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Abstract

Colorectal cancer accounts for 10% of all cancer cases. Early detection is crucial for survival
and is obtained by regular screening of the gastrointestinal tract for precursors of gastrointesti-
nal cancer, known as polyps. Research has shown polyp miss rates of 14% to 30% for manual
classification performed by doctors. Similar problems related to human error are observed when
determining other attributes, such as borders and size of findings, which motivates the use of auto-
mated segmentation. Segmentation is the process of partitioning an image into areas with specified
descriptions, meaning every pixel in the image is classified to detect and locate findings. In re-
cent years, machine learning has provided impressive results for a wide variety of fields, ranging
from language translation to facial recognition and cancer detection. The focus of this thesis will
be to develop new segmentation models based on recent advances in machine learning and our
hypothesis that learning several degrees of segmentation precisions by segmenting within grids
may aid segmentation performance. This idea was motivated by the hypothesis that segmentation
performance could be improved by building upon the knowledge of performing less precise seg-
mentations. Our results suggest that segmentations of lower precisions produce better results at the
cost of less precision, which proved useful for the cases where higher precision segmentations gave
limited results. However, no impact on segmentation performance of higher segmentation preci-
sions was observed. Generally, the normal pixel-level segmentation performance of our networks
was as good as experiments with corresponding state-of-the-art neural networks for segmentation.
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Chapter 1

Introduction

1.1 Background and Motivation

Colorectal cancer is a major cause of cancer-related mortality across the world and accounts for
around 700 000 deaths annually [_8, 25]. A common scenario for those who die from colorectal
cancer is few sign of symptoms until the cancer has progressed beyond recovery, which has made
early detection important for survival. Colorectal cancer is highly treatable when found early with
a 5-year relative survival rate at about 90% [19]. Statistics show that 15% of men and women above
the age of 50 are especially at risk of developing colon cancer. This part of the population should
ideally be screened every 3 to 5 years [33] in order to detect potential cancer at an early stage and
further increase the chance of survival. However, a mass screening of such a scale puts a huge
strain on health care systems. As of 2018, no health care system can offer organized population-
wide colonoscopy screening of this scale [§]].

One of the main challenges of a population-wide mass screening is the processing of data from
the colorectal screenings. Depending on the type of colonoscopy performed, a video from one
single screening can be up to 8 hours long [[60], making the video analysis very time consuming
and tedious to do manually. In addition, the video analysis is not trivial and has to be done by
medical specialists [4]. The analysis of the video data is also often subject to various kinds of
human errors [49], with studies showing miss rates for manual classification as high as 14% to
30% for certain findings [66]. All of these challenges of processing the video data could be solved
by some means of automated analysis.

Machine learning has been successfully applied to several medical applications, including the au-
tomated detection of precursors to gastrointestinal cancer [2, |38} 64} 79]], also commonly known
as polyps. This allows doctors to be notified about the presence of polyps in a given frame, but it
does not mark the borders or the location of the polyp. Locating borders is important to be able
to estimate the size and furthermore the chance of the polyp becoming cancerous, as larger polyps
are more likely to develop to cancer. Furthermore, the need for locating the borders of polyps is
even more crucial for polyps that are subject to removal, as a poor estimate of the polyp location
might lead to a partial removal of the polyp where the polyp might continue to develop to become
cancerous at a later stage. Providing an estimate of the borders of polyps can be difficult to do
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manually and is subject to human error. It should ideally be automated along with detection, which
could be possible with the advancement of automated segmentation techniques.

Segmentation aims to both detect and locate the borders of findings, which is a significantly more
challenging task than detection. Every individual pixel in the image is classified as pertaining
to a certain region, effectively partitioning the image into regions. This differs from detection
which would indicate the presence of a finding by classifying all pixels in the entire image as
a whole. Several machine learning algorithms have provided state-of-the-art results for medical
image segmentation [S} 59, 67, 82], which motivates further research of machine learning based
segmentation approaches. The development of novel image segmentation networks could address
our medical problem and would be interesting to compare with current state-of-the-art solutions for
medical segmentation.

1.2 Problem Statement

Based on the background and motivation in the previous section, where a main challenge is the
processing of gastrointestinal data, we decided to look into improving the performance of the auto-
mated analysis of gastrointestinal data gathered from endoscopy examinations. We see the impor-
tance of investigating new approaches to improve the performance of analyzing these data, which
has the potential to make mass screening more feasible and screening more precise, and by exten-
sion, save many of the lives that are today lost to colorectal cancer. Mass screening would allow
for the detection of colorectal cancer at an earlier stage for many patients, which as mentioned in
the previous section, could dramatically increase survival rates.

The question this thesis is trying to answer can be summarized in the following:

Can we improve the segmentation performance of a segmentation model by learning to
segment within several degrees of segmentation precisions?

Our research question is motivated by our hypothesis that features used to create less precise seg-
mentations could aid the training of pixel-level segmentations. Furthermore, different degrees of
segmentation precisions can be obtained by learning to segment within grids, while the grid size
can be specified as an additional input to the segmentation model and act as a parameter for con-
trolling the segmentation precision. This is the core concept of our models, which will be used to
answer our research question. To fully answer our research question, we developed three objectives
to help guide us to a solution. Each objective builds on the one that came before it, and through the
completion of each objective, we are better suited to make a final conclusion. The three objectives
are described below.

* Objective 1: Research and develop a framework for learning a grid segmentation mapping
that takes an image and a grid size and segments the image within the specified grid size. The
segmentation mapping should also be able to perform a normal segmentation in addition to
these grid segmentations, which would correspond to a grid size equal to the image size. The
resulting framework should be able to work with several state-of-the-art neural networks.
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* Objective 2: Apply the grid segmentation framework to state-of-the-art neural networks for
segmentation. Investigate how the amount and quality of the data affects the learning of the
grid segmentations. Compare the results with corresponding state-of-the-art neural networks
without grids.

* Objective 3: Investigate how the learning of these networks can be fully adapted and mod-
ified to the grid segmentation framework in order to enhance segmentation performance.
Again, compare these results with corresponding state-of-the-art neural networks without
grids.

1.3 Limitations

We will use the medical scenario of detecting and localizing polyps as a case study for our defined
research question, which will act as a representative area of application for the methods we develop.
Despite the fact that our thesis is limited to this medical scenario, we acknowledge that the methods
investigated over the course of this thesis will generally be applicable for several fields where
machine learning can be applied.

Most of our work is limited to three datasets; Kvasir-Capsule [[76], Kvasir-SEG [43]] and CVC-
ClinicDB [21]]. The Kvasir-Capsule dataset consists of bounding box video annotations of capsule
endoscopy videos. It contains 13 different classes of findings and was developed and labeled by
us in cooperation with Simula. As for our research question and our grid based segmentation
networks, there is a possibility that using the Kvasir-Capsule for our datasets would make the
learning of the grids harder due to the bounding boxes. A small overlap of the bounding box to
a nearby grid cell would effectively mark that grid cell as containing a finding, even for the case
where the overlapping part of the bounding box does not contain a finding, which could make
learning more intricate. Since our main goal is to develop a proof of concept for our grid based
models and the bounding-box nature of the Kvasir-Capsule could make our approach more difficult
to realize, we left the Kvasir-Capsule dataset for future work.

The two datasets that ultimately were subject to our experiments were Kvasir-SEG and CVCClin-
icDB, both of which contain pixelwise annotations of polyps from colonoscopy examinations. Our
research was limited to polyps due to two primary constraints. Firstly, the two datasets did not
contain any other classes than polyps. The second and most important constraint is the general lack
of publicly available medical datasets, especially high quality datasets, which makes it difficult to
be picky about datasets and the various diseases they cover. In addition, none of the datasets we
worked with were applicable for sequential learning, which is why we decided to limit the thesis
purely to image based methods.

Due to hardware limitations of our equipment, we will restrict the thesis to mainly focus on images
of size 128x128. RAM and the memory of our graphic processing unit were our main limita-
tions in this case, which made us restrict the image size as mentioned under system specifications

(sectiond.2.4).
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1.4 Research Methods

There are several ways to conduct research. We have chosen an approach based on the Association
for Computing Machinerys (ACMs) research methodology, which was developed in 1989 by a task
force set out by the ACM Education Board. Their main goal was to assemble the core fundamentals
of computer science and computer engineering into a detailed report, which is given in the article
“Computing as a discipline” [[15]]. This article splits the discipline of computing into three main
paradigms; (i) theory, (ii) abstraction and (iii) design. The research conducted during the work of
this thesis has been in compliance with these three categories in a variety of ways, which will now
be explained in detail in addition to a brief description of each paradigm.

1.4.1 Theory

The theory part of the methodology is rooted in mathematics and describes the development of
a coherent and valid theory. These are described as four steps, (i) characterise objects of study
(definition), (ii) hypothesise possible relationships among them (theorem), (iii) determine whether
the relationships are true (proof), and (iv) interpret results.

This category is supported in our work by analyzing how different neural networks could be able
to learn grids in such a way that it could improve its segmentation performance. In particular, we
investigate how this could be possible with a U-NET architecture and Pix2Pix.

1.4.2 Abstraction

The abstraction part of this thesis is rooted in the experimental scientific method and pertains to the
investigation and development of the hypothesis. The report describes four stages of the investiga-
tion: (i) form a hypothesis, (ii) construct a model and make a prediction, (iii) design an experiment
and collect data, (iv) analyse results.

The experiments that we have conducted during the work of this thesis falls under this category.
Based on the results of our experiments, we investigated how these results came to be. We then
developed a hypothesis as to why it behaved this way and adjusted further experiments based on
this hypothesis. This was subsequently put to the test by running models with modifications in
accordance with our hypothesis, which were either able to verify or disprove our original theory.

1.4.3 Design

The design part is rooted in engineering and pertains to the construction of a system to solve a given
problem. It consists of four steps: (i) state requirements, (ii) state specifications, (iii) design and
implement the system, (iv) test the system.

Our work complies with the steps of this category by the implementation of the prototypical frame-
work for segmenting within grids and the grid segmentation networks. These systems were then
used as a part of this thesis to conduct experiments in order to show usefulness of our implemented
system.
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1.5 Main Contributions

Over the course of this thesis, we researched if learning several degrees of precision in the seg-
mentation maps could improve segmentation performance. Our research question was supported
by three different objectives which would be the main focus of our work during this thesis. These
are addressed below:

Objective 1: Research and develop a framework for learning a grid segmentation mapping that
takes an image and a grid size and segments the image within the specified grid size. The segmenta-
tion mapping should also be able to perform a normal pixel-level segmentation in addition to these
grid segmentations, which would correspond to a grid size equal to the image size. The resulting
framework should be able to work with several state-of-the-art neural networks.

This objective is supported by our development of the grid segmentation framework and
the corresponding pipeline. The grid segmentation framework enables machine learn-
ing algorithms to perform segmentations with degrees of precisions, which is realized
by learning to segment within different grids. The framework included an approach for
the encoding of grids as well as methods for generating the various segmentations within
specific grids. Our framework was successfully implemented and worked for several state-
of-the-art neural networks.

Objective 2: Apply the grid segmentation framework to state-of-the-art neural networks for seg-
mentation. Investigate how the amount and quality of the data affects the learning of the grid
segmentations. Compare the results with corresponding state-of-the-art neural networks without
grids.

We applied the grid segmentation framework to Pix2Pix [41]] and U-NET models [94].
All results considered, our models showed particularly good results for segmentations of
lower precisions at the cost of less precision, while segmentations of higher precisions
proved more difficult. Normal pixel-level segmentations proved to be the hardest task,
where we obtained at least as good performance as current state-of-the-art neural networks.
The precisions obtained for lower segmentations often allowed for good approximations
to be obtained when higher precisions failed. We also investigated how the amount and
quality of the data affected our models by using rotation augmented data and contrast
enhanced data. We obtained our best results with rotation augmentation, which offered
the most significant improvements. We only observed small improvements for contrast
enhancement. These results were also confirmed by our baseline experiments.

Objective 3: Investigate how the learning of these networks could be fully adapted and modified to
the grid segmentation framework in order to enhance segmentation performance. Again, compare
these results with corresponding state-of-the-art neural networks without grids.

This objective is supported by the theories we developed for how our grid segmentation
networks could learn in a manner that could improve segmentation performance and the
following modifications we performed to accommodate the learning process. We devel-
oped a theory that the receptive fields of the different layers could represent different grids,
in which adding skip connections between all upsampling layers to the last layer could al-
low grid information to be propagated directly to the last layer. We also incorporated the
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grid size into the loss of our models in order to try to push the models towards better
learning of grids. Generally, our experiments with these models obtained nearly the same
results as previous experiments.

Regarding the overall research question, we were not able to confirm the hypothesis that learning
several degrees of precision in the segmentation maps would enhance segmentation performance, as
implied by the answers to our objectives above. However, we did manage to successfully implement
a framework and corresponding neural networks that were able to segment within different degrees
of precisions, which showed particularly good results for segmentation with less precision. This
proved useful for the cases where higher precision segmentations gave limited results. It was often
possible to obtain a good approximation when adjusting our segmentation precision input parameter
to lower precisions.

Kvasir-Capsule Paper and Dataset: Besides the system we developed and described above, we
also addressed the problem of automated polyp segmentation by the development of an open access
dataset for gastrointestinal data, which we published a corresponding paper for during the work of
our master thesis [[76]. The dataset contains 44260 bounding-box labeled and medically verified
images obtained from 118 capsule colonoscopy videos.

1.6 Thesis Outline

This thesis is structured into five different chapters. The two first chapters are introductory and
explain the basic background needed for the research we conducted. Chapter 3 and 4 explain our
main work and the ideas we developed over the course of this thesis. The fifth and final chapter
concludes the whole thesis, sums up our work and present future work. The structure of the whole
thesis including a summary of each chapter (except chapter 1) is presented below.

Chapter 2 - Background and Related Works

The thesis will begin by explaining the medical and technical background for using deep learning
in medical applications. The chapter is essentially structured in two parts, one for the medical
background and one for the technical details of machine learning. We begin by introducing the
medical background and the structure of the gastrointestinal tract. We explain the various diseases
the gastrointestinal tract is subject to as well as the available screening methods to detect them. We
also explain the various landmarks used by algorithms and doctors to locate particular findings.

We then present the machine learning background, which describes the theoretical foundation for
the methods we will be using in our research. We also provide an overview of relevant machine
learning methods for medical data. The chapter starts with explaining what machine learning is
and the various types of machine learning such as supervised, unsupervised and reinforcement
learning. It further continues to explain the concept of a simple artificial neural network through
basic Multilayer Perceptrons.

We then expand on this knowledge by gradually introducing more complex neural networks. From
Multilayer Perceptrons, we proceed to introduce CNNs. We then build upon the knowledge of
CNNs and introduce GANSs and its various variants for image segmentation purposes, all of which
build upon CNNs. These image segmentation techniques will be essential in the research of our
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objectives. Finally, we present machine learning methods for video data by extending the theory of
learning on image inputs such that the networks are able to learn across inputs over time.

Chapter 3 - Grid Segmentation Networks

We present the basics of the models we have developed over the course of this thesis which we col-
lectively refer to as Grid Segmentation Networks. We first explain the Grid Segmentation Frame-
work and the fundamental pipeline associated with this framework, which constitute the core of our
basic grid segmentation networks. We then expand upon the machine learning background from
the previous chapter and introduce the basic concept of Grid-GANs and Grid U-NETs, which in
their most basic form are variants of General Adversarial Networks and U-NETs where we employ
the grid segmentation framework.

Chapter 4 - Methods and Experiments

This chapter presents the main work of our thesis. Experiments have been conducted in an itera-
tive manner, where we have modified our models based on results from previous experiments. We
begin this chapter with describing the data material that we have chosen to work with. It presents
how the different datasets were collected, what they capture and their limitations. General issues
regarding data collection are explained and possible solutions are discussed, such as data augmen-
tation and data enhancement. Various methods to improve the amount and quality of our data are
then presented, with the goal of increasing the segmentation performance of our neural networks.

We then proceed to explain the basic setup of all our experiments, including how we decided to
perform cross validation for our grid networks, what metrics we used to measure the segmentation
performance of the grid networks, the basic architecture used for our experiments and at last system
specifications for the experiments we conducted.

We then proceed to explain the various experiments we performed, starting with basic Grid-GAN:S.
We then improve the segmentation performance by various data enhancement/augmentation meth-
ods as well as investigate how the inclusion of various grids affect segmentation performance.
Subsequent experiments are direct modifications of how the model learns, which are performed
in order to learn grids better and possibly increase segmentation performance. These are modifi-
cations pertaining to the loss and skip connections. We then perform baseline experiments for a
corresponding U-NET models to measure the segmentation performance of our Grid-GAN:S.

Chapter 5 - Conclusion
Finally, we summarize, discuss and conclude based on the presented findings and discuss potential
future work.



Chapter 2

Background and Related Works

Deep learning has achieved impressive success in a wide variety of fields over the recent years,
including computer vision [[14, 48||, language translation [31,|86] and robotics [61]. There has been
a particular focus on applying these methods for medical applications as well, where they have been
successfully applied for the detection of skin cancer [35]], breast cancer [22]], brain tumors [[85]] and
epilepsy [65]]. In the very recent times of writing this thesis, deep learning has also shown promising
results for diagnosing covid-19 based on computed tomography scans of the lungs [1].

This chapter will provide the background and related works that are essential to be able to investi-
gate our problem statement and apply deep learning techniques for the detection of gastrointestinal
diseases. The background and related works will be covered over two parts, one covers the medical
background while the other covers the machine learning background. We begin with the medical
background as this is vital to the understanding of the medical problem that we will try to solve by
deep learning. We will then proceed to the second part of this chapter, which describes the techni-
cal details of relevant deep learning algorithms for our medical problem as well as introducing the
models that will be utilized over the course of this thesis.

2.1 Medical Background

We will start by presenting the gastrointestinal tract and the various diseases it is subject to which
we have been working with over the course of this thesis. We will then proceed to explain the
various gastrointestinal landmarks, whose main purpose is to identify the location of a particular
finding, but can also be used to detect various diseases as well. Furthermore, we will present various
gastrointestinal screening methods that are currently used to detect these diseases and the various
landmarks. We will also explain how they are used to collect the data which we will be working
with in this thesis.
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2.1.1 The Gastrointestinal Tract

The gastrointestinal tract, also called the digestive tract, is the main organ of the human digestive
system. Its primary focus is to process food by absorbing nutrients through digestion and disposing
of the resulting waste products through feces and urine. It can generally be divided into the upper
gastrointestinal tract and the lower gastrointestinal tract, though some also differentiate the small
intestine from these two categories. This is because the two procedures for inspecting the gastroin-
testinal tract generally do not cover the small intestine, which would instead have to be inspected
by other alternatives, for instance wireless capsule endoscopy. We will be using the simplest two
part division between the upper and lower gastrointestinal tract.

The common distinction between upper and lower gastrointestinal tract is marked and illustrated
in Figure 2.1} Digestion begins in the cavity of the mouth where food is masticated by teeth,
moistened by saliva and partially broken down by enzymes in the salvia. The food then travels
down the esophagus to the stomach where it is further broken down by acids and enzymes. It
proceeds to the small intestine, which is where neutrients mainly are absorbed and carried into the
blood stream [32]. The mucosa of the gastrointestinal wall in the small intestine secretes enzymes
and bile from the pancreas and gall bladder which further breaks down the food. The remaining
product is then passed to the large intestine, which absorbs the remaining water, salts and vitamins
and further to the anus where it is dismissed from the body in the form of feces.

——Esophagus

Liver

Stomach

| --Esophagus /

Small intestine

Large intestine

a) Upper gastrointestinal tract b) Lower gastrointestinal tract

Figure 2.1: Illustration of the gastrointestinal tractﬂ

!Credit goes to author Terese Winslow and National Cancer Institute: https://visualsonline.cancer.gov/details.
cfm?imageid=7206
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2.1.1.1 Diseases in the Gastrointestinal Tract

The gastrointestinal tract is subject to a wide range of diseases, many of which can have very
serious consequences for the patient, like types of cancers, infections or inflammations. Most of
the work in this thesis will be centered around polyps, which are precursors to gastrointestinal
cancer. During the work of this thesis, we also worked with other diseases when labeling the
Kvasir-Capsule dataset, among them ulcerative colitis.

2.1.1.1.1 Polyps

Polyps are abnormal outgrowths of tissue which typically grow from a mucous membrane such as
the innermost layer of the intestinal wall in the gastrointestinal tract. They can be flat, elevated
or protruding into the lumen, for instance by a thin stalk [40]. They are further typically divided
into two different categories called non-neoplastic and neoplastic, which describes their chance of
becoming cancerous. Non-neoplastic polyps have a small chance of becoming cancerous and gen-
erally cover inflammatory polyps, hyperplastic polyps and hamartomatous polyps. The neoplastic
polyps cover adenomatous polyps and serrated polyps. Both have a chance of becoming cancerous,
though serrated polyps have the greatest chance of becoming cancerous.

Figure 2.2: Example of a polyp, taken from the Kvasir-SEG dataset .

All polyps are typically removed upon detection, as there is always a chance that they might become
cancerous. The polyps are typically removed by fitting a snare around the polyp, cutting it off
and further storing the polyp in a small bag for later retrieval. Polyps are often elevated prior to
removal [81]], especially if the polyp is very flat or otherwise not particularly easy to remove. The
elevation of the polyp is done by injection of a lifting agent into the gastrointestinal wall close to
the polyp. Usually the lifting agent is saline fluid for the smaller polyps, while other more viscous
agents are prefered for larger polyps. This agent is in addition often dyed with a blue color which
is later used to evaluate if the polyp was completely removed. This is important as polyps that are
not completely removed may continue to grow and later become malignant.
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2.1.1.1.2 Ulcerative Colitis

Ulcerative colitis is a chronic inflammatory disease which results in inflamation and chronic wounds
in the form of ulcers in the colon and rectum. The disease usually develops between the age of 25
and 35. The primary symptoms are diarrhea mixed with blood, abdominal pain and cramping.
Other symptoms are also anemia due to the extensive bleeding, weight loss and fevers. The course
and the severity of the disease is often very individual, but it can generally become quite uncom-
fortable and have a large impact upon quality of life. A case of ulcerative colitis with clear findings
of inflamation can be seen in Figure 2.3

Figure 2.3: Case of ulcerative colitis with ulceration of the mucosa, as well as bleeding and
swelling. Image taken from the Kvasir Dataset [63].

2.1.1.2 Anatomical Landmarks in the Gastrointestinal Tract

Anatomical landmarks are characteristic reference points in the gastrointestinal tract used by algo-
rithms and humans to determine where the endoscopic device is currently situated in the gastroin-
testinal tract. These reference points are essential in determining the location of potential findings
as well as when the colonoscopy is finished. Information pertaining to various diseases can also
be extracted by often looking at the surrounding area of an anatomical landmark, as for instance
is the case for the Z-line, which is inspected to diagnose gastroesophageal reflux disease. These
landmarks were used and labeled by us during our development of the Kvasir-Capsule dataset, but
in our final algorithms we ended up only detecting polyps and not these landmarks.

2.1.1.2.1 Z-line

The Z-line marks the exit of the esophagus and the entry over to the stomach. When inspecting
endoscopic video data, the Z-line is known as the transition from the white mucosa of the esophagus
to the red mucosa of the stomach, which can be seen in Figure @ It is an important landmark
which is also used for the detection of various diseases. It is typically inspected for the diagnosis of
gastroesophageal reflux disease, which is caused by a weakness in the closing mechanism between
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the esophagus and the stomach. This results in the rise of gastric acid into the esophagus which
may cause heartburn, chest pain and regurgitation.

Figure 2.4: Image of a Z-line, taken from the Kvasir dataset . The image clearly shows the
transition from the white mucosa of the esophagus to the red mucosa of the stomach.

2.1.1.2.2 Pylorus

The pylorus is the muscle that connects the stomach and the first section of the small intestine
(the duodenum). It ends as a sphincter which acts as a closing valve that regulates the amount of
intestinal contents that are allowed to be passed over to the small intestine. From an endoscopic
perspective, the pylorus can be observed as an opening encircled by pink colored mucosa, which
can be observed in Figure[2.5] The stomach is often marked by characteristic gastric folds, while the
small intestine is marked by intestinal villi, the latter of which are finger-like projections extending
from the gastrointestinal walls of the small intestine. The pylorus is situated in the transitioning
between these characteristic markings.

Figure 2.5: Image of a pylorus taken from the Kvasir dataset , which connects the stomach to
the duodenum.
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2.1.1.2.3 Cecum

The cecum is considered to be the beginning of the large intestine and is illustrated in Figure [2.6]
It receives partially digested food from the final section of the small intestine (ileum) and connects
to the ascending colon of the large intestine. The cecum is an important anatomical landmark as it
indicates a full completion of a colonoscopy, which process the colon from end to beginning.

Figure 2.6: Image of a cecum taken from the Kvasir dataset , which is considered to be the
beginning of the large intestine.

2.1.2 Screening Methods of the Gastrointestinal Tract

Colorectal cancer is one of the most severe diseases of the gastrointestinal tract and accounts for
10% of all cancer cases [10]. It is one of the leading causes of cancer related deaths globally, where
the patients who do not survive have in many cases been nearly asymptomatic until the cancer
has progressed beyond recovery [8, 25]. This is why colorectal screening has been a vital tool
to reduce the number of deaths attributed to colorectal cancer. There are currently a variety of
different methods for screening the gastrointestinal tract which we will now proceed to explain.

2.1.2.1 Gastrointestinal Endoscopy

Gastrointestinal endoscopy is a medical procedure for examinating the gastrointestinal tract for
abnormalities and diseases as those described in the previous sections (Section[2.1.1.Tand[2.1.1.2)).
The instrument used for the procedure is an endoscope, which in practice is a long flexible tube
with a camera and is illustrated in Figure[2.7] Depending on which parts of the gastrointestinal tract
that will be subject to examination, this long flexible tube is inserted either into the mouth or anus
of the patient. The procedure where this instrument is inserted into the mouth is generally refered
to as gastroscopy, while the procedure where the instrument is inserted into the anus is called
colonoscopy. The procedure for gastroscopy and colonoscopy can be illustrated in Figure [2.7]

Colonoscopy procedures are generally very resource demanding and expensive to perform. The
cost of a single colonoscopy is about 1000 USD, which makes it among one of the most expensive
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Colonoscopy
Upper Endoscopy

Endoscope

a) Gastroscopy b) Colonoscopy

Figure 2.7: Illustration of how conventional endoscopy procedures are performed, either as gas-
troscopy or colonoscopy proceduresﬂ

cancer screening procedures [68] and a significant investment for most of the U.S population. Most
of the cost is attributed to the number of medically qualified personnel required and the significant
amount of time required for the execution of the procedure [28]]. The procedure is also known to
be uncomfortable and very intrusive, which may cause patients to abstain from the procedure.

Wireless Capsule Endoscopy (WCE) is an endoscopic procedure which have been in use since early
2000 and eliminates many of these constraints [[16]]. The patient swallows a camera attached pill
which records the digestive system and generally requires little to no involvement from medical
personnel. Today as a concequence of its currently quite limited state, it is mostly used in addition
to endoscopic procedures [23]]. Especially for cases where conventional endoscopies do not find
any abnormalities despite that the patient still suffers clear symptoms from gastrointestinal diseases.
In contrast to colonoscopy, the intestine will not be inflated with air during the procedure, which
might be both an advantage and a disadvantage in terms of disease detection. Small polyps may be
more visible during WCE as they will not be pushed down by the air pressure that occurs when the
intestine is inflated with air. The lack of air pressure might also cause certain findings to be difficult
to spot. The following section will describe WCE in more detail.

2Credit goes to author Terese Winslow and National Cancer Institute: |https://www.cancer.gov/types/stomach/
patient/stomach-treatment-pdq
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2.1.2.2 Wireless Capsule Endoscopy

Wireless Capsule Endoscopy (WCE) is a procedure for screening the gastrointestinal tract using a
small pill-sized camera capsule. Figure 2.8 shows the camera capsule that was used to gather data
to the Kvasir-Capsule dataset we helped develop. The capsules typically contain image sensors,
pH-sensors and bleeding sensors in addition to light sources, antennas, transceivers and batteries
for the capsule to operate properly. The camera capsule is swallowed by the patient, which travels
through the digestive system while transmitting video data to a recorder that is worn on a belt
around the waist. The camera capsule is subsequently excreted and retrieved from the rectum of
the patient and a screening is then performed based on the observed recordings. The procedure is
generally known to be of low risk. There is a small chance that the capsule might get stuck, in
which case endoscopic or surgical removal is needed.

Optical dome

". Lens holder
\ Lens

CMOS imager

F; : / ﬁ.nterina
Battery |

&
-
lluminating LED'S ASIC transmitter

Figure 2.8: A typical example of a camera capsule used for WCE ﬂ The data we worked with was
gathered by an Olympus EC-S10 endocapsule.

Most of the limitations for this type of screening are attributed to the small size of the camera
capsule, which impose strict requirements to the size of the equipment. Camera capsules typically
have low framerates and resolution compared to conventional endoscopy procedures, which could
make disease detection more difficult. Through the advancement of the current limitations, there
is a possibility that automated mass screening could be realized in a cheap and efficient manner by
the use of these camera capsules.

The recordings can be up to 8 hours long and has to be processed. There is a similar problem
for colonoscopy procedures where there generally is a lot of video data that needs to be examined,
which for the case of colonoscopy is done during the procedure, with varying operator performance
and detection rates 80]. The analysis of the video data is tedious work that is subject to

3Credit goes to Olympus Press Center: |https: / /www.olympus-europa.com /medical /en /Products-and-Solutions/
Products/Product/ENDOCAPSULE-10-System.htm|
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various kids of human errors, with miss rates of manual classification as high as 14% to 30% for
certain findings [66]. Various machine learning techniques have yielded quite promising results
for the analysis of these datas. Among them are convolutional neural networks used for classifica-
tion [2, 38]] and segmentation [42, 82|, as well as recurrent neural networks for classification [11].
We will now proceed to describe the various machine learning methods that have traditionally been
used for the processing of these datas and related datas.

2.2 Machine Learning Background

In recent years, there has been an exponential growth in the popularity of machine learning. The
year of 2012 sparked a wave of research into machine learning when AlexNet [48]], a neural network
based on deep learning, won the ImageNet challenge with a top-5 error margin over 10% lower than
corresponding top competitors, corresponding to 15.3%. This was a result of the immense strides
that have been made over several years in hardware, the inner workings of the algorithms and the
advent of deep learning. The depth of the model is the core concept of deep learning and was made
feasible by the utilization of GPUs during training.

Today, machine learning has achieved state-of-the-art performance within an extensive number of
fields, including the speech and language processing [31,/89], facial recognition [71}|84], robotics [61]
and a wide range of medical applications [22} |35, 65, 85]. In 2018, several convolutional neural
networks were able to diagnose breast cancer at a level which was at least as good as trained
pathologists [22]. The success that have been observed in the recent years motivates applying these
methods to other medical applications as well which could assist hospitals and medical personnel
in the diagnosis and treatment of patients. As for the scope of this thesis, our primary focus will
be investigating new variants of segmentation models that detect and locate polyps found in the
gastrointestinal tract.

2.2.1 Types of Machine Learning

This section will cover the major types of machine learning algorithms. The main focus of our
research will be supervised segmentation models such as U-NETs and Pix2Pix. Unsupervised
learning algorithms are briefly mentioned as background since some of the models applied in this
thesis are related to unsupervised models. This is the case for our main model (the Pix2Pix) which
is supervised [4 1] and closely related to CycleGAN which is unsupervised [94].

2.2.1.1 Supervised Learning

Supervised learning is a type of machine learning where a function is learned based on example
input-output pairs which constitute the training dataset. This training dataset of labeled data is then
used to infer a function by an iterative process of feeding samples to the model and comparing it
with the corresponding ground truth. The parameters of the model are then changed based on how
incorrect the prediction was. This process is repeated a given number of times or until the model has
stopped improving. Common applications for this type of learning are image classification [2, 36,
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48| and segmentation [43] 44, 83]], speech recognition [34] and language translation [31} 88]. Some
widely used supervised learning algorithms are Support Vector Machines (SVMs) [24], MLPs [26],
and CNNs [48]].

2.2.1.2 Unsupervised Learning

Unsupervised learning algorithms learn from unlabeled data. The goal is to find an underlying
structure in the data and learn a task related to this structure. The dominant algorithms for this
type of machine learning have traditionally been clustering algorithms, such as k-means cluster-
ing. These algorithms can for instance find an underlying structure in the data that could represent
different classes, for instance different findings in the gastrointestinal tract. The task of the unsu-
pervised clustering algorithm is then to group data together based on this underlying structure it has
found [75]. The use of unsupervised clustering algorithms can greatly reduce the time needed to
label data, which is particularly useful when there is a lack of experts to label data. There is a gen-
eral lack of gastrology experts to label data, which makes these algorithms particularly important
and interesting for gastrointestinal data.

The development of unsupervised learning algorithms has lately been particularly focused on gen-
erative models, such as variants of Generative Adversarial Networks (GANSs) [29]] and Variational
Autoencoders (VAEs) [47]. Common applications for generative models are generating new media,
such as text [91], music [12], or images [52]]. For image applications, the goal may be to perform
an image-to-image translation to generate something new, like translating real photos to paintings
or translating a picture from summer to winter conditions. CycleGAN is a type of GAN that has
gained a lot of traction lately, which has the ability to perform these tasks. It will be briefly cov-
ered in Section [2.2.3.2.2] due to its relationship to Pix2Pix, which will be used extensively in this
thesis. Other common unsupervised algorithms are variants of autoencoders and latent dirichlet
allocations.

2.2.1.3 Reinforcement Learning

Reinforcement learning algorithms learn based on the experience that it gains by interacting with a
particular environment. The goal is to maximize a given award that is given by interacting with the
environment. A significant difference between supervised learning is that it is typically not known
whether a particular action was desired or not before many steps have passed, which differs from
supervised learning where this is known the instant the action would be performed. This means that
it trains considerably slower compared to supervised learning as gradient updates are rarer than for
supervised learning.

Supervised learning also learns from labeled data, but this is not strictly the case of reinforcement
learning. There is also a known target reward for the given actions which suggests reinforcement
learning would not be entirely unsupervised either. The algorithms are often used in applications
where there exists desirable outcomes and an environment to learn from and interact with. It has
thus often found use in the task of learning to play games such as chess [/4]] or learning the actions
of autonomous cars, which all have desirable outcomes and environments they interact with. Com-
monly used algorithms for reinforcement learning are Q-learning, Deep Q-networks and policy
learning [56, 57,|73]].
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2.2.2 Neural Networks

Artificial Neural Networks (ANNs), or neural networks, are computational models vaguely inspired
by the biological networks in the human brain. Although originally motivated by the behavior of
this biological structure, it has since diverged from its original motivation in search of optimiz-
ing for state of the art machine learning results. It is because of this development that we will
rather describe and motivate the different neural networks in this chapter on the basis of technical
perspectives rather than biological perspectives.

In general, the computational architecture of neural networks can be described as a collection of
interconnected artificial neurons. The output of an artificial neuron to a particular input is dependent
upon numeric weights which are learned during training of the network. The response of the
network to a particular input could be determined by configuring these weights. As the network
learns to respond correctly when presented with given examples, the network can at the same time
learn to generalize what it has learned to inputs it has never directly observed.

MLPs are among some of the simplest types of neural networks alongside perceptrons. They
are also considerably more powerful than a simple perceptron as they can be universal function
approximators, which is proven by the universal approximation theorem [17]]. This gives them
a wide variety of applications within several fields, ranging from cyber security [87] and e-mail
spam filtering [18] to several medical applications. Particular medical applications include outcome
prediction of colorectal cancer patients and prediction of epileptic seizures of epilepsy patients [9,
65]]. Due to their simplicity and wide range of applications, we will proceed to explain the basic
concepts of neural networks on the basis of MLPs.

2.2.2.1 Artificial Neurons

The basic building block of a neural network is the artificial neuron. They contain parameters
known as weights and biases that determine how the particular neuron responds to a particular
input. For the case of MLPs, every neuron performs a weighted sum of its input which is then
offset by a bias term. The role of the bias is to shift the value of the weighted sum and hence
be able to represent more complex outputs. This is subsequently passed to a non-linear activation
function. An illustration of the basic ideas of an artificial neuron is given in Figure[2.9]

The activation function is one of the most important parts of the architecture of the neural network,
as it introduces non-linearity into the model. Without it or if the activation function was linear, each
value in the resulting output vector in every layer would be a linear function of its input, which
would severely restrict the capabilities of the model. A classification model with this architecture
would for instance only be able to learn linear decision boundaries.

The output of the neuron (that is, the subsequent result of applying the activation function) is passed
either to the next layer or given as the output of the neural network, which suggests that the network
architecture is feed forward. Every neuron in an MLP is also fully connected, which in addition to
the feed forward layout of the network means that the input of a particular neuron is the outputs of
all neurons from the previous layer.
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Figure 2.9: Illustration of an artificial neurmﬂ with three inputs X 1,X2, X3 that are summed and
weighted with corresponding weights W1, W2, W3 and passed to an actication function f to pro-
duce an output Y. This is a typical layout of a neuron for MLPs.

2.2.2.2 Network Layout

A neural network is structured layerwise where each layer is a collection of neurons. In the case
of MLPs, each layer feeds to the next where the architecture typically consists of one input layer,
an optional number of hidden layers and finally one output layer. This architectural layout can
be seen in Figure 2.10] At least one hidden layer is required in order for the network to meet
the requirements of the universal approximation theorem and to be used as a universal function
approximator.

Input layer i Hidden layers i Qutput layer

Input 1 v v E
.V/A‘\\a{{“‘\\'{{‘\
Input 2 ‘qi.‘w7.""7.‘v.
o7 o lhollbe Y,
KNI S,
Output n

h, 0

Output 1

N Y

Figure 2.10: Example of a neural networkﬂ called a feed forward neural network. Neurons are
arranged layerwise where each layer incorporates increasingly more advanced features the deeper
the layer is situated.

4Credit goes to author Arindam Mallik: http://www1.semi.org/eu/sites/semi.org/files/events/presentations/
02_Arindam_ Mallik _imec.pdf
>Credit goes to author Facundo Bre: https://cutt.ly/sd2gWKW.
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2.2.2.3 Training

Neural networks learn by a procedure known as training. This involves presenting the network
with data from a training set which the network learns and infers relationships from. How these
relationships are inferred is dependent upon the type of machine learning that is utilized. The
general ideas for each type were explained in Section 2.2.1] This section will expand upon the
theory presented for supervised learning, which is the main focus of this thesis. The main idea is
that the network gains knowledge by being presented with examples, much like how the humans
learn. But in comparison to the human brain, neural networks require at the very least thousands of
examples to perform nearly as well as humans.

The training of the network consists of learning network parameters by iteratively comparing pre-
dicted output of the network with the corresponding ground truth data through an error function
(also called a loss function or a cost function). Weights are subsequently learned by performing
gradient descent on the chosen error function with respect to the corresponding gradients of the
weights. The idea is that the network will learn to recognize general patterns from the ground truth
data which in turn makes the network respond correctly when it is presented with similar input.

The gradients during training are calculated by an algorithm known as backpropagation, which
computes the gradient of the loss function with respect to each weight one layer at a time, iterating
backward from the last layer [93]]. Each gradient is computed by use of the chain rule and dynamic
programming. A lookup table of calculated gradients is generated to avoid calculating the same
gradient repeatedly and is the cornerstone for the efficiency of the backpropagation algorithm.

How hyperparameters impact training

Hyperparameters impact the training and have to be carefully chosen and explored in order to get
a model with optimal performance. The learning rate is the size of the corrective step that is taken
to adjust for the error during gradient descent. A low learning rate makes learning considerably
slower than a high learning rate, but has the potential for greater accuracy than a higher learning
rate. Higher learning rates have lower accuracy but shorten the training time.

2.2.3 Neural Networks for Image Applications

MLPs are not particularly well suited for learning tasks pertaining to image inputs. Every layer is
fully connected, which cause the parameter space to rapidly increase with the size of the input and
furthermore the depth of the model. This makes learning difficult as the optimization problem for
finding the minimum of the loss will get increasingly complicated the larger the parameter space is.
This is known as the curse of dimensionality [27] and gives rise to a difficult optimization problem
that will complicate the learning of the model.

In addition to the learning difficulties resulting from the curse of dimensionality, MLPs do not
take the spatial structure of the input image directly into account. Input pixels that are far apart
are effectively treated the same way as pixels that are close together as a consequence of the fully
connected nature of each neuron in the network. This is very unfortunate as the spatial structure
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of an image is very important information, which in the case for image inputs will furthermore
complicate an already quite difficult learning problem.

2.2.3.1 Convolutional Neural Networks

A CNN is a type of feed-forward neural network that works on the concept of local connectivity
instead of the full connectivity seen in MLPs. As will be shown throughout this section, this
particular choice of design avoids many of the problems described in Section [2.2.3| when learning
image related tasks with MLPs. Besides the design choice of local connectivity, CNNs share many
of the same fundamental ideas of MLPs that were described in Section both in terms of how
they learn (that is, updating weights by backpropagation) and their fundamental structure.

The development of CNNs was historically inspired by the behavior of the primary visual cortex
of the brain. It later diverged from the origin of its biological motivation, akin to the development
of MLPs. The visual cortex of the brain consists of cells whose main goal is to detect light in
small, overlapping subregions that are called receptive fields. The cells in the visual cortex can be
interpreted as filters applied to the input space. This particular interpretation corresponds directly
to the interpretation of a convolutional layer in a CNN.

2.2.3.1.1 Convolutional Layers

Local features and their corresponding descriptors have traditionally been the building blocks of
computer vision algorithms. In this regard, fully connected layers are not optimal for computer
vision related tasks, as they mainly extract global features (features pertaining to the entire image).
The global extraction of features follows from the fully connected nature of the layers, which
globally transforms the entirety of the input. For the purpose of computer vision related tasks, it
would rather be preferable to have layers that can extract local features pertaining to a certain part
of the image, which is in its very essence what convolutional layers are designed to do.

Convolutional layers are the fundamental building blocks of CNNs. They extract local features by
locally transforming the input image through convolutions with filter kernels of learnable weights.
This introduces local connectivity and ensures that the spatial structure of the input is taken into
account, which is crucial as images are dominated by spatially local input patterns. The local
connectivity that is introduced into the model also reduces the number of learnable parameters
and yields a more parameter efficient model that limits the problems described in Section [2.2.3]
associated with the curse of dimensionality when minimizing the loss. This will facilitate learning
as the loss will become easier to minimize.

The basics of how layers of artificial neurons work were presented in Section [2.2.2]and explained
by the use of MLPs. Much of the basic theory regarding backpropagation and artificial neurons
remain valid when explaining the details of how convolutional layers work, which is why this
section will proceed to explain the main differences from what has already been presented and
expand upon this. As shown in Section[2.2.2] the output of a fully connected layer is a vector where
each element is a weighted sum of the entire input which is subsequently passed to an activation
function. That is, each element in the resulting vector from a fully connected layer is a dot product
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between a vector of weights and the entire input, which is subsequently passed to an activation
function.

In a convolutional layer however, this dot product is substituted for a convolution. Hence every
element in this output vector would be the result of a convolution between the input and a filter
kernel of weights which is then passed to an activation function. The output of a convolutional
layer could thus be interpreted as a 3D volume where each slice (shown in Figure 2.11] called a
feature map) would correspond to the result of one of these convolutions, which would be a 2D
matrix of local transformations of the input.
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Figure 2.11: The output of a convolutional layerﬁ can be interpreted as a volume where each slice
(called a feature map) corresponds to the result of a convolution of the input with a filter kernel of
learnable weights that are learned during backpropagation and training of the convolutional neural
network.

Thus convolutional layers transform the input locally through convolutions, which differs from
fully connected layers that transform the entirety of the input through dot products. The output
of the convolutional layer is furthermore passed to some non-linear activation function, which in
the case of convolutional networks often is a Rectified Linear Unit (ReLU). This is then optionally
followed by a pooling layer or some kind of downsampling.

®Credit goes to author Brilliant.org: https://brilliant.org/wiki/convolutional-neural-network/
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2.2.3.1.2 Pooling Layers

Pooling layers have traditionally been a key component of convolutional neural network architec-
tures and are typically placed after convolutional layers. They reduce spatial information of the
feature map from the preceding convolutional layer by downsampling along the spatial dimen-
sions. This ensures that the features are generalized to more positionally and rotationally invariant
features, which can be important in order to recognize objects in a variety of different positions and
rotations.

The downsampling performed by the pooling layer also reduces the number of parameters, which
can have a variety of good effects which have already been mentioned in Section It can
facilitate learning as the optimization problem of minimizing the loss may become easier and it
also reduces the overall number of computations, which can be important for the ease of use of
large convolutional networks.

The downsampling is typically done by a max or average pooling. The operation is similar to a
convolution in the sense that it is a sliding window. The size and stride of the particular windows are
often set to 2. An example of this can be seen in Figure[2.12] The pooling layer does not contain any
weights and is simply a downsampling, which implies that during learning and backpropagation,
the layer would simply perform routing of gradients.
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Figure 2.12: Example of max pooling[] of a two dimensional matrix using a stride and pool size of
2.

2.2.3.1.3 Network Layout

A classic unit structure of a CNN consists of one or more convolutional layers that are subsequently
followed by a pooling layer. The stacking of such units can in principle be repeated indefinitely
and is illustrated in Figure Deeper layers of convolutional layers increase the size of receptive
fields and the complexity of the recognized features. With sufficient depth, such a network would
be known as a deep convolutional neural network, falling into the category of deep learning.

Credit goes to author Hans Holten-Lund: |http://program.fpgaworld.com/2017/More _information/extra
material/Hans_Holten Lund 2017.pdf
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Figure 2.13: Convolutional Neural Network architecture for image classification ﬂ It is divided
into two parts - one for feature learning and one for classification. The feature extraction part
constitutes a stacking of pooling and convolutional layers while the classification part is a fully
connected layer.

2.2.3.1.4 U-NET Architecture

U-NET is a CNN architecture specifically developed for image segmentation [67]. It was pub-
lished in 2015 and originally developed at the University of Freiburg in Germany for the purpose
of segmentating biomedical images. It has since provided state of the art segmentation perfor-
mance for medical image segmentation tasks and has been one of the most popular architectures
among the medical imaging community. The U-NET architecture was originally based on the fully
convolutional network, but this section will motivate the architecture from the perspective of the
traditional CNN architecture described in Section 2.2.3.1l The U-NET architecture works in two
parts, a downsampling part and an upsampling part which are more or less symmetric and results
in a u-shaped architecture which is illustrated in Figure [2.14] This u-shaped architecture of the
U-NET is what gave name to the architecture.

The downsampling part of U-NET transforms the input to a feature space which describes in high
level features what the image contains. It incorporates few spatial details as to where exactly these
findings are situated. More spatial details are needed in order to construct the exact location of the
segmented objects, and this is where the upsampling part comes in to play. The upsampling part
of the U-NET takes the result of the downsampling layer which describes what the image contains
and fills in the details as to where these features are situated by information from skip connections.

The skip connections are illustrated as grey arrows in Figure [2.14] and are in essence feature infor-
mation with better spatial resolution that are retrieved from the downsampling part of the network.
They contain feature information from smaller receptive fields and thus represent features with
finer spatial details. The upsampling part uses these features of finer spatial detail to recover spatial
information which will be used to determine the exact location of a segmented object within the
image.

8Credit goes to authors Ponnuru and Nidamarty from the Intel team: https://software.intel.com/en-us/articles/
speech-recognition-using-deep-learning-on-intel-architecture
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Figure 2.14: Original U-NET architecture from the U-NET papelﬂ This thesis will use a modified
version of this architecture.

The segmented image is constructed by a series of transformations and upsamplings of the high
level feature vector obtained from the last layer of the downsampling part. For each layer in the
upsampling part, there is a skip connection that is realized by concatenating the input of that layer
with the output from the corresponding layer in the downsampling part. This is illustrated in Figure
[2.14] The concatenated result is then transformed and upsampled by transposed convolution layers.
These layers perform an upsampling based on learnable parameters. The details for how they are
implemented are implementation dependent, but the effect is in essence very similar to a zero
padding the input and performing a normal convolution with filters of learnable parameters.

2.2.3.2 Generative Adversarial Networks

Generative Adversarial Networks (GANs) are a class of machine learning algorithms where two
neural networks compete against each other in order to learn to perform a specific task [29]. Tra-
ditionally, this task has been to learn a particular distribution inferred from a training dataset in
order to generate candidates from this distribution. A GAN could for instance learn to produce
real looking photographs given a training set of photographs which the GAN is able to infer a dis-
tribution from [45]]. This is accomplished by training two neural networks called a generator and

°Credit goes to authors of U-NET paper Olaf Ronneberger, Philipp Fischer, and Thomas Brox: https://arxiv.org/
pdf/1505.04597.pdf
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discriminator in tandem, where the generator generates candidates while discriminator evaluates
these candidates.

During learning, the discriminator will try to infer the underlying data distribution from the training
set. The discriminator will further try to learn to reject all samples that are not from this data
distribution and in addition try to reject all samples generated by the generator. The generator will
actively seek to fool the discriminator such that the data samples it generates are accepted by the
discriminator. The generator does this by trying to generate data as close as possible to the data
from the true data distribution inferred from the training data.

As the main focus of this thesis is based on image applications, this section will proceed to explain
generative adversarial networks in this context, where the goal is to learn to generate realistic im-
ages from a distribution inferred from the training data. It should be noted that the theory presented
here can be extended to other kinds of inputs and outputs as well, such as music [12], text [91] etc.

The generator does image synthesis by taking a randomized input that is sampled from a latent
space, which often in practice is from a multivariate normal distribution. This sample is then
mapped to an image from the true data distribution (inferred from the training data), which is done
in order for the generator to be able to fool the discriminator. The discriminator will then perform
steps to ensure that it recognizes the images generated by the generator and rejects them. Further,
the generator will again perform steps to ensure that it fools the discriminator, which it does by
trying to generate images which are as close as possible to samples from the inferred distribution
of the training data.

As the two networks iteratively improve in this manner by learning from each others mistakes,
the generator will be able to generate realistic images from the data distribution inferred from the
training data. This tandem training of the generator and discriminator keeps running either until the
performance of the generator is sufficient or until the generator and discriminator stops improving.

Common issues of GAN architectures

GANSs are known for being a very difficult model to train, as they try to obtain an equilibrium be-
tween the the generator and the discriminator. This stands in stark contrast to the more traditional
machine learning models where no equilibrium is required and there is merely the goal of mini-
mizing a single loss function. Due to the fact that two neural networks are involved, GANs are also
often known to be considerably more time consuming than other models.

Another common problem is mode collapse [53]], in which the generator has the tendency to gen-
erate images containing the same features. Real data is often multimodal which suggests that the
model has to infer a multimodal distribution when training. During the learning of this distribution
however, some of these modes may have the tendency to collapse, due to the adversarial learning
between the generator and discriminator. Partial mode collapse is more common than full mode
collapse, which may manifest as a common set of colors that are always produced when generating
images with the generator.
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2.2.3.2.1 Conditional GANs

One of the drawbacks of traditional GANs described above is that it is in general not possible to
specify a particular characteristic to the generator such that the generator only generates images
with that particular characteristic. To be able to do this with a traditional GAN, the complex rela-
tionship between the latent space input of the generator and the generated images has to be figured
out. This relationship is often so complex that in practice, different latent space inputs to the gener-
ator would have to keep being fed to the generator until one of the generated images has the given
characteristic that the user would be looking for.

Conditional GANs were introduced to solve this problem, which it does by conditioning on the
particular characteristic, which can be any type of auxillary information [55]]. In practice, this
condition is realized by acting as an additional input to the generator and discriminator. Training
is then performed adversarially as described in Section which will make the generator
generate images of a particular distribution that is dependent on the condition and inferred from the
training data.

2.2.3.2.2 Pix2Pix

Pix2Pix is a Generative Adversarial Network designed for image-to-image translation [41]]. Itis a
supervised model and has a wide variety of applications, including image segmentation, translation
of aerial photos or satellite imagery to maps and translation of pictures from day to night, to name
a few. Pix2Pix is a type of conditional GAN (described in Section[2.2.3.2)) where the generation of
the output image is conditioned on the image that is to be translated. A significant difference from
the previously described GANSs is that the generator no longer takes a randomized input, which
effectively makes the generated output deterministic. The authors observed that the model learned
to ignore the input noise, which is why the stochastic input was removed. This means that the
model is unable to match any other distribution other than the delta function, and this is described
to still be an open problem by the authors.

The determistic output may be disadvantegous for artistic applications but is ideal for segmentation
purposes, which is what this thesis will investigate. This would ensure that the segmentation model
always generates the same segmentation for a corresponding image. The model is supervised and
learns based on paired image examples of inputs and outputs of the model in the adversarial manner
described in Section The generator architecture of the Pix2Pix is a U-NET architecture
analogous to the architecture and implementation described in Section[2.2.3.1.3] while the discrim-
inator is a PatchGAN discriminator.

The goal of the PatchGAN discriminator is to enforce the generation of high frequency details,
which is done by penalizing structures in local image patches. A PatchGAN discriminator is effec-
tively a convolutional neural network that classifies different patches of the input image. The final
result of the PatchGAN discriminator is an average of all these patchwise classifications. While the
PatchGAN discriminator enforces the generation of high frequency details, a 11-loss term is added
to the generator to make sure the generator generates low frequency details correctly:

Z11(G) = Exy[[ly = G(x)[ 1] 2.1)
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As one of the topics this thesis will investigate is how this model can be improved for the purpose of
segmentation, we will introduce the details of the different losses. These losses are fundamental for
the ability of the model to learn. The adversarial loss for both the discriminator and the generator
can be described as

Ze6aN(G, D) = By [log(D(x,y))] + Ex[log(1 — D(x, G(x)))] (2.2)

where x is given as the input image and y is the corresponding ground truth, while G is the generator
and D is the discriminator. The first term in Equation can be described as the ability of the
discriminator to learn to classify the ground truth. The second term describes the ability of the
discriminator to classify generated images as fake. The output of the discriminator in this case
indicates whether the given image pair is a valid image translation or not and gives an output of 0
if it rejects the image translation and 1 if it accepts the image translation.

The discriminator will seek to maximize the adversarial loss (Eq. [2.2)) with respect to the parameters
of the discriminator while the generator will seek to minimize the adversarial loss with respect
to the parameters of the generator. A maximization of the adversarial loss will imply that the
discriminator classifies ground truth as real (as is the goal of the first term of the equation) while
images generated by the generator are classified as fake by the discriminator (as is the goal of the
second term of the equation). A minimization will imply the opposite goal, where the generated
images are classified as real by the discriminator.

In summary, the generator loss that is to be minimized with respect to the parameters of the gener-
ator G can be summarized as (combining Equation [2.1]and [2.2)):

%6(G,D) = argmin Z.an(G,D) + 1.211(G) (2.3)
G

While the discriminator loss which is to be maximized with respect to the parameters of the dis-
criminator D can be summarized as (from Equation [2.2)):

2p(G,D) = argmax %.gan(G,D) (2.4)
D

In each training step, gradients are calculated for both the generator and the discriminator based
on their respective losses given in Equation [2.3]and [2.4] The gradients of each of the neural net-
works are then respectively applied using an Adam optimizer [46] that updates the weights of the
discriminator and generator based on these calculated gradients.

2.2.3.2.3 CycleGAN

CycleGAN is another Generative Adversarial Network designed for image-to-image translation [94]].
It is effectively an extension of many of the concepts seen in Pix2Pix, but with the main difference
that it is designed to be unsupervised. It does not learn from paired images, but seeks to find the
image-to-image mapping by finding a underlying structure in the data by itself. CycleGAN has
provided especially well results for artistic applications, such as mapping a picture to a painting.
It has also shown to work well for many of the same applications mentioned for Pix2Pix [52]] and
many similar tasks, such as translating sketches of particular objects to realistic photos [39].
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Though CycleGAN and Pix2Pix are related, CycleGAN is a considerably more advanced model.
CycleGAN also learns an inverse map in order to learn the final mapping better in an unsuper-
vised manner. It is effectively two conditional GANs that learn two different mappings, unlike
Pix2Pix which consists of one single conditional GAN that learns one single mapping. Each of
these conditional GANSs are in essence very similar to a Pix2Pix in that they both use a PatchGAN
discriminator and a U-NET architecture for the generation of images. There is however a differ-
ence in how these discriminators and generators learn, where the key differences are found in the
different losses that are being optimized.

The core concept of the network is the cycle-consistency loss, which also gave name to the network
as CycleGAN. This is the reconstruction loss of doing the image translation and then going back to
the original image by the inverse mapping. Ideally this reconstructed image should be the same as
the original input image, and this is what the cycle-consistency loss capture. In detail, there is one
generator G that transforms the image from a domain A to a codomain B, and one generator F' from
codomain B to domain A. The cycle-consistency loss can be given as minimizing both F(G(a)) —a
and G(F(a)) —a given an image a from the domain A. These are respectively the reconstruction
losses going from domain A, then B, then A (called the forward cycle-consistency loss) and from
domain B to A to B (called the backward cycle-consistency loss).

An identity loss is also minimized, with the goal of preserving the color temperature of the image.
This is done by feeding the images in domain A to the generator that translates from domain B to
domain A. The identity loss ensures that the generator gives the same images back as the CycleGAN
should be able to understand the domain that the given image is located in. In order to learn this,
unnecessary changes to an image are penalized. For instance, if the goal of the CycleGAN is to
generate paintings from real images, then a painting can not be made into a painting. It should
ideally be an idempotent operator and yield the same image. The same penalization is applied to
the inverse transformation.

There is also an adversarial loss for each of the conditional GANSs, which in essence is the same as
described in Section[2.2.3.2.1

2.2.4 Neural Networks for Video Applications

In all the networks described so far, every observation will be processed individually without con-
sidering any previously classified observations as there exists no memory of previously classified
inputs [69]. This is unfortunate for the classification of video frames as previously classified frames
have no influence on the classification of current video frames. That is, the contextual relationship
between the video frames would not be considered in each video frame classification.

By contrast, there exist other kinds of networks that have an internal state over time that allows
information pertaining to the contextual relationship to previous frames to be considered. Such
networks are known as Recurrent Neural Networks (RNNs) [72]. Given a procedure that is able
to perform a feature extraction of the video frames, features of the individual frames could be fed
directly to a RNN. The RNN would then be able to consider the contextual relationship to previous
video frames.
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2.2.4.1 Recurrent Neural Networks

A Recurrent Neural Network can be thought of as an extension of a feed forward network with a
feedback loop in every hidden layer such that the network structure is a directed acyclic graph [69].
A RNN can consequently be interpreted as an extension of an ordinary feed forward network where
cyclic nerve cell connections are allowed. Such a network would have an internal memory of
previously calculated observations which would allow for previously processed observations to
impact future classifications.

Training and learning across time

All parameters for a single RNN-layer are typically shared over time with the goal of learning over
multiple elements in the sequential data. As a consequence of this, the backpropagation through
the network with regards to one of these shared parameters would lead to a result that is bounded
by a power of the shared parameter. The power is equal to the number of layers that have been
backpropagated through. The fundamental cyclic structure of an ordinary RNN is typically such
that the network gets a significantly deep structure which leads to this exponent dominating the
resulting gradient value.

This makes certain gradients in the network either explode in value or go towards zero, known
as the vanishing and exploding gradient problem [6]. This is very unfortunate for the learning
process, as these gradients are used to update the network parameters. In practice, this problem
would make the sequential depth very limited, usually between 10-20 observations according to
research done by Goodfellow [30]. In other words, the network would have memory of the latest
10-20 observations that have been processed.

This can be severely limiting depending on the frame rate. The best case is for WCE videos as they
typically have some of the lowest frame rates of all endoscopy videos, typically around 2-7 fps. At
its worst, when the frame rate is at its highest, the RNN would only be able to remember a couple
of seconds of content from previous frames based on the assumption that only 10-20 frames would
be remembered, as was indicated by the research performed by Goodfellow. Even in this best case
scenario, this indicates that there would be a very limited learning based on previous frames with
RNNs.

2.24.2 Long Short-Term Memory RNN

A Long Short-Term Memory RNN (LSTM RNN or LSTM in short) is a type of RNN whose main
goal is to avoid the vanishing and exploding gradient problem. A LSTM extends the theory of
ordinary RNNs with gates that control the flow of gradients [[69] in order to avoid that gradients
explode or vanish during backpropagation.

A common architecture of a LSTM-cell is composed of three gates that control the updates of the
memory in the cell; one input gate, one forget gate and one output gate [69]. An illustration of
these gates can be seen in Figure [2.15] Together the gates control the flow in and out of the cell
and its memory. The behavior of the gates is controlled by weights which are learned during the
training process. Due to these control gates, LSTMs can remember thousands of discrete time
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steps ago [70]. Gated Recurrent Units (GRU) have a similar structure as LSTMs and can be used
in sequence classification problems as well [13].

e
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Figure 2.15: Illustration of a LSTM-cell E The input gate controls to what degree a new value
will flow into the cell, while the output gate controls to what degree the value stored in the LSTM
cell is used to compute the output of the LSTM-cell. The forget gate determines to which extent
the value in the memory of the cell should be forgotten.

2.2.4.3 RNN-architectures for Video Classification
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Figure 2.16: Illustration of possible RNN architectures H A many-to-one architecture gives a
classification of the whole video to one single category while a many-to-many architecture gives

a classification of every single frame [90]. The last layer for the architectures is typically a fully
connected layer that gives the final classification.

10Credit goes to author Sergio Guadarrama: https://tiny.cc/lstm-cell
! Credit goes to author Andrej Karpathy: http://karpathy.github.io/2015/05/21/rnn-effectiveness/
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2.2.4.4 Feature Extraction of the Video Frames

The premise of using Recurrent Neural Networks for the classification of video data is as pre-
viously mentioned a well performed feature extraction from the video frames. These extracted
features could further be given to the RNN in order to classify the video frames by one of the archi-
tectures mentioned in Section 2.2.4.3] The feature extraction of the video frames can be a manual
or automated process. A manual feature extraction could be done by a manual inspection of the
images where appropriate features are directly calculated based on apparent visual clues central to
the characteristics of the classes. It can often be difficult to find good manual features especially
for colonoscopy applications as mentioned by Hovde et al [58]]. An automated feature extraction
technique through for instance a neural network is thus often preferred.

Automated feature extraction through Convolutional Neural Networks

An automated feature extraction could be performed by a CNN, which has the ability to find rele-
vant features through the depth of its convolutional layers [20]. The last convolutional layer could
further feed directly into the following RNN model, depicted in Figure 2.17]

Input Visual Sequence  Output
Features Learning

Figure 2.17: Tlustration of how CNNs could be used for feature extraction to RNNs [20]. The
weights of the LSTM and CNN are both shared over time and makes the model able to process
videos of arbitrary length [20]. Each frame is fed to a CNN with the goal of obtaining a feature
extraction for each of the frames. These feature extractions are then given as input to the RNN,
which classifies each frame based on the contextual relationship from both previous and current
frame.
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2.3 Summary

In this chapter, we presented the background and related works necessary to detect diseases in the
gastrointestinal tract, including both the medical aspects and the machine learning aspects pertain-
ing to this problem. We described how screening of the gastrointestinal tract and the early detection
of polyps is key to lower mortality of colorectal cancer. We learned the importance of locating the
borders of polyps, which are essential to evaluate size and furthermore the chance of the polyp
becoming cancerous, as large polyps generally have a greater chance of developing to cancer. We
also learned how crucial it is to estimate polyp borders correctly during the removal of polyps, as
they might continue to grow and become malignant if they are only partially removed. In additon,
many polyps are also overlooked during manual screenings. All of these reasons motivate the use
of automated segmentation for screening of the gastrointestinal tract. We provided several related
examples where machine learning has obtained very promising results, which motivate the use of
machine learning for this task.

Over the course of the machine learning background, we covered several state-of-the-art networks
relevant for automated polyp segmentation. The U-NET has been one of the most popular archi-
tectures for segmentation in the medical imaging community, while several GANs have also shown
very promising results for image segmentation. Among the GANs that have been very promising
for segmentation is the Pix2Pix, which also has the ability to learn its loss function during training.

Based on these current state-of-the-art neural networks for segmentation, our goal is to investigate
novel networks for the segmentation of polyps. The segmentation performance of these networks
will then be compared with the segmentation performance of the corresponding state-of-the-art
networks applied to the same task. The goal with the developed networks will be to answer our
research question in Section which questions the possibility of enhancing segmentation per-
formance by learning several degrees of precision in the produced segmentation maps. The idea is
that features used to create less precise segmentations can aid the training of pixel-level segmenta-
tion models. These different degrees of precisions could further be realized by learning to segment
within grids.

The upcoming chapters will address the three separate steps that make up our solution, which is
the development of the grid segmentation framework, how the framework is applied to our models
and how the learning of the models could be better adapted to the framework. The first two steps
will be covered in the next chapter, while the last step will be covered in the methods and experi-
ments chapter, as the modifications we do are dependent upon observed outcomes from our initial
experiments.



Chapter 3

Grid Segmentation Networks

The purpose of this chapter is to explain the essential core parts of the networks which could be used
to test the hypothesis that motivated our research question in Section[[.2] Our hypothesis was based
on the idea that segmentation models could improve their learning by building upon the knowledge
of performing less precise segmentations. The degree of preciseness for the segmentations could
further be realized by learning to segment within grids, where the neural networks that conform
to this idea can be refered to as Grid Segmentation Networks. These networks generally operate
by taking an image and a grid size parameter, where the latter is used to control the segmentation
precision. These two inputs are then used to produce a corresponding segmentation within a grid
corresponding to the input grid size. This chapter will explain the basics of how these networks can
be built.

First, we will begin this chapter by describing a general framework which enables machine learn-
ing models to learn segmentations within several degrees of precisions by the use of grids. This
framework will be the foundation of all our grid segmentation networks. We will then proceed to
explain the motivations behind our models and how the framework could work in detail with these
models to enhance performance.

For this chapter, we apply this grid segmentation framework to basic Pix2Pix and U-NET archi-
tectures without changing any of the core concepts of how these networks learn and behave. We
are aware that such modifications may be necessary to make the networks better adapted to our
framework, but this will be investigated and experimented with in the next chapter (chapter @).

3.1 Grid Segmentation Framework

The grid segmentation framework is one of the core parts of the grid segmentation networks. The
framework can essentially be envisioned as augmenting each of the training, validation and test
datasets with grid information and use this data to learn a segmentation mapping that segments
within a grid size given as a parameter to the mapping.

34
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3.1.1 Ground Truth

For each image in each of the datasets, we generate a corresponding ground truth for all the different
grid sizes. As we work with 128x128 images, the possible grid sizes are 2, 4, 8, 16, 32, 64 and 128.
Examples for all the generated ground truths for a given image are given in Figure 3.1}

128x128 Image 2x2 Ground 4x4 Ground 8x8 Ground
truth truth truth

16x16 Ground 32x32 Ground 64x64 Ground 128x128
truth truth truth Ground truth

Figure 3.1: An image of size 128x128 and the corresponding ground truth segmentations for all
the different grid sizes. Black indicates no finding while grey indicates a finding. As the size of
the input image is 128x128, the ground truth for a 128x128 grid size is equivalent to the normal
segmentation ground truth mask.

When creating the ground truth segmentation for a particular grid, we essentially divide the original
ground truth segmentation into a grid. If the grid cell contains any parts of the finding, all cells
within the grid cell are marked (which in this case is marked by a grey color).

Large grid size segmentations would be very close to the full non-grid segmentation of the image,
as could be seen in Figure [3.1] From this observation, we hypothesize that these grids would
be the most difficult to learn. There is the possibility that large grid size segmentations would be
interpreted as normal pixel-level segmentations with noise as a consequence of their similarities.
Based on this hypothesis, we initially restricted the focus to a few selected grid sizes which we
hypothesized would serve best for a proof of concept of our theory. We picked the most distinct
grid sizes, which were grid sizes of 2, 4, 8, 16 and 128.
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3.1.2 Grid Encoding

Image segmentation models typically operate on three-dimensional inputs, namely a spatial and
color dimension. To make the model understand what level of segmentation granularity should be
produced by a given input, we need some way of ingraining this information into the image itself.
To do this, we opted to add an additional channel to the color-dimension that represents what type
of segmentation the model should produce. This additional channel uses a checkerboard pattern,
where the number of the tiles signifies how precise the segmentation should be. An example of all
the generated grid size encodings for each of the grid sizes can be seen in Figure [3.2]

For the case of GAN and U-NET architectures, another possibility is to encode the grid size in
a small vector that is concatenated with the input to the upsampling part of the network. This is
left for future work and is explained in detail in Chapter 5. Though this approach is interesting as
this would be a more efficient representation of the few grid sizes that the encoding will represent,
we chose the image grid encoding approach mentioned above. The grid nature of the image grid
encoding could aid the model in learning features related to grids, even though it is less effective.
This image grid encoding approach would also make the framework more generalizable.

2x2 Grid 4x4 Grid 8x8 Grid
encoding encoding encoding

16x16 Grid 32x32 Grid 64x64 Grid  128x128 Grid
encoding encoding encoding encoding

Figure 3.2: Grid encodings for different grid sizes. The grid encoding for a particular grid size
is given by a checkerboard pattern. This checkerboard can essentially be characterized in its very
nature as a grid and is how the grid size is encoded. For higher grid sizes, the grid encoding pattern
gets difficult to see due to a dithering effect of the white and black squares, which makes the grid
encodings appear grey at a distance.
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3.1.3 Dataset Structure

The final augmented datasets that will be the basis of our training can be envisioned as datasets of 3-
tuples, which consist of an image, a grid encoding corresponding to a grid size and the ground truth
segmentation for the given grid size. This is illustrated in Figure [3.3] For later evaluation, we also
create a dataset for each grid size in order to later evaluate the segmentation performance for each
particular grid. This is also necessary in order to evaluate the networks segmentation performance
for a normal pixel-level segmentation, which corresponds to segmentation performance for the
largest possible grid encoding (which is equivalent to the image size).

el

128x128 image 2x2 Ground 2x2 Grid

truth encoding

128x128 image 4x4 Ground 4x4 Grid
truth encoding

rd

128x128 image  128x128 128x128 Grid
Ground truth encoding

Figure 3.3: Illustration of how the datasets are structured. Grey indicates a finding while black
indicates no finding. For each image in each of the training, validation and test sets, there is now
a set of 3-tuples that correspond to segmentations of the image within a grid specified by the grid
encoding.
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3.1.4 Grid Segmentation Mapping

The grid segmentation mapping that we would like to learn can be illustrated in Figure [3.4] This is
how all our final segmentation models will operate.

Input Output
T

Y

; Mapping
128x128 input 4x4 grid size 4x4 grid
image encoding segmentation
Input Output
—
Mapping
128x128 input 16x16 grid size 16x16 grid
image encoding segmentation
Input Output

/—/%

Mapping

128x128 input ~ 128x128 grid size 128x128 grid
image encoding segmentation

Figure 3.4: The goal is to learn a segmentation mapping that takes a given image and a grid size
(encoded as an image) and segments the image within a grid size specified by the grid encoding.
In the segmented image, grey indicates a finding while black does not indicate a finding. The grid
encoding for a normal pixel-level segmentation (128x128 grid size) is cluttered to a grey color due
to dithering, but follows the same chess pattern as the above encodings.
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3.1.5 Pipeline Summary

We summarize the entire pipeline described above, which in essence can be illustrated in Figure[3.5]

Model
training
Train data — Grid — Grid traindata —>| and
ri .
idati . . — Grid validation data —»| selection Model
Validation data augmentaﬂon avaluation
Test data — — Grid test data

(W,m) 155 )

A

Figure 3.5: Summary of the pipeline, corresponding to how our grid segmentation framework is
applied to our neural networks. We augment each training, validation and test datasets with grid
information. For each image, grid encodings and corresponding grid segmentations are generated.
These are used to train, select and evaluate the given model.

3.2 Grid U-NET

In its very basic form, the Grid U-NET is a U-NET architecture where we apply the grid segmen-
tation framework to learn the mapping given in Figure [3.4] It will be used as a baseline model for
the Grid-GAN which will be the grid segmentation network that is subject to the most of our focus.

Input image

Grid U-NET
Segmentation

A
Grid encoding

=

=

Figure 3.6: Basic illustration of how simple Grid U-NETs work, which essentially is the grid
segmentation framework applied to a U-NET architecture. The U-NET architecture is illustrated
by boxes that represent layers and stapled lines representing skip connections.
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3.2.1 Motivation

Parts of our motivation for this particular model were based on a theory we developed for how
the model architecture could work together with the grid segmentation framework in a way which
could improve segmentation performance. This theory is based on the observation that it might be
possible for the U-NET architecture to learn information pertaining to different grid segmentations
through the different layers in the upsampling part of the network.

The key to understanding this observation is the various receptive fields for the features in each of
the upsampling layers. The first upsampling layers are situated in the deeper middle part of the
U-NET architecture described and depicted in Section[2.2.3.1.3] (background). These deeper layers
represent image features with regards to large receptive fields and the reasoning behind this can be
illustrated in Figure [3.7] These large receptive fields could in theory represent information which
would correspond to small grids. This is because the large receptive field in this case could be
interpreted as a grid cell of a small grid.
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Figure 3.7: Illustration of receptive fields [51]. The yellow pixel value in layer 3 covers a 5x5 area
marked as yellow in layer 1. Traditionally in CNN architectures, the deeper a layer is situated, the
larger the receptive field of the given features for that particular layer. This means that the values
in the deeper layers represent features from a larger area of the input.

The last upsampling layers contain features of narrower receptive fields which are retrieved from
skip connections and correspond to the output of the initial downsampling layers of the model, as
described in Section[2.2.3.1.3] These features of narrower receptive fields from the last upsampling
layers could be able to represent information corresponding to larger grids, as the receptive field
could be interpreted as a grid cell of a large grid.
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3.3 Grid-GAN

The Grid-GAN is an extension of the Grid U-NET described in the previous section such that it
learns in an adversarial manner by competing against a Patch-GAN discriminator. The goal is to
learn the segmentation mapping in Figure[3.4]based on this type of adversarial learning. The basic
form of the Grid-GAN is essentially equivalent to applying the grid segmentation framework to a
Pix2Pix network. The generator network is a Grid U-NET while the discriminator is a Patch-GAN
discriminator that is extended to fit the grid segmentation framework.

Both the generator architecture and discriminator architecture of this model is in accordance with
the theory already presented in the background (Section [2.2.3.2.1)), but with the extension to two
different inputs. The discriminator is a CNN that takes an image, a grid size encoding and the
corresponding grid segmentation of the image, which can be denoted as a 3-tuple (image, grid
size encoding, segmentation). The discriminator will learn to recognize what a valid segmentation
looks like by learning to recognize which of these tuples that correspond to valid segmentations.
The discriminator will also to reject all segmentations generated from the generator as invalid
segmentations. This is summarized in Figure [3.§]

Input image

Grid encoding

Discriminator

Real

Input image

\" Discriminator

Grid encoding

Segmentation

Input image
P 9 — Fake

Generator
(a Grid U-NET)

Segmentation

N

Figure 3.8: Example of the objectives for a basic Grid-GAN. This illustrates the objective of the
discriminator of the Grid-GAN, which is the opposite of the objective to the generator. As shown
in the illustration, the discriminator seeks to classify the ground truth as real and generated images
as fake. The objective for the generator is the opposite, where it seeks to trick the discriminator
into classifying generated images as real.
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The goal of the generator is to trick the discriminator to classify all segmentations it generates
as valid segmentations. As the discriminator learns to recognize only valid segmentations, the
generator will be driven to generate valid segmentations.

3.3.1 Motivation

The goal with the Grid-GAN is in essence to learn a Grid U-NET by adversarial learning. Thus
would the motivations described in the Grid U-NET section (section [3.2.1)) largely apply here as
well. In addition, there are also the motivations of the adversarial learning that is introduced by the
GAN model, which incited a particular focus on these generative models during the research of our
objectives.

Pix2Pix and CycleGAN are two types of GANs that have gained a lot of traction lately in the field of
image-to-image translation and segmentation. These types of GANs are particularly interesting due
to their ability to learn their loss functions as a part of the training of the network. This differs from
other segmentation methods where a lot of manual effort still goes into designing effective losses.
The loss for these GANSs is simply based on a high level goal which states that the segmentation
should be indistinguishable from the reality presented by the ground truth. This high level goal is
then incorporated into the training in order to learn the mapping.

Due to time constraints of the thesis and the similarities between these two GANs, we have decided
to limit our research to only one of these two models. Pix2Pix learns one generator and one dis-
criminator in order to find a segmentation mapping. A CycleGAN has about twice the complexity,
as it learns two pairs of generators and discriminators, one for the segmentation map and one for
the inverse of that segmentation map, through minimization of a cycle-consistency loss. We have
decided to go for the Pix2Pix as it is the simplest model and serves well for a proof of concept of
our research question. In addition we would like to investigate grid segmentations using supervised
learning, but CycleGAN is unsupervised.

Section [2.2.3.2.T|explained how the Pix2Pix can be used to segment images in addition to learning
a wide varity of other image-to-image mappings. We seek to adapt the Pix2Pix for the purpose of
learning to segment within different grids with the goal of improving segmentation performance.
Corresponding U-NET architectures will be used as a baseline when evaluating the segmentation
performance of the models, which are realized as Grid U-NETs.
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3.4 Summary

This chapter relates to our first research objective, which is to develop a general grid segmentation
framework for learning a grid segmentation mapping that can segment images within a specified
grid size. This grid segmentation framework be envisioned as augmenting the dataset and using it to
train a model to learn this mapping. The augmentation procedure takes each image and correspond-
ing ground truth and creates grid segmentation ground truths for all the possible grid sizes. The
items in our final datasets are essentially 3-tuples of an image, a grid encoding and a corresponding
grid segmentation, which are used to train a model for segmenting images within a particular grid.

We describe how the framework could work with U-NET and Pix2Pix architectures to theoretically
enhance segmentation performance and why we have chosen to work with these models. We hy-
pothesize that it could be possible for these models to incorporate grid features layerwise as the
receptive field of a particular layer could in theory correspond to a grid cell of a particular grid.
The features pertaining to higher grid sizes could thus build upon feature information from lower
grid sizes represented in the lower layers. We explain the reasoning behind our particular focus on
Pix2Pix, which we suspect could be especially interesting to research due to its ability to learn its
loss function during training.

The next chapter will address the last and final step of the overall solution presented in this thesis,
which is how the learning of the models could be better adapted to the framework. This is in part
motivated on the basis of our conducted experiments.



Chapter 4

Methods and Experiments

The previous chapter explained our motivations behind the grid segmentation networks and how
they in their most basic form could work. The goal of this chapter is to put these basic models to the
test and further investigate how the networks could be adapted to fit the grid segmentation frame-
work better, which could improve segmentation performance. The experiments will be presented
iteratively and new changes to the architectures will be proposed based on observations from the
outcomes of previous experiments.

We begin by explaining the data material we used for conducting our experiments. We will then
proceed to explain the basic setup of our experiments, including how we adapted k-fold cross val-
idation to our grid data, what metrics we used to measure segmentation performance of our grid
segmentation networks, the basic architecture we used for all our experiments and the system spec-
ifications for the system we ran our experiments with. Finally, we will proceed to the various
experiments, starting with Grid-GAN experiments. We observe results from experiments and de-
velop new theories which we again put to the test. At last, we present corresponding Grid U-NET
experiments and summarize our findings.

4.1 Data Material

This section will explain the datasets used for our experiments, how these datas were handled and
the various issues associated with the gastrointestinal data we worked with, in particular the lack of
data. This issue leads to the introduction of various data augmentation and enhancement techniques
which we chose to explore for our grid segmentation networks.

4.1.1 Datasets

The training and evaluation of our models involve two different datasets; Kvasir-SEG, CVCClin-
icDB. The Kvasir-Capsule dataset we developed was left for future work. All of our experiments
were conducted using Kvasir-SEG for training, as this is the largest and most diverse dataset of the
two datasets for pixel-wise segmentation, while CVCClinicDB was used as test data.
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4.1.1.1 Kbvasir-Capsule Dataset

Kvasir-Capsule contains 44260 labeled and medically verified images obtained from 118 capsule
colonoscopy videos, which we developed and labeled in cooperation with Simula and Augere Med-
ical [76]. The video data was collected from patient examinations at the Department of Medicine at
Barum Hospital in Norway and recorded with a Olympus Endocapsule 10 System. These videos
were then subsequently labeled with bounding boxes by us in cooperation with a doctor working at
Augere Medical. Finally, we performed a split of each of the video findings into respective images.

This dataset was ultimately not prioritized for our experiments and had to be left for future work.
The limitations which lead us to this decision were described in Section [L.3]

4.1.1.2 Kvasir-SEG Dataset

Kvasir-SEG is a dataset of 1000 colored polyp images including its corresponding pixel-wise polyp
segmentation [43]]. The images were collected using endoscopic equipment from Vestre Viken
Health Trust in Norway, which comprises of four different hospitals that provides health care to
about 500 000 people. The data is annotated by medical experts from the Cancer Registry of
Norway (CRN) and Vestre Viken Health Trust. This dataset is the largest and most diverse of
the pixel-wise segmentation datasets, which is why it will be used for the training of our neural
networks.

4.1.1.3 CVCClinicDB Dataset

This dataset consists of 612 images of polyps extracted from colonoscopy videos [21]] with cor-
responding segmentations of the polyps. The images were extracted from 23 standard patient
colonoscopy examinations performed at the Hospital Clinic of Barcelona in Spain [7]]. All the
sequences containing each finding were extracted which resulted in 31 sequences of 31 different
polyps. On average, 25 frames were obtained from each polyp. In total, the dataset consists of
612 images of size 576x768. Clinical experts drew segmentations of each polyp in each of these
images. This dataset will be used as an independent test dataset to evaluate our models.

4.1.2 Issue of Data

One of the most significant challenges of applying deep learning to medical applications is the lack
of labeled medical data. There are several reasons for this, many of which are due to the legal and
ethical challenges of using peoples data, especially patient data. Patient data comes within the most
intimate sphere of a persons life, which is especially evident for data from colonoscopy procedures
due to the intrusive nature of how the procedure is conducted. These types of data are often subject
to some of the strictest data laws there is, making them particularly difficult to obtain and work
with.

There is also currently a general shortage of medical experts specialized to grastrology and its
expected to grow due to a growing elderly population in many developed countries. Even though
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there are cases where medical data is available, there is the problem of having medical experts
available to label them. Many medical experts may also not be willing to perform the tedious work
of labeling the data which furthermore exacerbates the problem of getting labeled data.

The lack of data in the medical field is a significant challenge as neural networks needs massive
amounts of training data. The amount of available medical data is often not enough to train and
evaluate for many different use cases and could lead to bad performance. A solution to this problem
is to make the best out of what data is available and improve the quality and amount of the available
dataset. This can be done through various data enhancement and augmentation techniques.

4.1.3 Data Enhancement and Augmentation

Medical datasets often contain high dimensional feature spaces with relatively few samples, which
can lead to poor performance when applied to machine learning models. This is why data en-
hancement techniques are particularly important for medical applications. It is often necessary to
use some kind of data enhancement on medical datasets in order to produce models with good
performance, which is why we will spend some time investigating and explaining these techniques.

The data used for training lays the foundation of what the neural network will be able to recognize,
which suggests that a natural way to increase performance accuracy of the neural network could be
to improve the quality and/or the amount of data that is being used to train the neural network. One
approach is to artificially increase the existing dataset with transformed samples created from the
existing dataset which could be logical for the network to learn.

This will introduce variability into the dataset which the neural network may learn from, thus
showing the network that objects exist in a variation of different states. If the transformation of the
images is not logical for the network to learn, which would suggest that the tranformation produces
unrealistic images, then the remaining option is to enhance the entire dataset by this transformation
and let the transformation be a part of the pipeline.

4.1.3.1 Rotation Augmentation

A camera capsule may be angled in any position which suggest there is no logical up or down for a
given video frame. Hence a rotation transformation would be natural and logical to use in the case
of data augmentation. For every image in the training dataset, we create a set of images where we
alter the angle of the image. These sets of images are subsequently added to the dataset in addition
to the original data.

We perform the data augmentation on every labeled frame with respect to a set of equidistant angles.
This is done in order to avoid skewed data, as the equidistant angles of the images assure that they
are all as distinctly different as they can be in terms of their angled orientation. For a given frame,
three rotated variants are created with angles 90°, 180° and 270° in addition to the original image.
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4.1.3.2 Contrast Enhancement

Many of the features that are of great importance for the detection of gastrointestinal diseases
are bound by different color and border properties, which have been the target for several polyp
detection systems [3, 54} 92]. The occurrence and the amount of bleeding are for instance bound
by different color and border properties and could be very important for the detection of polyps. In
order to learn that information pertaining to color and borders is crucial, contrast enhancement of
the data may be of interest. A contrast enhancement would make these border regions and colors
more pronounced and may thus improve the learning of different patterns pertaining to borders and
colors.

Adaptive Histogram Equalization (AHE) is a technique to improve contrast in images and is a local
adaption of ordinary histogram equalization [62]. Ordinary histogram equalization transforms the
entirety of the image using the normalized cumulative histogram for the entire image scaled with
the maximum range value of the image. This results in an image where the global contrast is en-
hanced. AHE works by adapting this algorithm to local neighbourhoods and would instead improve
contrast locally. AHE transforms each pixel in the image based on its local neighbourhood. The
transformation function is thus adapted to local areas in the image, resulting in better contrast in the
more homogenous parts of the image. The transform is in its simplest form completely analogous
to its counterpart in ordinary histogram equalization. Every pixel in the image is transformed using
a scaled normalized cumulative histogram of the local neighbourhood of the pixel.

AHE can however result in the overamplification of noise due to the transformation of each pixel
being bound by the values in a small neighbourhood of the pixel. An alternative variant of this al-
gorithm known as CLAHE [|62]] limits noise by clipping each of the local histograms at a predefined
limit and redistributes the clipped values equally across the entire histogram. This preserves the
clipped values while simultaneously limiting the overamplification of noise. When doing contrast
enhancement, we will be using CLAHE on every RGB channel.

The histogram equalization used in CLAHE often produces unrealistic effects in photographs. This
is further worsened in color images when applying the contrast enhancement to each respective
channel in the RGB space as the color balance will not be preserved. Due to these unrealistic
effects, the color enhanced images cannot be used in addition to the original data, but rather in
place of the original data. This would also entail a change in the pipeline such that every image
would have to be contrast enhanced prior to being fed to the neural network.

However in theory, this type of contrast enhancement of the data using CLAHE could improve the
learning of the characteristics of colors and borders in the image and result in better segmentation
performance of the model. An example of contrast enhancement using CLAHE can be seen in
Figure We used a clip limit of 2.0 and a window of size 8 x 8 for all of our experiments
involving contrast enhancement, including the example image below.
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a) Original image b) Enhanced image

Figure 4.1: Example of contrast enhancement of an image from the CVCClinicDB dataset by using
the CLAHE-algorithm. This increases the visibility of the polyp in the center of the image. Blood
veins are also more visible, which can be crucial information for the classification of polyps, as the
polyp often is characterized by its blood supply.

4.2 Experiment Setup

The number of epochs for all of our experiments was determined by early stopping. We use this
technique to obtain an estimate of when overfitting occurs. This can be estimated by observing a
declining trend in the performance accuracy of the model based on the validation set which allows
us to obtain an estimate of the best performance accuracy of the model prior to the overfitting.

This was in practice accomplished by saving the parameters of the model with the highest per-
formance accuracy measured on the validation set continuously during training in addition to the
corresponding number of epochs. The training was stopped and the final model and the number of
epochs were saved upon observing a trend where the validation performance degraded. The num-
ber of epochs for cross validated experiments was determined in the same manner by doing a run
prior to the cross validation.

Most of our experiments were focused on five grid sizes; 2, 4, 8, 16 and 128. This is in accordance
with our hypothesis presented in Section [3] The Kvasir-SEG dataset is used for generating the
training and validation data, while the CVCClinicDB dataset is used for generating the test data.
For each image in these datasets, we generate a corresponding grid segmentation for all the different
grid sizes. The Kvasir-SEG dataset of 1000 labeled images will be used to generate 1000 images
for each grid size, which would suggest that all the data generated on the basis of the Kvasir-SEG
dataset would constitute 5000 images.

We do the same for our test dataset which is generated on the basis of the CVCClinicDB dataset
with 612 images. These 612 images are used to generate a corresponding grid segmentation for
each grid size, resulting in a test dataset of 5-612 = 3060 images. This is essentially the grid
segmentation framework presented in Section [3.1] Furthermore, using these datasets, we use an
adapted version of k-fold cross validation to our grid segmentation framework and the above re-
quirements. Almost all of our experiments are k-fold cross validations.
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4.2.1 K-fold Cross Validation

Training the network based on one single partitioning of the dataset is often suboptimal as the
training would not be generalized based on all the available data. The single partition used could
be a deviation, which based on the available data would imply an overly optimistic or pessimistic
result. This would pose a problem when comparing performance accuracy across different datasets.
k-fold cross validation can be used to accommodate this problem and gives an approximation of
how well the model performs based on similar datasets.

A k-fold cross validation partitions the dataset into k number of equally sized partitionings. A
single iteration of a k-fold cross validation amounts to using one partition as validation while the
other partitions are used as training data. The result of the k-fold cross validation is the average
of the results of all the & iterations, which ensures that the final result is close to independent from
the partitioning of the data. By using this, all the data will be a part of the validation set and the
training set at least once. This algorithm can be summarized by Figure which illustrates the
idea of a 5-fold cross validation.

Iteration 1 Test Train Train Train Train
Iteration 2 Train Test Train Train Train
Iteration 3 Train Train Test Train Train
Iteration 4 Train Train Train Test Train
Iteration 5 Train Train Train Train Test

Figure 4.2: The basic idea of a 5-fold cross validation ﬂ There are 5 different partitions, all of
which are a part of the training set and validation set at least once. For each iteration, a model is
trained and evaluated. The average of the metrics gained from the different models provides an
estimate of the over all segmentation performance of the model based on the data.

4.2.1.1 Cross Validation Setup for Training on Grids

In order to ensure that each training set of the k-fold cross validation is equally diverse in terms of
the amount of grids, we had to do adaptions to the ordinary cross validation algorithm described
above. We perform a cross validation for each of the grid datasets, which yields a k£ number of

I Credit goes to author Raheel Shaikh: https://cutt.ly/0dLE7T4
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iterations for each of the cross validations where each iteration constitutes a training dataset and a
validation dataset.

The training and validation sets for each iteration are then respectively concatenated to one single
training and validation set per iteration. This is illustrated in Figure 4.3 using k = 2 folds. The
concatenated training dataset for each iteration is then used to train a model. The average of the
resulting metrics from all of the trainings and evaluations is then calculated to give an estimate of
the segmentation performance based on the available data.

2-fold cross validation on grid data

Training data

Total data, iteration #1: Total data, iteration #2:
2x2 grids
4x4 grids
8x8 grids

16x16 grids

128x128 grids

Figure 4.3: Example of how cross validation in the presence of grids have been handled in this
thesis. The example is given using 2 folds and grid sizes of 2, 4, 8, 16 and 128. A cross validation
is performed for each of the grid datasets and yields two iterations, where each iteration constitutes
a training and validation dataset. All grid datasets corresponding to the same iterations are then
concatenated such that there is one single training and validation set for each iteration. Each con-
catenated training set is then trained on and evaluated to produce metrics which are then averaged
over to produce an estimate of the performance of the model based on the data.

As previously described, all experiments will be using data from Kvasir-SEG exclusively for train-
ing and validation while the data from CVCClinicDB will exclusively be used for testing. In order
to accomplish this with the cross validation scheme presented above, we only perform the cross
validation scheme for the datas generated from the Kvasir-SEG dataset, which yields a single train-
ing and a validation set for each iteration. A model is trained for each of these iterations which
results in k models, where k is the number of folds. These models are subsequently evaluated on
the test dataset which is generated on the basis of the data from the CVCClinicDB dataset. The
evaluations are then averaged to produce an estimate of how well the model performs based on the
available data.

We limit the number of folds to two for all of our cross validation experiments as GANSs are noto-
riously time consuming to train and given the time constraints of the master thesis.
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4.2.2 Metrics

In order to evaluate how well a given neural network performs, different metrics are needed. The
purpose of the metrics below is to evaluate the similarity between the ground truth and the seg-
mentations generated by the machine learning models in order to give an estimate of how well the
model performs.

4.2.2.1 Intersection over Union (IoU)

Intersection over Union (IoU), also known as the Jaccard index and the Jaccard similarity coeffi-
cient, is a metric for evaluating the segmentation performance of the machine learning model. It
measures the degree of positive overlap between a given prediction and the corresponding ground
truth for a given class. That is, it measures the degree of overlap of pixels declared as a finding
for a single class for both the ground truth and a given prediction. It is illustrated in Figure [4.4] by
the use of bounding boxes where all pixels within a bounding box are declared as a finding of a
particular class. The concept can be expanded for multiple different classes by a metric known as
meanloU, which is the mean of the IoUs for all the classes available in the data.

Area of Overlap
loU =

Area of Union

Figure 4.4: Formula for the Intersection over Union (IoU), illustrated by the use of bounding
boxesﬂ One box corresponds to the ground truth while the other is the prediction. A bounding
box indicates the pixels which are marked as a finding. The IoU is the degree of overlap between
predicted pixels marked as a finding and ground truth pixels marked as a finding divided by the
total area of all these pixels.

The relationship between the IoU and the segmentation performance of the model based on a given
prediction can be seen in Figure [4.5] again explained by the use of bounding boxes. As the figure
shows, an IoU of about 0.4 suggests poor segmentation performance and indicates little overlap
between the ground truth and the prediction. An IoU of about 0.73 indicates a substantial overlap
and implies good performance. An IoU of about 0.92 indicates almost complete overlap between
the ground truth and the prediction and suggests excellent performance.

2Credit goes to Adrian Rosebrock: https://cutt.ly/EdLUNjv
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Poor Good Excellent

Figure 4.5: ExampleE] of how Intersection over Union (IoU) yields different results based on the
overlap of the prediction and the ground truth, illustrated by the use of bounding boxes. The values
range from O to 1, where values around 0.4 indicates poor segmentation performance, values of
0.73 indicates good performance and values of 0.92 indicates excellent performance.

4.2.2.2 Dice Coefficient

The Dice coefficient formula can be seen in Figure 4.6 and is very similar to IoU, as can be seen
when comparing with the corresponding IoU formula in Figure B.4] Though the the two metrics
are very similar, the Dice coefficient tends to be a better measurement of average segmentation
performance while IoU measures something closer to worst case segmentation performance. This
is because errors in single pixelwise classifications tends to be penalized more by IoU than the Dice
coefficient.

This is also the reason that we will include both the Dice and IoU as a measurement of our models
in our experiments. Worst case performance is especially important for the case of medical ap-
plications. Particularly bad classifications could in worst case cost human lives if the model was
ever put into real world use, which is why the IoU is an important metric in this case. The Dice
coefficient serves to give an indication of how well the model performs in general on the testing
data and is not greatly influenced by particular cases of bad classification.

The IoU and Dice coefficient are always positively correlated. If one of the metrics indicates that a
given model is better than another model, the other metric would indicate the same. They are also
within the same range (0 being worst, 1 being best), which makes them well suited to be reported
in conjunction with each other.

3See footnote 2
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predicted

2x
area of
overlapped
(green)

ground truth

Dice _

coefficient =  total area
(green)

Figure 4.6: Formula for the Dice coefficient, given by the use of bounding boxes, as previous
illustrationsﬂ Like IoU, it has a range of 0 to 1 where 1 indicates best possible performance.

4.2.3 Basic Architecture

Based on the default architecture provided in the Pix2Pix paper, we found an architecture that pro-
vided stable learning and in general the best results for our experiments. This architecture will
be used for all our GAN experiments due the computationally demanding nature of the neural net-
works and time limitations of the master thesis. Some experiments however will be conducted using
an extended version of this architecture. The generator architecture of this Pix2Pix architecture (a
U-NET architecture) will also be used for conducting corresponding U-NET experiments.

The discriminator architecture is largely composed of architectural units that are made up of a
convolutional layer with filter size 4 and stride 2, followed by a batch norm layer and a LeakyReLLU.
Two such units were stacked with 32 and 8 filters respectively. This was then zero padded with a
padding of 1 and fed to the final layer. The final layer is a convolutional layer that performs one
single filtering with a stride of 1 and a filter size of 4.

The generator architecture is divided into an downsampling and an upsampling part. The architec-
tural unit of the downsampling part is equivalent to the architectural unit described for the discrim-
inator. The downsampling part consists of 7 of these units stacked layerwise, with the number of
filters being 64, 128, 256, 512, 512, 512 and 512 respectively for each of the 7 convolutional layers.
No batchnorm is applied for the first layer. The architectural unit of the upsampling part is equiv-
alent to the architectural unit of the downsampling besides that the convolutional layer is replaced
with a transposed convolutional layer for the purpose of upsampling. There are 6 of these stacked
units where number of filters for each of the convolutional layers are respectively the reverse of the
downsampling part. That is, 512, 512, 512, 256, 128, 64. The first three upsampling layers employ
dropout [78]. The final layer is a transposed convolutional layer with the number of filters being the
number of output channels for the image. In this case, we generate a gray scale segmented image,
which would suggest one single channel. Skip connections are added between the downsampling
and upsampling part as described in Section[2.2.3.1.3]

4Credit goes to Hong Jing: https:/ /jinglescode.github.io/datascience/2019/11/07/
biomedical-image-segmentation-u-net/
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4.2.3.1 Differences from Architecture in Original Paper

Both the U-NET and Pix2Pix implementations used as a basis for our Grid U-NET and Grid-GAN
models deviate in part from the original implementations described in their corresponding original
papers. We use the default tensorflow implementation for both architectures which are actually
modified versions of the versions presented in the original papers. The original implementations of
U-NET and Pix2Pix were described in Section[2.2.3.1.3]and Section respectively. We will
now describe the major differences between the original implementations and the default tensorflow
implementations we utilized.

The main differences in both the U-NET and Pix2Pix architectures is the abscence of pooling lay-
ers, which have been replaced by a stride parameter of 2 which is implemented into the preceding
convolutional layer. These two ways of downsampling are very similar, though the stride approach
has multiple advantages that fit both of these models well. Pooling layers have no learnable pa-
rameters as mentioned in Section but convolutional layers do. The integration of the
downsampling into the convolution operation makes the downsampling to some extent learnable,
which is not possible with pooling layers. Combining the operation of convolution and down-
sampling is also considerably cheaper than doing them separately. Another significant change is
specific to the U-NET model, which in its original implementation performs cropping of the feature
maps that are retrieved from the skip connections. The modified U-NET which we use for Grid
U-NET and Grid-GAN performs no cropping of these feature maps but instead makes use of the
full detail of the feature maps retrieved from the skip connections.

4.2.4 System Specifications

Our system specifications are given in Table Our main limitation pertaining to the system
specifications were the amount of RAM and memory of the GPU, which unfortunately restricted
the size of the images we were able to work with.

Level Category Name Version
GPU GeForce GTX 1080 Ti
Hardware CPU Intel Core i5-4590 @ 3.30GHz x 4
Memory 15,6 GB of DDR3-1600MHz SDRAM
Operating System Ubuntu Bionic Beaver 18.04.4
Software . Python 3.7.6
Library
Tensorflow 2.0

Figure 4.7: System specifications for the machine that has been running all of our experiments.
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4.3 GAN Experiments

Initial experiments with Pix2Pix and Grid-GANs were conducted using an architecture analogous
to the Pix2Pix paper, but the discriminator was to powerful and resulted in the discriminator loss
being fully minimized and thus no stable learning. This happened in the initial phase of the training,
which could indicate that the discriminator is too sensitive to the noise that the generator generates
during the initial training phase. The generated images will initially be easily classified as fake,
thus resulting in the discriminator loss quickly being minimized.

There are several ways to solve this problem, all of them involves giving the generator an advantage
compared to the discriminator. The generator could for instance be given an advantage by receiving
gradient updates more often than the discriminator. Another approach is to simplify the architecture
of the discriminator, which reduces the expressiveness of the discriminator and gives the generator
an advantage. We did the latter approach which resulted in stable training and the architecture
described in Section This architecture will be used as a basis for all our experiments.

4.3.1 Pix2Pix

We first investigate the segmentation performance of Pix2Pix models on our datasets without using
any grid information. These simple Pix2Pix experiments will be a part of our baseline in order to
investigate if the different Grid-GAN models have any effect on performance.

Our initial experiment was performed with the same parameters as used in the Pix2Pix-paper,
though with the new and stable architecture described in Section No data augmentation
or enhancement was used for this experiment. It did not yield satisfactory results as can be seen in
Tabled.1] The generator and the discriminator had the same learning rate of 0.0002 and the experi-
ment was run with 338 epochs together with a batch size of 4. Both the generator and discriminator
utilized an adam optimizer with momentum parameters of f; = 0.5 and B, = 0.999 for each of the
two adam optimizers.

We used the default parameters from this experiment as our starting point for further exploring the
parameter space. Our final experiment for this model was performed with rotation augmentation,
a generator and discriminator learning rate of 0.001 and a batch size of 16 and 270 epochs. The
same parameters for the adam optimizers were used as in the original paper with f; = 0.5 and
B> = 0.999. Results can be seen in Table
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Train (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.98 098 0.98 ‘ 0.98 097 097

Validation (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.55 0.55 055 ‘ 0.44 044 0.44

Test (CVCClinicDB)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

043 035 039| 033 035 030

Table 4.1: 2-fold cross validation performed on a Pix2Pix model (no grids), using the same param-
eters as in the paper of Pix2Pix, though with a new and stable architecture. No data enhancement
was performed for this experiment.

Train (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.98 097 098 ‘ 0.97 096 097

Validation (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.64 0.65 0.65 ‘ 0.54 0.55 055

Test (CVCClinicDB)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.5 048 049 ‘ 0.41 0.39 0.4

Table 4.2: 2-fold cross validation for Pix2Pix model with optimized parameters and rotation data
augmentation. No grid information was used.

4.3.2 Grid-GAN without Data Augmentation/Enhancement

These experiments investigate the segmentation performance of a basic Grid-GAN, which in prac-
tice is the segmentation performance of applying the grid segmentation network to Pix2Pix. No
data augmentation was performed besides the grid information from the grid segmentation frame-
work and no adaptions were made to any of the core concepts of how the Pix2Pix learns.
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Our first attempt was based on the same default parameters as in the Pix2Pix-paper, which implies
that all the configurations of this experiment are in fact equivalent to the experiment in Section
|.3.1] Of all the experiments we conducted with this particular model, these default parameters
gave the best results, which are given in Table The learning rate of the generator and the
discriminator was set to 0.0002. We performed 270 epochs together with a batch size of 4. We
utilized an adam optimizer for each of the generator and discriminator with momentum parameters
of B; =0.5 and B, = 0.999.

Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 099 099 099
4 0.99 099 099 | 099 099 099
8 0.99 099 099 | 0.99 099 099
16 0.99 099 099 | 0.99 099 099
128 0.98 098 098 | 097 097 097
All grids: | 0.99 0.99 099 ‘ 0.99 099 099

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.79 0.8 0.8 0.71 0.72  0.71
4 0.66 0.67 0.66 | 0.54 0.55 054
8 0.58 0.62 0.6 0.46 0.5 0.48
16 0.53 0.58 055 | 042 046 044
128 0.50 054 052 ] 040 043 041
All grids: | 0.61 0.64 0.63 ‘ 0.50 0.53 0.52

Test (CVCClinicDB)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.72 0.69 071 | 0.63 0.6 0.61
4 0.54 0.46 0.5 0.44 0.36 04
8 0.45 043 044 | 035 034 035
16 0.38 039 038 0.3 0.3 0.3
128 0.36 035 036 | 0.28 0.28 0.28
All grids: ‘ 0.49 047 048 ‘ 0.4 0.38 0.39

Table 4.3: 2-fold cross validation results for Grid-GAN using default Pix2Pix parameters without
any data enhancement besides grids. For this particular model, these parameters gave the best
results. Grid segmentation for grid size 128 is a normal pixel-level segmentation, as the image
input size is 128.
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Further experiments for this model did unfortunately not yield better results. We used these default
Pix2Pix parameters as a basis for exploring the parameter space. Another experiment can be seen
in Table 4.4 which was performed with 219 epochs, a learning rate of 0.003 for both the generator
and discriminator and a batch size of 16. The same adam optimizers were also used as in previous
experiments.

Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 099 099
4 0.99 099 099 | 0.99 099 099
8 0.99 099 099 | 099 099 099
16 0.99 099 099 | 099 099 099
128 0.97 098 097 | 095 096 095

All grids: | 0.99 099 099 ‘ 0.98 099 098

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.8 0.8 0.8 0.72 0.72 0.72
4 0.65 064 064 | 053 052 053
8 0.55 058 057 | 0.44 046 045
16 0.49 054 051 ] 039 043 041
128 0.48 0.51 049 | 0.38 0.4 0.39

All grids: | 0.59 0.61 0.6 ‘ 0.49 0.51 0.5

Test (CVCClinicDB)
Grid size Dice TIoU

OS2 1 Fold 1 Fold2  Avg | Fold1 Fold2 Avg

2 072 07 071] 063 061 062

4 051 045 048 | 041 036 038

8 043 037 04 | 033 029 032

16 036 032 034| 027 025 026
128 034 03 032] 026 023 025

All grids: | 047 043 045| 038 035 037

Table 4.4: 2-fold cross validation results for Grid-GAN without any data augmentation. This ex-
periment performed worse than the previous. It ran with 219 epochs, a learning rate of 0.003 for
both the generator and discriminator, a batch size of 16 and the same adam optimizers as previous
runs.
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4.3.3 Grid-GAN with Rotation Augmented Data

We can observe from previous experiments that no data enhancement or augmentation besides
grids did not yield satisfactory results. We decided from this point to investigate how the amount
and quality of the data affect segmentation performance for the grid segmentations, which could
be investigated by data enhancement and data augmentation techniques. Our first approach was
to augment the data by rotation. We increased the amount of images for the training set by per-
forming rotations of the original data, which we subsequently added to the training dataset. We
performed rotation augmentation with angles 90°, 180° and 270° in addition to the original image,
in accordance with the theory presented in Section4.1.3.1]

As with previous experiments, our initial experiment was performed using the default parameters
presented in the Pix2Pix paper. The generator and the discriminator had the same learning rate
of 0.0002 and the experiment was run with 105 epochs together with a batch size of 4. Both the
generator and discriminator utilized an adam optimizer with momentum parameters of $; = 0.5 and
B2 = 0.999 for each of the two adam optimizers. Results can be seen in Table This type of data
augmentation made the amount of training data 4 times larger and resulted in an increase in test
performance from 0.48 (in Dice coefficient, for all grids) to 0.59 as can be seen when comparing
Table 4.6l and Table 4.3

2x2 grid segmentation

4x4 grid segmentation

8x8 grid segmentation

16x16 grid segmentation

128x128 grid segmentation

128x128

Grid 128x128 Grid
Input - Input -
. pr truth segrpen 'npu truth segrpen
1mage tation 1mage tation

Table 4.5: Segmentation performance of our cross validated model in Table |4.6| for randomly se-
lected images from our test dataset (the CVCClinicDB dataset). Gray indicates a finding, while
black indicates no finding.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 0.99 099
4 0.99 099 099 | 0.99 0.99 099
8 0.99 099 099 | 0.99 099 099
16 0.99 099 099 | 0.98 098 0098
128 0.97 096 097 | 094 094 094
All grids: \ 0.99 098 099 \ 0.98 098 098

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.83 0.82 083 | 0.76 0.75 0.76
4 0.72 0.73 073 | 0.62 0.63  0.62
8 0.68 0.69 0.69 | 0.57 0.59 0.58
16 0.66 0.67 0.66 | 0.55 0.56 0.56
128 0.64 0.64 0.64 | 053 054 054

All grids: | 0.71 071  0.71 ‘ 0.61 0.62 0.61

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.77 0.74 0.76 | 0.69 0.66 0.67

4 0.63 0.61 0.62 | 0.52 0.51 0.52

8 0.58 0.56 057 | 047 045 046

16 0.55 049 052 | 044 0.39 042
128 0.55 048 051 | 044 0.38 041

All grids: | 0.61 058 059 | 051 048 05

Table 4.6: 2-fold cross validation of Grid-GAN ran with rotation augmentation using default
Pix2Pix parameters. This run is equivalent to the run in Table {.3] but with rotation augmenta-
tion. As observed for the previous model, these parameters performed the best.

Again, we explored the parameter space on the basis of the default parameters used in the previous
run. The experiment shown in Table concluded our research for this particular model. It did
not perform better than our initial experiment and was performed using a learning rate of 0.004 for
both the generator and discriminator, 164 epochs and a batch size of 16. The same adam optimizer
was used for both the generator and discriminator as for Pix2Pix.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 099 099 099
4 0.98 099 099 | 097 098 098
8 0.97 098 098 | 0.96 097 097
16 0.96 097 097 | 094 096 095
128 0.95 095 095 0.9 092 091
All grids: | 097 098 097 | 095 097 096

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.84 0.83 083 | 0.77 0.76  0.76
4 0.72 073 0.72 | 0.61 0.62 0.62
8 0.66 064 065 | 055 054 0.55
16 0.65 059 062 | 054 049 0.52
128 0.63 0.6 0.61 | 0.52 0.5 0.51

All grids: 0.7 0.68 0.69 ‘ 0.6 059 0.59

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.77 0.75 0.76 | 0.68 0.66 0.67

4 0.63 0.61 0.62 | 0.52 0.51 0.52

8 0.54 0.46 0.5 0.43 0.38 0.4

16 0.51 0.39 045 0.4 0.31 0.36
128 0.5 0.39 045 0.4 032 036

All grids: | 059 052 055| 049 044 046

Table 4.7: 2-fold cross validation of Grid-GAN with rotation data augmentation, ran with 164
epochs, a learning rate of 0.004 for the generator and discriminator and a batch size of 16. This
experiment performed worse than our experiment with default Pix2Pix parameters.

4.3.4 Grid-GAN with Contrast Enhanced Data

We enhance all images for all datasets using the CLAHE algorithm as described in Section4.1.3.2]
We then investigate if this leads to better segmentation performance than for the corresponding
runs without contrast enhancement (which were performed in Section |4.3.2)). The experiments
show little improvement and we get comparable results to the models that were performed with no
data enhancement/augmentation, which can be seen by comparing Table 4.3 and Table 4.8 There
may be several possible reasons for this result. The result may indicate that the model is actually
learning to contrast enhance the images by itself as a part of its effort to segment the image. The lack
of improvement can also be due to a big parameter space that has not been sufficiently explored.
The learning rate of the generator and discriminator was set to 0.001 for this particular experiment.
We ran the experiment using 224 epochs together with a batch size of 16. Both the generator and



CHAPTER 4. METHODS AND EXPERIMENTS 62

discriminator utilized an adam optimizer with momentum parameters of 3 = 0.5 and 3, = 0.999
for each of the two adam optimizers. Results can be seen in Table §.8]

Train (Kvasir-SEG)

Grid siz Dice TIoU
S7€ | Fold1 Fold2 Avg | Fold1 Fold2 Avg
2 099 099 099 | 099 099 099
4 098 099 099 | 096 099 098
8 095 099 097 | 092 099 096
16 093 099 096| 089 099 094
128 093 098 095| 088 096 092
Allgrids: | 096 099 097 | 093 099 096

Validation (Kvasir-SEG)

Grid size Dice IoU
OS2 1 Bold 1 Fold2  Avg | Fold1 Fold2 Avg
2 081 081 081| 072 072 072
4 063 065 064 | 063 053 0.52
8 055 058 057| 055 046 044
16 05 055 052| 05 043 041
128 048 052 05 | 048 041 039

All grids: | 0.59 0.62 0.61 ‘ 0.48 051 049

Test (CVCClinicDB)
Grid si Dice IoU

HESZ€ | Bold 1 Fold2 Avg | Fold1 Fold2 Avg
2 072 073 073] 062 064 0.3

4 048 055 052| 037 044 041

8 042 046 044 | 032 035 034

16 034 041 037 025 031 028
128 034 039 037 026 03 028

Allgrids: | 046 051 049 | 037 041 039

Table 4.8: 2-fold cross validation of Grid-GAN performed on contrast enhanced data. Ran with
224 epochs, a learning rate of 0.001 for generator and discriminator and a batch size of 16.

4.3.5 Grid-GAN with All Grid Sizes and Rotation Augmented Data

As stated in the last paragraph of Section [3.1.1] we decided to limit our experiments to be based
on five different grid sizes; 2, 4, 8, 16, 128. Parts of our motivation were based on the idea that
restricting the number of grid sizes would serve better for a proof of concept of our grid segmenta-
tion framework, as the segmentations for the higher grid sizes are very similar. However, it would
be interesting to see what effect there would be for the segmentation performance if all grid sizes
were included.
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The following experiment was performed with rotation augmentation, a learning rate of 0.004 for
both the generator and discriminator, 170 epochs and a batch size of 16. It did not achieve any jump
in segmentation performance compared to the previous corresponding experiments with a limited

number of grid sizes given in Section Results are given in Table

Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 098 096 097 | 097 094 0.96
4 095 093 094| 092 089 09
8 091 08 09 | 08 084 085
16 089 0.8 089 | 083 0.82 083
32 088 088 0.88| 081 081 081
64 087 08 087 | 079 079 0.79
128 087 088 0.88| 08 0.81  0.81
Allgrids: | 091 09 09 | 086 084 0.85

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 083 083 083| 075 076 0.76
4 069 073 071| 058 062 06
8 0.6 063 062| 05 0.53 051
16 0.6 059 059 | 05 0.49  0.49
32 059 062 06 | 049 051 05
64 0.59 06 06 | 049 0.5 049
128 059 062 06 | 049 051 05
All grids: | 0.64 066 0.65]| 054 056 0.55

Test (CVCClinicDB)

Grid size Dice IoU
1OSZ€ 1 Fold 1 Fold2 Avg | Fold1 Fold2 Avg
2 078 075 077 | 069  0.66 0.68
4 063 059 061 | 052 049 05
8 049 044 046| 04 036 038
16 048 039 043 | 038 031 035
32 046 043 045| 036 035 035
64 046 043 044 | 036 034 035
128 047 044 046 | 038 036 037
Allgrids: | 054 05 052] 044 041 043

Table 4.9: 2-fold cross validation of Grid-GAN ran for all grids using rotation augmentation. The
experiment was performed using a learning rate of 0.004 for both the generator and discriminator,

170 epochs and a batch size of 16.
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4.3.6 Grid-GAN with Loss Modifications

Our previous experiments investigated how we could manipulate our datasets to increase segmen-
tation performance. We will now turn to investigate how the model itself can be modified in order
to fit the grid segmentation framework better and possibly enhance segmentation performance. We
will be using rotation augmentation for all future Grid-GAN experiments unless stated otherwise,
as previous experiments obtained better segmentation performance with this type of augmentation.
We could observe from previous experiments that the Grid-GAN struggeled to learn large grid sizes
the most. We hypothesized that it could be because the loss function that is being learned by the
model does not learn to depend sufficiently on grid size. Even though the Grid-GAN has the ability
to learn its loss function during training, it might be the case that we have to push the learning of
the loss in the direction of depending sufficiently upon grid size in order to better incorporate grid
information into the model.

The generator loss was explained in Section[2.2.3.2.1|and incorporates an adversarial loss .Z.gan (G, D)
and a 11-loss .Z11 (G).

Ze6an(G, D) = By [log(D(x,y))] + Ex[log(1 - D(x,G(x)))]
Z11(6) = Exy[lly =Gl

For this experiment, we propose a direct approach to incorporate the grid size into the loss of the
generator by adding a grid loss in addition to the adversarial loss and the 11-loss. Our first proposal
was adding a mean cross entropy grid loss .Z5,i;—cr (G) which measures the cross entropy between
each grid cell and averages them. The final generator loss is summarized in Equation .1 We kept
the original weight of the 11-loss to A = 100 and mainly experimented with the weight A, of the
mean cross entropy grid loss in our final experiments.

fg(G,D) = argéninefc(;AN(G,D) +A.%0 (G) + lZc%rid—CE(G) “4.1)

This Grid-GAN model included a new parameter A, that had to be explored, which is the weight of
the mean cross entropy grid loss that was added to the generator loss. For this parameter, we based
our parameter search on the weight of the 11-loss, which in the default Pix2Pix architecture is set
to 100. The other parameters, such as learning rate, batch size etc were explored on the basis of
default Pix2Pix parameters as in previous experiments.

Our initial choice of value of 100 for the weight of the grid loss turned out to be unfortunate for
the learning of the generator, as the discriminator loss became minimized within the first epochs.
We experimented with different weights for the average cross entropy grid loss and found that
lower values had a tendency to perform best in general. We ran an experiment where we halved
the value of A, to 50, which resulted in a Dice coefficient at 0.63 at its highest. We furthermore
lowered the parameter down to 10, which gave the results seen in Table .10 This experiment was
in addition performed with a learning rate of 0.004 and a batch size of 16 and 117 epochs. We then
performed another run for a lower weight of A, = 3 which did not result in a considerable jump in
segmentation performance.
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Single experiment with A, = 10

Grid size . Train . Val . Test
Dice IoU | Dice IoU | Dice IoU
2 099 098 | 0.77 0.67 | 0.74 0.65
4 099 098 | 0.66 0.54 | 0.62 0.51
8 098 097 | 070 0.6 | 0.53 042
16 096 094 | 0.62 0.51 0.5 038
128 094 091 | 0.64 0.55 ] 046 0.35

All grids: | 0.97 0.96 | 0.68 0.58 | 0.57 0.46

Table 4.10: Single run for Grid-GAN with a mean cross entropy grid loss with weight param-
eter Ay = 10. Kvasir-SEG for generating the training and validation sets and CVCClinicDB for
generating the test set, as with all other experiments. Rotation augmented data used.

Our final cross validated run with optimized parameters can be found in Table @.12] along with
examples on how in performed on the test dataset in Table #.11] This experiment was run with a
learning rate of 0.0001 for the generator and discriminator, 73 epochs and a batch size of 4.

2x2 grid segmentation

4x4 grid segmentation

8x8 grid segmentation

16x16 grid segmentation

128x128 grid segmentation

128x128 Grid 128x128

Ground
Input segmen- Input segmen-
. truth . . ru .
1mage tation 1mage tation

Table 4.11: Performance of our cross validated model in Table for randomly selected images
from our test dataset (the CVCClinicDB dataset). Gray indicates a finding, while black indicates
no finding.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 099 099 099
4 0.98 099 099 | 098 099 098
8 0.97 099 098 | 095 099 097
16 0.95 098 097 | 092 098 095
128 0.93 096 094 | 0.88 0.93 0.9
All grids: | 0.96 098 097 | 094 097 0.96

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.83 082 083 | 0.76 0.75 0.76
4 0.72 073 073 | 0.62 0.63 0.62
8 0.69 069 0.69 | 058 058 0.58
16 0.68 0.64 0.66 | 0.57 054 0.56
128 0.65 064 0064 | 054 054 054

All grids: | 0.72 0.7 0.71 ‘ 0.62 0.61 0.61

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.78 0.74  0.76 0.7 0.66 0.68

4 0.66 0.61 0.63 | 0.55 0.51 0.53

8 0.62 055 059 | 0.51 045 048

16 0.58 048 053 | 047 0.39 043
128 0.56 0.5 0.53 | 046 041 042

All grids: | 0.64 058 061 | 054 048 051

Table 4.12: 2-fold cross validation of Grid-GAN with a mean cross entropy grid loss and rotation
augmentation. Performed with a learning rate of 0.0001 and 73 epochs together with a batch size
of 4. This was our best performing experiment with the mean cross entropy grid loss.

We also tried with a higher learning rate, which gave a worse result. This experiment was performed
with a learning rate of 0.002 for the generator and discriminator, grid loss weight of A, = 10, a batch
size of 16 and 195 epochs. Results can be seen in Table §.13]
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 0.99 099
4 0.99 099 099 | 0.99 0.99 099
8 0.99 099 099 | 0.99 099 099
16 0.99 099 099 | 0.98 098 0098
128 0.97 097 097 | 094 095 095
All grids: | 0.99 0.99 099 \ 0.98 098 098

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.81 0.83 082 | 0.73 0.76  0.75
4 0.69 0.71 0.7 0.59 0.61 0.6
8 0.66 0.66 0.66 | 0.56 0.57 0.56
16 0.64 0.63 0.63 | 0.53 0.53 0.53
128 0.61 0.62 0.62 | 051 052 0.52

All grids: | 0.68 0.69 0.69 ‘ 0.59 0.6 0.59

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.74 0.72 0.73 | 0.66 0.64 0.65

4 0.57 0.55 056 | 047 046 047

8 0.53 0.46 0.5 0.43 0.38 041

16 0.49 041 045 | 040 033 037
128 0.47 041 044 | 0.39 033 0.36

Allgrids: | 056 051 053 | 047 043 045

Table 4.13: 2-fold cross validation of Grid-GAN with a mean cross entropy grid loss and rotation
augmentation. Performed with a grid loss weight of A, = 10, a learning rate of 0.002 for discrim-
inator and generator, 195 epochs and a batch size of 16. This experiment gave worse results than
our previous experiment.

4.3.7 Grid-GAN with Upsampling Skip Connections

We originally hypothesized that it may be possible to learn information pertaining to different grid
segmentations through the different layers in the upsampling part of the network. This is because
the different layers can represent information with regards to different receptive fields, which could
be interpreted as grids. The first upsampling layer may for instance represent segmentation in-
formation from the lowest grid size, while the last layers represent information from higher grid
size segmentations. This idea was explained in the introductory chapter of chapter [3] We further
hypothesize based on this idea that the original U-NET architecture of the generator may be sub-
optimal for learning on grids. It may actually be disadvantageous to propagate the information
through all the upsampling layers as they also have the task of representing different grids. In the
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case for the first upsampling layers representing the lower grid sizes, this information should rather
be directly forwarded to the last layer instead of being further transformed through the remaining
upsampling layers. This could theoretically aid the learning of the different grid segmentations.

The U-NET architecture (the generator of the Grid-GAN) has skip connections from its downsam-
pling part to its upsampling part. We propose a new U-NET architecture where additional skip
connections are added to improve the learning of grids. Skip connections are added from every
layer in the upsampling part to the last layer of the upsampling part. This is in practice done by
zero padding and concatenating the input of the last layer with the outputs of the previous upsam-
pling layers. The outputs are zero padded to match the dimension of the input. The zero padding
of the outputs and the subsequent transformation can be interpreted as just a bigger upsampling.
Equivalent to previous experiments, we first performed a run with default Pix2Pix parameters for
our model. The experiment was run with 82 epochs together with a batch size of 4 and a learning
rate of 0.0002 for both the generator and the discriminator. Both the generator and discriminator
utilized an adam optimizer with momentum parameters of f; = 0.5 and 3, = 0.999 for each of the
two adam optimizers. Results are given in Table[4.15]along with examples of how it performed on
individual images from test set in[4.14]

2x2 grid segmentation

4x4 grid segmentation

8x8 grid segmentation

16x16 grid segmentation

128x128 grid segmentation

128x128 Grid 128x128

I Ground

nput segmen- Input
. truth . .
image tation 1mage

Table 4.14: Performance of our cross validated model in Table for randomly selected images
from our test dataset (the CVCClinicDB dataset). Gray indicates a finding, while black indicates
no finding.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 0.99 099
4 0.99 099 099 | 0.99 0.99 099
8 0.98 099 099 | 0.98 099 0098
16 0.97 099 098 | 095 098 097
128 0.95 096 096 | 0.92 093 092
All grids: \ 0.98 0.98 098 \ 0.96 098 097

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.83 0.83 083 | 0.76 0.76  0.76
4 0.74 0.73 074 | 0.64 0.63  0.63
8 0.69 0.69 0.69 | 0.58 0.59 0.59
16 0.67 0.67 0.67 | 0.56 0.56 0.56
128 0.65 0.64 0.65 | 0.54 054 054

All grids: | 0.72 071  0.72 ‘ 0.62 062 0.62

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.78 0.75 0.77 0.7 0.67 0.68

4 0.68 0.62 0.65 | 0.57 0.52 054

8 0.62 056 059 | 0.51 046 048

16 0.57 0.51 054 | 046 041 043
128 0.57 049 053 | 046 0.39 043

All grids: | 0.64 058 061 | 054 049 051

Table 4.15: 2-fold cross validation of Grid-GAN with upsampling skip connections. Ran using
rotation augmentation and the same parameters as default Pix2Pix with a learning rate of 0.0002,
82 epochs and a batch size of 4.

We explored the parameter space based on the default Pix2Pix parameters, as done in the majority
of our previous experiments. We performed an experiment using 131 epochs, a learning rate of
0.008 for the generator and discriminator and a batch size of 16, which performed marginally
worse than the previous experiment. We also did an experiment where we increased the learning
rate to 0.03 and performed about 1000 epochs. This resulted in a performance of 0.49 in Dice and
0.41 in IoU, which was worse than our default configuration.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 098 098 098
4 0.98 098 098 | 097 097 097
8 0.98 097 097 | 096 095 095
16 0.97 095 096 | 094 092 093
128 0.95 094 094 | 0091 0.89 0.9
All grids: | 0.97 097 097 | 095 095 0.95

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.8 084 082 | 0.72 0.77  0.75
4 0.69 073 071 | 0.59 0.62 0.6
8 0.65 069 0.67 | 054 058 0.56
16 0.62 0.65 0.64 | 0.52 054 053
128 0.61 0.64 0.62 0.5 0.53 0.52
All grids: | 0.67 0.71  0.69 \ 0.57 0.61 0.59

Test (CVCClinicDB)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.75 075 0775 | 0.66 0.67 0.66
4 0.61 0.6 0.6 0.51 0.5 0.5
8 0.55 056 055 | 044 046  0.45
16 0.5 049 0.49 0.4 04 0.4
128 0.49 0.5 0.5 0.39 041 041
All grids: | 0.58 048 058 | 0.58 049 048

70

Table 4.16: 2-fold cross validation of Grid-GAN with upsampling skip connections, ran with 131
epochs, 0.008 in learning rate for generator and discriminator, a batch size of 16 and rotation

augmented data. This experiment performed marginally worse than our previous.
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4.3.8 Final Small Scale Experiments with 256x256 Images

The amount of data generated by our grid segmentation framework made it difficult to train models
based on 256x256 images given our available equipment. This lead to our initial decision of focus-
ing on 128x128 images. In order to identify possibilities of future work, we decided as a last effort
to scale back experiments to meet our memory requirements and run some of them on 256x256
images. It is worth noting that these experiments provided some of the best results seen so far in
this thesis, which for future work would make a thorough investigation for larger images even more
interesting.

Due to time limitations, these experiments were not run with any cross validations. We performed
an experiment with an ordinary Pix2Pix with no grids, the default architecture provided by tensor-
flow, a learning rate of 0.002, batch size of 16 and rotation augmented data, where we ran 1000
epochs. Kvasir-SEG was used for training and validation, while CVCClinicDB was used for test-
ing. Best results were achieved by epoch 512, which can be seen in Table [4.17]

Train Validation Test
(Kvasir-SEG) (Kvasir-SEG)  (CVCClinicDB)

Dice | IoU  Dice | IoU  Dice | IoU
0.98 | 097 074 | 0.64 059 | 0.49

Table 4.17: Single Pix2Pix experiment on 256x256 images using a learning rate of 0.002, batch
size of 16 and 512 epochs.
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4.4 U-NET Baseline Experiments

We want to investigate the basis of our motivation for the Grid-GAN, which hinge on the hypoth-
esis that the adversarial learning introduced by the model could provide an advantage for learning
to perform the segmentations. The theory behind this hypothesis was described in detail in the
motivation section of Grid-GANs (section [3.2.1). We investigate this hypothesis by providing cor-
responding U-NET experiments for our Grid-GAN variants. The corresponding architectures for
the generator of the Grid-GAN (which is a U-NET architecture) will be used for our U-NET ex-
periments. The experiments will be for the most part be focused on the Grid-GAN approaches that
provided the most promising results.

44.1 U-NET

The authors of the Kvasir-SEG dataset performed experiments with a basic U-NET, which gave a
performance of 0.7147 in Dice and 0.43 in meanloU [44]. These experiments were based on images
of size 256x256 while our experiments have for the most part been based on 128x128 images. We
will in spite of this use the results as part of our baseline when comparing with other models while
also performing our own experiments based on the parameters from this model.

The following experiment is performed with the same parameters as for the optimized model given
in this paper, but we adapt the experiment to 128x128 images in order to compare with our models.
We use our chosen architecture described in Section @] and a learning rate of 0.0001, a batch
size of 16 and 120 epochs. We also performed the experiment with rotation augmented data, which
has proven to be best among the data augmentation techniques we have investigated. Results can
be seen in Table d.18]

Train (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.96 095 095 ‘ 0.93 093 093

Validation (Kvasir-SEG)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.62 0.63  0.62 ‘ 0.51 052 052

Test (CVCClinicDB)

Dice IoU
Fold1 Fold2 Avg | Foldl Fold2 Avg

0.48 045 047 ‘ 0.39 036 0.37

Table 4.18: 2-fold cross validation of ordinary U-NET without any grids, but with rotation aug-
mented data. Performed using the same parameters from the Kvasir-SEG dataset paper with a
learning rate of 0.0001, 120 epochs and a batch size of 16.
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4.4.2 Grid U-NET with Rotation Augmented Data

These Grid U-NET experiments are baseline experiments for the Grid-GAN experiments seen in
Section4.3.3] We tried to optimize parameters on the basis the parameters used for the Grid-GAN
experiments. Below are two experiments, one performed with a learning rate of 0.0004, batch size
of 4 and 98 epochs (given in Table 4.19) and another experiment performed with a learning rate of
0.003, 226 epochs and a batch size of 16 (given in Table #.20).

The first U-NET experiment (Table performed the best of the two experiments, though it gave
worse segmentation performance than for the corresponding Grid-GAN model. This may be due to
our initial hypothesis which stated that the GAN models might perform better due to their ability to
learn their loss function, but we acknowledge that these results can also be due to a vast parameter
space that was not sufficiently explored.

Train (Kvasir-SEG)

Grid size Dice 1oV
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 0.99 099
4 0.99 099 099 | 0.99 098 099
8 0.99 099 099 | 098 0.98 098
16 0.98 098 098 | 0.97 097 097
128 0.95 094 095 | 091 0.9 0.91
All grids: \ 0.98 098 098 \ 0.97 097 097

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.81 0.82 082 0.74 075 0.74
4 0.7 0.71 0.7 0.59 0.6 0.6
8 0.64 0.66 0.65| 0.53 0.56  0.55
16 0.61 0.64 0.62 | 0.51 0.54 0.52
128 0.58 0.6 0.59 | 048 0.51 049

All grids: | 0.67 0.69 0.68 ‘ 0.57 0.59 0.58

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.73 073 073 | 0.64 0.65 0.65

4 0.57 0.57 057 | 048 047 047

8 0.48 0.5 049 | 0.39 0.41 0.4

16 0.45 046 046 | 0.36 037 037
128 0.45 046 045 | 0.36 0.37 037

Allgrids: | 0.54 054 054 | 045 045 045

Table 4.19: 2-fold cross validation of Grid U-NET ran with rotation augmentation. Performed with
a learning rate of 0.0004, 98 epochs and a batch size of 4.
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Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 0.99 099
4 0.99 099 099 | 0.99 0.99 099
8 0.99 099 099 | 0.99 099 099
16 0.99 099 099 | 0.99 099 0.99
128 0.96 096 096 | 093 094 093
All grids: \ 0.99 0.99 099 \ 0.98 098 098

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.81 0.82  0.81 0.73 0.75 0.74
4 0.66 0.71 0.69 | 0.56 0.61 0.59
8 0.61 0.65 0.63 | 0.51 0.55 0.3
16 0.57 0.63 0.6 0.48 0.53 0.51
128 0.56 0.6 0.58 | 0.47 0.51 049

All grids: | 0.64 0.68 0.66 ‘ 0.55 059 057

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.73 0.71  0.72 | 0.65 0.63 0.64

4 0.52 0.54 053 | 043 045 044

8 0.48 0.44  0.46 0.4 036 0.38

16 0.42 041 042 | 0.34 034 034
128 0.43 0.4 0.42 | 0.35 033 034

Allgrids: | 052 05 051 | 043 042 043

Table 4.20: 2-fold cross validation of Grid U-NET ran with rotation augmentation. Performed with
a learning rate of 0.003, 226 epochs and a batch size of 16.
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4.4.3 Grid U-NET with Contrast Enhanced Data

We performed a corresponding Grid U-NET experiment based on the Grid-GAN experiments with
contrast enhanced data seen in Section 4.3.4] This Grid U-NET experiment can be seen in Table
|.21] It was performed with 283 epochs, a learning rate of 0.002 and a batch size of 16. The
experiment did not show a substantial gain in segmentation performance, which we also observed
for the corresponding Grid-GAN experiment. We believe the results for both the U-NET and the
Grid-GAN in this case can be explained by the same factors. It is possible that the model already
learns to implicit perform a contrast enhancement as a part of learning the segmentation, or that the

results are due to a parameter space which has not been sufficiently explored.

Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 099 099 099
4 0.99 099 099 | 099 099 099
8 0.99 099 099 | 099 099 099
16 0.99 099 099 | 099 099 099
128 0.98 096 097 | 0.96 094 095
All grids: | 0.99 099 099 ‘ 0.99 098 098

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.76 078 0.77 | 0.66 0.69 0.68
4 0.59 0.61 0.6 0.46 048 047
8 0.47 0.5 049 | 037 0.39 038
16 0.4 045 042 | 031 035 033
128 0.38 043 041 0.3 034 032
All grids: | 0.52 0.55 054 ‘ 0.42 045 043

Test (CVCClinicDB)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.67 071 0.69 | 0.57 0.61 0.59
4 0.45 048 046 | 035 037 0.36
8 0.37 039 038 | 0.28 029  0.29
16 0.31 033 032 0.23 025 0.24
128 0.29 0.31 0.3 0.22 024 023
All grids: ‘ 0.42 044 043 ‘ 0.33 035 034

Table 4.21: 2-fold cross validation of Grid U-NET ran on contrast enhanced images, A learning
rate of 0.002 was used as well as a batch size of 16. The experiment was run with 283 epochs.
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4.4.4 Grid U-NET with Loss Modifications

The loss inherent to the U-NET architecture is a cross entropy loss. In this experiment, we extend
it by adding the same mean cross entropy grid loss used in the Grid-GAN variant presented in
Section .3.6, We also perform the experiment with rotation augmentation, which have shown
promising results in earlier experiments. Our final experiment can be seen in Table d.22] which was
performed using a learning rate of 0.0002, 85 epochs and a batch size of 4. This gave marginally
better results than the original model without the mean cross entropy grid loss. Based on these
results, it would be difficult to conclude that this loss actually improved segmentation performance.
We believe more experiments are needed in order to make a definite conclusion, which would have
to be left for future work.

Train (Kvasir-SEG)

. Dice IoU
Gridsize | pld1 Fold2 Ave | Fold1 Fold2 Ave
2 099 099 099| 099 099 0.99
4 099 099 099 | 098 098 098
8 098 098 098 | 098 097 097
16 098 097 097 | 096 096 096
128 094 093 094| 09 089 089

All grids: | 0.98 097 097 ‘ 0.96 096 0.96

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.82 0.81 082 | 0.75 0.74 0.74
4 0.68 071  0.69 | 0.57 0.6  0.59
8 0.64 065 064 | 053 055 054
16 0.62 062 062 | 052 052 052
128 0.58 06 059 | 048 0.5 0.49
All grids: | 0.67  0.68 067 | 057 058 0.8

Test (CVCClinicDB)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.76 068 0.72 | 0.68 0.6  0.64
4 0.59 051 055 | 049 042 046
8 0.54 043 049 | 044 0.35 0.4
16 0.52 042 047 | 041 033 037
128 0.5 042 046 0.4 034 037

All grids: ‘ 0.58 0.49 0.54‘ 0.48 041 045

Table 4.22: 2-fold cross validation of Grid U-NET with a mean cross entropy grid loss. Performed
using a learning rate of 0.0002, a batch size of 4 and 85 epochs.
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4.4.5 Grid U-NET with Upsampling Skip Connections

This experiment is essentially the generator of the Grid-GAN seen in Section 4.3.7| which is run
and trained as a U-NET with a learning rate of 0.0002, batch size of 4, 131 epochs and rotation
augmented data. The results can be seen in Table [4.23] It performed a bit worse than the corre-
sponding Grid-GAN model and had very similar performance to previous experiments with only
marginal differences.

Train (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.99 099 099 | 0.99 099 099
4 0.99 099 099 | 098 098 098
8 0.98 098 098 | 0.98 097 097
16 0.98 097 097 | 0.96 095 0.96
128 0.94 093 094 0.9 0.89 0.9

All grids: | 0.98 097 097 ‘ 0.96 096 0.96

Validation (Kvasir-SEG)

Grid size Dice loU
Fold1 Fold2 Avg | Foldl Fold2 Avg
2 0.81 0.81 081 | 0.73 073 0.73
4 0.68 0.7 0.69 | 0.58 0.6 0.59
8 0.64 066 0.65 | 0.54 056 0.55
16 0.62 0.63 062 | 051 0.53 052
128 0.57 059 058 | 048 0.5 0.49

All grids: | 0.67 0.68 0.67 ‘ 0.57 0.58 0.58

Test (CVCClinicDB)
Grid size Dice loU

Fold1 Fold2 Avg | Foldl Fold2 Avg

2 0.75 0.69 0.72 | 0.67 0.62 0.64

4 0.59 0.56 057 | 0.49 047 048

8 0.55 048 051 | 0.44 04 0.42

16 0.52 044 048 | 042 036  0.39
128 0.49 042 046 0.4 035 037

All grids: | 0.58 052  055| 048 044 046

Table 4.23: 2-fold cross validation of Grid U-NET with upsampling skip connections performed
with a learning rate of 0.0002, batch size of 4 and 131 epochs.
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4.5 Summary

This chapter relates to our second and third research objectives. First, we apply the grid segmen-
tation framework to U-NET and Pix2Pix and investigate various data augmentation techniques to
improve segmentation performance. We later modify the architecture and the loss of the models
in attempts to make the grid segmentation networks better adapted to the grid segmentation frame-
work, which according to our theories in Section4.3.7|and4.3.6|could promote better segmentation
performance.

Our top three best performing grid segmentation models had the ability to perform at least as well as
our corresponding U-NET and Pix2Pix experiments without grids. This can be observed for all of
our three best performing Grid-GAN models seen in Table 4.24] and the same observations can be
observed for corresponding Grid U-NET experiments seen in Table 4.25] The Grid-GAN provided
slightly better segmentation results than our best Pix2Pix experiment, but we acknowledge that this
may be due to a parameter space that was not fully investigated.

For 128x128 images, Grid-GAN based networks provided our best results which were also the
networks where most of our research was focused. None of our baseline Grid U-NET experiments
outperformed the corresponding Grid-GAN experiments. The Grid-GAN variant with upsampling
skip connections and rotation augmentation provided the best results, though with a very small
margin as can be seen in Table 4.24

USSC: Grid-GAN with upsampling skip connections and rotation augmented data

MCE Loss: Grid-GAN with mean cross entropy grid loss and rotation augmented data

Normal: Grid-GAN with only rotation augmented data

No Grids: Normal Pix2Pix with only rotation augmented data

Top three Grid-GAN models compared with our best Pix2Pix experiment

d si USSC MCE Loss Normal No Grids
Grid size Dice IoU | Dice 1IoU | Dice IoU | Dice IoU

2 0.77 068 | 0.76 0.68 | 0.76  0.67 - -

4 0.65 054 | 063 053] 062 0.52 - -

8 0.59 048 | 0.59 048 | 0.57 0.46 - -

16 0.54 043 | 053 043 | 052 042 - -
128 0.53 043 | 053 042 | 051 041 | 049 04

Allgrids: | 0.61 051 | 0.61 051059 05 | - -

Table 4.24: Average test performance results from cross validation experiments of our best varieties
of Grid-GANSs, ran on 128x128 images. The test dataset was obtained from a separate dataset called
CVCClinicDB, while training was performed with the Kvasir-SEG dataset.

The best results of all our experiments were seen with Pix2Pix on 256x256 images, but we unfor-
tunately did not have the computational resources nor the time to fully investigate this approach for
our grid segmentation networks, which had to be left for future work.
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As can be seen in Table 4.25] all of our top three Grid U-NET experiments performed somewhat
worse than corresponding Grid-GAN experiments.

Normal: Grid U-NET with only rotation augmented data

No Grids: Normal U-NET with only rotation augmented data

USSC: Grid U-NET with upsampling skip connections and rotation augmented data

MCE Loss: Grid U-NET with mean cross entropy grid loss and rotation augmented data

S USSC MCE Loss Normal No Grids
Grid size
Dice IoU | Dice IoU | Dice IoU | Dice IoU
2 072 064 | 0.72 0.64 | 0.73 0.65 - -
4 0.57 048 | 0.55 0.46 | 0.57 047 - -
8 051 042|049 04 | 049 04 - -
16 048 039 | 047 037 | 046 0.37 - -
128 046 037 | 046 037 | 045 037 | 047 0.37
All grids: | 0.55 046 | 0.54 045 | 0.54 045 | - -

Table 4.25: Average test performance results from cross validation experiments of our best varieties
of Grid U-NETs, ran on 128x128 images. The test dataset was obtained from a separate dataset

called CVCClinicDB.
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Conclusion

This chapter summarizes the work presented in this thesis and presents perspectives relevant for
future work.

5.1 Summary and Contributions

Colorectal cancer is one of the most common causes of cancer related deaths, where early detection
is crucial for survival. Screening is manually performed by doctors, which includes both the detec-
tion and localization of polyps, commonly known as precursors to gastrointestinal cancer. A major
problem for the manual screening of patients is human errors where polyps could for instance not
be detected by the doctor. Similar problems are observed when manually determining attributes of
the polyp, such as size and borders, which further could be important to remove the polyp or deter-
mine malignancy. These problems associated with manual screening motivate the use of automated
segmentation, which is an area of research where machine learning have excelled over the recent
years. The U-NET and its various variants have provided state-of-the-art segmentation for medical
applications since their introduction. To address the problems with current manual screening of
the gastrointestinal tract, we proposed in Section [I.2] the development of new variants of neural
networks which we will compare with current-state-of-the-art neural networks for segmentation.

The main objective of the developed networks was to answer our research question:

Can we improve the segmentation performance of a segmentation model by learning to
segment within several degrees of segmentation precisions?

Our research question was based on the hypothesis that features used to create less precise seg-
mentations could aid the training of pixel-level segmentations. We obtained different degrees of
segmentation precisions by learning to segment within grids, while the grid size was specified as
an additional input to the segmentation model and acted as a parameter for controlling the segmen-
tation precision. To answer our research question, we developed three objectives to help guide us
to a solution. Each objective builds on the one that came before it, and through the completion of
each objective, we are better suited to make a final conclusion.

80
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Objective 1: Research and develop a framework for learning a grid segmentation mapping that
takes an image and a grid size and segments the image within the specified grid size. The segmenta-
tion mapping should also be able to perform a normal pixel-level segmentation in addition to these
grid segmentations, which would correspond to a grid size equal to the image size. The resulting
framework should be able to work with several state-of-the-art neural networks.

This objective is supported by our development of the grid segmentation framework and
the corresponding pipeline. The grid segmentation framework enables machine learn-
ing algorithms to perform segmentations with degrees of precisions, which is realized
by learning to segment within different grids. The framework included an approach for
the encoding of grids as well as methods for generating the various segmentations within
specific grids. Our framework was successfully implemented and worked for several state-
of-the-art neural networks.

Objective 2: Apply the grid segmentation framework to state-of-the-art neural networks for seg-
mentation. Investigate how the amount and quality of the data affects the learning of the grid
segmentations. Compare the results with corresponding state-of-the-art neural networks without
grids.

We applied the grid segmentation framework to Pix2Pix [41] and U-NET models [94].
All results considered, our models showed particularly good results for segmentations of
lower precisions at the cost of less precision, while segmentations of higher precisions
proved more difficult. Normal pixel-level segmentations proved to be the hardest task,
where we obtained at least as good performance as current state-of-the-art neural networks.
The precisions obtained for lower segmentations often allowed for good approximations
to be obtained when higher precisions failed. We also investigated how the amount and
quality of the data affected our models by using rotation augmented data and contrast
enhanced data. We obtained our best results with rotation augmentation, which offered
the most significant improvements. We only observed small improvements for contrast
enhancement. These results were also confirmed by our baseline experiments.

Even though several of our Grid-GANs did exceed the segmentation performance of our
Pix2Pix experiments, the difference in performance was marginal and went from 0.49 to
0.53 in Dice at best. Similar observations were made for our baseline experiments with
Grid U-NET, which did not give better performance than corresponding U-NET models.
The lack of improvement of segmentation performance may be due to several reasons.
GAN models are notorious for long training time and it may be that the parameter space
was not sufficiently explored. Another very likely alternative is that there was no improve-
ment, because the conceptual idea for the effective learning of features when learning grids
(described in Section [3.2.1) did not conform with how the networks learned in practice.

Both our Pix2Pix and Grid-GAN models performed better than corresponding U-NET and
Grid U-NET architectures in our experiments, which may be due to our initial hypothesis
that the Grid-GAN and Pix2Pix would perform better due to their ability to learn their loss
function during training. The results may also be explained by our choice to particularly
focus on the Grid-GAN models, which lead to fewer experiments being performed for the
Grid U-NETs and thus fewer parts of the parameter space being explored.
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Objective 3: Investigate how the learning of these networks could be fully adapted and modified to
the grid segmentation framework in order to enhance segmentation performance. Again, compare
these results with corresponding state-of-the-art neural networks without grids.

This objective is supported by the theories we developed for how our grid segmentation
networks could learn in a manner that could improve segmentation performance and the
following modifications we performed to accommodate the learning process. We devel-
oped a theory that the receptive fields of the different layers could represent different grids,
in which adding skip connections between all upsampling layers to the last layer could al-
low grid information to be propagated directly to the last layer. We also incorporated the
grid size into the loss of our models in order to try to push the models towards better
learning of grids. Generally, our experiments with these models obtained nearly the same
results as previous experiments.

For the variant with upsampling skip connections, this lack of improvement may be due to
several reasons. Besides the reasons already mentioned in objective 2, it may be that there
is no improvement because the U-NET architecture already propagates the grid segmen-
tation information efficiently through the layers to produce the final segmentation. Given
our theory for how the segmentations could be learned, the Grid U-NET could learn to
disregard the higher level grid details from the skip connections coming from the down-
sampling part, depending on the input grid size. In other words, the grid information is
simply upsampled during the subsequent propagations through the layers. This would im-
ply that the learning of the Grid-GAN already is optimal and could explain why there is
no improvement for this type of modification.

For the loss modification, we saw that it generally required a weight of low value to be
able to learn well. Given how little the model improved and the low weight that was
required, it is possible that the grid loss function was unlearned during the learning of the
loss function, which could explain why there was no gain in segmentation performance. In
addition to all the scenarios described for the various models, the lack of observed gain in
performance could be due to a parameter space that was not sufficiently explored. GANS,
which were the main focus of this thesis, were really time consuming to train.

We will now summarize the answer to our research question, which was largely addressed in the
answer to the research objectives above. Our research question was based on the hypothesis that
learning several degrees of precision in the segmentation maps would enhance segmentation per-
formance. This idea was motivated by the hypothesis that features pertaining to segmentations of
less precision could build upon features of higher precision, including the performance of normal
pixel-level segmentations. Although some of our Grid-GAN experiments showed marginally better
results than Pix2Pix, our baseline experiments with Grid U-NET and U-NETs did not. Based on
these results, we were not able to confirm the hypothesis that learning several degrees of precision
in the segmentation maps would enhance segmentation performance. We described several possi-
ble reasons, which could be that the effective learning of features that we hypothesized would be
possible in Section 4.3.7 and [3.2.1] did not occur in practice. There is also the possibility that the
parameter space was not sufficiently explored due to the long training of the Grid-GANs and the
limited time for our thesis. Regardless of cause, further research of this topic would probably ben-
efit from looking at how our models actually learn to capture grid information, in order to further
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accommodate the learning according to our hypothesis. This could for instance be researched by
the use of saliency maps.

Despite this conclusion, the grid segmentation networks showed particularly promising results for
their ability to segment with less precision and approximate where a given finding is situated. If
the network fails to perform a normal pixel-level segmentation of a particular image, a lower grid
size could be given to the network and often mark an area of interest where the particular finding is
roughly situated. This is in stark contrast to even the best neural networks, which might not fail as
gracefully and only provide a few sporadic markings of the object. These networks would not have
the same ability to approximate the location of a given finding when a normal segmentation fails,
but the grid segmentation networks we developed do have this ability.

5.2 Future Work

Over the course of this thesis, we demonstrated how machine learning algorithms could learn to
segment within several degrees of segmentation precisions. We showed how it is possible to obtain
quite good performance for lower degrees of segmentation precisions and a pixel-level segmenta-
tion performance that was at least as good as experiments with currrent state-of-the-art networks.
However, there is still potential for improvements, including further research of our hypothesis
regarding that the lower degrees of segmentation precisions could aid pixel-level segmentation
precisions. Based on the research we conducted during the work of this thesis, we have several
proposals for future work, many of which we believe could be very interesting to research.

e Performing experiments with larger images

This is perhaps the most promising alternative for future work. We unfortunately did not
have the time or the computational resources available to fully investigate performance
for our grid segmentation networks on images larger than 128x128. The few restricted
experiments we performed gave the best results seen so far in this thesis, which makes
this particularly interesting to investigate, especially if applied for the Grid-GAN, which
provided the best results in general for 128x128 images.

e CycleGAN implementation of Grid-GAN

It would be interesting to investigate if unsupervised learning by CycleGAN would be
able to find an underlying representation in the data that makes the network learn a bet-
ter internal representation of grids. CycleGAN has shown promising results for image
segmentation [94]].

o Investigating alternative grid encodings
Our approach have mainly been focused on conditioning on a grid size that is encoded as an

image which is given as an input together with the input image. This is in accordance with
how conditional GANs have traditionally been implemented, but it can be a bit unfortunate
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in our case. The grid encoding is in essence a large vector that encodes a very limited set
of possible grid sizes, which is an inefficient representation that could impact the learning.

An alternative approach could be to implement a conditioning similar to the approach seen
in Dual Conditional GANSs [77]]. The condition (grid size) could be encoded to a small
vector that is concatenated with the result of the downsampling part which is then directly
fed to the first upsampling layer in the generator/U-NET architecture. This alternative
approach for conditioning requires fewer parameters and could facilitate learning. It has
already been successfully implemented and utilized for several image based tasks.

o Investigating alternative mappings

We mainly investigated one particular mapping during the work of this thesis but there
are other mappings which would be interesting to investigate as well. One approach that
we did not have time to investigate sufficiently was a mapping where each grid cell cor-
responds to a single pixel, which differs from our initial approach where a grid cell is in
essence a collection of pixels. The mapping can be illustrated in Figure [5.1]

Output

Mapping

Input image 32x32 grid size encoding 32x32 grid segmentation

Input Output

Y

Mapping

Input image 64x64 grid size encoding 64x64 grid segmentation

Figure 5.1: Segmentation examples with grid size 32 and 64 for the Grid-GAN variant where
each grid cell is a pixel value. The black color in the output indicates that it is outside of the
segmentation. Gray is no finding. White is a finding.
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o Investigating alternative grid losses

We experimented with some grid losses in this thesis with the goal of pushing the learning
of the loss in the direction of learning grids better. We only had time to investigate a few
variants of these losses and it would be interesting to investigate if other losses could have
given a better effect for the learning of the grid segmentations.

o Investigating alternative architectures and parameters

GANSs are notoriously time consuming to train, which have restricted our ability to in-
vestigate the parameter space and different architectures given the computing power we
have available for the master thesis. Further exploring the parameter space and different
architectures with different amounts of layers and neurons is set as future work due to this
limitation.

e Run experiments on the Kvasir-Capsule dataset

During the work of this thesis, we helped develop the Kvasir-Capsule dataset, but we
unfortunately did not have time to perform any experiments with it. We ultimately chose
to rather prioritize segmentation based datasets of one single class for our experiments,
which we considered to be the best approach for a proof of concept for our models. The
Kvasir-Capsule dataset could nevertheless be interesting to investigate for future work, as
it contains several other categories of gastrointestinal diseases besides polyps.
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