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High-Dimensional Generative Models for 3D Perception

Cong Chen

(ABSTRACT)

Modern robotics and automation systems require high-level reasoning capability in represent-

ing, identifying, and interpreting the three-dimensional data of the real world. Understand-

ing the world’s geometric structure by visual data is known as 3D perception. The necessity

of analyzing irregular and complex 3D data has led to the development of high-dimensional

frameworks for data learning. Here, we design several sparse learning-based approaches for

high-dimensional data that effectively tackle multiple perception problems, including data

filtering, data recovery, and data retrieval. The frameworks offer generative solutions for

analyzing complex and irregular data structures without prior knowledge of data. The first

part of the dissertation proposes a novel method that simultaneously filters point cloud noise

and outliers as well as completing missing data by utilizing a unified framework consisting of

a novel tensor data representation, an adaptive feature encoder, and a generative Bayesian

network. In the next section, a novel multi-level generative chaotic Recurrent Neural Net-

work (RNN) has been proposed using a sparse tensor structure for image restoration. In

the last part of the dissertation, we discuss the detection followed by localization, where we

discuss extracting features from sparse tensors for data retrieval.



High-Dimensional Generative Models for 3D Perception
Cong Chen

(GENERAL AUDIENCE ABSTRACT)

The development of automation systems and robotics brought the modern world unrivaled

affluence and convenience. However, the current automated tasks are mainly simple repet-

itive motions. Tasks that require more artificial capability with advanced visual cognition

are still an unsolved problem for automation. Many of the high-level cognition-based tasks

require the accurate visual perception of the environment and dynamic objects from the data

received from the optical sensor. The capability to represent, identify and interpret complex

visual data for understanding the geometric structure of the world is 3D perception.

To better tackle the existing 3D perception challenges, this dissertation proposed a set of

generative learning-based frameworks on sparse tensor data for various high-dimensional

robotics perception applications: underwater point cloud filtering, image restoration, defor-

mation detection, and localization.

Underwater point cloud data is relevant for many applications such as environmental moni-

toring or geological exploration. The data collected with sonar sensors are however subjected

to different types of noise, including holes, noise measurements, and outliers. In the first

chapter, we propose a generative model for point cloud data recovery using Variational

Bayesian (VB) based sparse tensor factorization methods to tackle these three defects simul-

taneously. In the second part of the dissertation, we propose an image restoration technique

to tackle missing data, which is essential for many perception applications. An efficient gen-

erative chaotic RNN framework has been introduced for recovering the sparse tensor from a

single corrupted image for various types of missing data. In the last chapter, a multi-level

CNN for high-dimension tensor feature extraction for underwater vehicle localization has

been proposed.
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�T�2�`�+�2�T�i�B�Q�M �2�M���#�H�2�b �i�?�2 �`�Q�#�Q�i �i�Q �`�2�T�`�2�b�2�M�i�- �B�/�2�M�i�B�7�v ���M�/ �B�M�i�2�`�T�`�2�i �i�?�2 �;�2�Q�K�2�i�`�B�+ �B�M�7�Q�`�K���i�B�Q�M

�i�?���i �i�?�2 �b�2�M�b�Q�` �+�Q�H�H�2�+�i�2�/ �7�`�Q�K �i�?�2 �b�m�`�`�Q�m�M�/�B�M�; �2�M�p�B�`�Q�M�K�2�M�i�X �h�?�2 �i���b�F�b �Q�7 �j�. �T�2�`�+�2�T�i�B�Q�M

�B�M�+�H�m�/�2 �j�. �`�2�+�Q�M�b�i�`�m�+�i�B�Q�M �7�`�Q�K �K�m�H�i�B�@�p�B�2�r �k�. �B�K���;�2�b�- �2�b�i�B�K���i�B�M�; �`�Q�#�Q�i�ö�b �T�Q�b�2 �B�M �j�. �2�M�p�B�@

�`�Q�M�K�2�M�i ���M�/ �Q�#�D�2�+�i �/�2�i�2�+�i�B�Q�M �B�M �j�. �b�T���+�2�X �h�?�2�b�2 ���T�T�H�B�+���i�B�Q�M�b �?���p�2 �#�2�2�M �Q�`�B�;�B�M���H�H�v �/�2�b�B�;�M�2�/

�7�Q�` �m�b�B�M�; �k�. �B�K���;�2 �/���i�� ���b �B�M�T�m�i�- �#�m�i �M�Q�r �b�Q�K�2 �Q�7 �i�?�2 ���T�T�H�B�+���i�B�Q�M�b �+���M �2�p�2�M �T�`�Q�+�2�b�b �M�2�r

�i�v�T�2�b �Q�7 �j�. �/���i�� �i�?���i ���`�2 �;�2�M�2�`���i�2�/ �#�v �j�. �b�2�M�b�Q�`�b�X �h�?�2 �i�v�T�B�+���H �j�. �T�Q�B�M�i �+�H�Q�m�/ �B�b �� �H�B�b�i �Q�7 �j�.

�+�Q�Q�`�/�B�M���i�2�b�- ���M�/ �i�?�2 �b�+���i�i�2�`�2�/ �/���i�� �r�B�i�? �;�2�Q�K�2�i�`�B�+ �B�M�7�Q�`�K���i�B�Q�M �B�b �+���T�i�m�`�2�/ �#�v �j�. �b�2�M�b�Q�`�b�X

�R



�k �*�?���T�i�2�` �R�X �A�M�i�`�Q�/�m�+�i�B�Q�M

�6�B�;�m�`�2 �R�X�R�, �� �?�B�;�?�@�H�2�p�2�H �/�B���;�`���K �Q�7 �� �7�2���i�m�`�2 �H�2���`�M�B�M�; �b�v�b�i�2�K�X �h�?�2 �b�v�b�i�2�K �i���F�2�b �M�Q�B�b�v ���M�/
�B�M�+�Q�K�T�H�2�i�2 �?�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �/���i�� ���b �B�M�T�m�i ���M�/ �H�2���`�M�b �i�?�2 �7�2���i�m�`�2�b �Q�7 �i�?�2 �/���i�� �i�?���i �`�2�T�`�2�b�2�M�i
�i�?�2 �2�b�b�2�M�i�B���H �;�2�Q�K�2�i�`�B�+ �B�M�7�Q�`�K���i�B�Q�M �(�3�9�)�X

�h�?�2 �K�Q�b�i �B�K�T�Q�`�i���M�i �j�. �b�2�M�b�Q�`�b �B�M�+�H�m�/�2 �/�2�T�i�? �+���K�2�`���b�- �7�Q�` �B�M�/�Q�Q�` �b�+�2�M�2�b�- �G�B�/���`�- �K���B�M�H�v �7�Q�`

�Q�m�i�/�Q�Q�` �b�+�2�M�2�b�- ���M�/ �M�Q�p�2�H �b�B�/�2 �b�+���M �b�Q�M���`�b�- �7�Q�` �m�M�/�2�`�r���i�2�` �T�2�`�+�2�T�i�B�Q�M�X �"�m�i �B�M �b�Q�K�2 �+���b�2�b

�i�?�2 �j�. �/���i�� �+���M �T�`�2�b�2�M�i �/�B�b�i�B�M�+�i �+�?���H�H�2�M�;�2�b�- �K���F�B�M�; �K�Q�b�i �2�t�B�b�i�B�M�; �j�. �T�2�`�+�2�T�i�B�Q�M �i�2�+�?�M�B�[�m�2�b

�B�M���T�T�H�B�+���#�H�2�X �6�Q�` �2�t���K�T�H�2�- �m�M�/�2�`�r���i�2�` �T�Q�B�M�i �+�H�Q�m�/ �/���i�� �?���b �T�`�Q�#�H�2�K�b �b�m�+�? ���b�, �/���i�� �+�Q�M�@

�i���B�M�B�M�; �?�B�;�? �H�2�p�2�H�b �Q�7 �`���M�/�Q�K �M�Q�B�b�2 �B�M�b�B�/�2 �i�?�2 �r���i�2�`�c �Q�m�i�H�B�2�`�b �7�`�Q�K �7�H�Q���i�B�M�; �Q�#�D�2�+�i�b �i�Q �7�B�b�?�c

�?�Q�H�2�b �B�M �i�?�2 �b�2���7�H�Q�Q�` �T�Q�B�M�i �+�H�Q�m�/�b�c �H�B�i�i�H�2 ���p���B�H���#�H�2 �/���i�� �7�Q�` �i�`���B�M�B�M�; ���T�T�H�B�+���i�B�Q�M�b �/�m�2 �i�Q �M�Q�p�2�H

�b�+�2�M���`�B�Q�b�X �h�?�2�b�2 �+�Q�K�T�H�2�t ���M�/ �B�`�`�2�;�m�H���` �/���i�� �K���v �H�Q�r�2�` �i�?�2 ���+�+�m�`���+�v �Q�7 �j�. �T�2�`�+�2�T�i�B�Q�M �i���b�F�b�X

�h�?�m�b �B�i �B�b �B�K�T�Q�`�i���M�i �i�Q �/�2�b�B�;�M �� �`�Q�#�m�b�i �7�2���i�m�`�2 �H�2���`�M�B�M�; �7�`���K�2�r�Q�`�F �i�?���i �+���M �2�t�i�`���+�i ���M�/

�`�2�+�Q�p�2�` �i�?�2 �2�b�b�2�M�i�B���H �;�2�Q�K�2�i�`�B�+ �7�2���i�m�`�2�b �Q�7 �i�?�2 �B�`�`�2�;�m�H���`�- �M�Q�B�b�v ���M�/ �B�M�+�Q�K�T�H�2�i�2 �b�2�M�b�Q�` �/���i���X

�� �?�B�;�?�@�H�2�p�2�H �/�B���;�`���K �Q�7 �b�i���M�/���`�/ �7�2���i�m�`�2 �H�2���`�M�B�M�; �b�v�b�i�2�K �B�b �b�?�Q�r�M �B�M �6�B�;�X�R�X�R�X

�A�M �i�?�B�b �/�B�b�b�2�`�i���i�B�Q�M�- �� �b�2�i �Q�7 �?�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �b�T���`�b�2 �i�2�M�b�Q�`�@�#���b�2�/ �;�2�M�2�`���i�B�p�2 �7�`���K�2�r�Q�`�F�b �?���p�2

�#�2�2�M �T�`�Q�T�Q�b�2�/ �i�?���i �+���M �#�2 �m�b�2�/ �B�M �K���M�v �/�B�7�7�2�`�2�M�i �+�Q�K�T�m�i�2�` �p�B�b�B�Q�M ���T�T�H�B�+���i�B�Q�M�b �B�M�+�H�m�/�B�M�; �j�.

�T�Q�B�M�i �+�H�Q�m�/ �7�B�H�i�2�`�B�M�;�- �_�:�" �B�K���;�2 �`�2�b�i�Q�`���i�B�Q�M�- �j�. �+�`���b�? �K���i�2�`�B���H �/�2�i�2�+�i�B�Q�M ���M�/ �9�. �b�T���i�B�Q�@

�i�2�K�T�Q�`���H �T�H���+�2 �`�2�+�Q�;�M�B�i�B�Q�M�X �q�2 �b�m�+�+�2�b�b�7�m�H�H�v �p�2�`�B�7�B�2�/ �i�?�2�b�2 �K�2�i�?�Q�/�b �r�B�i�? �b�2�p�2�`���H �H���`�;�2�@�b�+���H�2

�b�B�K�m�H���i�2�/ ���M�/ �`�2���H�@�r�Q�`�H�/ �2�t�T�2�`�B�K�2�M�i�b�X �h�?�2 �?�B�;�?�@�H�2�p�2�H �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �7�2���i�m�`�2



�R�X�R�X �J�Q�i�B�p���i�B�Q�M �j

�6�B�;�m�`�2 �R�X�k�, �� �?�B�;�?�@�H�2�p�2�H �/�B���;�`���K �Q�7 �T�`�Q�T�Q�b�2�/ �7�2���i�m�`�2 �H�2���`�M�B�M�; �M�2�i�r�Q�`�F�X

�H�2���`�M�B�M�; �M�2�i�r�Q�`�F �?���b �#�2�2�M �b�?�Q�r�M �B�M �6�B�;�X�R�X�k�X

�>�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �/���i�� �`�2�T�`�2�b�2�M�i���i�B�Q�M�X�� �;�Q�Q�/ �?�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �/���i�� �`�2�T�`�2�b�2�M�i���i�B�Q�M �B�b

�B�K�T�Q�`�i���M�i �7�Q�` �;�2�Q�K�2�i�`�B�+ �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M�X �"�m�i �7�Q�` �K���M�v �Q�m�i�/�Q�Q�` �`�Q�#�Q�i�B�+�b ���T�T�H�B�+���i�B�Q�M�b�- �i�?�2

�/���i�� �+���M �#�2 �+�Q�K�T�H�2�t ���M�/ �B�`�`�2�;�m�H���`�- �r�?�B�+�? �K���F�2�b �i�?�2 �+�Q�K�K�Q�M �/���i�� �`�2�T�`�2�b�2�M�i���i�B�Q�M �K�2�i�?�Q�/�b

�+�Q�K�T�m�i���i�B�Q�M���H�H�v �B�M�2�7�7�B�+�B�2�M�i�X �6�Q�` �2�t���K�T�H�2�- �j�. �b�2�M�b�Q�`�b �Q�7�i�2�M �+���T�i�m�`�2 �i�?�2 �2�t�i�2�`�M���H �b�m�`�7���+�2 �Q�7

�2�M�p�B�`�Q�M�K�2�M�i ���M�/ �H�2���/ �i�Q �� �b�T���`�b�2 �b�2�i �Q�7 �/���i�� �i�Q �`�2�T�`�2�b�2�M�i �;�2�Q�K�2�i�`�B�+ �B�M�7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �2�M�p�B�@

�`�Q�M�K�2�M�i�X �a�B�M�+�2 �Q�M�H�v �i�?�2 �b�m�`�7���+�2 �/���i�� �B�b �2�b�b�2�M�i�B���H �7�Q�` �T�2�`�+�2�T�i�B�Q�M�- �/�B�`�2�+�i�H�v �m�b�B�M�; �p�Q�t�2�H�B�x���i�B�Q�M

�+���M �r���b�i�2 �K�2�K�Q�`�v �/�m�2 �i�Q �K���M�v �2�K�T�i�v �+�2�H�H�b �B�M �j�. �b�T���+�2�X �J�Q�`�2�Q�p�2�`�- �K�B�b�b�B�M�; �/���i�� ���M�/ �M�Q�B�b�2

�+���M �H�2���/ �i�Q �2�`�`�Q�`�b �B�M �/���i�� ���M���H�v�b�B�b�X �h�?�m�b�- �i�?�2�`�2 �B�b ���M �m�`�;�2�M�i �M�2�2�/ �i�Q �/�2�p�2�H�Q�T �� �m�M�B�7�B�2�/ �r���v �i�Q

�`�2�T�`�2�b�2�M�i ���M�/ ���M���H�v�x�2 �j�. �T�Q�B�M�i�@�+�H�Q�m�/ �/���i���X ���b �� �/���i�� �b�i�`�m�+�i�m�`�2 �i�?���i �B�b �b�m�B�i���#�H�2 �7�Q�` �2�7�7�B�+�B�2�M�i

�b���K�T�H�B�M�; �b�i�`���i�2�;�B�2�b�- �b�T���`�b�2 �i�2�M�b�Q�`�b �+���M �T�`�Q�p�B�/�2 �� �+�Q�K�T���+�i �/���i�� �7�Q�`�K���i �7�Q�` �K�m�H�i�B�/�B�K�2�M�b�B�Q�M���H

�/���i�� �`�2�T�`�2�b�2�M�i���i�B�Q�M�X

���/���T�i�B�p�2 �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M�X�1�7�7�2�+�i�B�p�2 �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M �B�b �� �7�m�M�/���K�2�M�i���H �i���b�F �B�M �/���i��

���M���H�v�b�B�b�X �J���M�v �2�t�B�b�i�B�M�; �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M �K�2�i�?�Q�/�b �m�b�2 �?���M�/�+�`���7�i�2�/ �H���#�2�H�b �i�?���i ���`�2 �Q�M�H�v

�b�m�B�i���#�H�2 �7�Q�` �b�T�2�+�B�7�B�+ �i���b�F�b�X �6�Q�` �2�t���K�T�H�2�- �7�Q�` �K�m�H�i�B�/�B�K�2�M�b�B�Q�M���H �/���i���- �i�2�M�b�Q�` �7���+�i�Q�`�B�x���i�B�Q�M �?���b

���/�p���M�i���;�2�b �B�M �+���T�i�m�`�B�M�; �B�K�T�Q�`�i���M�i �/���i�� �7�2���i�m�`�2�b ���M�/ �#���+�F�;�`�Q�m�M�/ �/���i�� �`�2�K�Q�p���H �(�j�d�- �N�8�)�X

�h�?�m�b�- �r�B�i�?�B�M �i�?�2 �T���b�i �/�2�+���/�2�b�- �i�2�M�b�Q�` �7���+�i�Q�`�B�x���i�B�Q�M �?���b �#�2�2�M ���+�i�B�p�2�H�v ���T�T�H�B�2�/ �i�Q �p���`�B�Q�m�b �/���i��

�b�+�B�2�M�+�2 ���T�T�H�B�+���i�B�Q�M�b�- �B�M�+�H�m�/�B�M�; �b�Q�+�B���H �M�2�i�r�Q�`�F ���M���H�v�b�B�b�- �B�K���;�2 ���M�/ �p�B�/�2�Q �+�Q�K�T�H�2�i�B�Q�M�- �b�B�;�M���H

�T�`�Q�+�2�b�b�B�M�;�- ���M�/ �7���+�B���H �`�2�+�Q�;�M�B�i�B�Q�M �(�j�j�- �R�d�j�- �k�y�y�- �k�k�k�)�X �"�m�i �i�2�M�b�Q�` �7���+�i�Q�`�B�x���i�B�Q�M �?���b �H�Q�r�2�`

�T�2�`�7�Q�`�K���M�+�2 �r�?�2�M �b�Q�K�2 �/���i�� �T�Q�B�M�i�b ���`�2 �K�B�b�b�B�M�;�X �6�Q�` �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M �K�2�i�?�Q�/�b �#���b�2�/ �Q�M

�*�Q�M�p�Q�H�m�i�B�Q�M���H �L�2�m�`���H �L�2�i�r�Q�`�F�b �H�B�F�2 �o�Q�t�2�H�@�L�2�i �(�k�k�d�)�- �i�?�2 �B�M�7�2�`�2�M�+�B�M�; �T�`�Q�+�2�/�m�`�2 �B�b �H�B�K�B�i�2�/ �i�Q
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�� �7�B�t�2�/ �p�Q�t�2�H �b�+���H�2�X �a�B�M�+�2 �i�?�2 �`�Q�#�Q�i�B�+�b �T�2�`�+�2�T�i�B�Q�M �/���i�� �B�b �Q�7�i�2�M �+�Q�K�T�H�2�t ���M�/ �B�`�`�2�;�m�H���`�- �i�?�2

�Q�T�i�B�K���H �7�2���i�m�`�2 �K���T �b�B�x�2 �+���M �p���`�v �7�Q�` �/�B�7�7�2�`�2�M�i �i���b�F�b�X �h�?�m�b�- ���M ���/���T�i�B�p�2 �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M

�K�2�i�?�Q�/ �r�B�i�? �;�2�M�2�`���H�B�x�2�/ �T�2�`�7�Q�`�K���M�+�2 �7�Q�` �/�2�M�b�2 ���M�/ �b�T���`�b�2 �/���i�� �B�b �M�2�2�/�2�/ �7�Q�` ���m�i�Q�K���i�B�+���H�H�v

�#���H���M�+�B�M�; �i�?�2 �H�2�p�2�H �Q�7 �/�2�i���B�H �r�B�i�? �+�Q�K�T�m�i���i�B�Q�M���H �H�Q���/�X
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