractions like PointNet, Graph based, and Capsule based are discussed. The application of self-
supervised in the context of point cloud completion is also discussed. For the 3D mesh
segmentation, we have experimented with different modified PointNet based and Mesh-based

architectures.
3.1 Multistage point completion network

A. Encoder:

Shared MLP

Pointwise Maxpool

Pointwise Maxpool

Pointwise Maxpool

Final code vector

Figure 17 Encoder for multistage point completion network.

Figure 17 shows the proposed encoder for point cloud completion. The Point Completion Network
(PCN) [2] extracts the point-wise features using style shared multi-layer perceptron, concatenates

point-wise features with global features and then applies shared multi-layer perceptron layers.
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Many 3D object detection networks [36,55] voxelize the input point cloud and then performs multi-
layer perceptron. Since our input is a partial point cloud, interacting different voxels and global
features is desirable to extract the features in a better way. Input point clouds are voxelized and

voxel features are extracted using voxel feature extraction (VFE) layers.

B. Voxel Feature Extraction Layer:

Voxelization is converting the input point cloud into a 3D grid, whereby each sub-grid is called a
voxel. Each voxel is assigned fixed number of points belonging to that voxel. If a voxel doesn’t

contain minimum of number of points padding is used. VFE layers are used to extract the voxel-

wise features.

Voxel Feature Extraction Layer
|

Figure 18 Voxel feature extraction Layer.
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After extracting voxel-wise features, these voxel-wise features are concatenated with
global features extracted by a shared multi-layer perceptron. This ensures learning the relationships
between different points in the input point cloud. Without voxelization, it is difficult to learn the
relationships in the input partial point cloud. After applying a shared multi-layer perceptron to the
concatenated voxel feature vector and global feature vector, a symmetric maxpooling operation is
applied. This vector is concatenated with the other global feature vector and then passed through a
shared multi-layer perceptron. A final vector of size 1024 is obtained as an output from the encoder.

An example of voxel feature extraction layer is shown in Figure 18.
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C. Decoder:

Decoder

16384 x 3
4096 x 3

Figure 19 Decoder for multistage point completion network.

Our proposed decoder is shown in Figure 19. PCN [2] uses the codeword from the encoder as input
and optimizes the codeword in the form of a coarse and fine output. The decoder shown in Figure
19 optimizes the code in 3 stages- in the form of a coarse output, middle output and final output.
Since the problem is completing the input partial point cloud, a codeword from the encoder will
have global information. To use this information effectively, the model needs to learn how to
optimize the different sizes of point clouds. The proposed decoder outputs a coarse point cloud, a

middle point cloud and a fine complete point cloud.
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As shown in Figure 19, the shared multi-layer perceptron is applied to the codeword
obtained from the encoder to output a coarse output of size 1024 x 3. FoldingNet [34], AtlasNet
[54] and PCN [2] deform a 2D grid to the 3D point cloud. Our decoder deforms the 2D grid in
multiple stages. The coarse output is concatenated with a tiled fixed 2D grid and tiled codeword to
produce a middle output of size 4096 x 3. The middle output is concatenated with another tiled
fixed 2D grid and a tiled codeword to output a final complete point cloud. The coarse output and
middle output are optimized using the EMD (4) loss function, while the final output is optimized
using the CD (3) loss function.

D. Training Strategy

The encoder and decoder are coded in the TensorFlow framework. The model is trained for 15
epochs with an initial learning rate of 0.0001 and uses exponential decay with decay rate 0.1. The
learning rate is decayed at several steps during training. The model uses batch normalization [53]
at each multi-layer perceptron layer. Training was performed in two different ways. In the first way
the model is trained end to end, optimizing the losses of coarse output, middle output and complete
point clouds output. During initial iterations of training the middle output and complete output
losses are not as important as the initial coarse output. This is done using two parameters, o and p.

Starting from value 0.01, both parameters values increased after every ‘m’ iterations.

In the second way of training, the model is divided into three stages. The stage 1 model is
trained only for the coarse output. This coarse output is taken by a stage 2 model and trained for
middle output. The stage 3 model takes middle output as input and trained only for complete point

cloud. Figure 20 shows the stage-wise learning procedure.
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Partial Point Cloud

3.2 Point Completion Network using Edge Convolution:

Stage-wise Learning

Stage 1

Stage 2

Stage 2

Coarse Point Cloud

Figure 20 Stage-wise Learning.

A. Edge convolution based network:

h 4

A,

Concatenation

MLP >

1024

A

Edge
Convolution
based i 1024
Network
VFE Layers 1024

Voxelize

Figure 21 Edge convolution based encoder architecture.
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DGCNN [16] employs edge convolution to effectively extract the local features by constructing
a k-nearest graph, applies multilayer perceptron and then maxpooling operation. PCN [2]
extracts the pointwise features by using PointNet [15] style architecture. The architecture of
the edge convolution based point completion network is shown in Figure 21. The input partial
point cloud is voxelized, voxel features are extracted using VFE (Voxel Feature Extraction)
layers, concatenated with the final vector obtained from the edge convolution network, and
then a multiplayer perceptron is applied to obtain the final code vector.

) Edge Edge Edge Edge MLP{1024}
—> Convolution —>| Convolution —> Convolution Convolution
. mip{64} mip{64} mip{64} mip{128} Max Pooling

2ol

Figure 22 Complete architecture of edge convolution network.

The detailed architecture of the edge convolution network is shown in Figure 22. The
architecture contains 4 edge convolution blocks, the output of the edge convolution blocks are
concatenated, applied multilayer perceptron and then maxpooling to obtain a 1024 vector. The
input to the network is a partial point cloud of shape 2048 x 3. The operation of the edge
convolution is same as in [16]. The input to the VFE layers is of shape m xp x 3, where m is
the number of voxels, p is the maximum number of points in the voxel. Interacting the points
in different voxels in necessary to learn the information of missing points in the input point
cloud. Because of this reason, we employed 2D convolutions to extract the features from the

voxels. The final vector from the VFE layers is of shape 1024.

B. Decoder:
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Figure 23 Architecture of the decoder using interpolation.

The modified decoder which employs an interpolation technique, instead of tiling, is shown in
Figure 23. The decoder optimizes the complete point cloud in multiple stages: the coarse stage,
the middle stage and the complete stage. The ground truths for each of the stages are generated
by using FPS (Farthest Point Sampling) which is used in [14]. The FPS algorithm has been
shown to be advantageous as compared to random sampling in sampling the point clouds. Both,
the middle output and the complete point cloud are generated by concatenating a 2D grid of
fixed size to the code word from the encoder and the final vector from the VFE layers. The
coarse and the middle point are optimized using EMD loss function, and the complete point

cloud is optimized using CD loss function.

In [2], the tiled coarse point cloud is concatenated with the 2D random grid to generate the
complete point cloud. A better way to use the information of the coarse point cloud is an
interpolation, as during tiling, duplication of the same features adds minimal information for
the generation of the complete point cloud. The decoder used in this architecture interpolates
the coarse point cloud to the shape of the middle point cloud and then added to the middle point
cloud features generated using the folding technique. Similarly, the middle point cloud is
interpolated to the shape of the complete point cloud and then added to the complete point

cloud generated using the folding technique.

.
iy = Sz

i=1 Wi(x)

(6)

31|Page



1
d(x, x;) (7

w;(x) =

The interpolation operation is shown in (6), where f/(x) is the interpolated feature from

the lower level (coarse point cloud or middle point cloud). fﬂ are features of the k-nearest
neighbors of the higher level (middle point cloud or complete point cloud) in the lower level.
Each neighbor is multiplied with a weight value which is equal to the distance of the point in a
higher level to the lower level. After generating the middle point cloud using the folding
technique, we interpolate the coarse point cloud using the middle point cloud and add them
together. Similarly, after generating the complete point cloud, we interpolate the middle point
cloud using the complete point cloud and add them together. The number of nearest neighbors
used to interpolate has been empirically solved to be 3. The interpolation technique shown in
(6) is proposed in PointNet++ [14]. In [14], it is used for segmentation of the input point cloud.

3.3 Capsule Point Completion Network

A. Capsule based Decoder:
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Figure 24 Capsule based decoder architecture.

Dynamic routing between capsules [47] has been shown to have effective performance on the
MNIST dataset with very shallow architectures. [52] extended the dynamic routing architecture for
multiple layers. [46] is the first architecture to apply the concept of dynamic routing to 3D point
clouds. They have shown impressive results with reconstructing the input point cloud. Our capsule-
based architecture as shown in Figure 21 uses the dynamic routing algorithm between a primary

point capsule and latent capsules to obtain the final complete point cloud.

The primary point capsules are produced by applying a different shared multi-layer
perceptron and then maxpooling operation to the codeword obtained from the encoder. To compute
the latent capsules, the dynamic routing algorithm is applied to the primary point capsules.
Applying the dynamic routing algorithm makes the model attend to different parts of the coarse
output. The latent capsules are concatenated with the tiled fixed 2D grid and then applied shared
multi-layer perceptron to compute the final complete point cloud. The model is optimized in stages

of coarse output and final complete point cloud.

_ 11 S;11? S;
TO1+1S112 11 S

()

In (7) V; is the vector output of capsule j and S; is its total input.

Sj = Z ¢ij Uyj (8)

i

In (8) j denotes the latent capsule and i denotes primary capsule. Input to a latent capsule
is the prediction vectors of primary capsule multiplied by coupling coefficient c;;.

Ui = Wiy, ©
Equation (9) shows the prediction vector of a primary capsule is obtained by multiplying output of

primary capsule u; with the weight matrix.

_exp(b;

)
¢y = 25 e expou (10)
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Equation (10) shows how coupling coefficients are computed. The coupling coefficients from
primary capsule i to latent capsule j sum to 1 and are computed by (10) which is called routing

softmax, whose initial logits b;; are the log prior probabilities that primary capsule i connected to

upper latent capsule j.

B. Training Strategy

The model is coded in the TensorFlow framework and trained for 10 epochs with an initial learning
rate of 0.001. The learning rate is decayed after every 1000 iterations with decay rate of 0.1. For
the coarse output loss, the EMD [23] loss function is used and for the complete point cloud, the CD
[23] loss function is used. The number of iterations for calculating coupling coefficients in each

training iteration are three.

3.4  Multiview Point Completion Network

A. Multiview Encoder:
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Figure 25 Multiview encoder.

The encoder of the multiview point completion network using DGCNN [16] is shown in Figure 22.
The input partial point cloud is rotated by 1 degree and 3 degrees. All three point clouds, the input
point cloud without rotation and the two rotated point clouds are fed into DGCNN [16] to compute
the global vector of size 1024. To construct the k-nearest neighbors in DGCNN [16], we used k=20
and computed the edge features as in [16]. The input partial point cloud is voxelized and computed
voxel-wise features using voxel feature extraction (VFE) layers, and applied maxpooling to
compute the global vector of size 1024. We used three stacked VFE layers to extract the voxel-
wise features. In general, VFE layer computes point-wise features and then applies symmetric
maxpooling function to obtain the global voxel-wise features. In this way, we applied 3 VFE layers
after converting the input partial point cloud to voxels. These global voxel-wise features are
concatenated with the point-wise features to obtain the final voxel-wise features. All the global
vectors computed from the rotated point clouds and VFE layers are fed into a multi-layer perceptron
to compute the final codeword of size 1024. The multi-layer perceptron architecture has 512 — 1024

nodes to compute the final codeword.

B. Decoder
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Figure 26 Decoder for Multiview point completion network.

The decoder for the multiview point completion network is shown in Figure 23. The decoder
receives a codeword and a global voxel-wise feature vector from the encoder and optimizes it in
multiple stages. In the first stage, the codeword is converted into a coarse point cloud of shape 1024
x 3 by applying a shared multi-layer perceptron. The loss is calculated using the EMD [23] loss
function. In the second stage, a 2D random grid is concatenated to the coarse vector obtained in the
first stage. The codeword is tiled and concatenated and global voxel-wise feature is concatenated
to obtain a middle vector of shape 4096 x 2053. The shared multi-layer perceptron is applied to
this vector and the loss is calculated by comparing with the ground truth using EMD [23] loss
function. In the third stage, the process is repeated as in the second stage, whereby a 2D random
grid is concatenated to the middle vector, a coarse vector obtained in the first stage is tiled and
concatenated, and the codeword from the encoder is tiled and concatenated with a voxel-wise global
feature vector. Then shared multi-layer perceptron is applied to compute the final complete point
cloud.

The ground truth for the coarse point cloud and the middle point cloud is generated by
using the farthest sampling algorithm [14] from the complete point cloud ground truth. Iterative
farthest sampling is used since it is better than random sampling. The coarse point cloud and the
middle point cloud is optimized using the EMD [23] loss function, as the cost of EMD [23] is
higher than of the CD [23] loss function.
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C. Training Strategy

The model is coded in the TensorFlow framework and trained for 10 epochs with an initial learning
rate of 0.001. The learning rate is decayed after every 1000 iterations with a decay rate of 0.1. For
the coarse output loss, the EMD [23] loss function is used, and for the complete point cloud, the
CD [23] loss function is used.

3.5 Self-supervised based point completion network

A. Self-supervised Encoder:

Encoder

Pretext task

Baseline Classify
Input Partial encoder
Point Cloud based
architecture

Chair, Airplane, Table, Car,
Sofa, Watercraft, Lamp,
Cabinet

Figure 27 Self-supervised pretext task for point completion network.
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Figure 28 Self-supervised learning for optimizing coarse point cloud.

The pretext task for the self-supervised point completion network is shown in Figure 27. The
pretext we have chosen is the classification task. We used the same architecture as the PCN [2]
model to extract the input partial point cloud features and use these features to classify the input
partial point clouds. The total number of classification categories are eight. We trained the encoder
for this classification task. After training the model for this rotation pretext task, we perform
transfer learning using the pretext weights to compute the global vector of size 1024. The model
trained on the pretext task learns the semantic features of the input partial point clouds in an
improved fashion. Using transfer learning with those weights extracts the features of the input
partial clouds with better results. To classify the input partial point clouds, the model must identify
certain features which helps in correctly classifying the point clouds belonging to different
categories. This identification of features by the model for this pretext task helps the task of point

completion with less data.

B. Training Strategy

The model is coded in the TensorFlow framework and trained for 10 epochs with an initial learning
rate of 0.001. The learning rate is decayed after every 1000 iterations with decay rate of 0.1. For
the coarse output loss, the EMD [23] loss function is used and for the complete point cloud, the CD
[23] loss function is used. We have used 40% less data for this model compared to the other models

to optimize the coarse point clouds.
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3.6 Mesh Segmentation

For the robot gripper like a suction cup to hold the object firmly, it has to identify the good faces

on the surface of the object. Since 3D data can be represented in different ways, representing the

3D object in the form of 3D mesh provides more information about the connectivity of faces on the

surface of the object. We represented 3D objects in the form of a 3D mesh and apply deep learning

based architectures to identify the good faces on the object. This problem is formulated as mesh

segmentation, where each face in the 3D mesh can be a good or bad face.

A. PointNet Center:

Input mesh
Nx9

A 4

Compute centers | Input
of each face Nx3

Y

FointMNet
segmentation

Figure 29 PointNet Center.

f——» Segmented mesh

The PointNet center [15] architecture is shown in Figure 27. Input to the architecture is a 3D

mesh. The mesh consists of faces and vertices. The faces contain information of connection

between vertices and vertices are actual 3D points of the mesh. We computed the centers of

each face in the 3D input mesh of shape N x 9 to convert into shape of N x 3. Then PointNet

[15] segmentation architecture is applied to this modified input to output segmented mesh.

B. PointNet Mesh:
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Figure 30 PointNet Mesh.

The PointNet mesh architecture is shown in Figure 28. PointNet [15] uses the 3D point clouds
of shape N x 3 as inputs, whereas the architecture shown in Figure 28, uses 3D mesh as input.
We concatenated the vertices of each face in the 3D mesh to convert into a vector of shape N

x 9. Then segmentation architecture in [15] is applied to segment the input mesh.

C. DGCNN Center:

Input mesh Compute centers| 3 Input > DGCNN ——>» Segmented mesh
Nx9 of each face Nx3 segmentation

Y

Figure 31 DGCNN Center.

DGCNN [16] architecture we used for mesh segmentation is shown in Figure 29. As shown in
Figure 29, we computed the centers of each face in the input 3D mesh of shape N x 9 and converted
into input of shape N x 3. The DGCNN [16] architecture is applied to segment the 3D input mesh.
The number of segmentation classes in the output is two, one is good face and the other is bad face.
We used the cross entropy loss in the output layer to calculate the loss between the predicted and

ground truth.
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D. MeshNet

Input mesh
Nx9

k"

Meodified MeshNet
for segmentation

Segmented mesh

Figure 32 MeshNet for segmentation.

MeshNet [48] considers the face information, normal vectors of each face, and neighboring corners

of each face and centers of each face to perform the classification task. We processed the input 3D

mesh in the same way as in [48], computed neighboring corners of each face, normal vectors of

each face and centers of each face. We modified [48] for segmentation and used same architecture

for the input 3D mesh. In the next chapter, we will discuss the datasets used in training our different

architectures.
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Chapter 4

4.1

A. ShapeNet

Datasets

Datasets

ShapeNet[8] is a large-scale annotated repository of 3D CAD models of different objects. It

provides a rich set of annotations for every object. ShapeNet provides variety of 3D models to

evaluate the performance of 3D shape reconstruction, 3D part segmentation and 3D object

classification. There are total 55 common categories of 3D objects in ShapeNet.

ID Name Num ID Name Num ID Name Num
04379243 table 8443 | 03593526 jar 597 | 04225987  skateboard 152
02958343 car 7497 | 02876657 bottle 498 | 04460130 tower 133
03001627 chair 6778 | 02871439  bookshelf 466 | 02942699 camera 13
02691156 airplane 4045 | 03642806 laptop 460 | 02801938 basket 113
04256520 sofa 3173 | 03624134 knife 424 | 02946921 can 108
04090263 rifle 2373 | 04468005 train 389 | 03938244 pillow 96
03636649 lamp 2318 | 02747177 trash bin 343 | 03710193 mailbox 94
04530566  watercraft 1939 | 03790512  motorbike 337 | 03207941  dishwasher 93
02828884 bench 1816 | 03948459 pistol 307 | 04099429 rocket 85
03691459 loudspeaker 1618 | 03337140 file cabinet 298 | 02773838 bag 83
02933112 cabinet 1572 | 02818832 bed 254 | 02843684  birdhouse 73
03211117 display 1095 | 03928116 piano 239 | 03261776  earphone 73
04401088  telephone 1052 | 04330267 stove 218 | 03759954 microphone 67
02924116 bus 939 | 03797390 mug 214 | 04074963 remote 67
02808440 bathtub 857 | 02880940 bowl 186 | 03085013  keyboard 65
03467517 guitar 797 | 04554684 washer 169 | 02834778 bicycle 59
03325088 faucet 744 | 04004475 printer 166 | 02954340 cap 56
03046257 clock 655 | 03513137 helmet 162
03991062  flowerpot 602 | 03761084 microwaves 152 Total 57386

Figure 33 Different categories for ShapeNet dataset [8].

Figure 31 shows the different categories and their corresponding dataset size in ShapeNet.
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Figure 34 Examples of ShapeNet dataset [8].

B. Point Completion Networks:

For the point completion task, we need a dataset containing pairs of partial and complete points
clouds. We used the same method as in PCN [2] to generate complete and partial point clouds. The
complete point clouds are generated by sampling 16,384 points from mesh surfaces of 3D CAD
models of the ShapeNet dataset. To generate partial point clouds, we back projected 2.5D depth
images into 3D. There are total of eight categories of objects chosen for this task: airplane, cabinet,
chair, car, lamp, sofa, table, vessel. Back-projecting the depth images into 3D brings the data
distribution to the real-world sensor data. Since real world data won’t contain detailed information

of 3D objects, synthetic 3D objects like those in ShapeNet provide rich 3D information to process.
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Figure 35 Examples of PCN dataset [2].

Examples of dataset containing input partial point clouds and ground truth complete point clouds
are shown in Figure 35.

C. Phenix Automation:

For the robot grippers like suction cups to hold the objects firmly, the 3D mesh object should
contain a minimum flat surface area. Since a gripper can hold the object anywhere, a segmentation
of the 3D mesh satisfying the minimum area requirements should be done. Present datasets like
ShapeNet [8], ScanNet [49], S3DIS [50] do not contain 3D objects which would typically might be
found in industrial machinery environments. As such, we have created our own dataset grabbing
different 3D CAD models from GrabCAD [51] and then manually annotated the dataset. For
annotating the dataset, we developed a MATLAB tool.
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Figure 36 Examples of the Phenix Automation dataset.

3D data can be represented in many forms like point clouds, voxels, and mesh. But for the
task of the robot gripper, representing the 3D object in the form of point clouds will not help the
task in hand. Since point clouds are sparse, it just provides the information about various 3D points
and little about the relationship between those points. To use point clouds for this task, the
relationship between different points should be discovered and then points suitable for robot
gripping should be identified. There exists ambiguity in the case of edges. For example, should a
point on the edge be considered for robot gripping? Similar problems arise if 3D data is represented
in the form of voxels, since each voxel just stores the information of 3D points belonging to that
voxel, and as such, this information may not be useful for this task. Representing 3D data in the

form of a 3D surface mesh provides more information of the 3D object like faces and neighboring
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connectivity. Since faces provide rich surface information of the 3D object, using the information

of faces can help identify the good faces for our robot gripper’s suction cup to adhere to.

Examples of different 3D CAD models fetched online are shown in Figure 36. CAD models
fetched meet the real-world distribution of different industrial machinery parts. We generated 3D
mesh from the CAD model using the MATLAB PDE toolbox, and annotated good and bad faces.
We created a MATLAB tool for faster dataset annotation.

Phenix riT s

Automation

Import STL Label Group of Faces PlotMesh

Label Less Faces Label Single Face Unlabel group of faces Unlabel faces

Figure 37 View of MATLAB tool for dataset annotation.

The MATLAB tool developed for dataset annotation purpose is shown in Figure 35. All
the 3D CAD models fetched online are converted into the MATLAB supported format STL
(Stereolithography). We used the PDE (Partial Differential Equations) toolbox in MATLAB to
generate tetrahedral 3D mesh surfaces, since we are interested only on outside body surfaces. We
converted tetrahedral 3D mesh into triangular 3D meshes and annotated good vs. bad faces using
MATLAB callback functions.

In the MATLAB tool shown in Figure 37, after we import the STL file, the tool will
automatically generate a triangular 3D mesh of the 3D object, and then user can annotate all the

good faces of the 3D object. A user can label group of faces or single depending on the requirement.

Examples of training data are shown in Figure 38. The color red corresponds to bad faces
and the color cyan corresponds to good faces. A good face should be a minimum area of 10 mm
both on X and Y axis. Some examples in Figure 38 don’t contain any good faces for the robot
gripper to hold. All the training data has different shapes. Some parts contain more triangular

elements (faces) and some parts contain lesser triangular elements.
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Training Data
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Figure 38 Examples of annotated dataset for robot gripper.
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Chapter 5

Results and Analysis

5.1 Results
A. MS PCN:
Table 1 Results of MS PCN with no voxels.
Model CD (Complete PCD) EMD (Coarse PCD)
PCN (Baseline) 0.00986 0.05631631
MS PCN (no voxels) 0.0150 0.07454845

In Table 1, the results are shown for the baseline results and multistage decoder with encoder same
as the baseline. The metric compared is the average Chamfer Distance (CD) loss of the test dataset.
The encoder for the model in Table 1 didn’t contain any voxel information, it is the same as the
encoder used in the baseline model. In the decoder used in the model, the complete point cloud is
optimized in the coarse stage, the middle stage, and the complete stage. The complete point clouds
and the coarse point clouds loss is compared with the baseline results. For the complete point
clouds, the CD is used to compare with the baseline and for the coarse point clouds, and the Earth
Mover Distance (EMD) loss function is used. Optimizing the complete point cloud in multiple
stages didn’t help the model to reach results better than baseline results. We trained our models
with different hyperparameters like changing the learning rate schedule, initial learning rate,
different optimizers, and different batch sizes. We provided our best results obtained during

training. The inference time for the model without voxels is 0.11 milli seconds.

Table 2 Results of MS PCN.

EMD (Coarse
Model CD (Complete PCD) PCD)
PCN (Baseline) 0.00986 0.05631
MS PCN 0.013018 0.06262

In Table 2, the results are compared between baseline and the model with voxelized encoder and
multistage decoder. For the encoder in the model, the input point cloud is voxelized and the voxel
features are extracted to concatenate with the global features. And the decoder is the same as the
model used for comparison in Table 1. The complete point cloud output from the decoder is

optimized in multiple stages. Results show an improvement compared with the model in Table 1.
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Adding voxel features helps the model to improve the coarse and the complete point clouds. The
voxel features are extracted by using Voxel Feature Extraction layers (VFE) which contains 2D
convolutions. These 2D convolutions help the points in different voxels to interact and the resultant
global feature vector of the encoder is a much better global understanding of the model. We trained
our models with different hyperparameters like changing the learning rate schedule, initial learning
rate, different optimizers, and different batch sizes, we provided our best results obtained during
training. The inference time for the model with voxels is 0.12 milli seconds.

B. Edge convolution based point completion network:

Table 3 Results of Edge convolution based PCN.

Model CD (Complete PCD) EMD (Coarse PCD)
PCN (Baseline) 0.00986 0.05631
Edge convolution PCN 0.14152 1.82143

Table 3 shows the results for edge convolution based point completion network. The encoder for
the model consists of edge based convolutions to extract the global features concatenated with the
voxel-based global feature vector. We have used edge based convolution to extract local features
more robustly. To extract the voxel features we have used 7 x 7 convolutions, 5 x 5 based
convolutions, 3 x 3 based convolutions, 1 x 1 based convolutions, and fused all these features to
get the final vector. The complete point cloud output from the decoder is optimized in multiple
stages. In the middle stage instead of using replicated coarse features, we have used interpolated
features, similarly for the final output stage. We approached in this way since interpolated features
propagate in a much better than replicated features from the previous layers. Unfortunately, the
results are not as good compared to our previous model and baseline model. The edge based
convolution is good at extracting the local features in the complete point cloud since the input is a
partially complete point cloud, but the model is not able to extract features much affectively.
Adding the voxel features by extracting in the way we mentioned before didn’t help the model for
optimizing the coarse point cloud as well. We trained our models with different hyperparameters
like changing the learning rate schedule, initial learning rate, different optimizers, and different
batch sizes, we provided our best results obtained during training. We conducted many experiments

by adding the only single component to the baseline model and tested our results.

Table 4 Results of Edge convolution with voxels no multistage.
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Model CD (Complete PCD) EMD (Coarse PCD)

PCN (Baseline) 0.00986 0.05631

Edge convolutlo_n with 0.155976 2.20802
voxels no multistage

Table 4 shows the results of the model with the encoder same as the model in Table 3 but with a
modified decoder. To extract the global features from the encoder, we used edge based
convolutions concatenated with the voxel feature extraction layers. For extracting the voxel features
we used the same method as mentioned before. The decoder in the model doesn’t contain multiple
stages, it has a coarse stage and then the final stage, same as in the baseline model. Instead of
concatenating the replicated features of the coarse point cloud, we used interpolated features of the
coarse point cloud. Removing the middle stage of the decoder made the model increase the loss
both for the coarse point cloud and the complete point cloud.

To test whether edge convolutions are really helping to complete the partial point clouds,
we tried optimizing only the coarse point cloud (no middle and no complete point clouds). The
input is a partial point cloud, and the output is a coarse point cloud. The results are shown in Table
5.

Table 5 Results of Edge convolution single stage PCN.

Model CD (Chamfer Distance)
PCN (Baseline) 0.00986
Edge convolution single stage 0.162826

Results for the edge convolution single stage model are shown in Table 5. We can clearly observe
that edge convolutions are not helping the model to optimize the coarse point cloud. So, using edge

convolutions in the point completion task doesn’t add any advantage.

Table 6 Results of Baseline encoder + voxels and single stage interpolated decoder.

Model CD (Complete PCD) EMD (Coarse PCD)
PCN (Baseline) 0.00986 0.05631
Baseline encoder +
voxels and single-stage
interpolated decoder 0.15523 3.28933
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Table 6 shows the results of the baseline model encoder with voxels and no multistage. The encoder
of the model contains the baseline model encoder and voxel feature extraction layers. To extract
the voxel features we have used an Inception-style architecture as mentioned before. The decoder
consists of the coarse stage and the final stage. Instead of the replicated features of the coarse point
cloud we have concatenated the interpolated features at the final stage. There is no improvement
for the complete point cloud and the coarse point cloud is much worse compared to the models
shown in Table 3 and Table 4. Extracting the voxel features in Inception-style architecture is not
helping the model to optimize both the coarse and the complete point clouds.

Table 7 Results of Baseline encoder with single stage interpolated decoder.

Model CD (Complete PCD) EMD (Coarse PCD)
PCN (Baseline) 0.00986 0.05631
Baseline encoder +
Single stage interpolated
decoder 0.153162 0.19323

Table 7 shows the results of the model with the encoder the same as the baseline model with no
voxels and no multistage. The encoder of the model is identical to the baseline model. The decoder
consists of the coarse stage and the final stage. Instead of the replicated features of the coarse point
cloud we have concatenated the interpolated features. By removing the voxel features from the
encoder there is a bit of improvement for the coarse point cloud output when compared with Table
6 and Table 3. But there is no improvement for the complete point cloud output. Extracting the
voxel features in Inception-style architecture does not appear to be adding information of the input

partial point clouds to optimize the coarse and the complete point cloud.

Table 8 Results of Baseline encoder with a multistage interpolated decoder.

51|Page



Model CD (Complete PCD) EMD (Coarse PCD)

PCN (Baseline)

0.00986 0.05631
Baseline encoder +
Multistage interpolated
decoder 0.14680 0.23593

Table 8 shows the results of the model with the encoder the same as the baseline model with no
voxels and multistage interpolated decoder. The encoder of the model contains just as the baseline
model as adding the voxel features in Inception-style architecture does not appear to be extracting
additional features from the input partial point cloud. We didn’t extract voxel features; we used the
same encoder as the baseline model. The decoder is a multistage decoder consisting of the coarse
stage, the middle stage, and the final stage. Instead of the replicated features at the middle stage
and the final stage, we used interpolated versions. At the middle stage, we used interpolated features
of the coarse point cloud and at the final stage, we used interpolated features of the middle point
cloud. Adding a multistage decoder helped the model to improve the results of the complete point
cloud compared to the models used in Table 4, Table 6, and Table 7. But there is ho improvement
for the coarse point cloud output. But the coarse point cloud results are much better compared to

the models with voxel features extracted in Inception-style architecture.

C. Capsule based decoder:

Table 9 Results of Capsule based decoder.

Model CD (Chamfer Distance)
PCN (Baseline) 0.00986
Capsule based decoder 0.02061

Table 9 shows the results of the point completion network with the capsule-based decoder. The loss
of the model with the capsule-based decoder is high compared to the baseline results. In the capsule-
based model, we are optimizing the coarse point cloud by applying a multilayer perceptron on the
codeword from the encoder and the complete point cloud by employing the dynamic routing
algorithm. Because of this multitasking setup, the weights learned using the dynamic routing
algorithm are potentially getting disturbed. And the final complete point cloud is not generated by

an end-to-end dynamic routing algorithm from the codeword, initially, an intermediate point cloud
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of shape 2048 x 3 is obtained by dynamic routing algorithm and the complete point cloud is

obtained by folding operation from the intermediate coarse point cloud.

Table 10 Results of Capsule based architecture for coarse point cloud optimization.

Model EMD (Coarse PCD)
PCN (Baseline) 0.05631
Capsule based architecture 0.06537

Table 10 shows the results for the model which uses capsule-based architecture to optimize the
coarse point clouds. We changed the intermediate point cloud shape in the model used in Table 9
to the coarse point cloud shape. The coarse point cloud is comparable to the model shown in Table
1 but the results are not better compared to the baseline model. If the architecture has an end-end
dynamic routing algorithm for optimizing the final point cloud, results would perhaps be better.
The inference time for the model with capsule-based architecture is 0.65 milliseconds. Due to the
dynamic routing algorithm, the inference time for this model is high compared to the previous

models.

D. Multiview PCN:
Table 10 Results of Multiview PCN.

Model CD (Chamfer Distance)
PCN (Baseline) 0.00986
DGCNN Multiview 0.0176

The results of the multiview PCN are shown in Table 10. The input to the encoder of the multiview
PCN is the input partial clouds rotated by O degrees, 1 degree and 3 degrees, and use edge
convolution to extract the features, then concatenated all the features with the voxel features. The
decoder is the same as the MS PCN model, but our results unable to outperform the baseline results.
Rotating the point cloud by different angles didn’t help the model to learn new features to complete
the point cloud. The model can learn the same features in the rotated point clouds even with edge

convolutions.

E. Self-supervised model:
Table 11 Results of Self-supervised PCN.
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Model EMD (Coarse PCD)
PCN (Baseline) 0.054201
Self-supervised model 0.054829

Table 11 results of self-supervision application to the point completion task. The pretext task used
in this model is to categorize the input partial point cloud. The model learned on these features is a good
starting point for weights for the point completion task. The dataset used for this model is 40% less
compared to other models. We used those weights to optimize the coarse point clouds only and compared
them with baseline in Table 11. The results clearly show even though with less data the model can perform
almost similarly. The model weights trained on the pretext task helped the model for the problem of point

completion network.

We can use the models trained on this dataset to perform inference on KITTI dataset [61]. The KITTI
dataset [61] provides the point clouds for a LIDAR data, we can use these several models to complete a

point cloud of any object in the KITTI [61] lidar point clouds.

F. PointNet-Center:

For the 3D mesh segmentation task, we have trained different architectures. The results for all
these architectures are shown in the sections F, G, Hand I.
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Figure 39 Results of PointNet-Center.

55|Page



The results of PointNet-Center for 3D mesh segmentation is shown in the Figure 39. The dataset
used to train the model is shown in Figure 38. The input to the model is the centers of each mesh
in the input dataset. The model is not able to distinguish between good face and bad face, it always
outputs every face of the mesh as bad for gripping. In the Figure 40, the ground truth and the
corresponding outputs are shown. Many for the input samples having good faces, the model outputs
every face as bad face. Since the PointNet [15] architecture just learns the pointwise features, this
information alone is not sufficient to segment the input 3D mesh.
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G. PointNet-Mesh:

Ground Truth Output

Input Output

o AV AT AV AV AV AV AVAVATATAYS S
VAT TATAVAVAVAVAVAYAYS % 92
. -EROISAN AR AN NS
‘ KV SR
050 S TAVAVAVAVAVAVAY, Y ATA" Ko
%2 AVAVAVAVAVAVA PR

g7d78

J o -
0 o5 ® 5 10999 . i 65

Figure 40 Results of PointNet-Mesh.

The results of 3D mesh segmentation for the model PointNet-Mesh is shown in Figure 40. The input to the
model is a concatenated vector of all corners in each face of the 3D input mesh. Even though the input has
many samples having good faces, the model always outputs each face as a bad face. Even though the input
has information about each mesh, but the PointNet [15] style architecture unable to learn the relation
between the corners of each face and different faces in the input 3D mesh.
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H. DGCNN-Center:
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Figure 42 Results of DGCNN-Center.

The results of the model DGCNN-Center are shown in Figure 42. The input to the model is the
centers of each mesh obtained from the 3D mesh shown in Figure 39. Unlike PointNet [15] style
models, DGCNN [16] based models are able to output some good faces. Even though the dataset

is small, the model is able to learn the relation between different faces in the 3D mesh to classify
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good and bad faces. Since [16] constructs a k-nearest graph, it extracts the local neighborhood

information much better than PointNet [15] style based architectures.

I. MeshNet:

Ground Truth Output
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Figure 43 Results of MeshNet.

The results of the MeshNet is shown in Figure 43. We used the same architecture as in [48]. The input to the
model contains face information, normal of each face and neighbors of each face. With the limited training
dataset, the model is more inclined to output most of the faces as a good face. In Figure 43, we can see even
for the input sample which doesn’t contain any good faces, the model predicted many good faces. DGCNN-

Center has better results compared to the MeshNet, even though MeshNet considers each face as the operating
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unit and applies mesh convolutions. The DGCNN-Center model is able to learn the relation between different

faces with just information about the centers.

Chapter 6

Conclusions

6.1

6.2

Conclusions

This thesis presents the different architectures for the task of point completion and provides
the basis for identifying good and bad faces of a robot gripper. This work provides different
effective ways of extracting the features of a partial point cloud and provides an analysis
of the different components of the architectures. Adding the voxel information of the point
cloud in the right way definitely helps in better feature extraction. Even though edge
convolutions are very effective in local feature extraction, edge convolutions alone are not
sufficient for the task of point completion. This work shows the application of the self-
supervision concept for the task of point completion. Training the model on a pretext task
provides a good initialization for the model’s weights and can achieve similar results with
fewer data. For the robot gripper task, formulating the problem as 3D mesh segmentation

will provide the good and bad faces of a 3D object.

Future Work

This work explores PointNet based architectures for the tasks of point completion and 3D
mesh segmentation. Some of the possible extensions of this work are:
o For extracting the partial point cloud features, try graph based approaches instead
of PointNet based architectures.
e For extracting the voxel level features, a 3D convolution can be used instead of 2D
convolutions.
e Extending the idea of dynamic routing to an end-end capsule-based architecture.

e Extending the idea of self-supervision for the 3D mesh segmentation problem.
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Dynamic Graph CNN showed better results for 3D mesh segmentation. As such,
exploring different architectures of graph-based networks for the problem of 3D
mesh segmentation would be helpful.

Evaluate the performance of different point cloud completion networks with the

other datasets.
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