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Abstract

In this thesis, two hierarchical learning representations are explored in computer vision
tasks. First, a novel graph theoretic method for statistical shape analysis, called Composi-
tional Hierarchy of Parts (CHOP), was proposed. The method utilises line-based features
as its building blocks for the representation of shapes. A deep, multi-layer vocabulary
is learned by recursively compressing this initial representation. The key contribution of
this work is to formulate layer-wise learning as a frequent sub-graph discovery problem,
solved using the Minimum Description Length (MDL) principle. The experiments show
that CHOP employs part shareability and data compression features, and yields state-of-
the-art shape retrieval performance on 3 benchmark datasets. In the second part of the
thesis, a hybrid generative-evaluative method was used to solve the dexterous grasping
problem. This approach combines a learned dexterous grasp generation model with two
novel evaluative models based on Convolutional Neural Networks (CNNs). The data-
efficient generative method learns from a human demonstrator. The evaluative models
are trained in simulation, using the grasps proposed by the generative approach and the
depth images of the objects from a single view. On a real grasp dataset of 49 scenes
with previously unseen objects, the proposed hybrid architecture outperforms the purely
generative method, with a grasp success rate of 77.7% to 57.1%. The thesis concludes by
comparing the two families of deep architectures, compositional hierarchies and DNNs,

providing insights on their strengths and weaknesses.
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CHAPTER 1

INTRODUCTION

Object recognition at the class level has been a fundamental problem in computer vision
for the past 50 years. The total number of object classes (i.e. human defined) has
been estimated to be around 30,000 [17]. Accounting for background clutter, occlusion,
illumination, camera viewpoint and scale variables, the number of images algorithms
have to deal with is almost infinite. One goal of computer vision has been to recognise
objects, in increasingly complex conditions, within an acceptable duration. This is a task
primates with complex visual systems are extremely good at. The biological visual systems
of humans and monkeys have evolved to deal with the seemingly infinite combinations
of object classes, poses, scales and illumination conditions in the order of miliseconds
[181, 50].

The object recognition problem, broadly, contains two sub-problems: object classifi-
cation and object detection. The classification of an object (or image) can be stated as
a question: “What types of objects are there in image X7”. Object class recognition is
about finding the type of an object (e.g. human), rather than recognising a specific in-
stance (person A). Approaching this problem requires dealing with inter-class differences
(e.g. cars having different colours and designs), varying object poses and scales, illumi-
nation conditions, clutter, etc. A brute-force solution may take all of these factors of
variation into account, e.g. by creating a template for every possible combination of vari-

ables. Such an approach makes the problem arguably intractable [219]. However, modern



deep hierarchies have efficiently solved this problem using vast amounts of labeled data,
even surpassing human performance in some respects [79]. The ImageNet dataset [38] is
widely regarded as a benchmark for object recognition. The ImageNet Large Scale Visual
Recognition Challenges (ILSVRC 2010-2017) are based on training a 1000-class subset of
ImageNet, containing millions of training images, for the object recognition task.

The detection problem is based on the same set up, but it asks a follow-up question:
“Where are the objects in the image X7”. In addition to finding the object classes, the
locations of the discovered objects may also be of interest. The coordinates of an object’s
location, its parts (e.g. left/right arm, head of a person), the coordinates and size of
the enclosing bounding box, or segmentation of the pixels occupied by the object provide
information at different levels of granularity about the detected object. Pascal VOC
Challenges [48] have been extensively used in benchmarking object detection algorithms,
along with the ITmageNet Dataset [38], and more recently, the Microsoft Co-Co Dataset
[130]. Additionally, this problem resonates with the research questions in the robotics
community. In order to manipulate or navigate around an object, a robot not only needs
to identify its class, but also has to detect its location, scale, and pose (orientation).

Methods that address these problems can be grouped according to three different ways.
First is the representational power, which relates to the capacity to model the variety of
objects and their parts that can be recognised. Second is the training methodology, which
can be unsupervised or supervised, or a combination of both. The inference mechanism
defined for recognition is the third property, and concerns devising a procedure that
uses the learned representations to determine the presence of an object in an image.
As illustrated in the next chapter, deep, hierarchical learning methods have emerged as
high-capacity learners that can perform unsupervised or supervised learning with efficient
inference mechanisms.

Two relevant learning frameworks are introduced in this thesis. The first one, a statisti-
cal shape analysis method given in Chapter 3, focuses on shape retrieval and classification

tasks, which are closely related to the object recognition problem. The shapes in question



mostly consist of black-and-white images and have relatively little clutter. The second
method of interest, a generative-evaluative framework for dexterous grasping, explained
in Chapter 5, aims to solve the object detection and pose estimation tasks in order to
grasp objects. These two core parts are not directly connected to each other. While
they both use hierarchical architectures to model visual data, the underlying frameworks
differ in detail. The reader is advised to treat them as two distinct parts, though certain
similarities will be pointed out where necessary. The final goal of this thesis is to enable
the robot to grasp objects using a human-like hand, which typically requires the precise
localisation of the objects in a scene.

Section 1.1 is dedicated to the properties and advantages of deep and hierarchical
methods, which constitute the core algorithms presented in this thesis. A summary of the
contributions made in this thesis is given in Section 1.2. Finally, Section 1.3 contains the

thesis outline.

1.1 Motivation

This thesis introduces two deep and hierarchical feature learning approaches, used for
object recognition and detection tasks. There are two reasons why these methods were
favoured over hand-crafted features: inspiration from complex biological vision systems,
and the overwhelming empirical evidence highlighting the advantages of deep methods.

These reasons are explained below.

1.1.1 Biological Reasons

Early hierarchical models drew their inspiration from biological vision systems [63, 115,
174]. Tt is known that in the primate brain, object recognition happens in a pathway
spanning from the primary virtual cortex, V1, to the inferotemporal cortex, IT, [221]. The
last layer, I'T, is where the visual data processing finishes and recognition is finalised [137,

221, 139]. Recognition involves multiple layers of signal processing [51] in mostly a feed-
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forward manner [160]. In this deep network of neurons, the lower layers are responsible for
the detection of simple features, such as line segments or colour [109], and more complex
cells operate on the outputs of these layers. Some core properties of the biological systems,
such as translation invariance [102, 137] in higher layers and sharing of parts [109], have

contributed ideas to deep architectures. These topics are further explored in Section 2.1.

1.1.2 Empirical Evidence

Hand-crafted features have proven to be very popular in recognition tasks. Various meth-
ods, such as: Scale-Invariant Feature Transform (SIFT) [138], Speeded Up Robust Fea-
tures (SURF) [10], Histogram of Gradients (HoG) [36], Shape Context (SC) [12], Local
Binary Patterns (LBP) [155], among others, were extensively used in classification of ob-
jects and shapes. These methods are based on representing a local patch or keypoint using
a descriptor, and using these descriptors as features in a discriminative task. Often, the
extracted features are used to train a classifier, such as a Support Vector Machine (SVM)
[34]. Feature-based methods, termed flat approaches, have proven to be insufficient in
modeling complex object classes. Hierarchical methods [63, 57, 103, 247, 245, 174, 2|, on
the other hand, can easily represent the complex relationships between an object’s parts
and varying appearance features. The key advantage of hierarchical compositional meth-
ods is the ability to start with relatively simple features and learn statistical, multi-layer
and deformable part models. The complex features in these methods are richer than flat
approaches, since they may be deformed to represent the patterns and variations in the
data in ways feature-based methods can not. The reader is advised to refer to Section 2.4
for further discussion.

Most methods which currently perform well on object recognition and detection bench-
marks are variants of Deep Neural Networks (DNNs) [13]. The origins of these methods
can be traced to the Perceptron [180], and later Neocognitron [63], which was directly
influenced by biological vision systems. The Backpropagation algorithm [182] enabled

the efficient training of DNNs. However, the research on neural networks stagnated for
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more than 20 years due to the lack of hardware to train DNNs with high capacity. Since
Krizhevsky et al.’s breakthrough network AlexNet in 2012 [107], DNNs have become pop-
ular. They have also become deeper, from the 8-layer AlexNet [107] to the 152-layer
ResNet [79], which surpassed human performance in the ILSVRC-2015 challenge. DNNs
have convincingly outperformed other approaches on most vision challenges [13], adding
to the empirical evidence indicating the advantages of deep architectures. A more detailed

review of deep methods is given in Section 2.5.

1.2 Summary and Contributions

This thesis presents two deep architectures: a compositional shape hierarchy, and a neural
network. The first method is a statistical shape learning framework, used for shape re-
trieval and classification. The system is based on line-based features at its lowest level, and
learns a compact hierarchical vocabulary of object models and parts. The contributions

of our first work can be summarised in three points:

1. A novel graph-theoretic method, termed Compositional Hierarchy of Parts (CHOP),
is proposed to learn a compositional hierarchy for representing object shape and
parts. Unlike most compositional methods, CHOP provides a principled way to ap-
proach the statistical shape analysis problem. Tools based on graph theory, such as
subgraph isomorphism, graph compression and graph matching, are used to perform

learning and inference of shape models.

2. Two information-theoretic tools are employed during training in order to learn the
statistical relationships defining object parts and shape vocabularies. The first one
is Minimum Conditional Entropy Clustering (MCEC), which is used to analyse the
pairwise spatial relationships between two parts [124]. The second tool is the Min-
imum Description Length (MDL) principle, which selects a compact set of shapes

to construct the shape vocabulary.



3. The proposed method is a hybrid generative-descriptive model for hierarchical shape
representation. The learned parts are generative, since part instances can be gen-
erated by sampling from a part’s parse tree. MDL-driven learning ensures that the
learned parts are descriptive of the shapes that are frequently encountered during

training.

The proposed approach was tested on shape retrieval and classification tasks using
2D shapes, yielding state-of-the-art results on tested benchmark datasets in 2014. Com-
pared with object recognition targeted by DNNs [107, 211, 79] trained on large-scale
image datasets [38], statistical shape learning remains relatively under-studied by deep
methods. In the tested benchmark datasets, given in Sections 3.4 and 3.5, the number of
training images is typically much smaller (20-1000) than ImageNet (>1M), presenting an
interesting challenge for data-efficient learning.

The second part of the thesis focuses on a robotic manipulation task: dexterous grasp-
ing of novel objects using a single-view of the object from a depth camera. The problem of
grasping is approached in a generative-evaluative framework. A number of plausible candi-
date grasps are sampled using a generative model. This generative model is trained using
an efficient method that learns from a handful of human-demonstrated grasps (and is not
a contribution of this thesis). These grasps are then ranked by two proposed evaluative
models, which are data-intensively trained deep networks. Designing a hybrid learning
architecture has two clear advantages. First, generative models select grasps using a good
prior, although the generated grasps are ranked by a likelihood function which does not
necessarily correlate with the grasp success. The evaluative model replaces these metrics
as a method for ranking promising grasps. Second, the evaluative model benefits from the
high quality grasps that a generative model brings. A generative model follows a pattern
when sampling grasps, as opposed to random generation. This leads to a structured grasp
configuration space that can be parameterised and learned by a deep network. This work

makes the following contributions:

1. This thesis presents the first dexterous grasping method which combines a learned
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generative model with a learned evaluative model for dexterous grasping of novel

objects.

. A highly-realistic simulated data collection setup for performing grasps was devel-
oped, based on the MuJoCo physics simulator. A Kinect simulator [19] was modified

and tuned for the Carmine 1.09 depth sensor for obtaining simulated depth images.

. A new dataset of 3D object models, consisting of 295 objects from 20 classes was
collected. All objects are graspable using a dexterous hand, and have realistic scales.
The object models are accompanied by their approximate convex decompositions,

calculated using the V-HACD algorithm [146].

. Two millions grasps were performed in simulation, and each grasp was saved with
its corresponding simulated depth image, hand parameters, and results in the form
of grasp success and stability. The collected dataset can be used for predicting grasp
success probability, along with grasp stability (how the object moves and rotates in

the hand).

The code and the collected data will be released online under an open-source license.

1.3 Thesis Outline

This thesis consists of two core parts. The goal of the thesis is to introduce both methods,

and draw the connections between. Chapters 2 and 3 focus on hierarchical shape learning.

Next, Chapters 4 and 5 introduce the work on dexterous grasping of novel objects using

deep networks. Finally, 6 concludes the thesis by discussing the results and comparing

both problems and approaches.

In Chapter 2, a detailed literature review about representation learning for object

recognition and classification is given. The chapter starts with the biological arguments

for choosing hierarchical learning techniques over feature-based methods. Next, an evo-

lutionary history of the literature from feature-based methods to hybrid multi-layer tech-
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niques, and finally, deep representations is given. The deep methods of interest in this
thesis, compositional hierarchies and deep networks, are reviewed in this chapter.

The proposed compositional framework, CHOP, is presented in Chapter 3. First, the
method is summarised by introducing the learning and inference mechanisms. Explana-
tion of the building blocks that constitute the CHOP framework follow this summary.
The experimental section includes the results of the method on the shape retrieval task in
6 benchmark datasets. Part sharing and sub-linear vocabulary growth features are illus-
trated via analysis by varying object sizes, classes and views. Further results are provided
in the shape classification task, showcasing the method’s ability to model invariances to
rotation, scale and background noise.

Next, we switch to the robotics domain. Chapter 4 contains an overview of the existing
work in grasping. The proposed architecture in the second part of the thesis contains a
deep network, and this chapter contains relevant research in the context of grasping.
The geometric methods, which dominated early grasping literature, are followed up with
more recent data-driven techniques which have shown great success in grasping. The
chapter concludes with the most relevant research to our work: the methods that use
deep networks for dexterous grasping.

A generative-evaluative approach for dexterous grasping of novel objects from a single-
view image is proposed in Chapter 5. The innovative aspect of this work comes from
combining a data-efficient generative model with a data-intensive evaluative model based
on a deep network. Next, the simulated data collection setup, which was used to collect
the data to train the deep network, is explained. This chapter also contains the experi-
mental analysis for simulation and the real world, which clearly shows that the proposed
architecture improves grasp success rate significantly.

Finally, the conclusion of the thesis is given in Chapter 6. This chapter contains a

summary, a discussion of the hierarchical approaches and future directions for research.
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Hierarchical Shape Representations



CHAPTER 2

RELATED WORK: 2D IMAGE
REPRESENTATIONS

This chapter gives an overview of existing approaches on object class recognition. Below,
a summary of the development of computer vision algorithms for 2D image understanding
is given, as well as successful examples through the years. First, we set out the motiva-
tion for hierarchical approaches and their biological origins in Section 2.1. Next, “flat”
methods which dominated early work on object recognition are introduced in Section 2.2.
Section 2.3 lists transitional algorithms that combine features into parts to represent ob-
jects. Section 2.4 is dedicated to compositional hierarchical systems. Finally, Section 2.5

contains deep neural networks.

2.1 Biological Motivation for Hierarchical Learning

The hierarchical multi-layer structure of modern computer vision techniques is supported
by research about biological vision systems. The ventral visual pathway is considered
to be responsible for object recognition [221], spanning an area from the primary virtual
cortex, V1, to the inferotemporal cortex, I'T. I'T is thought to be central for the recognition
task [137, 221, 139]. Some well-known and widely accepted elements of the primate vision

systems are given below:

e The vision processing pipeline spans 8-10 layers [51],
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e Information channels such as colour, shape, motion, texture, 3D information are

processed separately, though being highly inter-connected [109],

e Layers can exploit the shareability of elements, since they are built on top of each

other [109],

e Receptive field sizes and translation invariances increases towards higher layers [137,

102, 160].

e Object recognition is a predominantly feed-forward process, although feedback does

exist [160].

Considering the speed of recognition in the primate brain, these findings are not sur-
prising. The lower layers of the visual hierarchy consist of simple features such as colour,
line segments, texture and motion elements. Higher layers become more invariant to the
exact location of the stimuli [137, 102]. The learned representations yield a degree of
translation and rotational invariance even in the case of limited viewpoints encountered
during training [174]. The best scheme that explains such invariances is the MAX op-
eration performed in the “complex” cells (cells which operate on the output of sensory
neurons) [174]. The MAX operation takes the maximum of the signals in a receptive field,
effectively providing feature specificity and invariance to the signal’s exact location and
to background clutter.

The shareability of lower-layer features in the visual hierarchy is a key reason why
hierarchical methods are efficient learning representations. For example, T-junctions and
corners can be found in many distinct shapes, hence only one copy of each needs to be kept
in the vocabulary (per view). Higher layers get more specialised as the receptive fields get
bigger and shape complexity increases, resulting in a higher number of elements. Shareable
features help limit the otherwise combinatorial explosion of parts in the vocabulary. An
empirical analysis of the relationship between shareability, vocabulary size and run-time

performance is given in the next chapter.
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The elements listed above exist in most hierarchical learning methods, and their exam-
ples can be found in Sections 2.4 and 2.5. The next section is dedicated to the literature

on non-hierarchical methods, which were extensively used in object recognition.

2.2 Flat Approaches

Feature-based methods have led the way in object recognition/detection up until the last
decade [138, 229, 36]. In this section, we consider feature-based methods and their learned
counterparts, single layer networks [32], under the name of “flat approaches”. Such meth-
ods are based on designing or learning a set of features that together describe an object.
Because each feature focuses on a small part of the object, the high-level structural in-
formation is ignored, leading to a less powerful representation. Usually, learned /designed
methods are coupled with Support Vector Machines (SVM) [34] or other classifiers to
perform the recognition task. It should be noted that most of the methods in this sec-
tion can be classified as “unsupervised” techniques, where images’ category labels do not
contribute to the feature design/learning process.

Feature-based methods are not able to represent an object using a single feature
mask/filter. The appearance variability at the object level is prohibitive for an object-
level representation. On the other hand, hierarchical approaches can be designed to
model whole objects at their top layers, as explained in Section 2.4. They can recursively
compress the image data to obtain more compact representations. This allows them to
have abstract classes such as “car”, which can be decomposed into sub-structures such
as “door”, “tyre”, “trunk”, etc. These sub-structures can be further recursively decom-
posed, until the basic building blocks (e.g. “line segment”s) are obtained. Similarly, deep
learning methods in Section 2.5 are able to learn abstract features which cover a large
receptive field, possibly enclosing the whole object. The complexity of the representations
in both hierarchical compositional techniques and deep neural networks are higher than

feature-based methods, and results in better performances [13].
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The feature sets of the techniques in this section are often required to be over-complete,
as is in the case of Viola-Jones face detector [229] or Haar-like features [127]. Keypoint
detection methods such as SIFT [138] and Harris Corner Detector [77] represent objects
with a number of keypoints, and the keypoint positions and descriptors can be used
for matching objects. Feature learning approaches such as auto-encoders [167, 228] and
k-means [49] strive to learn features which collectively reconstruct the data, and the
performance increases as the learned dictionaries contain more redundancy [32]. It can
be inferred that as over-completeness and redundancy in a representation increases, the
performance rises as well.

Earlier work on object/shape recognition involved using either hand-crafted descrip-
tors [138, 10, 36] or learned features [32]. Hand-crafted features such as SIFT [13§]
are based on detecting interest points in an image, and obtaining a local descriptor for
each point. The interest points (landmarks) in an image collectively represent an object,
and recognition is usually performed by matching the constellation of points in pairs of
compared images. For instance, SIFT keypoint detector is a scale and rotation invariant
technique to detect extremity points (blobs, corners, etc) in an image [138]. SIFT descrip-
tor is a 128-dimensional histogram which defines the area around the relevant keypoint,
and is used for matching keypoints. A query object and a sample object can be com-
pared by finding the best transformation to match the keypoint sets belonging to the two
objects, using a method such as [61]. SIFT, and its speeded-up version SURF [10], have
been extensively used in recognition and detection tasks until the last decade. However,
the deep learning methods explained in Section 2.5 have recently outperformed them in
nearly all object recognition/detection tasks [13].

A dictionary of features can be learned to represent an image or an object. A straight-
forward approach into feature learning is to specify a patch size and learn a set of features
of the set size to perform a task. For example, the k-means [49] algorithm can be used to
cluster (label) a number of patches randomly collected from the images in the training set.

This is analogous to creating a dictionary of visual words to explain the data. A variation

13



of the dictionary approach is the work of van Gemert et al [223], where soft labels are
used to label visual features. An analysis of single-layer networks [32] by Coates et al.
shows that learning the features using k-means clustering is often as effective as single-
layer networks such as sparse auto-encoders (SAEs) [167], sparse Restricted Boltzmann
Machines (RBMs) [116] and Gaussian Mixture Models (GMMs) [172, 32].

Variations of Deep Neural Networks (DNNs) can be used for feature learning. In this
thesis, the review of the literature containing DNN-based recognition methods is divided
into two. The rest of this section focuses on DNN architectures specifically used for
learning patch-based image features. Class-level recognition approaches are explained in
Section 2.5.

Auto-encoders (AE) [167, 228] are neural networks that encode/decode the data to
learn the underlying structures. Typically, an auto-encoder framework consists of an
encoder network f and a decoder network ¢, and the network weights are learned by re-
constructing input by going through the encode/decode operation g(f(x)). By using en-
coder /decoder networks of limited capacity and regularisation techniques, auto-encoders
can avoid over-fitting to specific examples in the training set. Sparse auto-encoder (SAE)
is an interesting variation of the AEs. Sparsity is a desired property which helps pre-
venting overfitting to the training set. The sparsity constraint can either be applied
by penalising the hidden unit biases (to reduce the number of active hidden nodes), or
directly penalising the activations in the output of the encoder network f(z) [14]. An-
other variation of AEs is the denoising auto-encoder (DAE), which aims to denoise an
artificially corrupted input rather than reconstructing it. SAE has to learn the identity
function within restricted framework, while DAE must capture the underlying input dis-
tribution and ignore the added noise. Both architectures have been useful in performing
recognition tasks, despite being unsupervised methods [14].

There are various other feature learning methods such as Principle Component Anal-
ysis (PCA) [159, 85], Restricted Boltzmann Machines (RBMs) [82], Deep Boltzmann

Machines [186], manifold learning algorithms (e.g. t-SNE [222]), and many more [14, 32].
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The methods explained in this section have paved the way to deeper methods which are
currently successful in computer vision benchmarks, as evidenced by the the top perform-
ers in [13]. The next section is dedicated to part-based methods, which form compositions
of learned /designed features, some of which are listed in this section. The deep learning

methods, extending the learning-based algorithms in this section, are given in Section 2.5.

2.3 Part-Based Methods

The methods in Section 2.2 fall short of modeling whole shapes or objects, because their
receptive fields are smaller than the objects, and the appearance variation at the object
level is prohibitive. This section focuses on methods combining these features in shallow
architectures, i.e. having 3 or fewer layers. Part-based methods use the structural infor-
mation in objects (spatial arrangement of features) to a limited extent. The papers listed
here can be considered to precede modern deep architectures.

Bag-of-Features (Bag-of-Visual-Words, BoF) is a methodology which originates from
a similar model used in text classification, the Bag-of-Words (BoW) model. In the Bag-
of-Words approach, a text document is interpreted using statistics such as the number of
occurrences of each word [5]. In other words, each document is considered as a bag of
words or phrases, regardless of their order. Bag-of-Features is a very similar technique
applied in image retrieval problems [30]. Each image is represented as a bag of features,
and the statistics of these features define the characteristics of the image.

The Bag-of-Features method ignores the spatial arrangements of the features in the
image, losing precious spatial information: People expect to see the nose under the eyes,
car tyres are below the car, etc. On the positive side, methods that ignore locations
of features are often scalable to big datasets and are faster to evaluate [30, 203, 37].
Dean et al. [37] developed a scalable object detection framework by replacing the dot
product operator in feature convolution with locally-sensitive hashing. The replacement

of convolution with hashing speeds up the feature extraction process by at least four
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orders of magnitude. The mean average precision of the method over the full dataset
is around 0.16 on 100.000 classes. Chum et al. [30] apply the BoF model to an image
retrieval problem over a large dataset consisting of more than 1M images. They refine the
results by assessing the top retrieved images based on the spatial distribution of features
on the query image and retrieved images. The spatial verification step improves the
performance of the algorithm substantially, adding further evidence to the importance of
learning spatial structures.

Other works that use the BoF technique include spatially-aware approaches, which
exploit complex visual words that represent the configurations of features. In [23], Bron-
stein and Bronstein augment the BoF model by taking the spatial relationships between
features into account. [23] is a two-level hierarchy, where the first level consists of simple
features, and the second level is comprised of common geometric expressions of these
features. In their later work [25], Bronstein et al. applied spatially-sensitive BoF to
the shape retrieval problem in a large-scale shape dataset consisting of articulated 3D
models. They argue that combining 3D features into complex geometric expressions im-
proves the performance of the retrieval algorithm. In the proposed method presented in
the next chapter, we made the same observation. In our case, allowing the algorithm to
build higher levels in the hierarchy, rather than limiting it to two levels, results in richer
representations and more complete object models.

Generalised Hough transform (GHT), proposed by Ballard in 1981 [9], is another
part-based recognition technique. It is a modification of the Hough Transform (HT) [86],
which was originally created to match simple shapes such as lines and circles. Ballard
enabled the use of Hough transform for arbitrarily defined shapes. Variations of GHT
have been used for object detection in the literature [118, 144, 156, 117]. Gall et al. [64]
introduced Hough forests (see also [214, 170]), which are random forests that perform
the generalised Hough transform efficently. In [64], as is the norm in Hough voting,
small shape patches (features) vote for a shape or object’s location. This star-shaped

model has a drawback: the method performs well in the case of solid objects, but fails
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on articulated/deformable objects. Guo et al. proposed a more robust voting scheme in
[72], where parts’ contibutions depend on their uniqueness and positional variance, but
neither technique is able to model articulations. The hierarchical methods presented in
the next section are well-suited to deal with such appearance variations, particularly by
the help of OR-nodes [57, 247].

Part-based methods can also incorporate supervised learning. Object categories can
be modeled by parts with deformable spatial configurations, and this idea has been used in
various papers [47, 54, 62, 191]. Felzenszwalb et al. [53] learned discriminative deformable
part models which outperformed the best results in 2006 PASCAL person detection chal-
lenge [36]. They trained latent SVM models where part positions with respect to the
bounding box are treated as latent variables, hence the learned category models are the
direct outcome of the discriminative training. Each coarse category filter, which spans
the entire bounding box of an object, is accompanied by 6 deformable parts (heuristically
selected). The part filters are based on Histogram of Gradients (HoG) features [36]. In an
alternative approach, Savalle et al. [188] replaced the HoG features with Convolutional
Neural Network (CNN) features, which are obtained from AlexNet [107]. Further works
on bridging the connection between Deformable Part Models (DPMs) and CNNs include
the paper by Girshick et al [66], where a procedure was devised to convert DPMs to
CNNs. More recently, Dai et al. [35] used ideas (e.g. deformable convolution and Region
of Interest pooling) from DPMs to improve the transformation modeling capabilities of

CNNs.

2.4 Compositional Hierarchies

In the previous section, part-based methods with no clear hierarchical structure were ex-
amined. Here, the aim is to cover hierarchical, part-based methods which model objects,
usually have 3 or more layers, and have complex part-to-part interactions (e.g. to model

articulations) [246]. A hierarchical structure leads to increased model complexity and in-
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variance properties, which are in line with the biological motivations set forth in Section
2.1. Part-based hierarchical architectures have been studied in object category repre-
sentation [41], object detection [245, 103], human body tracking [154], animal detection
[29] and face image reconstruction [236] problems. A review of hierarchical compositional
models was published in [246].

Hierarchical feature learning approaches present an alternative over the flat approaches
that often use hand-crafted /simple features. A hierarchical compositional learning method
can automatically learn structural features by combining basic building blocks [57], whereas
a flat method can only work with a single layer of features to perform recognition [43].
As put forth in Section 2.1, a recent analysis of the Primate Visual System by Kruger et
al. [109] showed that the brain processes signals obtained from the cells in the eyes in
a hierarchical manner, in the order of 8-10 levels. Each level in the hierarchy responds
to a different class of complexity of features, in receptive fields of growing sizes. Many
hierarchical vision algorithms have been developed that imitate this type of behaviour
[246]. In order to have a tractable framework, compositional hierarchies balance a trade-
off between the representation’s complexity and the memory footprint/run-time of the
algorithm, by optimising a cost function. In this aspect, they exhibit similarities with
deep-learning algorithms that aim to learn a model of the data based on a task-specific
criterion [14]. Similarly, the multi-level vocabulary learned in a hierarchical compositional
architecture can be designed to solve object categorisation [196], recognition [20] and de-
tection [52] problems, or be adaptively task-driven [4]. More generalised representations
focus on object reconstruction and parsing, which means they are constructed to be as
rich as necessary for their tasks, e.g. generating the data [103, 59].

While they do not fully exploit the hierarchical structure, 2-level learning models are
able to learn combinations of simple features as well. Yu et al. [238] presented a 2-level
sparse coding method that takes into account the spatial arrangement of low-level features.
Similarly, the work of Jamieson et al. [92] is a 2-level part hierarchy. The method has a

graph-based representation, in which nodes are the parts, and edges correspond to spatial
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relationships. Neither work has a trivial extension into a multi-layer hierarchy required to
learn complex object models. The amount of variability that can be encoded in a part in a
2-layer hierarchy is bound by the small receptive fields, hence the learned representations
have limited power.

Riesenhuber and Poggio proposed HMAX [174], a 5-layer hierarchical recognition
model designed to mimic the functionality of the pathway from V1 to the posterior infer-
otemporal (PIT) layer in the primate visual cortex. The original version did not incor-
porate any training, and the basic building blocks at the bottom layer are line segments.
Top-layer nodes of the hierarchy are view-specific, task dependent elements. HMAX can
recognise translation and scale-invariant features. Later, Serre et al. extended HMAX
[194] to include feature learning at the intermediate and top levels of the network. Fur-
ther extensions of HMAX include the work of Hu et al. [88], where sparsity in activations
was introduced, and binarised HMAX [240], which is significantly faster. It should be
noted that HMAX was created based on Fukushima’s Neocognitron [63], a multi-layer
recognition framework with increasing translation invariances towards upper layers.

Hierarchical compositional methods are able to learn compositions up to the ob-
ject/scene level. Yuille et al. [245] developed a method to learn deformable templates
of objects for efficient parsing. While this method learns the representation from im-
ages, interest points over the object’s boundaries are picked by hand, and provided as
ground truth to the algorithm. This methodology is not feasible for large datasets be-
cause marking such landmarks is time-consuming, and in most cases, prone to errors.
In [103], Kokkinos and Yuille presented a hierarchical object representation based on a
graph-based structure. Their method is able parse objects in cluttered scenes at multiple
scales, and only requires the bounding box of the objects in order to learn higher-level
representations. They have an efficient inference algorithm resulting from a tree-shaped
object representation.

Alternatively, a compositional architecture can be considered as a context-sensitive

grammar consisting of scenes, objects, parts and visual primitives. In the work of Zhu
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and Mumford [247], the rules of the grammar define the relationships between nodes and
their parents in a hierarchical structure. The grammar encodes an And-Or representation
where And-nodes model co-occurences, and Or-nodes encompass alternatives (choices).
For example, the deformations and articulations of object part can be represented with
an Or-node in the template definition. Based on the same idea, Si and Zhu [200] proposed
And-Or templates which are fully generative to the object pixels. Additionally, And-Or
templates have been successfully adapted to various tasks including car detection [234],
human activity prediction [166] and graph mining [242].

Fidler and Leonardis proposed a hierarchical compositional architecture, termed Learned
Hierarchy of Parts (LHOP) in [59, 57, 58]. LHOP is a multi-layer part learning method,
and is generative to the pixel level. The parts in LHOP encode a high degree of vari-
ability due to the recursive formulation of the layers. At the top-level of the vocabulary,
parts represent full object shapes. The proposed method in this thesis, CHOP, is based
on the key building blocks of LHOP. The key difference between the two algorithms is
the formulation of the learning problem in purely graph-theoretic terms in CHOP, which
results in a more refined and unified architecture. The number of levels is automatically
determined based on the complexity and resolution of the images in the training dataset
in CHOP, while LHOP uses a fixed number of layers.

The co-occurences of real-world objects in scenes give valuable contextual information
which may help object detection. Large-scale datasets such as Microsoft Co-Co [130]
and LSUN [237] have made it possible to train algorithms that learn the interactions of
objects. Sudderth et al. proposed a scene-level hierarchical parsing algorithm in [208].
In [208], Object-part relationships and object-object interactions are represented in a
single framework. Similarly, during the training of the hierarchical generative model of
Li et al. [125], they labeled and segmented each object, as well as annotating the whole
scene. In addition to object recognition, the hierarchical scene parsing methods can also
be used to perform high-level tasks such as scene annotation [205, 98]. While contextual

information can be valuable in solving ambiguities, most methods do not utilise object-
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to-object interactions to perform recognition [246].

It is possible to make a comparative review of different compositional hierarchies, such
as Hierarchical Shape Models [103], And-Or networks [247], HMAX [174], LHOP [58] or
CHOP [2]. However, such comparisons are bound to be qualitative. All aforementioned
frameworks share common elements, such as part shareability and fast inference. Hierar-
chical Shape Models [103] have the advantage of encoding feature scales at the part level,
coping with varying sub-part sizes. And-Or networks [247], LHOP [58] and CHOP [2]
explicitly group shape alternatives, increasing the power of the representations. The pro-
posed method in this thesis, CHOP, provides a graph-theoretic solution which is relatively
easy to implement. It can be argued that the main disadvantage of the compositional
hierarchies is that they do not share a common notation, terminology or formulation.
This creates a natural barrier in their development, as there is not a single framework
which provides the building blocks to implement a newly designed hierarchy. In contrast,
DNNs are almost exclusively built on shared principles and building blocks. It is possible
to implement novel or existing methods using common frameworks, such as TensorFlow,
Theano, Caffe, PyTorch or others.

As put forth in Section 2.1, there are biological justifications for the important de-
sign decisions taken in compositional hierarchies, such as line-based shape features [174],
part-shareability [109] and hierarchical processing [221]. Compositional hierarchies are
advantageous in that the resulting representations are intuitive and interpretable. This is
in sharp contrast with DNNs, where the models are inherently entangled because solvers
such as Stochastic Gradient Descent (SGD) or its derivatives operate in continuous fea-
ture spaces. Despite the efforts [239], modern Deep Neural Networks (DNNs) remain as
largely black-box methods: The learned features are not visualised or interpreted, but the
overall performance dictates the model selection and optimisation process. Attempts to
create a principled theory explaining why deep neural networks work so well are ongoing
[145, 233]. Despite these disadvantages, DNNs have become popular in the last decade,

since they achieved state-of-the-art results on almost all relevant visual challenges [13].
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The next section contains an overview of deep neural networks which are currently

leading the field in most computer vision challenges.

2.5 Deep Neural Networks

Machine learning has transformed our lives in unprecedented ways. Systems’ capability to
learn, without being explicitly programmed, allowed scientists to create data-driven algo-
rithms which perform many everyday tasks. Many innovations in the last two decades, in-
cluding efficient web search, recommendation systems, autonomous cars, intelligent voice-
based personal assistants (e.g. Siri, Alexa) and machine translation, depend on machine
learning to accomplish complex tasks. Various fields of Artificial Intelligence (AI) have
seen improvements as well, including natural language processing [148, 114], computer
vision [107], speech generation [132], machine translation [235], and many more. Deep
neural networks are an integral part of machine learning, and they have been extensively
reviewed in recent years [190, 135, 73]. In the rest of this section, we summarise Deep
Neural Networks (DNNs).

With the increasing availability of GP-GPUs (General Purpose Graphics Processing
Unit), deep learning architectures have been applied successfully to many tasks in the
vision community [107, 31]. Neural networks with the back-propagation learning proce-
dure have been popular in the last decade [190]. In Section 2.2, we gave examples of flat
approaches which can be considered equivalent to a single layer of a multi-layer Convo-
lutional Neural Network (CNN). In order to cascade multiple layers, deep architectures
often make use of pooling operations to reduce the complexity of the data between layers
[65]. Lin et al. [129] replaced the linear pooling operation in convolutional neural networks
with non-linear micro-level neural networks. [129] achieved state-of-the-art performance
on CIFAR-10 and CIFAR-100 object classification datasets [106].

The learned features in DNNs can incorporate different channels of information either

separately [152, 46] or jointly [204]. In [119], each feature is restricted to a subset of
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available channels in RGB-D information, which yields features with better generalisation
ability. Gupta et al. [74] proposed a rich feature learning framework to learn features
from RGB-D images. The depth channel and RGB channels are processed separately in
order to learn meaningful features for each data type. The methods listed in this section
mostly consist of networks trained on RGB (colour) images, while additional papers on
RGB-D data are introduced in the second half of the thesis.

Deep Neural Networks (DNNs) are multi-layer networks which can be trained for a
specific task, defined by a loss function. Although their origins can be traced back to the
Perceptron by Rosenblatt [180] in 1958, an efficient way to train them was only discovered
in 70’s, and published in the 80’s. Backpropagation algorithm [182] made it possible to
define a loss function (e.g. based on the classification task) and tune the weights to
minimise the error back-propagated to each node in the network. LeNet by LeCun et
al. [115] is a 5-layer fully convolutional neural network trained with backpropagation
for handwritten character recognition task. LeNet (1989) is a tiny network compared
to today’s very deep architectures [210], but its importance comes from being the first
successfully trained CNN implementation. DNNs fell out of popularity during 90’s and
00’s due to a variety of reasons. Feasibility of DNNs were limited due to their high
computational needs, the gradient vanishing problem, and the fact that they required
large labeled datasets to combat overfitting, all of which were successfully addressed in
the last decade. The success of competing feature engineering approaches, coupled with
Support Vector Machines (SVM) [34], also contributed to this situation.

The recent insurgence of deep networks can be attributed to the breakthrough paper
of Alex Krizhevsky et al. in 2012 [107]. AlexNet [107] is a 8-layer Convolutional Neural
Network (CNN), consisting of 5 convolutional layers for feature extraction, and 3 fully-
connected layers for classification. It achieved a top-5 classification error of 15.3% in the
2012 ImageNet Large Scale Visual Recognition Challenge (ILSVRC-2012), 10.9 percentage
points better than the runner-up method (26.2%). AlexNet was trained on a 1.2M images

from 1000 classes, used Max Pooling at the end of the convolutional layers and employed
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Dropout [84, 207] to avoid over-fitting. AlexNet has since been surpassed in terms of
performance [13], but it marks the first time a neural network with millions of parameters
was successfully used in a large-scale recognition task.

R-CNN by Girshick et al. [65] showed that combining segmentation and CNNs can
achieve state-of-the-art performance in object detection, outperforming others by a wide
margin. In [65], candidate regions are extracted with selective segmentation. The bound-
ing box of each region is warped into the same size, and a CNN is used to obtain a
fixed-size feature vector for each window, which is given as input to a two-class SVM
(yes/no) for each object class. [65] reported an increase in the state-of-the-art of around
%30. Girshick later speeded-up R-CNN [67] by running the CNN only once per image
and sharing the features across different windows (regions), as well as replacing the SVM
classifiers with a neural network. An even faster version of R-CNN was developed by
Ren et al. in [171], focusing on simultaneous object boundary and class proposals. Mask
R-CNN [78], built on [171], predicts high-quality object segmentation masks in addition
to the bounding boxes.

Ultra-deep neural networks have recently been quite popular due to their superior
performance [210]. VGG-16 (16 layers) and VGG-19 (19 layers) networks obtained top
performances in the ILSVRC-2014 challenge [202]. A crucial difference between AlexNet
and VGG architectures is the use of smaller convolutional filters (3 x 3) throughout the
VGG networks. GoogLeNet (22 layers) won the ILSVRC-2014 competition, and its core
contribution was the use of the inception modules [211]. The inception modules combine
convolutional filters of multiple sizes (e.g. 1 x 1, 3 x 3, 5 x 5) in a single layer, and let the
model pick which one to use. Since then, networks have gone even deeper, as evidenced
by Microsoft’s 152-layer ResNet (won ILSVRC-2015, surpassed human performance) [79],
and 1000-layer ResNet tested on the CIFAR-10 dataset [106]. As networks go deeper, they
become more difficult to train (the gradient degradation problem). ResNet addresses this
issue by adding identity connections between the layers, and learning residual mappings

in the convolutional layers, instead of fitting a desired mapping to all layers.
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In addition to going deeper in the recent years, different network architectures have
been proposed as well. Generative Adversarial Networks (GANs) consist of two neural
networks competing in a zero-sum game framework [69]. In this game, a generative model
G generates samples by mapping a set of latent variables to the image space to deceive
a discriminative network D. On the other side, the discriminative network D learns
to distinguish between the generated samples and the real data. The aim is to obtain
a generative model G which learns the true data distribution, and have D equal to %
everywhere. Chen et al. proposed InfoGAN [28], which extends GAN by semantically
grouping latent variables. The method learns to disentangle pose from lighting in 3D
rendered images, writing styles from digit shapes in the MNIST dataset [83], and digits
from background in the SVHN dataset [151].

CNNs have yielded good performances in various datasets and tasks, as shown ear-
lier. On the downside, their training involves the estimation of millions of parameters,
which requires very large datasets in return. A commonly-used solution to circumvent
the dataset requirements of CNNs is to pre-train the network on a related dataset (e.g.
ImageNet [38]), and perform fine-tuning by using the intended (usually smaller) dataset
on a specific task. For example, Oquab et al. [157] presented a method that enables ex-
isting learned neural networks to be used on new datasets by transferring the knowledge.
Based on the assumption that the source and target datasets have similar properties, they
transferred the layers from a CNN trained on ImageNet [38] to a CNN trained for the
Pascal VOC [48] dataset. Using pre-trained weights instead of random initialisation often
yields better performance, especially when the training data is scarce [198].

Another important drawback of CNNs is their black-box style processing, which has
been addressed by Zeiler and Fergus in [239] in the form of a visual analysis tool for
deep learning networks. Their work provides an insight into the hidden nature of deep
networks, by visualising the mid-level features and analysing the effect of varying different
parameters on the quality of the features. Their method outperformed AlexNet [107] as

a result of the improvements based on their analysis. Despite recent efforts to build a
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mathematical theory of convolutional neural networks [145, 233, their appeal comes from
their success in the vision tasks [13], not from our understanding of why they really work
so well. However, this is a question that is beyond the scope of this thesis.

In the next chapter, our proposed CHOP architecture is presented. The links between
hierarchical compositional methods and deep neural networks are established in the final

chapter.
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CHAPTER 3

LEARNING HIERARCHICAL SHAPE
REPRESENTATIONS

In this chapter, a summary of our previous work [2, 158] on compositional shape hier-
archies is given. The proposed method, Compositional Hierarchy of Parts (CHOP), is
a system that learns a hierarchical set of 2D shape features from images. The data at
each layer of the hierarchy is represented using a set of graphs, where parts (frequently
occurring 2D shapes) are considered as common cliques in these graphs. The graphs con-
sist of a set of nodes and directed edges, where nodes correspond to shape instances, and
edges encode spatial relationships. Each training image has its own image graph, where
the information in the image is encoded in a 2-dimensional lattice. At the first level,
graph nodes represent feature responses, and the directed edges link neighbouring nodes
in receptive fields. In higher layers, the graph nodes, called part realisations, correspond
to instances of abstract structures in the real data. The image graphs are compressed
recursively across multiple layers by discovering frequent patterns in the data. In order
to remove redundancy at each layer, a max-pooling operation is performed.

The proposed method, CHOP, is a hybrid generative-descriptive model for 2D shape
representation learning. Unlike other hierarchical compositional methods [103, 247, 174,
58], CHOP measures the generative and descriptive properties of object parts in a prin-
cipled, graph theoretic approach. Each part in the vocabulary is a structured tree graph,

and and the instances of a part can be generated from the corresponding graph by sam-
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pling. Selecting parts for the next layer in the vocabulary is based on Occam’s Razor
principle [123], which favours the simplest models that explain the data. As a result, the
learned multi-layer vocabulary of shapes consists of elements which are most descriptive
(given the dataset). In the lower layers of the hierarchy, parts are often shared among
different objects and classes. As the learning progresses to higher layers, vocabulary parts
tend to get more specialised, allowing for fast indexing. The inference of the parts in the
vocabulary can be performed efficiently, exploiting the graph-based shape matching and
indexing features.

Compositional Hierarchy of Parts (CHOP), relies on the mechanisms proposed by
Learned Hierarchy of Parts (LHOP) by Fidler et al. [58]. Both are contour-based hierar-
chical shape learning methods. Pair-wise spatial part distributions, part compositionality
and shareability, unsupervised training and indexing-based inference can be considered as
the commonalities between the two frameworks. The learning of vocabulary layers is per-
formed in a feed-forward manner in both, although LHOP has a fine-tuning stage where
each part’s spatial statistics are updated in a top-down pass. LHOP relies on part fre-
quency and data coverage for part selection, whereas CHOP has an MDL-based approach
that aims to compress the data graphs. CHOP can be considered as a re-formulated
and updated version of LHOP which is based on graph theory and compression. This
re-formulation leads to a unified framework where learning and inference mechanisms can
be defined in terms of graph-theoretic algorithms.

The information flow of the proposed system is given in Figure 3.1. The first layer
[ =1 can be considered as a pre-processing step which extracts line-based features from
the dataset. Object colours and intensity values are filtered out from all images, leaving
behind the quantised edge structures which together constitute the shapes. In the learned
higher layers, random graphs represent parts (partial shapes), and parts’ instances in the
input dataset are referred to as part realisations. Layer-wise training starts by learning
the spatial statistical relationships between the parts, using a combination of Minimum

Conditional Entropy Clustering (MCEC) method [124] and 2D Gaussian distributions.
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Figure 3.1: The left side of the figure shows a hierarchical vocabulary of parts, while the
right side shows key components of learning. Left: Each layer of the vocabulary consists
of a number of parts which are compositions of the parts from the previous layer. Right:
Layer-wise learning starts by learning the pairwise spatial distributions among the parts.
A graph-based representation, termed image graph, is created for every shape. Finally,
the method selects a common set of frequent subgraphs as the parts which constitute the
next layer of the vocabulary.

Part Discovery
and Selection

Image Graph
Construction

This step involves estimating the probability distributions governing the relative spatial
positioning of two parts P; and P;, for all part pairs in the vocabulary. All possible reali-
sations of these parts throughout the dataset are considered. The distributions specifying
the relative positioning of parts, thus representing geometry, are encoded in the edge la-
bels in the graph structure. An higher layer’s parts are built by creating compositions
of the lower layer’s parts in the form of connected subgraphs. Each part composition is
evaluated by its ability to compress the dataset’s representation at the lower level, using
the Minimum-Description Length (MDL) principle [175]. We employ a greedy scheme

to select a compact set of parts for the higher layer, by iteratively selecting parts which
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minimise the conditional description length of the remaining dataset representation at
each step. The instances of the selected parts are discovered via subgraph isomorphism.

These steps are recursively applied until no more compositions can be learned.

3.1 Definitions

Below, the basic definitions of our framework is given. In the rest of this chapter, a
layer is considered as a set of parts or hidden nodes which are at the same level [ of the

hierarchy, i.e. [ = 3.

Definition. Vocabulary A hierarchical compositional shape vocabulary Q = {Q'}E,
consists of multiple vocabulary layers ', s.t. 0 < [ < L. Figure 3.1 illustrates some of
the vocabulary layers learned by our system, along with key concepts of learning. Each
vocabulary layer Q! = (P!, M!) contains a set of parts P’ and a set of modes M'. Where
possible, each level-specific part set P! is called a layer for brevity. A layer P’ consists of
parts, hierarchical shape representations that are combinations/compositions of the parts
in the previous layer P!, with the exception of the first layer P'. P! contains § = 6
parts {P}}¢_,, each of which corresponds to a different edge type, as explained in Section
3.3.1. The set of modes M! includes information relevant to the relative positioning of

the parts, and will be explained later in the chapter.

Definition. Part A part P! in a layer P! = {P!}1| is an abstract entity that represents
a (possibly partial) shape of a specific complexity. The parts in the hierarchy are defined
as hierarchical tree structures that can be deformed in learned ways to account for the
variabilities in the data. The i'* part in layer P! at the I'" level is defined as P! = (G!, V).
Gl = (V! &) is the graph description of the part P!, where V! is the set of nodes (parts)
from the previous layer, and &! is a set of directed edges encoding spatial relationships
between the nodes. In higher layers [ > 1, the graph description G! is a composition of

the nodes from the previous layer P!=1. At the first level [ = 1, both node set V! = ) and

edge set £ = () are empty, Vi. As explained in the previous section, first layer parts are
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considered to be the leaf nodes at the bottom of the hierarchy, hence they do not contain
any graph descriptions. Y} € Z7T is part label or identifier, which is explained in Section

3.3.5.

Definition. Part Realisation A part realisation is an instance of a part in the real
data. It represents a possibly deformed instance of a part in an image. Formally, a
part realisation Ré- (n,m) in image s,, at location m and level [ is defined as R;(n, m) =
(G%(n,m),Y}). In this definition, Y] is the index of the corresponding part P} = (G}, V),
s.t. Y;-l = i,3P! € PL. Gé(n, m) is a subgraph in s,’s image graph at the previous level,
and is isomorphic to the corresponding part’s graph description G!. Similarly with part
description, the part realisation graph G(n,m) = {V}(n,m), E5(n,m)} contains a set of
nodes V/(n,m) and a set of directed edges E}(n,m). As a result of the isomorphism,
Ré- (n,m) is an instantiation of the part P! in the image s,, at a specific location m. For
brevity, image index n and location m will omitted from the notation where possible, in
the rest of this document. We refer to the index of the image of a part realisation Ré (n,m)

as né., and its position as mé-.

The first level part realisations in R! = {R]1 ;3:11 have empty node and edge sets, with
B being the number of part realisations in the first level. Each part realisation R} in R
corresponds to a feature response f}lm € F, where F is the set of edge-like features at
the first level of the hierarchy. As a result, there is a one-to-one and onto correspondence
between R' and F. In other words, every feature response becomes a data point (part
realisation) at the first level. In the consecutive layers where [ > 1, parts consist of
combinations of the parts in the previous layer.

The data obtained from the images, F, is recursively compressed through a learned
vocabulary €. The part realisations at the [*" level, R! = {Rg f;l, correspond to the
compressed version of the data F' using {V é-:l. B, represents the number of realisations

at the [*" level of the hierarchy.

Definition. Receptive Field A receptive field (RF 2) is a circular area around a part

realisation R;, which defines the connectivity between the centre node Ré- and any other
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realisation in its neighbourhood RY, s.t. Rl € N(Ré-), dj,k € Z*,j # k. Simply put,
two nodes R} and R} are connected if they are in the receptive field of each other. The
receptive field size is constant throughout the hierarchy and is defined by a radius rad for
every part in every layer. In higher layers, the part realisations’ positions are downsampled
while receptive field radius rad is kept fixed, hence the receptive fields cover a larger area
in the actual images. Downsampling increases the visual field and complexity of the parts

in the vocabulary.

Definition. Receptive Field Graph A receptive field graph (RGé(n,m)) of a part
realisation Ré- (n,m) is the star-shaped graph which is inferred from the Receptive field
RF é of a part realisation Ré- (n,m). The peripheral nodes in RG; (n,m) consist of all part
realisations in RF’ é-, except for Ré- (n,m). Receptive field graphs do not contain any loops.
They only include directed edges between the centred node Ré (n,m) and peripheral nodes,

and the edges originate from the centre.

In this document, a graph contains nodes (vertices) and directed edges. The nodes
can either be parts or their realisations in the images. The edges encode the spatial
(geometric) relationships between the nodes. In the case of part realisations, a directed

edge eé»k € RG@ is defined as

R, i R eR®) £
ejk: ) (31)

0, otherwise

where N(Rz-) is the neighbourhood function that specifies the part realisations that reside
in the receptive field RF é of the part realisation Ré- in an image $,, VR?, RLe R j+#k.

é-k defines the spatial statistical relationship between Ré and RL, as explained in Section
3.3.2. The edge egk can be used to refer to the parameters of the estimated probability
distribution that the relative spatial positioning of Ré- and R! is sampled from. Instead of
using the difference of their coordinates as the edge label gbék, the system learns patterns

of differences of coordinates among similar pairs, and discretises the edges by grouping
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similar cases. This information is used to obtain discrete labels for the edges, and the
labels are stored in gbék for every edge. The reader is advised to refer to Section 3.3.2 to

learn more about how these statistics are collected and used.

Definition. Image/Data Graph The data from each image s, is represented by the
corresponding Image Graph G!, across all layers of the hierarchy. The image graph of an
image s, is the union of all of the receptive field graphs in s,, where nodes are shared
among overlapping receptive fields. Formally, the image graph G! of an image s,, at the

[ level is defined as G, = | RG;(:cm), Jrn=ux.
J

The image graph of image s, G! = (V! El), consists of a node list V! and an edge

list E!. Node set V! includes all part realisations that belong to the image s, at the
h I _ [pl ol _ - :

" level, s.t. 'V, = {Rj(zm)}, 3jR;(vm), v = n. The image graphs belonging to two

different images are disjoint, as each image has its own realisation set, and there are no

Nt'r'

ny, 1s the union of all

overlaps between them. The data graph at level [, G! = {G!,
image graphs at level [ (N, is the number of training images). G' is the lattice or data
graph, which is the graph that encodes the data in all images at the level [. The method
compresses G' recursively by finding frequent subgraphs in G, which constitute the parts

in the next layer P*!. The details of the compression procedure can be found in Section

3.3.3.

3.2 Overview

Compositional Hierarchy of Parts (CHOP [2]) is an unsupervised learning framework for
2D object shape representations. The method is built on the principle recursive data
compression using structures of similar complexity. The first step is to build graph repre-
sentations of the input shapes, where the nodes correspond to line-based basic features,
and edges encode spatial relationships. A multi-layer vocabulary is learned by finding
sets of frequent subgraphs in the representations. Each layer is trained by compressing

the data coming from the previous layer. A layer is a level of the hierarchy containing
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Figure 3.2: CHOP System architecture.

shape parts of similar complexity. The layers are built based on the Minimum Descrip-
tion Length (MDL) principle [175]: The parts which compress the data best are included
in a layer. In this section, the proposed architecture is briefly explained. The recursive
learning algorithm is summarised in Section 3.2.1, while the inference procedure for test

images is given in Section 3.2.2.

3.2.1 Vocabulary Learning

A vocabulary of shapes Q = {Q! : [ = 1,2,..., L}, or parts, is learned iteratively. Each
layer of the vocabulary Q' consists of compositions of the parts from the previous layer,
P! with the exception of Q'. Figure 3.2 shows the system architecture. Learning starts
by using edge filters for extracting line-like features from the training images. Next, each
image is converted into an image graph, where the visual features constitute the nodes,
and the edges encode spatial relationships. Learning of the hierarchical shape vocabulary
is performed recursively by finding frequently occurring subgraphs in the image graphs
and compressing them using these subgraphs. Key steps of the learning algorithm are

outlined in Algorithm 1.
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Input : Training images S™.

Output: Hierarchical shape vocabulary €.
1 A set of suppressed features F are extracted from training images S (Section

3.3.1);

2 Parts P!, realisations R' and data graph G!, where [ = 1, is constructed from F
(Section 3.1);
Edges of the image graphs G' are discretised (Section 3.3.2), yielding modes M!;
Construct the vocabulary layer € from P! and M;
Candidate parts G are discovered by mining G' (Section 3.3.3);
Part selection is performed to select the next level’s parts P*! from G', and their
realisations R (Section 3.3.4);
Parts in P! are grouped based on their appearance similarities (Section 3.3.5),
8 Positions of R"*! are downsampled by o;

9 Max pooling is performed in B! (to reduce the number of part realisations);
10 G'*1 is generated from P! and R (Section 12);
11 [ :=1[0+1, go back to step 3.

Algorithm 1: Learning the hierarchical vocabulary.

[ T L S N

BN

The purpose of training is to learn a hierarchical shape vocabulary Q = {f! : | =
1,2,...,L}. The steps of the learning procedure are explained in the following sections.
The process continues until no new layers are discovered. In step 8, the positions of R‘*!
are downsampled (usually by ¢ = 2), which effectively increases the size of the receptive
field across higher layers. This allows us to learn more complex structures. Step 9 ensures
that the number of realisations are kept at a manageable level. Max pooling suppresses
overlapping responses among part realisations that have the same identifier, position and
image id. Once the mining process is complete, a multi-layer vocabulary is obtained as
). Next section contains an overview of the test image inference procedure, which uses

the data structures explained previously.

3.2.2 Test Inference

Multi-layer inference in a test image follows the same principles and mechanisms as vo-
cabulary learning. The learned vocabulary parts are inferred in the test image’s graph
representation. The inference of vocabulary parts is a layer-by-layer process that makes

use of part indexing (parent-child relationships) in order to detect learned parts’ realisa-
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Figure 3.3: Inference in test images. The inference procedure runs in a very similar
manner to the training. When moving from one layer to another, modes M' or parts P
are obtained from the learned vocabulary 2.

Input : Test image S*.
Output: Set of realisations R = {R'}}
1 A set of suppressed features F'¢ is extracted from s,

The realisations R' and image graph G!, where [ = 1, is constructed from Frte,
Edges of G! are discretised using learned modes M/,

Isomorphisms of P!*! are searched in G!, which results in R'*!,

Positions of R!*™! are downsampled by o,

Max pooling is performed in R (to reduce |R'™|),

G'*! is constructed from P'*! and R,

[:=1+1, go back to step 3.

Algorithm 2: Inference in a test image.

0w N OO A W N

tions in a sample image. It can be considered analogous to recursively compressing an
image using a hierarchical vocabulary of visual words. Figure 3.3 provides a description
of the recursive compression process. Given a test image s, and the learned vocabulary
Q={Q':1=1,2,..., L}, the high-level flow of inference is given in Algorithm 2.

The inference process starts with the same procedures as learning (Steps 1-3). In
step 3, the discretisation process uses the duplet distributions learned in Section 3.3.2.
This ensures that test images and training examples share the same connection types.
Realisations R'*! of next layer’s parts P'*! are searched in test image graph G' in step 4,
using subgraph isomorphism. Steps 5 and 6 are performed in order to increase the size
of the receptive field and reduce the number of realisations, respectively. The inference

procedure continues until no new parts can be found in the test image.
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3.3 Compositional Hierarchy of Parts (CHOP)

This section explains the algorithms underlying the proposed method, Compositional
Hierarchy of Parts (CHOP). Following the high-level introduction of the previous chapter,
the building blocks of the system are explained, starting with the extraction of line-like
edge features in Section 3.3.1. Next, the patterns of the spatial relationships between
the features in Section 3.3.2 are learned. The part discovery process which is at the core
of the method is given in Section 3.3.3, followed by the selection procedure in Section
3.3.4. Next, the part grouping process which groups similar parts together is explained
in Section 3.3.5. The section concludes with the reconstruction of the next level’s parts

and realisations in Section 3.3.6.

3.3.1 Feature Extraction

The method for learning hierarchical shape vocabularies starts by processing the training
images using pre-defined, polarised edge-detection filters in order to extract low-level
features. FEach filter corresponds to a different edge direction. The filtering operation
allows us to decompose the shape into local edge segments which jointly represent the
input shape. Smooth lighting transitions and the colour of an object, while they may
provide relevant information, are ignored because they do not contribute to the edge

information.

Ntr
n=1»

Given a set of training images S = {s,} a set of filtering operations f = {f;}¢_,
are performed on each image s, in order to extract its edge features. These features
constitute the first layer of the shape hierarchy. In this thesis, # = 6 oriented polarised
filter pairs are used in order to detect edges in 6 different edge directions in an image,
as shown in Fig. 3.4. In the figure, the filters (top row) are paired with their inverted
versions (bottom row), and they are separated by 30 degrees to quantise the possible edge

directions into # = 6 bins. The results of the convolution of each filter pair with the image

are superimposed onto the pair’s result image, thus creating 6 unique images in total. The
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advantage of pairing is that the detected edges are invariant to the secondary direction of
the edge, which is perpendicular to the main edge direction. In other words, the feature
activations are invariant to the actual intensity values on both sides of an edge. It is the

absolute value of the difference that matters.

Figure 3.4: The filter pairs used in feature extraction. Top row shows original filters, and
bottom row shows their inverted pairs. The filters are convolved with an image and the
output of paired filters are superposed to obtain 6 unique response images.

Formally, when a training image s,, is processed with the filtering operations in f, a

set of feature responses F,, = {F/}?_, are obtained, where F} = {f} € R}iﬁ”@’%m). Ft

)
n,m

is the set of filter responses in the i*" edge direction in image s,. is the response

in the i edge direction in image s, and at pixel location m. The convolution operation

extracts responses from all locations in an image, with M,,,. being the number of rows in

the training image s,,, and M, specifying the number of columns. The set of initial filter
Nt'r'

responses from all edge directions in all images is constructed as F' = |J F,,. Then, the
n=1

A Nir
redundancy encoded in F' is removed with non-maxima suppression, obtaining F' = |J F,.
n=1

000C

Figure 3.5: Gabor filters used for visualisation. Each filter pair in the filtering operations
f is illustrated with a visualisation filter in the same direction. The visualisation filters
are ordered to match the original feature extraction filters in Figure 3.4.
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Within a suppressed image feature set E, C F,, the local peaks hinder weaker responses
in their local neighbourhood N(m), defined by Euclidean distance in R? (since images
are two dimensional). Additionally, E, only includes features where the feature response

i
n,m

is greater than a pre-defined threshold T, i.e. > T, di,m. Thresholding ensures

that only strong edge responses are taken into account. Finally, a new set of features
F = ]fj Fn, where ), C F,,, is obtained. higher layers are recursively learned based on
this pzzlcessed information.

The shape vocabulary €2 is based on simple line segments in layer 1, and parts P!*! at
level [ 4 1 are built based on the previous layer’s elements P'. Because of this recursive
formulation, the relative complexity of consecutive layers throughout the shape vocabulary
() remains constant.

In the rest of this document, for the visualisation of features, Gabor filters will be used.
This choice stems from the fact that the filtering operations f are designed to extract edges

of specific directions, and 2D Gabor filters can represent local edge segments. Figure 3.5

illustrates the 6 corresponding Gabor filters selected for visualisation.

3.3.2 Learning Pairwise Spatial Distributions of Parts

CHOP builds a hierarchical, contour-based shape vocabulary, where each layer of the
vocabulary depends on the previous layer. Vocabulary layers are learned by discovering
frequent subgraphs in the lattice G', which represents the data compressed with the
vocabulary layers {Q}!_,. The directed edges E! which connect the part realisations in G
encode the spatial relationships between neighbouring realisations. While exact positions
may be useful in the reconstruction of an object, the patterns of relative positions are
of special interest here. The statistical information between two parts are learned by
clustering their instances’ (realisations) arrangements and encoding the information in G
in terms of edge labels.

The system aims to learn the underlying distribution that models the relative spatial

positioning of part le» with respect to another part P!, for all possible part pairs Vi, j. For
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example, let us consider P! as the centre or reference part, and 73]1- as the peripheral part.
P! is at the centre of the receptive field. The spatial relations between these two parts P!
and PJZ- are recorded by using a point set &j; which contains the relative positions of pairs
of corresponding samples collected from the dataset. The samples are drawn from the
pixel locations in a square that tightly contains the circular receptive field, which spans
the coordinates [—rad,rad] x [—rad,rad]. rad is the receptive field radius. Figure 3.6
shows the relationship between a receptive field and the collected samples &;;. There is

no data coming from outside the receptive field, illustrated with grey pixels.

y -5 0 5 Collected samples
|_’ 5
X

Receptive field
(rad = 5)

Center node
position

Figure 3.6: A point set &;; collects samples from all receptive fields in the data. The centre
part P! is placed at the centre of the receptive field. The set records where peripheral
nodes are located by recording each instantiation of le- in the receptive field of P! in the
data. In the shown visualisation, darker shades of red means more samples are included

in the set. The grey areas are outside the receptive field. (Best viewed in colour)

Collecting the points in the set &;; requires a full pass over the training set. All recep-
tive fields over all training images contribute to the statistics collection process. Consider

two part realisations R! and Ré, which are instances of parts P! and le-, respectively. If

R; is in the receptive field of R!, which requires them being in the same image graph and

in the vicinity of each other, they contribute to the set &j;. The relative position of Ré

with respect to R! is calculated as the difference of their positions m’ = mly —mb. m
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takes values from {—rad,...,0,...rad} x {—rad,...,0,...rad}. m' is added to the set
X;;. After all such pairs have been added to the set, the next step is to group/cluster the
collected samples, as given below. In the rest of this section, X;; will be referred to as X,

in order not to overcrowd the notation.

1. As explained above, the relative spatial data obtained from the part pair P! and
73]5 is aggregated into the set X = {z;|i = 1,...,n}, z; € {—rad,...,0,...rad} x
{=rad,...;0,...rad}. In order to analyse X, a straightforward approach would
be to use a clustering technique such as K-means [49], but that would necessitate
knowing the number of clusters k in advance. Since it is not possible to know £ for

every set X' in advance, Minimum Conditional Entropy Clustering (MCEC) [124] is

applied to find k£ automatically.

Formally, the clustering problem can be stated as follows: Given the dataset X =
{z;]i =1,...,n} and an integer ¢y > 1, the task is to map each element of X onto
a cluster label in a set C = {C;|i = 1,...,¢o}. Each data point represents the edge
(connection) between two part realisations R., and Ré, and is assigned a cluster id
C; at the end of the clustering process. While clustering is a well-defined problem,

the key difficulty is finding the correct number of clusters.

MCEC works by optimising the following criterion using an iterative algorithm:

H(Clz) = —/Zp(cj|x) log p(C;|x)p(x)dx (3.2)

where C is the random variable of the edge type taking values in {C;|i = 1,..., ¢},
given the random variable x, which represents the input data points. The conditional
entropy H(C|x) is the uncertainty of a label C once the input x is known. In
order to perform clustering using MCEC, first, the data X = {z;|j = 1,...,n} is
clustered using K-means, to obtain an initial group label Cy = {¢;|j =1,...,n} for
every data point, where ¢; € {C;|i = 1,...,¢o}, Vj. ¢o is the maximum number of

clusters, which is set heuristically to a high number (set to 10 in this thesis). MCEC
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iteratively merges clusters C = {C;|i = 1,..., ¢y} by optimising H(C|z) and finds a
local solution. The algorithm avoids trivial solutions such as putting all data points

in a single cluster by using an initial partitioning and an iterative solver.

2. Once the clusters are discovered, a cluster label ¢; is obtained for every data point
x;. The final number of clusters c is equal to or smaller than c¢g. A 2D Gaussian is
fit to the samples of every cluster in the final cluster set Ctina = {Cilk =1,...,c}.
Thus, for a part pair P! and PJZ- and cluster Cg, the system learns a Gaussian function

l

9hr = (Wi, Xhp), where i, is the mean and 3

ijk 18 the covariance matrix of the
samples in the cluster. These Gaussians are called the modes of the distribution that
represents the relative positioning of 73]1- with respect to P!. To find the edge label ¢lxy
between two connected realisations R. and Ré, lmy =k is computed, Vz,y as k=
) m

arg minkecﬁnal D(m/’, Néjk? Zi‘jk)v where D(m’, Néjk:? Eéjk) = (m'— :uéjk)T(Zi‘jk

fit;).) is the Mahalanobis distance between m’ and g}, m’ = ml, —m/, is the relative
position of R with respect to R., m! and ml are the positions of R, and R},
respectively. As a result, each sample is assigned to the closest cluster (according
to Mahalanobis distance) and the cluster label is encoded in the lattice G' as the

relevant edge’s label.

Once the edge labels in the lattice G are set, the next step is to find frequent subgraphs
(parts) in G!, which constitute the parts in the next layer. A detailed explanation of the

part discovery process is given in the next section.

3.3.3 Part Discovery

Given the sets of parts P!, part realisations R! and image graphs G', higher layer parts
P+ and realisations R!*! can be discovered by frequent subgraph discovery. Parts and
their realisations are discovered recursively using layer-to-layer mappings ¥, 1, as defined

in Equation (3.3):
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U (PLRLGH —» (PP R VI=1,2,... L — 1, (3.3)

where P! = (P} R = {R}2,, P = {PITHLY, R = (R and G s
the lattice (data graph). A; and B; are the number of parts and realisations at level
[, respectively. The mapping procedure W;;,; essentially involves discovering frequently
occurring subgraphs in G', and compressing G' using these subgraphs. In order to discover
the next layer parts P*!, first, a set of candidate subgraphs G! = {g; ;V:fgl which are
frequent in G! are enumerated. Only star-shaped subgraphs are considered to ensure the
enumerated subgraphs fit in a circular receptive field (see Figure 3.7a-c for examples).
Second, a selection method is run to find the best set of subgraphs which compress the
lattice G'. Third, a more compact set of parts are selected by a second procedure, as
explained in Section 3.3.4. Finally, the next level’s parts and realisations are constructed.
In the rest of this section, the details about the first two stages of ¥;;,; are given, namely,

subgraph enumeration and evaluation.

Enumeration of Next Layer Parts

In the graph enumeration step, candidate graphs G' are generated from G'. Connected
subgraphs are of interest, and there is a limit on the maximum number of nodes contained
in a subgraph (see experiments for details). A candidate subgraph of size n, Q';- = {le», 5}},
consists of anode set V; = {V},, V5, ..., V! } and an edge set £ = {e! | 5, €l 4,..., €} }.
le.l is the centre node. The rest of the nodes in V; constitute the peripheral (secondary)

nodes. The edge list Ejl» only contains the edges originating from the centre node towards

the peripheral nodes. Two restrictions apply when generating the candidate subgraphs:

e Each candidate gj € G' is required to include nodes V! and edges & from only
one receptive field graph RG!, Ji. This selective candidate generation procedure
enforces Q; to not extend across multiple receptive fields. In Figure 3.7, the top row

contains valid examples, while the middle row shows invalid cases where a subgraph
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(a) Gt (Valid) b) G4 (Valid) (c) 93 (Valid)
(d) g4 (Invalid) (e) g5 (Invalid) g6 (Invalid)
(2) GL (Invalid) (h) Gk (Invalid) (i) G4 (Invalid)

Figure 3.7: Valid and invalid subgraphs. Each node and edge colour indicates a different
label. The circles show receptive fields of the nodes. Top row contains three valid, star-
shaped subgraphs, which do not contain any edges between peripheral nodes. Middle row
contains subgraphs where edges originate from multiple nodes, hence they are considered
invalid. In the bottom row, all subgraphs include identical edge-node pairs, making them
invalid examples. (best viewed in colour)
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contains edges from multiple receptive fields.

e A candidate subgraph Q§ may not contain identical secondary node+edge pairs. All
secondary nodes either differ by their node labels, or the connecting edges’ labels.
Figure 3.7g-i illustrates invalid cases where a subgraph has node+edge repetitions.
Figure 3.7c, on the other hand, is a valid example where a candidate subgraph con-
tains duplicate peripheral nodes, but the corresponding edges have different labels.
As a result of this rule, each candidate g; has a canonical order of node+edge pairs,

which simplifies the subgraph matching problem, as given later in this section.

A brute-force solution for subgraph enumeration would be to consider all possible
compositions of the parts in the previous layer P'. Let us specify |P!| = A;, and c; as
the maximum number of edge types between two parts. It is possible to enumerate A,
subgraphs having a single node, possibly up to (4;)? x ¢y two-node subgraphs, (A;)? x (cy)?
three-node subgraphs and so on. This approach quickly becomes infeasible as the learning
is shifted to the higher layers in the hierarchy, where a layer can potentially contain tens
of thousands of parts. The computational complexity of the trivial solution prohibits
discovery of the new layers. While only the subgraphs that are actually encountered in
the data are enumerated, this assertion still holds true.

In this thesis, the alternative to the brute-force solution is SUBDUE [33], a frequent
subgraph discovery algorithm that enumerates and evaluates candidate subgraphs in G
using a restricted search space. This restriction ensures that total computation does not
exceed a user-defined threshold. The discovery algorithm is explained in Algorithm 3.
SUBDUE starts by putting single-node structures into the parentList (Step 2), and ex-
tends all parents by one edge/node pair into childList (Step 4). Each graph in childList
is evaluated using a Minimum Description Length criterion [175] (Step 5). The generated
subgraphs are stored in partList (Step 6). Then, childList is pruned using beam param-
eter (Step 7), and parentList is replaced with childList (Step 9). The algorithm repeats
until the size of the graphs in parentList reach maxzSize, or parentList gets empty. The

top numBest graphs which have been enumerated are stored, and the algorithm con-
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Input : G'= (V' E!): Object graph, beam, numBest, maxSize.
Output: Selected subgraphs G'.

1 parentList := null; childList := null; partList := null; k = 0;
where childList,partList are priority queues ordered by MDL scores.

2 Initialise parentList with single node parts;

3 while (parentList is not empty) and (k < mazSize) do

4 Extend parts in parentList in all possible ways into childList;

Evaluate parts in childList using Equation (3.4);

Merge elements of childList and partList into partList;

Trim childList to beam top parts;

parentList := null;

Swap parentList and childList;

10 k++;
end

11 Trim partList to numBest top parts;

12 G' := partList;

© 00 N & W

Algorithm 3: Enumerating of new compositions.

cludes. The complexity of the algorithm can be controlled by the beam and mazSize
parameters, both of which are given in the experimental section.

The generated subgraphs are collected in the candidate part list G! = {le }}4;1, where
Al is the number of enumerations. The candidate graphs G' are matched to their instances
in the lattice G! in the next step, using subgraph isomorphism (SI). This problem is solved

as follows.

Finding Part Realisations using Subgraph Isomorphism

The candidate part (graph) list G! is obtained in the previous step. Given a candidate
graph g}, SUBDUE searches for all matching subgraphs in the lattice G! for the instances
of le.. The results are collected in iso(gé), the set of subgraphs in G; that are isomorphic
to Gi. Finding the isomorphisms of a graph G! in a larger graph G' is known as the
Subgraph Isomorphism (SI) problem, which is known to be NP-complete. In order to
solve it, we use simple brute-force approach as explained by Ullmann in [220]. Matching
a candidate graph to the data is analogous to finding the instances of a query shape in

the corresponding images.
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The formulation of the SI problem requires a function match() that performs the
exact matching of two sub-graphs based on their edge and node labels. It returns true
if two input graphs are a perfect match (exact isomorphism), and false otherwise. Two
graphs are isomorphic if their node and edge labels match, as well as the topology of the
graphs. More formally, graph isomorphism is an edge-preserving vertex bijection (one-
to-one correspondence) which preserves equivalence classes of labels, i.e. vertices with
equivalent labels are mapped to vertices with equivalent labels and vice versa, while the
same holds true for edge labels [26]. Two vertices/nodes are considered to be equivalent if
their node labels (part indices) match. Two edges are equivalent if the edge labels match,
as well as the nodes on both sides of the edges. One may think that exact isomorphism
would make the shape matching process brittle, i.e. small shape differences would lead to
node/edge differences and break the matching procedure. Because of the learned spatial
statistics encoded in edges (Section 3.3.2) and part grouping (Section 3.3.5), it is possible
to learn hierarchical deformable models of parts which can represent many instances with
slight shape variations.

Given a pattern (candidate graph) G!, the system first discovers all matching subgraphs

. R
Gl = {Gﬁj}f;'l in the lattice G', where Vi, match(G}, Gl;) = true, and B! is the number

of matching subgraphs. Then, each subgraph Géj is replaced by a single realisation Ré}q
in the higher layer in order to obtain G!|G!, the compressed version of G! with G!. For

each matching subgraph G; = {V}}, E;

o Bt in G', the nodes V;é and internal edges Efj are
deleted, and replaced with a single realisation in the higher layer Rﬁjl. Additionally,
the external edges that are connected to each one of the nodes in Vzlj are removed, and
re-attached to Rﬁjl. Using this procedure, all possible parts individually compress G,
and they are evaluated by the quality of the compression. Finally, a representative set of

parts that collectively compress and cover G! are selected, the higher level’s realisations

R™1 are retrieved from their instances. The candidate parts are evaluated as follows.
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Evaluation of Compositions of Parts Using MDL

The Minimum Description Length principle [175] states that the best hypothesis/model
for a given set of data is the one which best compresses the data. It is a formalisation
of Occam’s Razor, which Ptolemy put as “We consider it a good principle to explain the
phenomena by the simplest hypothesis possible” [123] !. The graph search tool used,
SUBDUE [33], applied this idea to graphs. SUBDUE evaluates subgraphs based on
their ability to compress the input graph G'. This work follows the same method when
evaluating and ranking parts during learning. In SUBDUE, the label of a part 73]4 is
defined based on its compression value value(gjl-,Gl) computed in Equation (3.4). The
parts are sorted according to their compression values in ascending order, and assigned

their respective indices as part labels.

DL(G!) + DL(G"G")
DL(GY)

value( ;, G)) = (3.4)

where value( j», Gy) is the compression value of the lattice G! given a subgraph Q];.
G |le is the compressed version of the input graph G', given gj.. Description length DL(G)
of a graph G is calculated using the number of bits to represent the node labels, edge
labels and adjacency information of G [33].

The compositions of the parts in P! which best describe the training set are discovered,
using Equation (3.4). Each composition is evaluated based on how well it compresses the
input data G'. The compression ratio is calculated by the reduction in the description
length DL(.) of input graph G' after the compression. During the inference, we search

for a set of graphs G' = {Q; };4;{1 which minimise the description length of G; as

G' = argmin Ualue(gjl-, GY). (3.5)
g

In order to limit our search space, the candidate subgraphs g;. are ranked by their

'While the principle is attributed to William of Ockham (circa 1287-1347), its origins are traceable
to Ptolemy (c. AD 90 - ¢c. AD 168), and even Aristotle (BC 384 - 322). I think Ptolemy puts it best,
hence I chose to include a quote from him.
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compression scores in ascending order (lower is better), and select the top Alﬂ graphs.
Al+1 is the number of generated subgraphs for the next layer (given in the experimental
section). Each is then assigned a label which is equal to its ranking index. The next
section describes the final part selection procedure, which is used to create a compact

vocabulary of parts.

3.3.4 Part Selection

The number of possible parts grows exponentially as the algorithm progresses through
higher layers. Three factors are responsible for this increase. First, each new part is a
composition of the parts from the previous layer, which introduces combinatorial growth.
Second, there can be a number of different edge types between pairs of nodes. Finally, a
relatively high (10) limit on the number of allowed sub-parts is set, which means duplets,
triplets and larger compositions of sub-parts can be candidate parts for the next layer.
The number of enumerated parts can easily surpass hundreds of thousands in the higher
layers, making learning infeasible.

In order to reduce the number of parts that represent a set of shapes, an MDL-based
selection mechanism is employed. The part selection procedure aims to select the minimal
set of parts that collectively compress the entire training set. It runs in a greedy fashion
to pick the next best part to compress the uncovered portion of the dataset, until the
whole data is covered to a high degree. This collective selection process runs over a pool
of parts G! which individually compress the data well. Next, an MDL-based part selection
algorithm is executed over the set of generated parts G, as explained in Algorithm 4.

Support of a part, support(géﬂ), is the set of layer 1 realisations that contribute to
le-’s instances. Similarly, support of a part realisation support(R!) is the set of layer
1 realisations which activated R!. In step 4, the current data graph G’ is pruned so
that the part realisations with covered supports are removed. This procedure iteratively
compresses G' using the next best candidate. The realisations in G' whose supports are

fully covered by the existing part set are deleted at every iteration.
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Input : Data graph G'.

Output: Part list P*! for layer [ + 1.

The current data graph G’ is initialised with the data graph G';

Among all generated subgraphs G, the one g; with the best MDL score
value(G!,G') is added to the next layer’s part list P'*' (Equation (3.4));

support(gé) is regarded to be covered, and does not contribute to the MDL
calculations in the following steps.

G’ is pruned so that every realisation in R' which has a fully covered support is
deleted;

5 2-5 is performed until all training data is covered.

[

w

'

Algorithm 4: Selecting parts.

At the end of the part selection process, the selected group of parts P!*! and their
realisations R'T! constitute the next layer. A potential pitfall here is that P! may
be sub-optimal according to the final task, due to the greedy selection algorithm. This
situation arises since CHOP is an entirely feed-forward architecture, and each layer can
only be constructed once the previous layer is finalised. The part selection criterion
(MDL) favours frequent parts that compress the data well, which may result in the loss
of infrequent, complex structures, and these structures may prove to be useful in higher
layers. To the best of our knowledge, such problems can only be solved by adding a
feedback loop to the vocabulary building process to optimise the hierarchical vocabulary
jointly. The design of such a system is beyond the scope of the thesis.

Before the algorithm proceeds with learning of the next layer, a part grouping oper-
ation is performed. The reason for this operation is that similar looking parts (possibly
with slight variations) are included in P! with different labels. This results in an over-
fitting of parts to the training set, and many structures that are activated by few instances
in higher layers. In return, the generalisation ability of the learned vocabulary is reduced.
This issue is remedied by grouping parts based on appearance similarity and assigning
labels to each cluster, thus marking them as “variations of the same shape”. This process

is entirely unsupervised, and is explained in Section 3.3.5.
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3.3.5 Grouping Parts into OR Nodes

After the set of parts for the next layer P*! and their realisations R!*™! are obtained, the
next step is to perform a part grouping operation that uses unsupervised agglomerative
clustering of parts based on their appearance features. Part grouping is necessary because
the part representations are not canonical, i.e. the same shape can be decomposed into
multiple parse trees (each part has a parse tree). Figure 3.8 illustrates a simple case where
two third-level parts (X and Y'), while having different parse trees, represent the exact
same structure. By comparing their appearance in the image space (shown at layer 1),
it is possible to group X and Y together, so that they have the same label. The part

grouping process can be explained as follows:

Layer 3

Layer 2

Figure 3.8: X and Y are two layer-3 parts which have the same appearance, but different
parse trees. This case shows that part representations are not canonical, and there are
multiple ways to describe the same shape. Part grouping groups X and Y together, and
makes them alternatives for one another.

1. For each part 73];+1 in P!, a part projection image(PJl-“) is created by imagining

a projection of P;H in terms of layer 1 nodes. This works by projecting the part
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back to the image plane by its mean spatial parameters. The resulting image is a

mean shape for the part.

2. A shape descriptor is obtained from each image(P]l-H).The Shape Context (SC)
[12] is used in this thesis. The SC descriptor, as shown in Figure 3.9, is a circular
histogram of uniformly sampled points on the shape. The origin of the histogram
is placed at the centre of gravity of the shape. The shape descriptor (on the right)
is obtained by counting the number of points in each bin and concatenating the

results.

o Contour Sampling + Shape )
Part Projection Context Histogram Shape Descriptor

puq

}v=:,‘," N ;

_— _—

Figure 3.9: The histogram for shape context descriptor. The input part’s projection is on
the left. The points are uniformly sampled along the contour, and the SC histogram is
placed at the mean of the sampled points (middle). The 8 x 5 shape descriptor is on the
right.

3. The parts are grouped using agglomerative clustering based on their shape descrip-

tors, using Euclidean distance.

4. If two parts 73];+1 = (gj.“,yj.“) and Pyt = (G, YY) fall into the same cluster,

they are assigned the same label yl“ with cl being the cluster id. In other words,

I+1 I+1 I+1
yj-ﬁ-: + y-&-‘

The part grouping procedure ensures that variations of the same shape are assigned

identical labels. The aim of including OR nodes is to combat over-fitting to small shape
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variations in the data. This operation effectively groups parts which are similar in ap-
pearance features, regardless of their hierarchical decomposition. The number of final
OR node groups 6" depends on the level [, and is given in the experimental section. The
cluster labels are encoded in the part labels Y™ for every part P = (G- Y.

The next level’s vocabulary and realisations are built as follows.

3.3.6 Construction of the Next Layer and Its Realisations

After the set of frequent subgraphs and their part indices are obtained for the (I + 1)
layer, first, a set of parts P = {PH1}14 are constructed, where P11 = (G, Y1) is
the it" part of (14 1) layer. The label V'™ is the cluster label coming from the OR node
grouping in Section 3.3.5. Pt is the set of compositions of the parts from the previous

layer P!

For each subgraph Géj in iso(P/*!), a new realisation is placed in higher level’s real-

isation set RIH! = {RIF}, st RFY = (G, Y/*), where Y/*! = i is the relevant part’s

identifier. While not listed in this notation, each realisation Rf-jl is associated with an

I+1
ij

I+1
ij

I+1

;; and an image position m;; . The image identifier of the new realisation n

image n

is the same as any node in its graph description Gﬁj (since all nodes come from the same

I+

image). The position of the new realisation m{" is the centre of gravity (mean position)

of all of the nodes in its graph description Gﬁ-j. In order to remove the redundancy in Rl“,

the resolution of image positions mﬁjl is reduced, and max pooling is performed among
each OR node group’s realisations. During this operation, each realisation has the same
value (activation), hence the max pooling operation randomly selects one realisation to
keep among overlapping samples . The result is a new set of realisations R'*! C R,
The next two sections contain information about the experiments from both of our

papers [2, 158], as well as the training parameters used to train the methods.
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3.4 Experiments

This section gives an experimental analysis of CHOP on six benchmark datasets. The
tested hypothesis is that hierarchical, deep architectures will improve upon the perfor-
mance of current methods in shape retrieval and classification tasks. In the shape retrieval
task, CHOP was compared with the state-of-the-art algorithms on 3 datasets. Section 3.5
gives an experimental overview of the shape classification task, where CHOP is evaluated
on 5 benchmark datasets. We performed multiple trials of experiments where possible,
aggregating their results by calculating and listing their means and standard deviations.
The reported results are not tested for statistical significance.

The proposed method was tested on the Washington Image [126], MPEG-7 Core Ex-
periment CE-Shape 1 [113], ETHZ Shape Classes [56], 40-sample articulated tools Tools-
40 [75], 35-sample multi-class Tools-35 [24], and Mythological Creatures [24] datasets.
The experimental setup used § = 6 filter pairs, and set the downsampling ratio o to
0.5. The number of maximum modes in pair-wise learning is set to ¢g = 10. The radius
rad of receptive fields was set to 7. The part discovery process used beam = 100 and
maxSize = 10 parameters. No OR-node grouping was used in the experiments reported
in this section, except for Section 3.4.4. The Matlab version of CHOP can be accessed

here.

3.4.1 Analysis of Generative and Descriptive Elements

This section analyses different aspects of the learned vocabularies, by looking at the
number of classes, camera viewpoints, objects, size of the vocabulary, MDL values and
test inference times. The relationship between the vocabulary size, growth rate and
added models/classes are examined to understand the part shareability behaviour of the
proposed method. The inference time of CHOP is calculated by averaging the running
times of the inference algorithm which is employed on test images. Below are explained

the different experiments conducted for shape retrieval on the benchmark datasets.
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Figure 3.10: Analyses with different number of classes. (Best viewed in colour)

Effect of Varying Number of Classes In this set of experiments, 30 classes from
MPEG-7 Core Experiment CE Shape 1 dataset [113] were used. 5 shapes from each class
to were used train the shape hierarchy.

The shareability of the parts in the vocabulary is directly connected with the growth
rate of the vocabulary with respect to the number of classes. Figure 3.10.a illustrates that
the number of parts in the vocabulary grows sub-linearly, as the number of classes increase.
CHOP has higher part-shareability in lower layers, due to the smaller receptive fields in
image space. The test image inference time, as shown in Figure 3.10.c, also increases in
proportion to the vocabulary size. This effect is observed because the inference of a list
of parts is a linear process, i.e. every part’s subgraph needs to be matched with the data.
The average time of full inference on a test image is between 0.5 and 3 seconds, and is
dependent on the number of classes. The average MDL values of top parts (usually 10)
is another analysed aspect, as seen in Figure 3.10.b. The MDL values improve at 3-4
classes, and then tend to increase towards more complex datasets (lower is better). The
inter-class shape differences effectively limit the part shareability between classes.

In Figures 3.10, 3.11 and 3.12, CHOP is compared with estimated linear growth base-
lines. The linear baseline plot in each figure is calculated by obtaining the 1-unit data
point on the left-most side of a plot experimentally, and linearly scaling (multiplying) it

to up to 30 units.
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Figure 3.11: Analyses with different number of objects. (Best viewed in colour)

3.4.2 Analyses with Different Number of Objects

The effect of increasing the number of objects from the same class on the vocabulary is
examined in this section. Up to 30 objects from the “Apple Logos” class in ETHZ Shape
Classes dataset [56] were used to train CHOP. In Figure 3.11.a, it can be noted that
vocabulary size has a sub-linear growth, and the vocabulary exhibits more shareability
than in multi-class training (compared to Figure 3.10.a). Figure 3.11.b shows a gradual
increase in MDL values as expected, because the variability among the shapes increase.
The part shareability among the samples of the same class are better than samples from

different classes.

3.4.3 Analyses with Different Number of Views

The experiments in this section examine the case where multiple views of the same object
are used for learning. The system was trained on different views of a textured mug from
Washington Image dataset [126]. The roughly symmetrical shape of a mug, except for its
textures and the handle, allows for fairly high shareability of the parts in the vocabulary,
as evidenced by Figure 3.12.a and 3.12.c. One thing to note is that due to its symmetrical
properties, the parts representing a mug’s body may be ranked higher than distinctive
parts such as the mug handle. This is due to a mug handle having varying appearances
from different viewpoints, with each view being infrequent by itself. This may be seen

as a drawback for MDL-based training, and this aspect is addressed in the conclusion
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Figure 3.12: Analyses with different number of views. (Best viewed in colour)

chapter.

3.4.4 OR Node Grouping Analysis

The shape retrieval and classification experiments in the rest of this chapter are obtained
using an earlier version of CHOP which does not contain the OR node grouping procedure
presented in Section 3.3.5. The idea of grouping parts based on their appearance sim-
ilarities has been explored in the Learned Hierarchy of Parts (LHOP) architecture [58].
In order to understand the effect of OR-node based grouping in CHOP, a synthetic 3D
object dataset consisting of 20 classes, containing 20 objects each, was prepared for shape
classification. 15 objects from each class were used for training, while 5 objects from
each class were allocated for testing. The training dataset consists of 20000 images. FEach
test image was classified to 1 of 20 classes, using the class of the top level node inferred
using CHOP. Using part grouping improves the performance from 24.9% to 29.5% on a
top-1 classification task, and from 60.7% to 72.1% on a top-5 classification task. The im-
provement resulting from part grouping can be attributed to the observation that a more
compact and smaller vocabulary is learned, increasing the generalisation performance of

the algorithm.
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3.4.5 Shape Retrieval Experiments

Similarly with [168, 199, 201], the shape descriptors consist of the eigenvalues of the
adjacency matrices that belong to the image graphs of shapes. The edge weights e!, € E;
of an edge weighted graph W]l = (V;Z,Eé), which is a copy of the image graph Gg =
(VL,EL), are defined as

Ths if R isconnected to R, VR. Rl eV
l a a j
eab - 5 (36)

0, otherwise
where 7, is the cluster index of the edge, coming from the solution of Equation (3.2).
Second, the weighted adjacency matrix of WJZ is computed, and its eigenvalues are used
as shape descriptors for every image. The difference between two shapes is defined as
the Euclidean distance between their shape descriptors, and use this method for shape
retrieval.

The proposed shape retrieval method was compared with the state-of-the-art shape
retrieval algorithms using inner-distance (ID) measures as shape descriptors which are
robust to articulation [75]. All methods were tested on the Tools-40 dataset [75], which
contains silhouettes of 8 different objects having 5 different articulations, thus consisting
of 40 images. The task on which all algorithms run is to retrieve closest 1-4 articulations
of a query object among the remaining 39 images. Table 3.1 contains a summary of the
top 1,2,3, and 4 retrieval results. CHOP outperforms SC+DP [75] and MDS+SC+DP
methods [75] in all retrieval experiments. IDSC+DP [75], which combines texture infor-
mation with a shape descriptor, has a better Top 1 retrieval performance, while CHOP
performs better than IDSC+DP in Top 4 retrieval results. This observation is related
to texture of an object having further discriminative information about a shape. The
downside is that texture information may dominate shape information, and can lead-to
overfitting, as evidenced by IDSC+DP’s Top 4 retrieval results in Table 3.1.

In a different set of experiments, the shape retrieval performances of CHOP and two
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Algorithms Top1 | Top 2 | Top 3 | Top 4
SC+DP [75] 20/40 | 10/40 | 11/40 | 5/40
MDS+SC+DP [75] | 36/40 | 26/40 | 17/40 | 15/40
IDSC+DP [75] 40/40 | 34/40 | 35/40 | 27/40
CHOP 37/40 | 35/40 | 35/40 | 29/40

Table 3.1: Comparison of shape retrieval performances (%) on Tools-40 dataset.

other shape retrieval methods in [150] were compared in Mythological Creatures (3 classes,
15 shapes) and Tools-35 (4 classes, 35 shapes) datasets. The Mythological Creatures
dataset consists of 3 classes (Human, Horse, Centaur) and includes 5 articulations of a
shape in each class. Human and Centaur classes share the higher part of the body, while
Centaur and Horse share the lower part. The Tools-35 dataset consists of 4 classes of ob-
jects, namely, 15 pliers, 10 scissors, 5 knives and 5 pincers. Similarly with Mythological
Creatures, Tools-35 includes a different articulation for each object in a class. Follow-
ing the suggestion of [150], a so-called Bullseye test was performed to compare CHOP,
Contour-ID [150] and Contour-HF [150]. In the Bullseye test, each query image is used to
retrieve the 5 most similar candidates from the rest of the objects, and the performance is
calculated as the ratio of correct hits among all retrieved objects, across all query images.
Table 3.2 shows that CHOP performs better than Contour-ID and Contour-HF [150],
which use contour-based shape descriptors and are invariant to local articulations and

deformations of a shape.

Datasets | Contour-ID [150] | Contour-HF [150] | CHOP
Tools-35 84.57 84.57 87.86
Myth 77.33 90.67 93.33

Table 3.2: Comparison of shape retrieval performances (%) on Myth and Tools-35.

3.5 Additional Experiments and Analysis

This section summarises the shape classification experiments in [158]. First, the invariance

and robustness properties of the shape vocabularies learned by the proposed method on

59



a classification task are examined. The used dataset contains added noise and geometric
transformations for this experiment. Second, shape representations are learned using
CHOP for shape classification on two benchmark datasets. The proposed methods in
[158] have two key features added to the CHOP codebase. ! First, a loss function was
implemented in the inference procedure in order to perform shape classification. Second,
four distance functions were computed to embed object parts in shape subspaces having
different invariance features. The details of these changes are outside the scope of this

thesis. The reader is advised to refer to the paper [158] for a full discussion.

3.5.1 Robustness and Invariance Analysis on Artificial Datasets

The suggested approach is analysed and compared to the state-of-the-art on three artificial
benchmark datasets. In these datasets, shapes consist of single and/or multiple compo-
nents, with added noise and geometric transformations to make them more challenging

[112]. The size of images in each of them is 28 x 28. The three datasets are:

e Convex Shapes (CS) [112] dataset contains 8000 training and 50000 test images,
belonging to two classes (convex, non-convex). The task defined is a binary classi-

fication of the shape regions into convex or non-convex classes.

e MNIST-Rotation (M-R) [112] dataset consists of 12000 training and 50000 test
images of hand-written digits, belonging to 10 classes (0-9). It is an enriched version
of MNIST [83, 185], where digit samples are rotated uniformly between 0 and 27

radians and added to the set.

e MNIST-RBI (M-RBI) [112] is, similarly with M-R, a modified version of MNIST.
Each image contains a rotated version of an MNIST digit on a background which is

randomly sampled from a grayscale image.

!These two extra features were implemented by Dr. Mete Ozay. The author of this thesis designed and
implemented the core CHOP algorithm and assisted with the experiments in the corresponding paper.
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Algorithm CS M-R M-RBI

DBN-3 [112] 81.37 87.70  71.49
DAE2 [27] 81.56 88.06  55.08
CAE2 [27] 80.70 86.38 5175

mDAE2 [27] 81.90 89.64  53.88

CHOP  84.15 90.16 77.15

Table 3.3: Classification performance of the algorithms on the benchmark shape datasets.

The proposed algorithm is compared with three-layer deep belief networks (DBN-
3), denoising (DAE-2), contractive (CAE-2) and marginalised denoising auto-encoders
(mDAE-2) with two layers.

Table 3.3 illustrates that the proposed method, CHOP, outperforms the state-of-the-
art methods in 2015. CHOP performs significantly better in classifying the noisy, cor-
rupted images in the M-RBI dataset. This is due the employed graph compression
algorithms removing infrequent, spurious patterns from background images. The MDL
criterion, coupled with the limited resources enforced by setting a maximum number of
parts in every layer, helps reduce the noise in the data representation. While the margin
is small, CHOP outperforms the other methods in CS and M-R datasets as well. In this
set of experiments, the intention is to create a scale, rotation and translation invariant

representation, details of which will not be included here, and can be accessed in [158].

3.5.2 Comparison with State-of-the-art Shape Classification Meth-
ods Employed on Shape Manifolds

S-kFP [93] S-kFPG [94] MKL [93] SM [93] CHOP
57.75£20 6037+ 1.6 60.84 +2.0 6398+ 16 66.17 + 2.3

Table 3.4: Classification performance of the algorithms on the Butterfly Dataset.

This section contains a comparison of the performance of CHOP and state-of-the-art
classification methods using shape manifolds by performing shape classification on the

Butterfly Dataset [230]. This dataset consists of 823 images and 10 classes. 40 shapes
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CSS [209] IDSC [131] CSSP [6]

69.7 73.6 78.4
NN-SVM [7] Lim [128)  CHOP
84.30 & 1.0 80.4 85.9 & 2.4

Table 3.5: Classification performance of algorithms on the Animals Dataset.

from each class were randomly picked for training the method, and rest of the dataset for
testing, following the procedure introduced in [93]. This test was repeated 10 times, and
created the mean/variance of the classification results in Table 3.4.

When dealing with real-world datasets which may contain object articulations and
non-rigid body transformations, the amount of variability in geometric patterns across
viewpoints, classes and objects increases. Algorithms should model this variability to be
able to represent the data. As a result, the methods which employ shape spaces with
more diverse geometric properties were observed to outperform others in these datasets.
Of the algorithms presented in Table 3.4, S-kFP and MKL use full Procrustes distance
on Kendall’s shape space [93]. Table 3.4 shows that CHOP’s shape representation is able

to deal with the variability in Butterfly dataset well, as it outperforms the other methods.

3.5.3 Comparison with State-of-the-art Shape Descriptors and
Vocabularies

The final experiments compare the algorithms on the shape classification task on the
Animals Dataset [6], which contains 20 classes and 2000 images. Compared to MPEG-7
[113], this dataset contains significantly more variation. The shapes contain articulations
and non-rigid body transformations, as well as considerable within-class variation among
the objects of a class [7]. 50 shapes per class were randomly picked, and the rest of the
images were used for testing, as advised by [7]. The procedure was repeated 10 times,
and the results can be found in Table 3.5.

Table 3.5 shows that CHOP outperforms the state-of-the-art algorithms. One impor-

tant aspect is that our method’s performance was measured over 10 trials, unlike 100 trials
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reported for NN-SVM [7]. The lower variance of NN-SVM can be partly attributed to

the reduced variability as a result of higher number of trials.
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Part 11

Deep Dexterous Grasping
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CHAPTER 4

RELATED WORK: GRASPING

Grasping ability is essential for humans in that it enables us to interact with the objects
around, including drinking, cooking, throwing, holding and pulling actions, as well as
many others. For robotics research, grasping has been a challenging problem and widely
studied since the beginning of the field. An important aspect of grasping is generalisation:
How can a robot grasp new, unseen objects which did not contribute to the training/design
of a system? A second question, which is also relevant to this thesis, is how can a system
generalise over new object poses? Below, an overview of the grasping methods in the
literature is given, while attempting to find answers for both questions.

The method presented in this chapter attempts to solve the problem of dexterous
grasping of previously unseen objects using a single-pose depth camera. In this context,
"previously unseen” objects refer to object instances that the system was not trained
with, although the system may have seen similar objects before. Only non-deformable
household objects which are graspable using a single human hand are considered for
the experiments. The tested objects contain plastic, wood, metal and porcelain parts,
and some have textures. The objects are placed in the environment in arbitrary poses,
and viewed from a single, arbitrary camera viewpoint. The proposed approach combines a
grasp generation method with an evaluative learner, both of which fall under the umbrella

of learning methodologies in Section 4.3.
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4.1 Overview

We consider the existing literature on grasping under two broad categories: Geometrically-
driven grasping, and learning-based approaches. Geometrically-driven methods analyse
the object shape and propose grasps based on the end-effector kinematics (hand or grip-
per) [16, 232, 177]. The shape analysis can be done by matching of a known object model
to the scene, or simply by interpreting a depth/colour image. Learning-based methods
come in a variety of different forms. Human supervision can be used to predict grasp con-
figurations [80, 119, 206]. It is also possible to learn an end-to-end grasp policy, as shown
by Levine et al. [122, 121] and Bousmalis et al. [21]. The path followed in this thesis is
learning to predict the success probabilities of grasps on unknown objects. A Convolu-
tional Neural Network was used for grasp success prediction, evaluating the grasps from
the generative model of Kopicki et al [105]. In the rest of this chapter, a review of the

grasping literature is given to place the work in the right context.

4.2 Geometric Methods

Analytic, model-based methods use the laws of physics, mechanics and geometry to design
grasping algorithms [16, 136, 163, 149, 134]. The physical elements of grasping can be
incorporated in a system in the form of grasp metrics, such as force closure [15, 134] or
caging [177]. In most cases, due to the complexity of the physical interactions between the
objects, scene and the end-effector, these methods make restrictive assumptions. Data-
driven approaches overcome these limitations by relying less on our understanding about
the physical forces, and designing high-capacity learning models which learn the physical
properties indirectly from the data.

Bicchi and Kumar reviewed analytic approaches in [16] and identified a lack of methods
that can deal with positional errors. The visual perception of the object pose and shape
is prone to errors due to the noise in the data acquisition process. Nguyen [153] explored

independent contact regions (ICRs) [164, 183] for modeling force-closure grasps which
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are robust to the variance in the finger locations. Alternatively, caging can be used for
performing grasps which are robust to the positional errors [177]. Rodriguez et al. [177]
introduced the concept of pregrasping cages, caging configurations from which the object
can be grasped by maintaining the enclosure property, regardless of the exact finger
positions. They showed that while it is guaranteed to keep the object trapped during
grasping using two-finger grippers, the same does not hold true for more than two fingers.
Seo et al. [193] used caging to produce immobilising pinch grasps using a gripper. In the
case of dexterous hands having more than 2 fingers, it is difficult to rely on caging for
grasp planning.

The algorithms presented in this section utilise prior knowledge about the objects in
question, including mass, shape, friction coefficients, mass distribution and elasticity. In
addition to these, the full kinematics and dynamics of the robot, along with the character-
istics of all interacting objects in the scene (e.g. a table) are known. With the knowledge
of the physical properties of all entities in a scene, it is possible to compute the contact
forces on the finger links during a grasp. Grasp quality metrics can be defined based on
this collected information [55, 176, 197]. e-metric [55] is widely-used for measuring the
quality of a force-closure grasp by the size of the sphere fully contained in the grasp wrench
space [42]. Weisz and Allen [232] used the e-metric to find stable grasps under object pose
uncertainty. [232] relies on Grasplt! [149] for generating plausible force-closure grasps. A
common criticism of force-closure grasps and the e-metric is that they are do not correlate
with the actual success or stability of a grasp [8], resulting in fragile grasps [42]. Despite
the efforts, grasp quality metrics have proven to be insufficient in predicting actual grasp
success [11, 100, 68].

Even though analytic methods have been successfully applied in multi-finger grasp
generation (22, 70, 76, 179, 187], there are problems with this approach. The precise
geometric and physical properties of the objects are not always available to the robot
in the real world. The surface friction coefficients, mass distribution, weight and centre

of mass of an object are among the parameters which may not be known in advance
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with high accuracy. Estimating them is a challenge: Zhang and Trinkle [241] used a
particle filter to track and estimate some of the physical properties of an object, while it
is being pushed by the robot. The mass [243, 195] or surface friction coefficients [178] can
be estimated by interacting with the object and observing its motion. Similar methods
operate under restrictions, as some rely on a simulation environment [177, 179] or only
consider 2D objects [193, 241]. The estimation of the objects’ parameters is prone to
errors, limiting the application of analytic methods in uncontrolled environments. The
errors introduced at the estimation stage can be enough to cause promising grasps to fail,
as explained below.

In the case of grasping previously unknown objects, analytic methods rely on the es-
timation of the object shape using a variety of means. Dune et al. [45] approximated the
object shape with a quadric, whose minor axis guided the wrist pose. In [45], the centre
of mass of an object is approximately the approach target, and the shape of the object
drives the hand pre-shape. Similarly, Lippiello et al. [133] used a quadric approximation
of the object shape as the initialisation, and employed an interleaved grasp configuration
and object shape optimisation algorithm to refine the grasps. It is possible to reconstruct
the missing parts of an object model based on the shape symmetry assumption [18, 147],
or a 3D Convolutional Neural Network [224]. The errors in the shape completion pro-
cess, along with further errors in the estimation of parameters such as friction, mass or
mass distribution, are enough to render seemingly good grasps unstable [243, 8]. Another
downside of analytic methods is that they make assumptions to make the calculations
tractable, such as hard contacts with fixed contact surfaces [16] and static friction param-
eters [197]. Due to the lack of robustness and low performances, researchers have recently
moved away from analytic approaches towards learning-based methods, which have fewer
restrictions.

When using grippers as end-effectors, the problem of finding a successful grasp con-
figuration often reduces to searching geometric structures that fit the gripper’s aperture

[165, 218, 101, 173, 104, 215]. As opposed to the complexity of dexterous hands which
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can have three or more fingers, grippers offer an intuitive search space: graspable object
parts can be associated with parallel lines, cylindrical structures, handles, etc. Apart from
the obvious choice of point clouds [96], 2D intensity images [165] or 3D depth data [101]
can be used to detect graspable object sections. While using pre-determined features for
grasping is feasible for grippers, it does not scale to grasping with dexterous hands. The
complexity of the contacts between an object and a human hand is considerably higher
than the case of a gripper (e.g. thumb and index finger). As explained in the next section,

learning-based methods have performed significantly better in dexterous grasping.

4.3 Data-Driven Methods

Analytic methods have been successfully applied in grasping problems [22, 70, 76], but
they have limited capabilities in dealing with many real-world scenarios, due to the inac-
curacies in the sensory data and kinematic models. This lead to a range of techniques that
operate under more relaxed assumptions. In this section, a summary of the previous work
on learning-based grasping approaches is given. Grasp planning can be divided in 2 main
sub-problems, both of which can be solved separately: grasp generation and grasp evalu-
ation. Section 4.3.1 focuses on the methods which process visual information and learn a
mapping between the data and candidate grasps. In Section 4.3.2, we list the techniques
for learning to evaluate and rank the generated grasps, based on the predicted success.
Finally, this section concludes with the most relevant related work to the proposed work,

grasping methods based on Deep Neural Networks (DNNs), in Section 4.3.3.

4.3.1 Generating Grasps from Sensory Data

In the case of grasping an unknown object, the object shape data can be obtained using a
colour or depth camera. A mapping between the perceived data and the grasp configura-
tions can be learned. Hand-crafted features such as SIFT [189, 60|, shape primitives [162]

or object sub-parts [108, 39] can be used to represent an object’s shape. The complexity
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of the grasp configuration space depends on the end-effector. In the case of a gripper, only
a wrist pose needs to be specified [80], possibly along with the arm joint positions [189].
When performing dexterous grasping with multi-fingered hands, finger joint positions be-
come part of the configuration space as well [3, 189, 105]. There are many papers which
learn grasps from the demonstration by a human supervisor [81, 105, 87]. Other works
create an offline dictionary of grasps associated with the object features [40]. Given the
recent success of feature learning methods, they can replace the hand-crafted features, as
in the case of deep learning for grasping [169, 111].

The Generative Model (GM) presented in Section 5.2 is based on the work of Kopicki
et al. [105]. The method learns from 10 grasps demonstrated by a human operator,
and is able to generate new grasps for previously unseen object-pose pairs. It associates a
likelihood with every candidate, which can be used for ranking them and picking the most
likely grasp. This ranking has been outperformed by the proposed Generative-Evaluative
Model Architecture (GEA) in Section 5.1.

4.3.2 Learning to Evaluate Grasps

Learning-based methods have been applied in the task of predicting whether a grasp is
going to succeed or fail. Generative models can sample thousands of grasps efficiently in
the matter of seconds [105]. In a real-world setting, the robot needs to pick the grasp
which is estimated to be most successful, among the generated options. This task can be
approached in a computationally inexpensive manner, by generating a synthetic dataset
[142], accompanied by analytic quality metrics computed for each grasp. The collected
data can be used to train a learner to predict the likelihood of the candidate grasps in
a test case, based on the grasp quality metrics. Mahler et al. [142, 141, 143] created
the Dex-Net dataset and used it to train a Grasp-Quality Convolutional Neural Network
(GQ-CNN) for parallel-jaw grasping. Analytic metrics are advantegous in the sense that
expensive real-robot grasping experiments do not have to be performed in order to collect

labeled data. On the other hand, as explained in Section 4.2, these metrics [176] are not
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good indicators of actual grasp success. Furthermore, scaling from grippers to dexterous
hands remains using analytic methods remains an open problem, limiting the application
of analytic metrics for complex end-effectors having more than 2 fingers.

A straightforward solution for the grasp evaluation problem is to learn from experi-
ence. Candidate grasps can be obtained using a generative model, and each grasp can be
performed in the real settings [122, 121, 161, 1, 169, 89] or in simulation [95, 91, 21, 97].
Hyttinen et al. [89] learned grasp stability from tactile information, using 192 labeled
grasps. The number of grasps collected increased over time: Wang et al. [231] used the
885-image Cornell Grasp Detection Dataset [1] to train a Convolutional Neural Network
(CNN). Pinto and Gupta [161] trained a CNN to predict grasp locations using 50,000 data
points. Levine et al. [122] developed a method that successfully learned an end-to-end
grasping policy, given uncalibrated coloured images of a robotic arm and objects. They
collected 800,000 grasps using 14 identical robots over the course of two months. They
also demonstrated the transfer of this knowledge to a similar task in [121], using a sec-
ond grasp dataset containing over 900,000 grasps, collected using 8 robots of a different
model. Similar collective robot learning setups have been explored before [90, 99, 110].
Large-scale data collection setups equipped with robotic arms are rare, simply due to the
prohibitive costs of creating such an environment. In addition to this, carrying out the
experiments is a time-consuming process, and needs a certain level of supervision. For
dexterous grasping, such a setup may be infeasible, due to the fragile structure of some
dexterous robot hands (e.g. DLR-II) and the constant need of supervision. For compari-
son, the data-efficient Generative Model (GM) presented in the next chapter uses only 10
human-demonstrated grasps for training.

The need to collect a high number of grasps stems from the fact that modern machine
learning techniques, such as Deep Neural Networks (DNNs), require thousands of samples
in order to avoid over-fitting. Recent works have thus replaced parallel robot setups with
a simulated environment [71, 95, 91, 21, 192, 184, 216]. With the advancements in physics

simulators, it has been possible to re-create robot setups in simulation with high realism
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and collect the training data in a low-cost manner. Millions of grasps on randomised
scenes can be executed on the cloud in a very short time, and can be labeled based on their
observed success or failure. Physics simulators such as MuJoCo have been able to simulate
the physical interactions and contact forces accurately [217]. The real challenge lies in
the differences between simulated visual data (colour/depth images) and the data coming
from the real robot sensors. Building on the work of Levine et al. [122, 121] for gripper-
based grasping using real robots, Bousmalis et al. [21] used simulation to collect additional
training data for the architecture of [122]. The discrepancies between the raw RGB images
and rendered simulation images were addressed as a domain-adaptation problem, solved
with a DNN. Depth images, on the other hand, can hide the challenging appearance
features of real objects (textures, lighting, reflections), and are easier to simulate [19].
Gualtieri et al. [71] and Viereck et al. [227] have performed knowledge transfer from
simulated depth images to real robot experiments. Similarly, the data collection setup
proposed in this thesis uses the Kinect Simulator [19] to produce realistic depth images of
objects. The training grasps are performed in an experimental setup based on the MuJoCo

physics simulator [217], and the trained model is tested in a real robot environment.

4.3.3 Using Deep Learning for Dexterous Grasping

The applications of Deep Neural Networks (DNNs) in grasping can be classified under
three branches: First, a DNN can be used to predict the success probability of a grasp
using a gripper configuration [120, 71, 161, 122, 121, 141, 95, 192]. Such methods are not
directly comparable with the proposed work in this thesis, since grasping using a gripper
is a significantly different problem than one using a dexterous hand. The DLR-II hand
used in the experiments in this thesis, seen in Figure 5.1, contains 20 Degrees of Freedom
(DoF), vs. a typical gripper with a DoF of 2-4. Second, there have been attempts to
generate a grasping configuration given an image as an input [169, 111, 226]. Third,
DNNs have been used in dexterous grasping [140, 225, 244, 97, 226]. In this section,

applications of deep learning in dexterous grasping are of special interest. The reader can
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refer to Section 2.5 for a detailed overview of DNNs and their applications in computer
vision tasks.

Methods using DNNs for Multi-fingered grasping [140, 225, 244, 97, 226] are deemed to
be closer to the proposed work in this thesis. All of the cited methods utilise a simulated
environment in order to collect the training data. DNNs can be used for training an
evaluative model which predicts the probability of success or stability for any given grasp
configuration and visual data pair. Kappler et al. [97] trained a CNN to predict the grasp
success probability, using the e-metric [55] and a novel physics-based metric. The method
requires full points clouds of objects, and the hand pre-shape does not adapt to the specific
object or pose during grasping. Varley et al. [225] used a deep network to detect fingertip
and palm locations of stable grasps, from single-view RGBD images. Zhou and Hauser
[244] designed a network to learn successful grasps for a three-fingered under-actuated
hand. Unlike [97], both [225] and [244] are able to modify the hand pre-shape and adapt
to a new object’s shape and pose. In [226], Veres et al. trained combined generative-
discriminative network architecture based on autoencoders to generate grasp locations.
Lu et al. [140] proposed a multi-finger grasp planning architecture based on a DNN. [140)]
does not require an external planner, and initial configurations of grasp parameters are
optimised using Gradient Descent in a restricted search space, maximising the probability
of success. The authors also released a realistically simulated multi-finger grasp dataset.

Grasping using a partial view of the object is a significantly more difficult problem
than grasping using complete object models. The work of Kopicki et al. [105], on which
the method presented in this thesis builds, has considerably higher performance when
dealing with complete point clouds of objects. Similarly with our approach, the paper of
Varley et al. [225] solves the problem of finger placement on incomplete, partial object
data for stable grasps. The proposed evaluative CNN predicts a grasp success probability
for an input grasp, along with the partial object view. In another method which is close
to ours in spirit, Song et al. [206] devised a probabilistic model for discovering grasp

contact points, supervised by a human teacher. Among the papers which are considered
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to be most related, only two have presented results in real robot experiments [225] and
[140]. Varley et al. [225] have achieved 75% grasp success on 8 test objects, while Lu
et al. [140] reported 84% performance on 5 test objects. In comparison, the proposed
methodology has produced comparable results (77.7%) on 40 previously unseen objects.

The presented method in this part of the thesis consists of two building blocks: A
generative model which creates the candidate grasps, and an evaluative model which
ranks the generated configurations. The generative model, based on [105], has a clear
advantage over the analytic methods used for grasp generation in the literature: It works
with partial shape data from a single view, compared to the full 3D model requirements
of the analytic methods. Our method is based on local contact surfaces and discards the
global shape information, making it easier to match to new objects and improving the
generalisation ability. Once a high number of grasps are generated, they are provided as
input to the evaluative model. The evaluative model consists of a novel CNN architecture,
which is trained based on simulated data. The top grasp, based on the ranking proposed
by the evaluative model, is performed. A comparison with the original ranking calculated
by the generative model is given in the experimental section. The method is tested both
in simulation and on the real robot. The results, explained in Section 5.6, clearly show
that the network is able to transfer the grasp success prediction ability from simulation
to the real robot. To our knowledge, this is the first technique which attempts to combine
a learned generative architecture with a learned evaluative model in dexterous grasping
from a single view.

In the next chapter, a summary of the proposed Generative-Evaluative Model archi-
tecture is given, along with the experimental results in simulation and real world. The
method is being prepared for a submission for the prestigious International Journal of

Robotics Research (IJRR).
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CHAPTER 5

DEXTEROUS GRASPING OF NOVEL OBJECTS
FROM A SINGLE VIEW WITH A
GENERATIVE-EVALUATIVE LEARNER

Grasping novel objects using given a single-view image of the scene using a dexterous hand
is a challenging task. The complexity of the problem arises from multiple sources. First, a
dexterous hand, such as the human hand, has an inherently complicated structure which
makes it difficult to plan grasps in a precise manner. Grasping is not a fully pre-planned
action. It is rather a adaptive process which relies on the tactile feedback coming from
the hand. If the object is heavy, a firmer grip is required. If it’s slippery, higher-friction
areas are sought. Second, there are many hidden constraints. A mug full of liquid should
be handled differently than an empty one, since a full mug has more constraints during
the handling. Digging deeper, even a mug full of hot water can be grasped differently
than one with cold one, since the consequences of spilling water onto a finger are different
for these cases. Third, the object shape is only partially known, and the rest of the object
shape has to be predicted. Humans are pretty good at predicting the hidden parts of
objects due to years of training. In order to get closer to human performance, robots
need to deal with dexterous hands, different object characteristics and partial views. The
solution presented in this chapter plans a full grasp trajectory for an object given a partial
view.

The proposed grasping system consists of two distinct units: a learned generative

75



Figure 5.1: The Boris robot platform on which the methods were tested.

module which creates plausible candidate grasps, and a learned evaluative module which
ranks the candidate grasps based on their predicted success. The generative module is
based on the work of Kopicki et al. [105]. It learns from a number of demonstrated
real grasps, and the model is able to generalise over unseen objects. A single-view depth
image of an object is provided as input to the system, resulting in a number of plausible
candidate grasps. These grasps are then performed in a realistic simulation environment,
and grasp success, as well as grasp stability parameters are recorded. Using the grasp
success data, an evaluative Convolutional Neural Network (CNN) is trained. Once the
trained system encounters a new object, first, a number of candidate grasps are generated.
Then, the CNN is used to predict the success probability of all generated grasps, and the
grasps are ranked based on their predicted success. If the test is run in simulation, the
top-ranked grasp in which the dexterous hand does not collide with the simulated table is
performed. In the real-world tests, the grasps which are not kinematically feasible due to
the robot configuration are removed, in addition to those colliding with the table. Figure

5.1 shows the Boris robot platform where the grasps were executed.
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This chapter is organised as follows. First, the proposed hybrid generative-evaluative
learning architecture is explained in Section 5.1. In Section 5.2, the current state-of-the-
art in grasp generation for dexterous grasping of novel objects using a single-view depth
camera is presented. The proposed method in this chapter builds on this work. Next, in
Section 5.3, a detailed overview of the proposed generative-evaluative learning architecture
is given. This architecture combines a learning system with low data constraints with a
deep network, which typically needs more data. We used a simulation environment to
create the data to train the neural network in a very short time. Section 5.4 is about the
features and limitations of this simulation environment. Section 5.5 is dedicated to the
analysis of both methods on simulated data. The real-world experiments and analysis
can be found in Section 5.6. Finally, the chapter concludes with a discussion presented

in Section 5.7.

5.1 Hybrid Generative-Evaluative Model Architec-
ture

The approach in learning dexterous grasping of novel objects consists of two modules.
The first component is the generative module h = g(I;), which creates a number of grasp
configurations h = {h;}!L,. The input for the generative module is a depth image from
a single view. h contains H candidate grasps in the frame of reference of the camera
used to acquire I;. Each candidate grasp configuration h; contains a series of waypoints,
with each waypoint representing the hand configuration at some point along the grasp
approach trajectory.

The second module is a evaluative model f(I, h;), which takes the colourised image
I! and a candidate grasp h;, and outputs the predicted grasp success probability of the
grasp h;. The single-channel image I; is converted into a three channel image I/ with the
addition of mean curvature and gaussian curvature channels to the depth image.

The proposed hybrid generative-evaluative architecture is given in Figure 5.2. The

77



Scene Depth Image Execution of Top Grasp

- ‘

i

Learned Generative Mode| 3P |earned Evaluative Model

Grasps ranked by generative Grasps ranked by predicted
model likelihood success probability

Figure 5.2: The proposed hybrid generative-evaluative learning architecture. First, a
depth image of the scene is acquired (top left). The generative model, trained by a human
demonstrator, generates candidate grasps and ranks them based on their model likelihood
(bottom left). The candidate grasps are re-ranked by the evaluative model, trained using
simulated data (bottom right). The top grasp which is kinematically feasible is executed
by the robot (top right).

Generative Model is based on the Learning from Demonstration (LfD) principle [105].
The Evaluative Model consists of a deep network and requires more training data. A
realistic simulation environment was created to obtain the data to train the evaluative
network. The scene in Figure 5.2 is a typical test case of the algorithm, using the trained
models. The core contribution of the paper is to combine two learned models to generate

plausible grasps and rank them based on the predicted success. Next, the Generative

Model is given.

5.2 Grasp Generation Model Learning and Transfer

The Generative Model (GM) architecture, which creates the candidate grasps, is explained

here. While the author of this thesis did not contribute to the work in this section, it is
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included to preserve the self-sufficiency of the manuscript. This section builds on the grasp
generation model of Kopicki et al. [105], who performed learning of generative models for
dexterous grasps from a human demonstrator. [105] is an extremely data-efficient learning
method which can generalise over unseen objects from a few training grasps. Learning is
achieved in 3 stages: learning the model, transferring the model onto new objects, and

grasp generation. Below, the method is explained step by step.

5.2.1 Model Learning

The model learning stage is the step where learning from demonstration occurs. During
the demonstration by a human operator, three different types of information is collected:
First, the object model is acquired. Next, a contact model for each finger link is learned,
using the contacts between the object model and the hand links. Finally, a hand config-

uration model is obtained. The object model is discarded after training.

Object model

First, a depth camera acquires the point cloud of the scene from a single view. The
(partial) point cloud of the object is augmented with the estimated principal curvatures
and the normal vector of the local surface at that point. For example, the j* point in
the cloud is represented by a triple z; = (pj,¢;,7;), where p; is a position in R?, ¢; is
the surface normal in SO(3), and r; = (rj1,7;2) € R? are the principal curvatures. The

object model is thus defined as a kernel density estimate of the density over x:

O(z) ~ ijm(mj,a) (5.1)

where the bandwidth is 0 = (0, 04, 0,), and Ko is the number of points in the object’s
point cloud. All weights w; = 1/K are identical. K is given below in a product of experts

formulation (a product of distributions):
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Figure 5.3: The training grasps used for training the generative model. The object models
are shown in black, the final pose of the hand is in yellow, and the partial point clouds in
each contact model are shown in different colours.

K(zlp, o) = NS(prv Up>@(q|:“q= Uq>N2(T|Mm o) (5.2)

where 1 is the kernel’s mean, o is the bandwidth, V,, is an n-variate isotropic Gaussian

kernel, and © represents a pair of antipodal von Mises-Fisher distributions.

Contact models

During the demonstration of a grasp, the final hand pose, along with the object’s model, is
recorded. From this data, all finger links L and the corresponding partial object features,
which are in the vicinity of each link, are found. For each link L; in the hand, a new
contact model M; is learned. The object features which are closer to the link L; than
a distance threshold d; contribute to the contact model M;. The contact model M; is
defined as:

K,

where K, is the number of object features in the vicinity of L;, Z is a normalisation
constant, w;; is a weight that exponentially decreases as the distance between the closest

point a;; on link L; and object feature z; = (p;, g;,7;) rises:
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exp(=Allp; — ai;|[?)  if ||p; — aijl] < &

0 otherwise,

As it can be seen from the definition above, the contact models depend on local surface
features, not the entire object. These local features can be detected on new objects’
point clouds, which means that the learned contact models are transferrable between the
objects. In this thesis, principal curvatures r are used for defining surfaces; however,
other surface descriptors can be used instead of the principal curvatures method. The
contact models are, in essence, agnostic to the choice of the surface descriptors. The
quality of the descriptors affects the quality of the contact models, since the descriptor
is used for matching the local surfaces encountered during training to the tested model.
Next, we explain how the kinematic constraints of the robotic hand model contribute to

the learning process.

5.2.2 Hand Configuration Model

During the demonstration of a grasp, the configurations of the hand h, € R” is saved at
a number of points along the trajectory, where D is the number of Degrees of Freedom
(DoF) in the hand. The collected information includes the position of the hand, as well

as the finger joint positions. The hand configuration model is defined as:

C<hc)E Z w(hc(’y))ND<hc|hc(’7>7o-hc) (55)
v€[-8,8]

where w(h.(7)) = exp(—a|lh.(y) — hZ||?), v is an interpolation parameter between the
start (h!) and the end (h?) points of a trajectory. w(h.(7)) is controlled via Eq. 5.6 below,

and the § parameter allows hand configuration extrapolation.

he(v) = (1 = 7)hi + ~h (5.6)
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5.2.3 Transferring Grasps

The learned contact models can be transferred to a new object 0,¢,,. First, a single-view
depth image of the object 0,., is acquired, and converted to an augmented point cloud
with the added features, as explained earlier. The resulting object features are recast as
a density O, using Eq. 5.1. A learned contact model M; can be transferred onto the
new object 0, by convolving M; with O,,.,,. The convolution operation is approximated
with a Monte-Carlo procedure, and the outcome is a kernel density model of the pose s of
the finger link L; for the object 0,.,. As a result of the Monte-Carlo procedure, sampled
poses for the link L; are obtained. The j sample is represented with §;; = (Dij, Gij)-
Each sample s;; is assigned a weight w;;, which is equal to it likelihood.
Collectively, the generated samples are used to construct a query density estimate:

Ko,

Qi(s) = > wiiNs(plpij, 0,)O(4ldis» ) (5.7)
j=1

where ) jwi = 1. A different query density for every contact model and object pair
is built. Next, we explain how the hand configuration model and query densities together

generate the grasps.

5.2.4 Grasp Generation

In this section, the grasp generation process is explained. The three given elements are:
a query density k, a sample s ~ @i, and a hand configuration model sample h, ~ C.
Coupled with the kinematics of the hand, these samples represent a full grasp h = (hy, he),
where h,, is the wrist pose, and h, is the hand joint configuration. The sampled grasp h

is then optimised using a hill-climbing procedure:

argmax (hu, he)C(he) [T Qi (K (hus b)) (58)
Qi€Q

where k" is the forward kinematic function of the hand. The hill-climbing procedure
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optimises the grasp to maximise the likelihood. This likelihood can be considered as an
analytic method for measuring grasp quality, and is later shown to be inferior to a learning
based method for measuring grasp success.

During the grasp generation and optimisation, non-promising grasps with low like-
lihood are periodically pruned. The pruning step can be run for multiple times as the
optimisation progresses (2 times in the implementation used in this thesis), which allows
the algorithm to finish in a reasonable amount of time without compromising the quality
of the grasps. Typically, a different generative model is learned for each training grasp
and view pair, and all models can be used to generate grasps when a new point cloud is
given. The generative model ranks the candidate grasps coming from all models based
on their likelihood, which is calculated using the product of experts methodology. The
idea that this ranking may be sub-optimal in picking the best possible grasp inspired the
evaluative work in this chapter. The proposed generative-evaluative architecture predicts
a grasp success for each grasp, and in turn, uses it to re-rank the grasps. The original

ranking presented in this section serves as the baseline method in the experiments.

5.2.5 Training Grasps for This Study

In the experiments presented in this thesis, the Generative Model (GM) was trained
with ten example grasps, as shown in Figure 5.3. For each grasp, seven views of the
considered object were acquired, and a different model was trained for each grasp-view
pair. As a result, the algorithm learned 70 models for generating grasps, coming from 7
views per each of the 10 grasps. GM acts as an ensemble of these models. Compared
to [105], the Generative Model used in this thesis contains two improvements. First, for
each view, a pre-processing step filter out the points on the object’s surface model whose
surface normals differ from the surface normal of the finger link by more than +/- 90
degrees. Second, a two-stage candidate grasp selection scheme was implemented. Among
the grasps considered by GM, half were selected globally from the top (most likely) grasps,

regardless of the type. The other half were forced to spread evenly among all 10 grasp
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types, ensuring that all grasp types are available for the training of the evaluative models,

explained in the next section.

5.3 Evaluative Model Architectures

In this section, two different evaluative model architectures are explained. The grasp
generator model, given in the previous section, requires very little training data. It can
generate 1000 candidate grasps, ranked according to their estimated likelihoods, within
20 seconds on a 2x Intel Xeon E5-2650 v2 Eight Core 2.6GHz. The generative model does
not estimate a probability of success for the generated grasps. An evaluative model, which
is a Deep Neural Network (DNN), is used specifically for this purpose. DNNs have shown
good performances in learning to evaluate grasps using grippers [122, 120] and dexterous
hands [224, 140].

The generative method ignores the global information about the object, such as the
overall shape and the object class, to a large extent. It takes the robot hand model and
the local object shape features into account. Moreover, it only has access to the partial
object shape, due to the noise in the image acquisition process and self-occlusions. The
success of an executed grasp, however, depends on other factors such as the full object
shape, mass, mass distribution, surface friction and deformability, among others. An
evaluative network indirectly learns the effect of these parameters on the grasp outcome.
The data provided to the evaluative network is collected from randomly generated scenes,
therefore each scene has a different random combination of the parameters. The primary
purpose of the network is to learn robust grasps across different conditions, and this is a
complex task. The first challenge is that the kinematic model of the hand is unknown to
the evaluative network. It only has access to the parameters that configure the hand: the
wrist and joint positions. Second, the system is weakly supervised with the grasp result
(success or failure), and no further labels are provided.

Both proposed evaluative models have similar characteristics. The evaluative DNN
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based on the VGG-16 network [202], named Evaluative Model 1 (EM1), is given in Figure
5.5. A slightly different version based on the ResNet-50 network, termed Evaluative Model
2 (EM2), is shown in Figure 5.6. ! Regardless of the type, a grasp evaluation network
has the functional form f(I;, hy), where I, is a colourised depth image of the object, and
h; contains a series of wrist poses and joint configurations for the hand, converted to the
camera’s frame of reference. The network’s output layer calculates a probability of success
for the image-grasp pair I;, h;. The model initially processes the grasp parameters and

visual information in separate channels, and combines them to learn the final output.

T

Figure 5.4: Colourised depth images. From left to right, the objects are: coke bottle,
chocolate box, hand cream, and bowl.

The depth image is colourised before it is passed as input to the evaluative network.
The colorisation process converts the single-channel depth data to a 3-channel RGB image.
We first crop the middle 460 x 460 section of the 640 x 480 depth image, and downsample
it to 224 x 224. Then, two more channels of information are added: mean and Gaussian
curvatures, obtained from the object’s surfaces in the image. Figure 5.4 contains four
examples of colourised depth images. This procedure both provides a meaningful set
of features to the network, and makes the input directly compatible with VGG-16 and
ResNet, which require images of size 224 x 224 x 3.

The grasp parameter data h; consists of 10 trajectory waypoints represented by 27 x
10 = 270 floating point numbers, and 10 extra numbers reserved for the grasp type. Each
of the 10 training grasps is treated as a different class, and h; uses the 1-of-N encoding

system. Based on the grasp type ([1-10]), the corresponding entry is set to 1, while the

IThe design of the networks belongs to the author. They were implemented and trained in TensorFlow
by Chao Zhao, a MSc student collaborating with Umit Rusen Aktas and Prof. Jeremy L. Wyatt.
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rest remain 0. The grasp parameters are converted to the coordinate system of the camera
which was used to obtain the corresponding depth image. The transformed parameters are
processed using a Fully-Connected (FC) layer consisting of 1024 nodes, and the output is
element-uise added to the visual features. The joint visual features and grasp parameter
data are processed together in higher layers.

All FC layers have RELU activation functions, except for the output layer, which has
softmax activations. The output layer has two nodes, corresponding to the success and
failure probabilities of the grasp. A cross-entropy loss is used to train the neural network,

as given in Eq. 5.9.

Hy(y) ==Y (yilog(y:) + (1 — ) log(1 — y;)) (5.9)

2

where ¥/ is the class label of the grasp, which is either 1 (success) or 0 (failure), and
y; = f(I;, h;) is is the predicted label of the grasp pair (I;, h;).
The proposed evaluative models EM1 and EM2 share the common features explained

above. The models are introduced below. Only their unique properties are highlighted.

5.3.1 Evaluative Model 1 (EM1)

Figure 5.5 demonstrates the architecture of the first proposed evaluative network. The
colourised depth image is processed with the VGG-16 network [202] to obtain the high-
level image features. The VGG-16 network is initialised with the weights obtained from
ImageNet training. Only the last three convolutional layers are trained, and the first 13
layers remain frozen. This decision was made in order to speed up training.

The grasp parameters and image features pass through fully-connected layers with
1024 hidden nodes (FC-1024) layers in order to obtain two feature vectors of length 1024.
The features are combined using the element-wise addition operation, and are further
processed using 4 FC-1024 layers. Similarly with [122], the features are combined using

addition and not concatenation. In this thesis, this decision was made based on the
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Figure 5.5: The VGG-16-based evaluative deep neural network architecture. The first 13
convolutional layers of VGG-16 are not trained. Similarly to Levine et al. [122], the two
channels of information (grasp parameters and visual features) are joined via element-wise
addition. The combined information is then passed through four fully-connected layers
activated with RELU. The final softmax layer has grasp success and and failure nodes,
and learns to predict the success probability of a grasp.

observation that addition yielded a marginally better performance in the experiments
(not included in this thesis). Furthermore, concatenation and addition can be considered
as interchangeable operations when combining different information pathways in deep
networks [44]. The final FC-1024 layers form the associations between the visual features

and hand parameters, and contain most of the parameters in the network.
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Figure 5.6: The ResNet-based evaluative deep neural network architecture (EM2). Spatial
tiling is used to repeat the grasp parameters before they join the image processing pathway.
This network requires fewer FC layers due to the earlier marriage of information channels.

5.3.2 Evaluative Model 2 (EM2)

The second evaluative model, termed EM2, uses the ResNet-50 network in order to obtain
the high-level image features. Similarly with VGG-16, the ResNet-50 architecture is
initialised with the weights that have been obtained during ImageNet training. One
exception is the last convolution block conv_5x, which is initialised randomly. In the EM2
architecture, ResNet-50 network is broken down into two parts: the first 4 convolutional
blocks are used to extract the visual features. The final convolutional block, which has
9 convolutional layers, combines the image features and grasp parameters. Similarly
with EM1, element-wise addition joins the two channels of information. Spatial tiling
is used to convert the processed grasp parameters, a vector of size 1024, to a matrix of
size 14 x 14 x 1024. Because the last convolutional block conv_bx processes combined

information, this network is designed with only 2 FC layers with 64 hidden nodes each.
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Figure 5.7: Representative object images from all 20 classes in the 3D model dataset. The
objects were chosen from graspable everyday classes, and each class contains between 1-25
objects.

The output layer is the same as EM1.

Both networks were trained on simulated data and tested on the real robot, as well
as in simulation. The generative-evaluative architectures which use EM1 and EM2 are
called GEA1 and GEA2, respectively. The next section focuses on the collection of the

training data.

5.3.3 Data Collection Methodology

The data collection process runs in batches, and each batch can be considered as a scene
with a single object placed on a table. A simulated depth camera takes an image of the
scene from a random angle and distance, and a partial, view-based point cloud of the
object is obtained. This point cloud is used to generate a number of candidate grasps
using the generative approach GM. The grasps are performed consecutively in the scene,
and the object is placed in its initial pose before a grasp is performed. Below, an outline

of the data collection process in a single scene is given:
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. A new instance of an object from one of the 20 classes in the 3D model dataset is
generated, and placed on the virtual table with a random pose. The object is placed
at a random location within the 10 x 10 em? square area in the middle of the table.
The scale, weight and surface friction parameters of the object are sampled from

realistic distributions.

. A depth image I, is acquired using a simulated depth camera, which looks at another
random point within the 10 x 10 em? square area in the middle of the table. The
elevationg of the camera location is sampled from the range [30, 57] degrees, while
the azimuth, is sampled from the range [0, 27]. The distance of the camera location
from the centre of the table is between 45 and 75 centimetres. The acquired depth

image is converted to a point cloud P, and a colourised image I7.

. The candidate grasps h = {h;}X, are generated using the generative model GM.
During training, 10 top-ranked grasps (according to the likelihood given by the
model) from all 10 grasp types are selected for execution on the object in simulation.
In the real robot experiments, the top 100 grasps from each one of the 10 grasp
types are evaluated, which gives the evaluative network a better chance of finding

a successful grasp.

. In order to increase the variation in the dataset, more simulated point clouds of the
object are generated. Up to 20 new simulated camera positions are created according
to the procedure in step 2. Figure 5.8 shows the sampled camera positions in an
example scene. Each grasp is randomly associated with a camera view sampled in

this step.

. Each candidate grasp is executed in the same scene. The image, wrist parameters,
finger joint angles and the grasp outcome are stored for every candidate grasp. The
grasp parameters which consist of the wrist parameters and the joint angles are

converted to the frame of reference of the associated view.
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Figure 5.8: In simulation, 20 distinct camera poses are sampled. Each green point il-
lustrates a sample camera location, whereas the gaze directions are shown with purple
arrows. The actual camera pose on Boris is fixed, and demonstrated with the red point
(larger). Ome of the views is randomly picked to be the reference view (blue), and the
point cloud of the object which feeds to the generative model is obtained using this view.

A candidate grasp h; = {wjo, ..., w;, } consists of a series of waypoints wyg, ..., Wi,. A
waypoint wy is a 27-element vector that specifies the full configuration of the hand in
the joint space: 3 dimensions for the 3D coordinates and 4 dimensions for the orientation
of the wrist (in quaternions), and 20 parameters specifying each finger joint’s activation.
Typically n = 10 waypoints are used to represent a grasp trajectory. The grasp parameters
are created in the world coordinates, hence they need to be converted to the corresponding
view’s frame of reference. With the point cloud and grasp parameters represented in the
camera’s point of view, the key goal of the deep network is plan robust grasps by learning
the relationship between the point cloud, grasp parameters and grasp success. Using the
camera pose differentiates the proposed method from [122], where camera coordinates are
not used. It should be noted that the possible camera locations in this study covers a
much larger space, as illustrated in Figure 5.8. Converting the data to the camera frame
is thus necessary.

In each scene S;, up to 20 depth images {I;;}}2, are acquired, as explained above.
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Figure 5.8 illustrates the sampled views in a scene with a fork. In addition to the reference
view (shown in blue) used to generate the point cloud, 19 views are picked around the
object. The multi-view approach ensures that the dataset has significantly more variation
than it would have had if only the actual camera pose on the real robot (shown in red)
were to be used. The increased number of views also means that the evaluative networks
are trained on a more difficult problem than the one solved in the real experiments.
The candidate grasps are created using the reference depth image Iy, obtained from the
reference camera pose. It should be noted that while up to 100 grasps are executed in
each scene, only 20 depth images are acquired. This is a compromise between using a
single view for all grasps and obtaining a different point cloud for each grasp. In most
cases, performing a grasp takes less time than acquiring a simulated point cloud.

When a candidate grasp is performed, if the object is lifted 1 metres above the virtual
table and held there for 2 seconds, it is considered as success. If, at any point, the hand
fails to grasp the object or drops it, the grasp is marked as a failure. The next section

explains the steps taken to ensure the simulation matches reality as much as possible.

5.4 Features and Constraints of the Virtual Environ-
ment

It is time-consuming and expensive to collect grasping data with real robots. Levine et al.
[122] have created large-scale data collection setups with robotic arms and grippers. Not
only this is a very expensive option, it is also infeasible for dexterous grasping. Compared
with grippers, dexterous hands can be much more fragile due to their complexity. A
possible alternative to the parallel robot setups is to create a simulation environment
for data collection, thanks to advances in physics simulators. A simulated experimental
setup was constructed in order to execute the grasps, which allowed the collection of the
required data in a short period of time with no supervision. A particularly important

aspect of the work is that the collected dataset is intended to capture the uncertainty
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coming from unobservable variables, such as mass and friction. In the proposed setup,
a wide range of masses and friction parameters were incorporated in order to prepare a
dataset where robust grasps can be identified.

The data collection procedure starts by creating a scene which has a single object
on a virtual table, as well as a depth camera looking at a point near the object. The
camera acquires a depth image of the object, and the point cloud is segmented from the
background. It is then processed by the Generative Model (GM) [105] to generate the
candidate grasps. Each candidate grasp is executed in the initial state of the scene. The

core characteristics of the simulator setup are given below.

e The data collection procedure was carried out using MuJoCo [217] as the base

physics simulator and visualiser.

e The 3D model dataset consists of a total of 294 objects from 20 graspable classes.
Additionally, the objects are scaled randomly in each scene, practically creating an

infinite number of objects.

e The 3D models used in the data collection process had to be decomposed into convex
parts using the V-HACD algorithm [146]. MuJoCo necessitates this step in order
to correctly calculate the collisions between an object and the hand links (fingers,

palm).

e The distributions for the object weights, sizes and frictional coefficients were deter-
mined from real-world data. These distributions were used to sample the properties

of the objects in simulated scenes.

e A realistic 3D mesh-model of the DLR-II hand has been used in the simulator.
There are no constraints on how the hand can approach an object, other than the

collisions with the virtual table.

e A simulated depth camera imitating the Carmine 1.09 depth sensor installed on the

Boris platform has been developed. For this purpose, modifications were made to
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Figure 5.9: In order to account for the calibration errors in real experiments, calibration
noise is added to the simulated point clouds. From left to right, each column contains two
simulated point clouds with added noise, sampled from Normal distributions of = 0 and
o = 0.1, 0.2, 0.5 and 1.0 centimetres, respectively. After the point cloud is acquired, a
noise vector < d,, d,, d, > with d,, d,, d, sampled from N(u, o) is added to the positions
of every point. Each point in the point cloud is shifted by the same noise vector. In the
collected dataset for this thesis, p is 0 and o is set to 0.4.

the Blensor Kinect Sensor Simulator [19]. Additional calibration errors were added

to the point clouds (See Figure 5.9) in order to match reality as much as possible.

e As well as the mass, scale and friction coefficients of the placed object, other vari-
ables such as camera location, direction and distance to the object have been as-
signed randomly in each scene. The object location and pose varies from scene to

scene as well.

e In order to fit the real-world robot setup, the DLR-II hand in simulation is controlled

using an impedance controller.

The reasons for some of these critical decisions are now given in slightly more detail.
First, in order to create a realistic simulation environment, the MuJoCo [217] physics
simulator was chosen over other simulators (OpenSim, BulletPhysics, ODE, NVIDIA

PhysX) for two reasons:

e MuJoCo uses generalized coordinates and optimization-based contact dynamics,

resulting in fewer numerical instabilities,
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Figure 5.10: Approximate convex decomposition of some objects in our dataset.

e MuJoCo is optimized for the quality of physics as well as its speed, hence improving

the quality of the physics simulation.

MuJoCo requires objects to consist of convex parts for accurate collision detection,
hence all of the objects in the 3D model dataset have been decomposed into convex
parts using V-HACD algorithm [146]. Volumetric Hierachical Convex Decomposition (V-
HACD) algorithm creates an approximate decomposition of an object, and Figure 5.10
illustrates the results of the method on some of the objects in the dataset. Depending
on the complexity of the 3D model, the number of sub-parts of an object in the dataset
varies between 2-120.

The collected 3D model dataset contains 20 classes, namely, bottles, bowls, cans,
boxes, cups, mugs, pans, salt and pepper shakers, plates, forks, spoons, spatulas, knives,
teapots, teacups, tennis balls, dustpans, scissors, funnels and jugs. All objects in the
dataset can be grabbed using the DLR-II hand, although there are limitations on how
some object classes can be grasped. For example, teapots and jugs are not easy to grasp
except by their handles, while small objects such as salt and pepper shakers can be
approached in more creative ways. The number of objects in each class differs between 1
(dustpan) and 25 (bottles). Of the 294 total objects, 250 from all 20 classes were allocated
for training, while the remaining 44 objects from 19 classes belong to the test set. Most
of the objects are everyday kitchen objects. Long and thin objects such as spoons, knives,
scissors, forks and spatulas are placed vertically in water cups so that it is possible to
grasp them without touching the table (See Figure 5.9). In the real-world experiments,

the same approach was applied to place such objects vertically, as attempting to grasp
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Bottle | Bowl Box Can Cup Fork Pan
30-70 | 50-400 | 50-500 | 200-400 | 30-330 | 40-80 150-450
Plate | Scissors | Shaker | Spatula | Spoon | Teacup | Teapot
40-80 | 50-150 | 100-160 | 40-80 40-80 | 150-250 | 500-800
Jug Knife Mug Funnel | Ball Dustpan
80-200 | 50-150 | 250-350 | 40-80 50-70 | 100-150

Table 5.1: Weight ranges for each object class (grams).

them while they lie on the table would be dangerous.

Realistic scales, weights and friction parameters were used for the objects in simulation.
Each object in the dataset has a reference size, which is in line with the expected object
sizes in the real world. Before an object is placed in a scene, it is randomly scaled by a
factor in the range [0.9, 1.1]. This adds extra variance in terms of object sizes to the data
collection process, while the limited scaling factors ensure that all objects remain within
the grasp aperture. Similarly, during the scene generation procedure, each object instance
is assigned a weight coming from an estimated distribution, obtained from real objects.
The weight distribution for each class is defined as a uniform distribution within a range
[min,,, maz,], limited by the minimum min,, and maximum mazx,, weights encountered
in that class among real examples. Table 5.1 shows the weight ranges for each class in
grams. The weight ranges for the classes were set by making assumptions about the
dominant materials each class can be constructed of. Such assumptions include metal
pans and teapots, ceramic/porcelain mugs and teacups, plastic/wood kitchen utensils,
and plastic/ceramic bowls. The bottles are assumed to be empty and cans are supposed
to be filled with reasonable amounts of food.

Furthermore, the friction coefficients of the object in each scene is sampled from the
range [0.5, 1] in MuJoCo default units, which covers a wide range of materials from slip-
pery surfaces (metal, porcelain) to high-friction surfaces (rubber, wood). Unlike object
weights, the friction coefficient is sampled from the same distribution for every object,
regardless of the class. The variability in weight and friction parameters ensure that data
collection process accounts for these unobservable variations, and robustness of the grasps

across different object characteristics and noise conditions becomes important. Figure 5.11
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Figure 5.11: Training a robust evaluation model. (Top row) The same pinch grasp,
executed on the same object, with varying friction and mass parameters. (Bottom row)
A more robust power grasp, executed on the same object, with the same variation in
friction and mass.

illustrates the effect of these unobservable variables on grasp success in simulation.

During the scene creation, the object is placed on the virtual table at a random pose,
in order to increase the variability. Most objects are placed in a canonical upright pose,
and only rotated along the gravity direction (akin to being placed on a turntable). The
objects belonging to the mug and cup classes have fully random 3D rotations applied
before they are placed on the table, since it is possible to grasp them in almost any
setting using the robot hand. As mentioned before, the kitchen utensil classes, along with
pairs of scissors, are placed vertically to avoid the inevitable collisions which would occur
if they were placed horizontally on the table.

In Section 5.5, the findings of the analysis on the collected simulation data are de-

scribed.
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Bottle Bowl Box Can Cup Fork Pan
35.5-47.7% | 264 - 61.2% | 16.5 - 30.1% | 41.4 - 92.6% | 44.7 - 59.9% | 59.6 - 68.1% | 37.9 - 57.3%

Plate Scissors Shaker Spatula Spoon Teacup Teapot
50.2 - 95.5% | 62.7 - 69.9% | 47.3 - 53.3% | 57.4 - 65.7% | 63.4 - 82.4% | 48.2 - 91.2% | 26.9 - 23.9%
Jug Knife Mug Funnel Ball Dustpan Total

24.9 - 43.9% | 58.3 - 65.0% | 40.7 - 80.9% | 52.3 - 65.9% | 28.0 - 82.8% | 60.1 - 78.8% | 45.8 - 63.2%

Table 5.2: The average and top grasp performances of the Generative Model (GM) on
simulated, unbalanced data.

5.5 Experiments and Analysis in Simulation

Two generative-evaluative architectures, GEA1 (integrating EM1) and GEA2 (with EM2)
have been tested in both simulated and real-world experiments. In this section, we anal-
yse the performance of the networks in simulated data. The training data collected in
simulation consists of 1,081,332 candidate grasps on 20,025 scenes. It has equal numbers
of successes and failures, and the networks were trained for 20 epochs using the training
data. The trained evaluative network was used to predict the outcomes of the grasps in
the test set. The test data contains 86,130 grasps in 1,561 scenes, and consists of 42,173
successful and 43,957 failed grasp attempts. The average number of grasps stored per
scene is 54, and each scene contains no more than 10 grasps per each of the 10 grasp
types. Roughly a third of the candidate grasps are not considered, since they result in
collisions between the hand and the virtual table.

The object classes in the dataset have different characteristics in terms of grasp af-
fordances. Some classes are easier to grasp than others. Table 5.2 shows the success
rates of the generated grasps in each class, when attempted with the grasps ranked by
the Generative Model (GM) !. The sampled grasps perform well on a number of classes
including Dustpans, Scissors, Spoons, and Mugs. Some objects can only be grasped in
certain ways. To an extent, GM can identify successful grasps with its likelihood-based
ranking. The advantage of the GM is evident in classes with high top-grasp and low
average-grasp performances, such as Balls, Mugs and Cans. The grasps which results in

collisions with the table are ignored.

IThe dataset used in this analysis is a superset of the training data mentioned in the above paragraph,
hence actual percentages may differ.
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The success prediction accuracy of GEA1 is 73.8% on the test data, while GEA2
achieves 77.8%. The top grasp ranked by the Generative Model has succeeded in 1087 /1561
test scenes (69.6%). In contrast, the top grasp as ranked by the the first generative-
evaluative architecture GEA1 has succeeded in 1300/1561 (83.3%) of the test scenes.
The second proposed method GEA2 performs even better, with a successful top grasp
in 1389/1561 scenes (90%). The proposed methods show significant improvements in

simulation.

i %
PS PF PS | PF
GTS | 35701 | 6472 | 85% | 15%
GTF | 16075 | 27882 | 37% | 63%

Table 5.3: Grasp success predictions for GEA1.

# %
PS PF PS | PF
GTS | 35141 | 7032 | 83% | 17%
GTF | 12058 | 31899 | 27% | 73%

Table 5.4: Grasp success predictions for GEA2.

Table 5.3 shows another result of our analysis on the simulated data for GEA1. In
the table, successful grasps are listed under GTS, or “Ground Truth Success”. Similarly,
failed grasps are marked as GTF, “Ground Truth Failure”. On the vertical axis, PS
and PF stand for “Predicted Success” and “Predicted Failure”, respectively. They mark
the grasps predicted by GEA1 method to be a success or failure. Figure 5.3 shows that
the proposed method GEA1 has high recall in the success category (85%) and low recall
in identifying failed grasps (63%), resulting in a higher number of false positives (GTF
and PS) than false negatives (GTS and PF). In this context, recall is the ratio of the
samples in a ground truth class which have been correctly identified by the network. The
second network, GEA2 in Figure 5.4, substantially improves the method’s performance
by improving the rate of false positives by 10% (37% to 27%). These results illustrate the

need to have a good generative model rather than a random grasp generator, since the
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number of false positives would likely increase in the case of low-quality grasp samples.

Grasp Success Probability

20 40 60 80 100

Grasp Ranking
= GEA1 == GEA2 GM

Figure 5.12: Grasp success probability vs. grasp ranking in simulation.

The desired behaviour of an evaluative method is to rank grasps based on their pre-
dicted success, monotonically from high to low. All three methods explained in this the-
sis, the Generative Model (GM) and the proposed generative-evaluative models (GEAT,
GEA2) produce a grasp ranking. GM orders the grasps based on their likelihood, cal-
culated using the finger joint positions and the object’s point cloud, while GEA1 and
GEA2 learn to predict grasp success probabilities. Figure 5.12 illustrates an analysis of
the grasp success rates in simulation vs. grasp ranking, according to all three methods.
The figure shows that the ranking produced by GEA2 is the best at identifying successful
grasps, and the probability falls nearly monotonically as the rank increases. The ranking
of GEA2 is slightly better than GEA1. The baseline method, GM, misses many successful

grasps and places some of them at the end of the list.
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Figure 5.13: The object dataset used in real robot experiments. The training objects are
given on the left column, while the test objects are in the middle and on the right.

5.6 Robot Experiments

The two proposed generative-evaluative methods (GEA1, GEA2) are compared with the
baseline Generative Model (GM), since GM represents the state-of-the-art in dexterous
grasping of novel objects using a single-view depth camera. Since the original paper
by Kopicki et al. [105] had a 77.7% success rate, a more difficult test set was created,
which contained new objects in more challenging poses. The new test set contained 40
test objects and 6 training objects, as shown in Figure 5.13. The baseline method GM
was trained by demonstrating ten example grasps on the 6 training objects. Figure 5.3
illustrates the 10 training grasps, all of which were performed with the assistance of a
person. 49 real scenes were constructed by placing the 40 test objects individually on the
table in challenging poses. The object pose with respect to the camera greatly affects
performance, since all compared algorithms rely on single-view depth images to generate
grasps. Finally, 35 out of the 40 test objects are of object classes contained in the simulated

data, while the rest are not.
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The Generative Model (GM) and generative-evaluative architectures (GEA1, GEA2)
were compared using paired trial experiments. Each model was tested on identical object-
pose combinations. During the testing phase, the top kinematically possible grasps in all
scenes were executed. It should be noted that after the grasps are ranked, those which are
not possible or safe for the robot to perform are eliminated. The top-ranked grasp that
passes this filtering is executed. A grasp is considered to be successful if the object is still
in the robot hand, after being lifted for 5 seconds, and held stable in hand for a further 5
seconds before the automatic release. As a result of the experiments, the success rate for
GM was 57.1%, for GEA1 was 77.6%, and for GEA2 was 75.5%. Table 5.5 summarises the
number of successful and failed attempts for all tested algorithms. Both proposed methods
outperform the generative model substantially. GEA1 has a statistically significant result
with a p-value of 0.0442 and GEA2 comes close with 0.0665, where p-value is the result
of a two-tailed McNemar test. The McNemar test accounts for the difference between
the results of two methods. The slight performance gap between GEA1 and GEA2 is
not statistically significant. The difference between GEA1 and GEA2 is likely due to the
robot’s calibration issues, as the experiments were performed two months apart. The end
result of 12 grasps where GM and GEA1 had different outcomes are shown in Figure 5.14.

A video which contains the grasp results of GM and GEA1 can be accessed here.

GM
# succs | # fails
# succs 23 15
GEAL! Wpis | 5 6
# succs 23 14
GEA2 # fails 5 7

Table 5.5: Real-robot paired comparison trial results.
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https://www.youtube.com/watch?v=HOTAYlVld_A

Figure 5.14: First and third row demonstrates the grasps recommended by the Generative
Model (GM). Similarly, second and fourth row grasps come from the 1st Generative-
Evaluative Model Architecture using the VGG-16 network (GEA1). Both methods were
given identical object-pose pairs as input. In the first 5 columns, we illustrate the cases
where GEA1 succeeds and GM fails. The final, sixth column shows 2 of the 5 reverse
cases where GM succeeds and GEA1 fails.

5.7 Discussion

A novel architecture consisting of one learned generative and one learned evaluative model
was presented. The generative model is a highly data-efficient method that learns from
demonstration by a human operator. Ten example grasps were performed, along with
seven different views considered per grasp, resulting in 70 grasp-view pairs. The generative
model is an ensemble, containing one model per each grasp-view pair. When encountered
with a test image, the generative model is used to generate sample grasps, and provides
a good prior which pre-filters out improbable grasps.

During training, a randomised simulation environment is used for obtaining realistic

scenes in simulation. The generative model, given the simulated depth data, creates a
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set of candidate grasps. These grasps are executed in simulation and each one is labeled
with the recorded grasp outcome, which is either a success or a fail. The results are
then used to train the evaluative deep networks which predict the success probability of
a given grasp. Two evaluative networks were proposed and tested in both simulation and
real environments. Both networks were trained by using more than 1M training grasps,
which were cheaply obtained with the help of the simulation environment. The created
artificial scenes include varying observable and hidden parameters, including object scale,
friction, weight and camera distance and pose, among others. In the testing phase, the
hybrid generative-evaluative architecture was used to generate a set of candidate grasps,
and these grasps were ranked using an evaluative model. The top kinematically-feasible
grasp was performed in every scene.

The experimental evaluation showed that the proposed methods improve the grasp
success rates considerably, and statistically significant results at 0.05 were obtained. The
proposed hybrid model outperforms the generative method in both simulation and real
experiments, illustrating that it successfully transfers the knowledge from simulation to
the real robot. A future extension of the work is to include colour images in the architec-
ture. The discrepancies between the artificial and real colour images can be addressed by
domain adaptation methods. Another interesting direction is to remove the generative
method entirely, and have the network predict a series of grasps in the order of decreasing

success probability.
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CHAPTER 6

CONCLUSION

This thesis explored two novel deep architectures in shape analysis and grasping domains.
The first one, CHOP, is a hierarchical compositional method for statistical learning of 2D
shapes. The second is a new generative-evaluative method for dexterous grasping which
has two competing evaluation models based on Deep Neural Networks (DNNs). Both
presented frameworks have multi-layer representations and learn hierarchical features.
Although compositional hierarchies and DNNs are similar in spirit, their building blocks
and learning mechanisms are different. Below, a summary of the proposed work is given,
followed by the key findings of this thesis. Future directions for the work are explained

in Section 6.3.

6.1 Summary

First, the advantages of deep methods over flat recognition systems were established
earlier in the thesis. Biological reasons and current empirical evidence suggest that deep
learning is able to bridge the gap between concepts (class labels) and data (images) more
successfully than flat, feature-based methods.

The Compositional Hierarchy of Parts, named CHOP, was designed for the statistical
analysis of shapes. It starts with simple line-based features and learns a multi-layer

feature hierarchy by recursively compressing the initial representation of the data. It
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employs graph-theoretic and information-theoretic tools to create a principled, graph-
based framework. Learning is executed in a bottom-up fashion: Each layer is trained by
compressing the data represented by the previous layer. The method performs well in
shape retrieval and classification tasks in benchmark shape datasets. The analyses show
that the learned vocabularies exhibit sub-linear growth as the number of objects, views
and classes increase.

In the second part of the thesis, a learned generative-evaluative model for dexterous
grasping was proposed. The generative model used for generating grasps is the work of
Kopicki et al. [105], and it is the current state-of-the-art. Two competing DNN-based
evaluative models were proposed. In order to create the training data required for the
data-intensive evaluative models, a data collection setup was created to execute the gen-
erated grasps in simulation. The evaluative models learn to rank the grasps by predicting
their success probabilities, after training on the simulated data. The results convincingly
show that the proposed architectures improve the grasp success rates substantially. The
evaluative methods successfully transfer the knowledge from simulation to real experi-

ments.

6.2 Key Findings
Below are two direct observations which are the results of the explorations:

1. It has been demonstrated that compositional hierarchies learn compact shape rep-
resentations, and are well-suited for shape retrieval and classification problems. As
shown in the experimental analysis of CHOP, the learned shape models exhibit

sub-linear vocabulary growth and part sharing properties.

2. A generative-evaluative architecture was proposed for dexterous grasping of previ-
ously unseen objects from a single view depth image. The experimental analysis

of this method validates two key assumptions. First, an evaluative DNN improves
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the grasp success rate by re-ranking the generated grasps based on their predicted
success probabilities on novel objects. Second, the networks are able to transfer the

knowledge from a simulation environment to the real robot.

Further discoveries can be made by comparing the two different families of algorithms

at a conceptual level:

e The learned parts via a compositional hierarchical method can easily be decom-
posed into their sub-parts in intuitive ways. As a result, the representations are
interpretable and sparse, e.g. a corner is made by two lines perpendicular to each
other. DNNs lack interpretability as the networks are densely convoluted, as op-

posed to the sparse structures of compositional methods.

e Compositional hierarchies mostly rely on feed-forward training. This is in sharp
contrast with deep networks, which are trained via a feedback mechanism (Back-
propagation). As a result, DNNs can be optimised generatively or discriminatively,
and often find better solutions in the solution search space, resulting in high per-

formance.

6.3 Future Work

An interesting research direction for deep architectures is to create a hybrid approach
that combines the strengths of compositional hierarchies and DNNs. Recently, Tabernik
et al. have shown that the notion of compositionality can be used to reduce the number
features in DNNs and improve training times [213, 212]. Another possible way to combine
these methods is to use compositional techniques as means for unsupervised pre-training
of deep networks. First, the common representations in the data can be discovered via
a compositional hierarchy. It can be argued that these representations can be encoded

as initial weights in a DNN with the same structure, and discriminative training can be
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used to fine-tune the DNN. It can be hypothesised that the pre-training would reduce the
training and convergence times of DNNs.

The extensions of the grasping work involves going beyond an evaluative approach
that ranks the generated grasps. An end-to-end learner, which takes an image as input
and generates a ranked list of grasp configurations with decreasing predicted success
probabilities is planned. The end result is a grasp generation network. The training
procedure of this end-to-end generative network may still be coupled with an evaluative
network. Multiple iterations of interleaved training (generate, collect data, evaluate) may

be needed to tune the system.
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