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Abstract

We studied how a variety of 2D convolutional autoencoders of different sizes performed the task
of reconstructing healthy brain magnetic resonance images. The images used were the subset
of T1-weighted MRI available in the IXI dataset. Two smaller ResNet-like models were cre-
ated and tested to see how the number of parameters in the model affected the reconstruction
prowess of the autoencoders. The popular ResNet50 model was also tested under two configu-
rations: no pre-trained weights and pre-trained weights trained on the ImageNet dataset, to see
if the transfer learning process from an unrelated computer vision task help improve the recon-
struction results. All models were trained using mean square error and difference of structural
similarity as loss function to explore if the later would assist the models in improving their
performances as some publications have pointed out for a range of different computer vision
tasks. Both the peak signal-to-noise ratio and structural similarity tests showed that the use
of difference of structural similarity as loss function did provide the best results in the test set
for models using no pre-trained weights, globally the results of the ResNet-like models were

effectively indistinguishable from the original images.

Keywords: Deep Learning, Autoencoder, MRI
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Resum

Hem estudiat com diversos autoencoders convolucionals 2D de mides diferents duen a terme
la tasca de reconstruir imatges de cervells obtingudes via ressonancia magnetica. Les imatges
fetes servir provenen del subconjunt d’'TRM T1-weighted del conjunt de dades IXI. Van ser
creats i testats dos models de mida reduida basats en ResNet per veure com el nombre de
parametres a un model afecta a la qualitat de les reconstruccions. El conegut model ResNet50
també va ser testat fent servir dues configuracions: sense pesos previament entrenats i fent
servir pesos entrenats en el conjunt de dades ImageNet per a veure si el procés de transferencia
de D'aprenentatge des d’una tasca de visié per computador sense relacié amb ’actual podia
ajudar a millorar la qualitat de les reconstruccions. Tots els models van ser entrenats fent
servir error quadratic mig i diferencia de semblances estructurals com a funcions de pérdua per
a explorar si aquesta ultima podia ajudar als models a millorar el seu rendiment com algunes
publicacions han indicat per a tasques de visi6 per computador diferents. Les proves fent servir
tant proporcié maxima senyal-soroll com semblanga estructural mostren com 1is de la diferencia
de semblances estructurals com a funcié de perdua proporciona els millors resultats en el conjunt
de prova pels models que no fan servir pesos previament entrenats, globalment els models de
mida reduida basats en ResNet van aconseguir uns resultats practicament indistinguibles de les

imatges originals.

Paraules clau: Aprenentatge Profund, Autoencoder, IRM
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Chapter 1

Introduction

1.1 Motivation

Pathology and artifact-free reconstruction of brain magnetic resonance images is the first step
towards achieving unsupervised anomaly detection. Unsupervised anomaly detection would be
helpful as there is no need to obtain and annotate images of brains with pathologies in order

to detect them in an unsupervised approach.

Image reconstruction becomes the first step of the process as unsupervised detection of
anomalies would be carried out in the following manner: a model trained using healthy brain
images learns how to reconstruct structures of normal, healthy brains. Then, when that model
gets as input an image containing an anomaly it would not be able to reproduce it correctly,

so a subtraction between the two images would highlight the areas affected by the anomaly.

1.2 Goals

The primary goal of this work is to achieve a good quality image reconstruction of a healthy
individual’s brain magnetic resonance images. Fulfilling a good quality reconstruction reduces

the noise and acquisition artifacts in the images.

In order to achieve our main goal a variety of convolutional autoencoders were trained and
tested on the IXI dataset [21], as the dataset is a collection of almost 600 brain magnetic reso-

nance images from healthy individuals.

Three different backbones were used: a small strided convolutional model based on ResNet, a

deeper version of the previous model and the standard ResNet50 available in keras.applications.
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Two different loss functions were tested to train the three models, mean squared error and struc-
tural similarity. For the ResNet50 model two different configurations were used: no pretrained
weights or weights pretrained on the ImageNet dataset. Fine-tuning over pretrained ImageNet
weights is a standard technique in both the academia and industry that is why we explored its

effects in this study.

1.3 Methodology

As this research project is a study comparing different convolutional autoencoders image re-
construction prowess a simple iterative methodology was used to develop it. After an initial
data exploration phase were the needed tools to read and pre-process the data were obtained,
a minimum working version of the training code was created. From that point it was just a
process of simply add options to the training code: different backbones, loss functions, opti-
mizers, etc. When the first results were available a similar process was done to visualize and
test the trained models. Once both basic training and test code were mature enough the rest

of the time as spend training and expanding the optional methods featured in the final code.

1.4 Research planning

The Research planning based on the original deadlines was designed to last two months, from
March 237 2020 to May 23"¢ 2020. The proposed research plan was:

e Develop an initial convolutional autoencoder and train it from scratch on the IXI dataset.
e Test structural similarity as a loss, train a bigger convolutional autoencoder from scratch.

e Add ResNet50 to the project, train it from scratch on the IXI dataset, also train it using

the ImageNet weights and compare the results.
e Finish the previous steps and test as many of the secondary objectives as possible.

Due to the pandemic caused by SARS-CoV-2 the deadline for the implementation phase
was extended by two weeks. We employed that extra time to re-train some of the models, add

some extra optional parameters to the training and test code and expand and re-write parts of

the README file.



Chapter 2

State of the Art

The introduction of AlexNet [18] back in September of 2012 accelerated the adoption of con-
volutional neural networks and, more broadly, deep learning in computer vision research and
applications. The AlexNet model won both the classification and localization task of the Large
Scale Visual Recognition Challenge 2012 [28], commonly known as ImageNet, reducing the

top-5 error rate to 15.3% compared to the second-best entry that achieved a 26.2% error rate.

The architecture of the model is described in detail in Table 2.1. It consists of 5 convolu-
tional layers, some of those followed by max pooling layers to down-sample the representations
and, finally, three dense layers ending on a softmax function that outputs the probability distri-
bution of the inputted classes. AlexNet uses rectified linear unit (ReLU) as activation function
for all layers but the last one where a softmax is used. ReLU helps train deep neural networks

more effectively than prior activation functions as demonstrated by Glorot et al. [10] in 2011.

In this section we will review the evolution of deep learning computer vision models, the
commoditization of deep learning and the inception of transfer learning as a useful pretrain-
ing technique before talking about how deep learning is being used to solve brain magnetic

resonance image reconstruction and anomaly detection.

2.1 Beyond AlexNet

The described basic architecture stacking convolutional layers using ReLLU as activation func-
tion, pooling and dense layers ending on a softmax activation function became the de facto
standard for computer vision classification problems, but subsequent models refined it over
time. Some popular models include winners of following ImageNet competitions like ZFNet
[40], VGG [32], Inception [34] or ResNet [12]. These newer models introduced a series of im-

3



4 State of the Art

Layer Tensor size | Kernel Size | Stride | Parameters
Input 227x227x3 0 0 0
Convolution 1 | 55x55x96 11x11 4 34,944
Max pooling | 27x27x96 3x3 2 0
Convolution 2 | 27x27x256 5x5 1 614,656
Max pooling | 13x13x256 3x3 2 0
Convolution 3 | 13x13x384 3x3 1 885,120
Convolution 4 | 13x13x384 3x3 1 1,327,488
Convolution 5 | 13x13x256 3x3 1 884,992
Max pooling 6x6x256 3x3 2 0
Dense 1 4096x1 - - 37,752,832
Dense 2 4096x1 - - 16,781,312
Dense 3 4096x1 - - 4,097,000

Table 2.1: The original AlexNet architecture.

provements to the described AlexNet architecture. ZFNet reduced the filter size from 11x11 to
7x7 and the stride from 4 to 2. VGG pushed the number of layers to 16-19 while reducing the
filter size of the convolutions further to 3x3 using a stride of 1. VGG also included 1x1 filters
to add extra nonlinearity. The original Inception model increased the number of layers again
to 22 while introducing the inception module. The inception module performs convolutions on
the same input but using different filter sizes (5x5, 3x3 and 1x1) and, additionally, a 3x3 max
pooling operation. The results of all those operations are concatenated and passed to the next

inception module.

The introduction of residual learning in late 2015 [12], made training architectures larger
than ever possible. Soon different architectures started to adopt ResNet-like features like In-
ception did with the Inception-ResNet model [33] in 2016. After that residual learning became
a staple in many other deep learning architectures. The 2017 winner of the ImageNet classifi-
cation competition SeNet [13], for Squeeze-and-Excitation network , used residual learning on
top of their own contribution, the SE block, to reduce the top-5 error of their submission to
just 2.251%.

The increasing number of layers and parameters included in those models translates into
neural networks that can represent more complicated functions. As the ImageNet dataset
contains a large amount of annotated data, detailed in in Table 2.2, the error rates for the

different competition tasks have been steadily improving thanks to the architectures discussed.
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Training images | Validation images | Test images | Number of classes
1,281,167 50,000 100,000 1000

Table 2.2: ImageNet dataset of 2012.

2.1.1 ResNet

As introduced in the prior section, the concept of Residual Networks (ResNet) made training
of very deep neural networks possible. Before its introduction, networks could not be further

extended from a couple of tens of layers.

When ResNets were introduced two different problems, vanishing and exploding gradients,
that made very deep neural networks not trainable were fixed through normalization. Solving
the vanishing and exploding gradients problem made deeper neural networks able to converge
when training. That exposed a new problem of training accuracy degradation, as networks
got deeper the accuracy saturated and then decreased quickly. Shallower models had better

accuracy than deeper ones as seen in Figure 2.1.

The authors introduced residual learning to overcome this problem, in their own words ‘In-
stead of hoping each few stacked layers directly fit a desired underlying mapping, we explicitly
let these layers fit a residual mapping.’. This was formally defined as: H(x) is a mapping to be
fit by a group of layers, where = are the inputs of the first layer of the group. As the authors
hypothesized that multiple nonlinear layers can asymptotically approximate complicated func-
tions, that is equivalent to hypothesize that they can asymptotically approximate the residual
of those functions, defined as H(x) —x. Then they set the group of layers to explicitly approxi-
mate a residual function F(z) := H(z) — x, making the original function F(z)+x. The authors

explained that function can be implemented in a neural network as a shortcut connection that

56-layer

20-layer

8
8

s

56-layer

training error (%)
test error (%)

20-layer

o

°

3 0 1 5 3

" ter. (led) " ter. (led)

Figure 2.1: Train and test error on the CIFAR-10 dataset of two plain networks with 20 and
54 layers respectively. Included in the original publication [12]
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links the inputs of the group of layers F with its output. That change made deeper neural
networks trainable using the standard combination of stochastic gradient descent (SGD), or a
similar optimization algorithm, with back-propagation. A detailed image of a building block
using shortcut connections implemented in ResNet34 can be seen in the left side of the Figure
2.2. A complete comparison between VGG-19 and the ResNet34 model can be seen in Figure
2.3.

The authors increased ResNet beyond 34 layers, showcasing models using 50, 101 and 152
layers respectively. For those deeper models the authors modified the building block made of two
convolutional layers and a shortcut connection used in ResNet34 to a three layer ”bottleneck”
building block as seen in the right side of the Figure 2.2. The layers in the new building
block are a 1x1, 3x3 and 1x1 convolutions respectively. The first 1x1 convolution reduces the
dimensions of the input, thus creating a bottleneck, before being restored by the later 1x1
convolution. Via an ensemble of two ResNet152 models, built using the ”bottleneck” building
block, the top-5 error rate for the classification competition in ImageNet was reduced to 3.57%.
The authors won not only the ImageNet classification task but also the ImageNet detection,

ImageNet localization and both the segmentation and detection competitions at the Common
Objects in Context (COCO) Challenge [20].

256-d

1x1, 64

Figure 2.2: Comparison between a residual building block for a network like ResNet34 shown
in Figure 2.3 and a bottleneck building block for larger networks like ResNet50, 101 or 152 as
shown in the original publication [12]
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Figure 2.3: Comparison between VGG-19, a 34-layer plain network and ResNet34 as shown in
the original publication [12]
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2.1.2 The Commoditization of Deep Learning

At the same time that AlexNet was presented its authors made public cuda-convnet [17], their
C++/CUDA implementation of convolutional neural networks able to run in graphics process-
ing units (GPUs). Different research teams used cuda-convnet to implement their own networks,
and by the summer of 2013 the Berkeley Artificial Intelligence Research group released Decaf
[8]. A project able to extract features for generic visual recognition tasks that relied on cuda-
convnet to train the network on a GPU. By December 2013 the same group released the Caffe
[14] framework providing a full toolkit for deep learning development in C++ with a Python
interface. Caffe let developers define, train and deploy neural networks on GPUs, and, later
on added support for CPUs, multiple parallel GPU training, etc. The open-source framework
was quickly adopted by the community and in September of 2014 the Caffe Model Zoo was
created to enable sharing of pretrained models between different academic institutions and the
industry. Those pretrained models can be used by other users out-of-box. By 2015 Google
released Tensorflow [1], Microsoft did the same with their own framework called CNTK [30],
and other smaller industrial players like Preferred Networks published their own deep learning
development kits, Chainer [36].

Before this move to the industry most deep learning framework and libraries originated
in the academia, like Theano [35], developed mainly by the Montreal Institute for Learning
Algorithms of the University of Montreal, or Torch which is a BSD license machine learning

library for the Lua language that was updated to support training of deep learning models in
both CPUs and GPUS.

Frangois Chollet released Keras [6] in 2015 to enable fast experimentation with deep neural

networks in a standard interface that can run on top of either Tensorflow, Theano or, later on,

CNTK.

Recently the deep learning framework landscape has consolidated. In 2017, Theano stopped
being actively developed. By 2019, Caffe2, which was released by Facebook in 2017, was merged
into PyTorch [24] and both Microsoft’s CNTK and PFN’s Chainer stopped receiving major up-
dates. Tensorflow 2.0 release made the library easier to use and also improved its integration

of Keras in the library, furthering its position in the community:.

To summarize, deep learning development moved to Python-interfaced libraries with con-
stant updates supported by big industry players. Nowadays is mostly based around Tensorflow,

as it is or through its Keras interface, or PyTorch. Pretrained models using standard architec-
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tures are shared by researchers and official models zoos are supported by both the academia
and the industry. Those factors made transfer learning not just possible but a common way of

tackling tasks where few labeled data is available.

2.1.3 Transfer Learning

Transfer learning is a technique that consists of two steps: pretrain the network on a large
dataset and then fine-tune it for the target task it has to fulfill by training using a specific

dataset for that task. Transfer learning helps the network to increase its accuracy.

Both the adoption of standard deep learning models like VGG or ResNet and the need to
apply them to specialized areas where datasets contain far less labeled data than ImageNet
made transfer learning a widely used technique to achieve good results in a broader range of
fields. Another benefit of transfer learning is that speeds-up the training process as the network
initial convolutional layers already know how to detect simple features like lines and don’t have
to learn them from scratch. Faster training and improved accuracy made using pretrained

weights using ImageNet a common technique in deep learning.

Currently used deep learning frameworks like PyTorch or Tensorflow let developers easily
import a predefined standard model and then select if the pretrained weights in ImageNet
should be used or not. The simplification of the sharing process makes training big models on
a small data set feasible, thus we will explore how much it helps to use ImageNet pretrained

weights on ResNet50 when training on the IXI Dataset.

2.2 Brain Magnetic Resonance Imaging

There is a competition in the same vein that ImageNet or COCO Challenge using labeled brain
magnetic resonance imaging, the Brain Tumor Segmentation Challenge or BRATS. [23]. The
first edition of the challenge included a dataset of just 65 patients, providing 4 different scans of
each of them took using MR scanners from different vendors and different field strengths. The
scan formats included were T1-weighted, T1 with gadolinium enhancing contrast, T2-weighted
and FLAIR. In Brain Tumor Segmentation Using Convolutional Neural Networks in MRI Im-
ages, Pereira et al. used the BRATS 2013 dataset and the expanded 2015 version to show how
a simple CNN-based solution using 3x3 kernels and less than 12 layers was able to best all
other solutions until that point for the 2013 Challenge and making it second in the 2015 one

by focusing in data pre-processing and data augmentation techniques.
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Models described up until this point were created to solve supervised learning tasks, where
in order to train a model there is a labeled dataset that contains examples of the desired
output, hence becoming a supervised tasks. The end goal of the research introduced here is to
achieve unsupervised anomaly detection in brain magnetic resonance images. In order to do
that a three steps process is needed, train a model that can reconstruct healthy brain magnetic
resonance images, insert a brain image with an anomaly in the prior model and be able to
detect the anomalies by subtracting the pixels of the reconstructed imaged minus the original
input image. There are two popular methods to build models that can reconstruct input images
in deep learning, autoencoders and generative adversarial networks(GAN). Both methods will
be introduced and some examples of their use in the field will be showcased in the subsequent

subsections.

2.2.1 Autoencoders

Autoencoders are a subcategory of unsupervised neural networks where the objective of the
model is to learn to copy the received input to its output. Autoencoders are used to learn a
representation of the inputted data, and in order to achieve that they consist on two parts: an
encoder and a decoder. The encoder’s role is to reduce the data until it achieves a compact
representation of it. The decoder’s role is to reconstruct the input data from the compact
representation built by the encoder. Using the output of the decoder as a supervisor for the
loss it is possible through back-propagation to train both parts of the autoencoder at the same
time. A schematic representation of an autoencoder can be seen in Figure 2.4. Autoencoders
were designed for dimensionality reduction [16] and are used for data representation [37]. Deep
convolutional autoencoders have been used in many different tasks related to image reconstruc-
tion, from enhancing of low-light and noisy images [22] to super-resolution [19]. Variational
autoencoders follow the same general pattern than general autoencoders but can be used as

generative models.
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Figure 2.4: Autoencoder basic architecture showing the encoder and decoder parts

In Unsupervised Detection of Lesions in Brain MRI using constrained adversarial auto-
encoders [5], Chen et al. used T2-weighted structural images from the Human Connectome
Project as training data. The set contained data from 35 healthy individuals. As test data they
used T2-weighted images from the Multimodal Brain Tumor Image Segmentation (BRATS)
Challenge 2015 from 42 subjects. All the images were reduced to 32x32 pixels prior to being
used. Then the authors compared the results of both variational and adversarial autoencoders
and saw both types were able to achieve unsupervised anomaly detection. Additionally, using

a latent constraint as the one proposed in the publication helped improve the results.

2.2.2 Generative adversarial networks

Goodfellow et al. introduced GANs in the article Generative Adversarial Nets in 2014 [11].
Originally introduced as unsupervised learning generative models GANs can be modified to
follow a supervised learning, semi-supervised learning or, even, a reinforcement learning ap-
proach. In a similar vein to autoencoders, GANs are split into two parts but this time they
are complete neural network models. One of the two models, called generative network, is in
charge of generating results that increase the error rate of the other network, the discrimina-
tive network. That network’s objective is to evaluate the generative network’s output. This

complex setting makes GANs difficult to train effectively.

In 2017 a novel approach to unsupervised anomaly detection using GANs was presented,
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AnoGAN [29]. For this work the authors extracted 1 million 64x64 pixels 2D images of healthy
human retina extracted from high resolution SD-OCT volumes. The generative network en-
codes anatomical variability of healthy images of retina and the discriminative network uses two
loss functions to achieve anomaly detection. One of the loss functions is called residual loss and
measures the dissimilarity from the generated image to the input one, the second loss is called
discrimination loss and makes the generated images to fill into the latent space of anatomically
healthy images. Since its publication AnoGAN have been applied to different medical imaging

cases, like brain magnetic resonance images.

In Deep Autoencoding Models for Unsupervised Anomaly Segmentation in Brain MR Im-
ages [2], Baur et al. compared different deep learning approaches to modelling brain normality:
a dense autoencoder, a spatial autoencoder, a dense variational autoencoder, a spatial varia-
tional autoencoder and diverse GAN-based models like: sAE-GAN [25], AnoGAN and their
own AnoVAEGAN. Their objective was to capture normal anatomical variability of 2D brain
images in order to achieve unsupervised anomaly detection. The resolution used for the images
was 256x256 pixels. One of conclusions from the publication is that both dense and spatial
autoencoders are not just not able to reconstruct brain lesions but lack the capability of re-
constructing fine details altogether. Regretfully, the authors did not describe the architectures
used for the autoencoders, and tested all the different models using an in-house dataset made

of 83 healthy patients and 49 patients with lesions.

2.3 Summary of the study

As the purpose of this work is to achieve a good quality image reconstruction of healthy individ-
ual’s brain magnetic resonance images we focused initially on testing ResNet-like convolutional
autoencoders to attain image reconstruction, as smaller ResNet-like models have achieved com-
parable image quality reconstruction for cardiac magnetic resonance images [9] against a 10x
bigger and more complex U-Net model [27]. The next step was to test if using a deeper stan-
dard backbone model helps improve the results substantially. The selected model for this task
was ResNet50 as it delivers a good balance between model complexity and accuracy plus is
widely popular on the Medical Imaging area [38], [41]. Further on, we trained using pre-trained
weights from ImageNet and compared those results with the previous ones trained on the IXI

Dataset from scratch.

Along with the comparison between different models and the effects of transfer learning
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we studied how different loss functions modify the image reconstruction results. Structural
similarity (SSIM) was introduced as a perceived quality index for images [39] in 2004. Since
then the use of SSIM as loss function has shown promising outcomes in different tasks similar
to ours. Humans preferred SSIM-optimized images to other obtained through pixel-wise loss
functions like mean square error(MSE) and mean absolute error in image reconstruction [26] and
SSIM also improved the results of pixel-wise loss functions in unsupervised defect segmentation
using autoencoders recently [3]. For that reason, both the standard MSE loss function and
SSIM were used in this study.
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Chapter 3

Dataset

The IXI Dataset [21] collects magnetic resonance images of healthy subjects. The data was
made available under a Create Commons CC BY-SA 3.0 license. The images were collected in
three hospitals in London using different scanners: Hammersmith Hospital through a Philips
3T system, Guy’s Hospital using a Philips 1.5T system and in the Institute of Psychiatry using
a GE 1.5T system. The dataset contains T1, T2 and PD-weighted images, MRA images and
diffusion-weighted images, but for this study only the subset of T1-weighted images were used.
T1-weighted images were selected as they are the most commonly used magnetic resonance im-

age modality in structural imaging tasks. The subset contains 581 images in the NIFTT format.

NIFTI stands for Neuroimaging Informatics Technology Initiative and is an open file format
introduced in 2003 to store brain data obtained through magnetic resonance imaging techniques
[7]. The NIFTI format stores one big 3D volume that represents the whole brain, scanned using
magnetic resonance imaging. In order to achieve that the information is stored in voxels. As
the goal of this project is to study how different 2D convolutional autoencoders reconstruct
magnetic resonance images, the 3D data in voxels has to be transformed into standard pixel-

based 2D images.

The dataset also contains demographic information from the subjects in a spreadsheet file.
That information and the T1-weighted files were jointly used in the data exploration process

described next.

3.1 Data exploration

The NIBabel library [4] grants easy access to the information stored in the NIFTI format. The

scanned brain information stored in voxels can be accessed as an array of 2D slices. In the sub-
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Slice 0 Slice 25 Slice 50 Slice 75

Figure 3.1: Example of four slices, between 0 and 75, from the scan with the IXI ID 002

Slice 100 Slice 120 Slice 140 Slice 149

Figure 3.2: Example of four slices, between 100 and 149, from the scan with the IXI ID 002

set of T'1-weighted images from the IXI dataset the most common dimensions are 256x256x150,
150 2D slices containing 256x256 pixels each. However, an initial data exploration showed that
not all images contained the same amount of slices. Out of the 581 images in the subset: 503
contained 150 slices, 74 of the remaining images 146 slices each, two had 140 slices and the last
two 130 slices each. Verifying how many of those slices can be used in this study was the next

step in the data exploration process.

Taking the subject with the IXI ID 002 as example, a number of the aforementioned slices
can be seen in this page. Figure 3.1 shows slices 0, 25, 50 and 75 from the subject; Figure 3.2
the subsequent slices 100, 120, 140 and 149.

Examining the example slices makes clear that not all slices hold usable information. Train-
ing on slices in the extremes that barely contain any information at all would not help the
models reconstruct the ones that do. Accordingly, only the 60 slices between the numbers 50
and 110 were used in the development of this project. Using 60 2D slices for image translates

to a set of 34860 2D images. An example of four of those slices can be seen in the Figure 3.3.
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Slice 50 Slice 90 Slice 110

Figure 3.3: Example of four slices in the selected range from the scan with the IXI ID 016

The following step was to check the demographic data information. The spreadsheet iden-
tifies patients by the use of the already mentioned IXI ID. Examining the identifiers two issues
were found. There are duplicated entries in the spreadsheet for some records, IXI ID 512, 513
or 523 as an example, and not all identifiers present in the subset of data being used had corre-
sponding demographic information. The rows that had duplicated IXI identifiers were removed
as they did not contain any new information and the lack of corresponding demographic data

was considered when splitting the data.

3.2 Data split

The data available in the spreadsheet is organized in the following columns: sex, height, weight,
ethnicity, marital status, occupation, qualification(educational), date of birth, study date and
age. Studying the demographic information effect on the reconstruction was not part of this
project; still guaranteeing that the training, validation and test set retained the same distri-
bution of patients regarding their sex and ethnicity was deemed particularly necessary as the
T1-weighted subsets skews male, with 55% of the patients, and white, 77% of the patients.

The data was then divided into four categories: training, validation, test and other. The
last category holds the 15 images that had no demographic data available to consult. As that
number represents 2.5% of all subsets, the data was stratified using the data from the sex and

ethnicity columns and the images in the category other were added to the training set later.

The 581 magnetic resonance images available in the subset were divided as shown in the
Table 3.1. As this project is a study and not an entry in a challenge or competition the
data split used was closer to the standard 80/20 or 70/30 split normally employed in machine
learning tasks. 77% of the data was used in the training set and the rest for validation and

testing. That is a more balanced distribution of the data than the one used, for example, in the
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Subjects | Images
Training set 447 26820
Validation set 86 5160
Test set 48 2880

Table 3.1: Result of the pre-processing and split of the T1-weighted images from the 1XI dataset.

ImageNet dataset of 2012, Figure 2.2, where 90% of the available data was used for training.
The amount of 2D data available relative to the task and the use of real time data augmentation

also contributed to the decision.



Chapter 4
Implementation

In the first place, the hardware, programming language and libraries used to develop the code
are going to be introduced. The operating system used for the implementation of this the
project was Ubuntu 18.04. The specifications of the machine used were: a 6 cores 12 threads
AMD Ryzen 2600 CPU, 2 sticks of 8GB DDR4-3200 RAM, a Nvidia GTX 1660 SUPER GPU
with 6GB of VRAM and a NVMe solid-state drive.

The code was developed in the Python language, version 3.7.4, using Keras 2.3.1 and Ten-
sorflow 2.1.0 to implement the deep learning models. The CUDA and cuDNN versions used
were 10.2 and 7.6.5 respectively. The models were created using Keras’ Functional API as the
flexibility it provides was needed to implement the shortcut connections used in the residual

block and it also improves code’s readability.

In order to use structural similarity (SSIM) as loss function the Keras-contrib library ver-
sion 0.0.2 was also added to the project. NIBabel 3.0.2 was used to read the files in the NIFTI
format and imageio 2.8.0 to handle the 2D images [31]. Finally, imgaug 0.4.0 [15] was the data

augmentation library selected to generate the augmentations in real time.

The rest of the chapter is devoted to the implementation details of two original models and

the use of a standard backbone model and its pretrained weights to achieve transfer learning.

4.1 Encoder

The purpose of the encoder in an autoencoder is to reduce the input signal to a lower dimen-
sionality representation of it. In a convolutional autoencoder the encoder uses a combination

of convolutional layers and pooling to fulfill that mission. In this study the encoder receives
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2D images of 256x256 pixels and has to create a compact representation of them.

As ResNet-based models have shown better image reconstruction results for cardiac mag-
netic resonance images than more complex models [9], the goal was to build a simple autoen-
coder around a building block first described in the original ResNet publication [12] as the
residual block. As this block was the building block used for the smaller models introduced in

the original publication and can be used to create compact convolutional neural networks.

4.1.1 The Residual block

The residual block implemented is the original version described in the 2015 publication. Resid-
ual learning in a neural network can be implemented through a shortcut connection that links
the input tensor of a block of convolutional layers with its output, as it was introduced in the
section 1.1 of the Chapter 2 State of the Art. The implementation takes an input tensor x
that goes through a Conv2D — BatchNormalization — Relu triad and then after an extra
Conv2D — BatchNormalization before being added to the input tensor x of the block in a
tensor named y that goes through an extra ReLU activation before being returned. If the block
has a stride, the dimensions of the input tensor z and the ones of the tensor coming from the
first Conv2D layer are not the same, that is why if the block has stride the input gets pooled
by a Conv2D — BatchNormalization mini-block before being added to the tensor y. The

implementation used is as described in the Algorithm 1.

Algorithm 1 Residual block
Input: tensor x, filters, stride
Output: tensor y
y < Conv2D( filters, (3, 3), stride)(z)
y < BatchNormalization()(y)
y < ReLU()(y)

y < Conv2D(filters, (3,3))(y)
y < BatchNormalization()(y)

if stride = 2 then
x < Conv2D( filters, (1,1), stride)(x)
x < BatchNormalization()(z)

end if

y < Add()(z,y)
y < ReLU()(y)
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Layer or Block Tensor size | Filter size | Stride | Parameters
Input 256, 256, 1 - - 0
Single convolution 1 | 128, 128, 32 32 2 288
Residual block 1 64, 64, 64 64 2 58, 112
Residual block 2 64, 64, 64 64 1 74, 240
Residual block 3 32, 32, 128 128 2 230, 912
Residual block 4 16, 16, 256 256 2 920, 576
Up-sampling block 1 | 32, 32, 256 256 2 590, 848
Up-sampling block 2 | 64, 64, 128 128 2 295, 424
Up-sampling block 3 | 128, 128, 64 64 2 73, 984
Up-sampling block 4 | 256, 256, 32 32 2 18, 560
Single convolution 2 | 256, 256, 1 1 1 288

Table 4.1: The Small ResNet-like autoencoder model.

It is important to note that connecting building blocks that do not use stride have to match
the number of filters of the previous block or the dimensions in the add layer would not match

either. This was taken into account when designing the two original models used in this study.

4.1.2 Small and Big ResNet-like models

Using the already introduced residual block as the building block for it, a small residual learn-
ing model was created to be used as the encoder in the smallest autoencoder to be tested in
this study. We named it Small ResNet-like model, its design, that can be seen in the Table 4.1,
includes just 4 residual building blocks accounting for around 1.3 million parameters out of a
total 2.3 million used by the complete autoencoder. That translates into a lightweight model
that can be easily train and deployed in a low specifications machine and that uses 9.2MB to

store its weights.

As one of the goals of this study is to see how the number of parameters in the model affect
the reconstruction power of an autoencoder, a bigger model was created. That model, named
Big ResNet-like, is an extension of the Small ResNet-like model and follows the same design
philosophy of not using a number of filters bigger than 256, as that would increase the number
of parameters too much, and pooling the input images just four times. It also uses the same
decoder of about 1 million parameters, but its expanded encoder consisting of 8 residual blocks
is now using around 5 million parameters. That makes the bigger version still easy to train and

quite portable as it takes just under 25MB of storage for its weights.
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4.1.3 ResNetb50

The ResNet50 implementation employed for this study is the one available as part of the stan-
dard Keras APT under the Keras Applications module. This version was selected as it is included
in the API, providing an easy interface, and the ImageNet weights available to download for it

are available under the MIT license.

In order to use the model for a task different than classifying the 1000 classes in the ImageNet
dataset some modifications have to be done to its layers. Nowadays, most of those modifications
can be achieved through the Keras API parameters themselves. In the ResNet50 method call,
if the parameter include_top is set to false, the ResNet50 model would not include the last two
layers, a Global Average Pooling layer and So ftmax layer for the 1000 Imagenet classes, as they
are not useful when the model is tackling tasks different than classifying the ImageNet images.
After setting it to false, the weights parameter was set to "none” when transfer learning was

not selected as an option.

Another important point to mention is that the ResNet50 model uses the more complex
identity block, or bottleneck block, instead of the residual block as its building block. The
identity block 1x1 initial convolution helps reduce the number of dimensions before the main
3x3 convolution has to compute its part, thus decreasing the overall number of parameters used
in a block and helping create a deeper network. In fact, exchanging the original building block
in ResNet34 for the 3 convolutions identity block is the origin of ResNet50.

4.1.4 Transfer Learning using ImageNet weights

The transfer learning process described in the Chapter 2, State of the Art, can be implemented
in two variants, one that fully retrains all layers in the model pretrained using a different
dataset, and another that just fine-tunes some of the layers, effectively freezing the first layers
of the model and, thus, blocking them for learning again. The second variant helps improv-
ing the results when the images characteristics of the target dataset are similar to the bigger
dataset used for pre-training or the number of images to train the model on is very small. This
is not the case in this study, as color images featuring objects in naturalistic situations are not
similar to greyscale slices of a scanned brain using magnetic resonance imaging and the number
of images available for training ranks in the tens of thousands. For this project then, fully

retraining the imported model from keras.applications using its ImageNet weights is the goal.
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The first step in order to achieve transfer learning is to download the weights to be used a
knowledge base for the transferring. This process is handled automatically by the Keras API if
in the ResNet50 method the weights parameter is set to ”imagenet”. This downloads a version
of the ImageNet weights in the h5 format that does not include the last two layers of the model
designed for classifying the 1000 classes part of the ImageNet datasets, consequently making
the file weight around 95MB. Then the resulting ResNet50 backbone can be connected to the
decoder in the same manner as for the weight-less version. The only two modifications needed to
make the model trainable are related to the number of expected channels as input by the model,
as the ImageNet dataset contains RGB images the model requires inputs with three channels
and the output has to match that number accordingly. To solve this, the color_mode parameter
used in the flow_from_directory method used to read the data from the solid-state drive has
to be set to "rgb” and the last convolutional layer in the decoder has to have the number of

filters set to 3 instead of 1. Those two changes are enough to be able to fully retrain the model.

4.2 Decoder

The objective of a decoder in an autoencoder is to reconstruct the original input signal from a
representation of the input created by the encoder. That representation contains less informa-
tion compared to the initial data. In this study the decoder has to take the output of the last
layer of the different backbone models used as encoders and up-sample it back to its original
size, retaining as much detail as possible. To achieve that we designed a simple up-sampling
block which, takes an input tensor, applies to it a Conv2DTranspose layer with stride 2 to
expand its dimensions in an operation opposite of pooling, and then adds batch normalization

and an activation function layer. Its design can be seen in the Algorithm 2.

Algorithm 2 Up-sampling block
Input: tensor x, filters
Output: tensor y
y < Con2DTranspose(filters, (3,3), strides = (2,2)(x)
y < BatchNormalization()(y)
y < ReLU()(y)

The decoder is thus a concatenation of a number of those blocks and, lastly, a simple con-
volutional layer added to force the output to exactly match the input image size creates of the

encoder. The number of up-sampling blocks used is determined by the number of times the
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Encoder backbone | Input size | Encoder output size | Up-sampling blocks
Small-ResNet-like | 256, 256, 1 16x16x256 4

Big-ResNet-like 256, 256, 1 16x16x256 4
ResNet50 256, 256, 1 8x8x2048 5
ResNetbH0-ImageNet | 256, 256, 3 8x8x2048 5)

Table 4.2: Comparison between the encoder input dimensions, the output dimensions and the
number of up-sampling blocks used in the decoder.

Model Total number of parameters
Small-ResNet-like 2,263,232
Big-ResNet-like 6,104,256
ResNet50 34,589,600
ResNetbH0-ImageNet 34,596,448

Table 4.3: Comparing the total number of parameters used by the models of this study.

input is shrunk in the encoder. The table 5 compares the input size of the encoders and its
output with the number of up-sampling blocks used in the decoder. Lastly, the table 4.3 shows

the total number of parameters for the four autoencoders used in this study.

4.3 Data generators and training optimizer

In order to train the different outlined autoencoder models two remaining topics need to be

discussed. How to properly train the model in batches and under which optimizer.

As the number of images in the dataset exceeds the number of images that can be easily
stored in VRAM the use of Keras’ ImageDataGenerator becomes a necessity, as that class
streams data from the stored dataset in batches that can be fitted in the GPU’s VRAM while
being able to apply pre-processing and some data augmentation techniques in real time. One
call to ImageDataGenerator can be used to create both the training and validation genera-
tors from different subfolders in the dataset using the flow_from_directory method for each of
them. As this project is only concerned about training autoencoders the class_mode parameter
has to be set to "input” to guarantee the loss of the model is calculated using the input image

as both input and correct label.

The default optimizer used to train the models was root mean square propagation, from now
on RMSprop. It was selected as the optimizer as it normally converges faster than standard

stochastic gradient descent helping fast iteration during the implementation process. It is worth
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noting that after a number of experiments conduct using RMSprop for all models the results
for the ResNet50 based autoencoders were below our original expectations and the ResNet50
models were trained again using the adaptive moment estimation, Adam, optimizer instead.

More details can be read in the Chapter 5 where experiments are discussed.

4.3.1 Data augmentation

The use of real time augmentation helps in the form of both reducing the space used in storage
as pre-augmented images do not need to be stored before being used and also helps training
as all batches of images are going to feature slightly different versions of the same input, thus
making the model less prone to overfitting. There is the caveat that real time data augmen-
tation does indeed increase the amount of computations needed to train a model, but it is a

positive trade-off that became the standard when training deep learning models.

The I'mageDataGenerator class in Keras only provides a subset of the standard data aug-
mentation techniques usually employed, like random brightness augmentation, zoom, vertical
flip, horizontal flip, etc. More advanced techniques are not supported. For this project, due
to the nature of the data and the task, we wanted to create models robust to noise introduced
by the scanning process or errors in storing leading to areas in the image that do not feature
proper pixel information. As the data from the slices used in the dataset do not feature any
of those problems, in order improve the robustness against them some of the images used to
train the models have to be altered. For example, the autoencoder can be fed an altered image
featuring noise and the original one that does not present it. The autoencoder would then
try to clean the noise of the image to reduce the loss value and get as close as possible to the
original image. As the Keras library cannot generate images with those characteristics an ex-
ternal library was needed. imgaug was selected as it provides a broad range of augmentations,
including a diverse set of methods to introduce noise and drop patches of pixels, that can be
easily added to an already generated batch of images, becoming an efficient tool to implement

our target augmentations.

Specifically, the data_augmentation_generator method that can be seen in the training code
takes the batches of images generated by a Image DataGenerator for training or validation and
adds to the input images the selected augmentations, preserving an original copy of them to be
the objective of the reconstruction and help the model become resilient to the adverse conditions
created by the augmentations. An augmentation imgaug sequence was set. The sequential
imgaug configuration used was: add noise through the GaussianBlur method to 50% of the

images and apply from 0 to 2 of the following methods: CutOut and CoarseDropout. CutOut
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Figure 4.2: Examples of augmentations using the imgaug methods CutOut and CoarseDropout

introduces patches of mono-color pixels that mask the original information, CoarseDropout
drops a percentage of all pixels in a image. In the configuration used, CutOut generates two
black patches of pixels in the images and CoarseDropout drops between 0 and 5% of all pixels
in an image. As not all images are augmented, the models are able to learn how to reconstruct
images robustly. Example of the augmentation results can be see in Figures 4.1 and 4.2 and

the augmentation sequence itself can be seen in the training code.
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Experiments

As the idea behind the study is to compare the results obtained by different encoders using a
variable number of parameters it was decided that the training conditions should be as similar
as possible for all models, although always ensuring the models were able to be properly trained
under those conditions. That is the reason behind some of the rules set for the training phase:
early stopping was not implemented as the objective was to train all models for the same num-
ber of epochs each, 100, using the RMSprop optimizer and the same rules for the learning rate

reducer method.

As training all models for a 100 epochs was a long process some initial experiments were
done to leverage if the selected combination of learning rate, optimizer and loss function would
provide usable results. Those partial results showed promising outcomes for both ResNet-like
models, teasing to a better quality reconstruction when employing the dssim loss, but the show-
ings for the ResNet50 autoencoders were poor. The loss did not decrease as much as for the
ResNet-like models and the results showed images with a clear loss of detail, producing an out-
lined brain structured easy to recognize yet resulting in a globally blurred imaged. Figure 5.1

shows two examples of blurred reconstruction from an early ResNet50 model trained with mse.

The initial reconstruction results for ResNet50 lead to a discussion of its cause. The model
was designed for an image recognition task not reconstruction and the smaller models were
learning more and generating good results just pooling the input image 4 times instead of 5 as
ResNet50 was doing. Table shows the output dimensions of the encoder for ResNet50 versus
the ResNet-like models. So a first parameter to control for would be the number of times the
input is pooled, thus it was decided to train a shorter ResNet50 model using the same identity
block but that just reduces the input images 4 times each dimension. By training a model

like that it would be possible to dismiss that the differences in the outputs were caused by the
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Figure 5.1: Image showing two examples of blurred reconstruction by an early ResNet50 mse
model. Left side of the image shows the original slices, slice 52 from IXI ID 021 and slice 74
from IXI ID 045, and the right side their image reconstructions.
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Model From Layer | Loss function | Total parameters | Best loss | Epoch
ResNet50 add_13 mse 11,331,488 0.00038 | 99/100
ResNet50 add_13 dssim 11,331,488 0.02678 | 100/100
ResNet50 act_40 dssim 11,331,488 0.02698 | 93/100

ResNet50-ImageNet add_13 dssim 11,338,336 0.02182 | 81/100

Table 5.1: Training results for the modified ResNet50 models. The batch size used was 16 in
all cases.

inherent differences in the building blocks used by the models: the residual building block and
the identity building block.

In order to be able to train such a model the following method was used: import ResNet50
in the same manner as before but force it to connect the output of an intermediate layer to
the decoder, making thus the model shallower, and reduce the number of up-sampling layers
by one to go in line with the new encoder. The objective was to test a reduced encoder in size
that pooled the input images just 4 times, the two last layers of the last identity block before
the model was reduced again were tested. Those layers were: add_13 and act_40. Their models
outputting from those layers have an identical number of parameters, as the act_40 activation

does not increase the number of parameters of the model over add_13.

The Table 5.1 shows the shallow models number of parameters, from which layer of the
original ResNetb0 were obtained, the best validation loss obtained and in which of the 100

epochs the models reached their lowest validation loss value.

The reconstruction results of those shallower ResNet50 models were more in-line with the
partial results seen on the ResNet-like models, but still below them even when the loss for the
ResNet50 encoder using the output of add_13 was identical to the best ones obtained by the
ResNet-like models using mse as seen in Figure 5.2. Seeing those results it became clear that
the problem was not in the use of the identity block, so we decided to further explore training
under different hyper-parameter configurations for the standard ResNet50 models to see if there

was a combination of parameters able to improve their results.

Figure 5.3 displays the validation loss evolution for the ResNet-like and short ResNet50
models using dssim for a 100 epochs. The short ResNet50 model using transfer learning from
the ImageNet dataset obtained the best dssim loss. In this case the shorted models validation

losses were in-between the ones obtained by the ResNet-like models and ResNet50.
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Figure 5.2: Comparison between the short ResNet50 validation loss evolution during 100 epochs
to the previous models using mse
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Figure 5.3: Comparison between the short ResNet50 validation loss evolution during 100 epochs
to the previous models using dssim
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Model Loss function | Best loss | Epoch | Batch size
Small ResNet-like mse 0.00038 | 87/100 32
Small ResNet-like dssim 0.01756 | 51/100 32

Big ResNet-like mse 0.00037 | 82/100 32
Big ResNet-like dssim 0.01419 | 79/100 24

Table 5.2: Training results for the ResNet-like models.

The decision of training the ResNet50 models under different parameters was taken and as
the implementation phase of the project was only two months long we selected an optimizer
known to converge fast. That is the reason why the ResNet50 models were trained using Adam

instead of RMSprop for a 100 epochs.

5.1 Quantitative results

In order to test the quality of the image reconstruction two standard metrics were used, peak
signal-to-noise ratio, PSNR from here on, and structural similarity or SSIM. It is important to
note that the SSIM implementation used in the test code is different from the one used as loss
function even if their goals are the same. The difference of structural similarity, DSSIM, loss
function from the keras-contrib library was coded in plain Keras while the SSIM method used

to test the quality of the reconstruction is part of the core Tensorflow library.

The quantitative results shared in this section are the best results obtained for each of
the models, all of them started with a learning rate of 0.001 and through the Keras method
Reduce LROnPlateau were set with an aggressive combination of 2 for patience and 0 for
cooldown. Meaning that after two consecutive epochs of no improvement in the loss the learn-
ing rate is set to be reduced without a cooldown epoch. The minimum loss was set at 0.5e — 6
and the reduction factor at v/0.1 to partially compensate for the values used for patience and
cooldown, creating more intermediate learning rate steps. Table 5.2 showcases the best valida-
tion loss obtained for the ResNet-like models and in which epoch were reached. The equivalent
results for ResNet50 can be seen in Table 5.3.
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Model Loss function | Best loss | Epoch
ResNetb0 mse 0.00052 | 26/100
ResNet50 dssim 0.03698 | 41/100

ResNet50-ImageNet mse 0.00046 | 25/100
ResNet50-ImageNet dssim 0.04897 | 41/100

Table 5.3: Training results for the ResNet50 models. The batch size used was § in all cases.

The final loss values obtained for the ResNet-like models are the lowest, they bested the
previous attempts at their training and generate reconstruction results that are clearly satis-
factory for all four combinations of model and loss function. For the ResNet50 models the
used of the Adam optimizer seemed to be helpful but regretfully the early tests models trained
using RMSprop were trained for around 30 to 50 epochs each so the results are not directly
comparable as the best losses for the ResNet50 combination were reached in epochs between
the number 25 to 41. Nevertheless the original blur in the reconstruction was reduced even if

the results are still far from the ones obtained by the ResNet-like models.

Figure 5.4 illustrates the evolution of the validation loss for all models using mse as loss
function when trained for a 100 epochs. The Figure 5.5 is the dssim counterpart of the previ-
ous image. In those two cases there are no signs of any positive effect provided by the transfer

learning technique as there was for the shorter ResNet50 models.

The results for the test set of 2880 2D images can be seen in the Table 5.4 for PSNR method
and in Table 5.5 for SSIM method. The scores obtained in both methods are consistent and
show a clear preference for the ResNet-like models over the ResNet50 ones and for dssim as
loss function. The best overall model is the Big ResNet-like model using dssim, obtaining the
best results for all 8 metrics used. The Small ResNet-like model using dssim is pretty close but
scoring second best place in all metrics. Both models are better than their mse counterparts,
obtaining a mean PSNR score 8% better in the small versions case and 12% better for the big
one. The model using mse that achieved the best scores was the Small ResNet-like model even
when the validation loss was basically the same for both of them. The PSNR scores for the
ResNet50 models are between 21% to 30% below those of the best model, consistent with the
lack of detail in their reconstructions. In general the results for the SSIM tests are closer than
those of the PSNR tests but consonant with them.

The results obtained show that the ResNet-like models score consistently better, generate
images more visually pleasing, as discussed in the next section, and use a smaller number of

parameters and operations. On top of that, using dssim provides a boost in performance over
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Figure 5.4: Evolution of the validation loss during 100 epochs for the models using mse as loss
function
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Encoder Loss function mean std min max
Small ResNet-like mse 37.098689 | 2.076884 | 33.467362 | 42.469414
Small ResNet-like dssim 40.057103 | 2.114364 | 35.955231 | 46.016052
Big ResNet-like mse 36.139288 | 2.163328 | 32.417344 | 41.653457
Big ResNet-like dssim 40.761520 | 1.856601 | 37.010069 | 47.003049
ResNet50 mse 32.121366 | 2.257936 | 28.422910 | 37.743369
ResNetb0 dssim 33.458456 | 2.372063 | 29.549638 | 39.737773
ResNet50-ImageNet mse 32.513734 | 2.295906 | 28.708848 | 38.310702
ResNet50-ImageNet dssim 31.248317 | 2.246222 | 27.370514 | 37.470976

Table 5.4: PSNR results for the test set. The model with the best results is in bold.

Encoder Loss function mean std min max
Small ResNet-like mse 0.995426 | 0.000802 | 0.992202 | 0.997225
Small ResNet-like dssim 0.998301 | 0.000322 | 0.996286 | 0.999107

Big ResNet-like mse 0.994263 | 0.001094 | 0.991537 | 0.996677
Big ResNet-like dssim 0.998579 | 0.000254 | 0.997920 | 0.999234
ResNet50 mse 0.978893 | 0.004586 | 0.967548 | 0.990173
ResNet50 dssim 0.986320 | 0.003356 | 0.977293 | 0.994523
ResNet50-ImageNet mse 0.981160 | 0.004202 | 0.970986 | 0.991268
ResNet50-ImageNet dssim 0.974766 | 0.005757 | 0.959964 | 0.988441

Table 5.5: SSIM results for the test set. The model with the best results is in bold.

mse at no computational cost when using the models.

For completeness the results of the short ResNet50 models are listed in the following tables:
the PSNR results are in Table 5.6 and the SSIM scores in Table 5.7.

The scores of the short ResNet50 models are always below the best models but an early

inspection showed that their quality was enough to provide reconstructions visually pleasing.

Encoder Loss function mean std min max
ResNet50 from add_13 mse 34.958357 | 2.201821 | 31.296535 | 40.600480
ResNet50 from add_13 dssim 37.136453 | 2.209275 | 33.522393 | 43.163153
ResNet50 from act_40 dssim 36.775637 | 2.259349 | 33.047043 | 42.712570
ResNet50-ImageNet from add_13 dssim 37.716954 | 2.143963 | 34.072346 | 43.634058

Table 5.6: PSNR results in the test set for the short ResNet50 models.
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Encoder Loss function mean std min max
ResNet50 from add_13 mse 0.990759 | 0.001999 | 0.986000 | 0.995427
ResNet50 from add_13 dssim 0.994716 | 0.001285 | 0.991834 | 0.997592
ResNet50 from act_40 dssim 0.994342 | 0.001353 | 0.991118 | 0.997415
ResNet50-ImageNet from add-13 dssim 0.995552 | 0.001051 | 0.993046 | 0.997945

Table 5.7: SSIM results in the test set for the short ResNet50 models.

5.2 Qualitative results

As described previously, the average results for ResNet-like models show a satisfactory level
of reconstruction that makes difficult to tell the original images and the reconstructed ones a
part. Figure 5.6 shows a reconstruction example from the Small ResNet-like model using mse
and the Big ResNet-like model trained using dssim. A zoomed version of the upper-left part
of the images can be seen in Figure 5.7. Looking at the reconstructed examples is not easy
to distinguish them from the original slice or between themselves. After further inspection the
original image and the dssim based reconstruction may look to be on a slightly different tone
of grey compared to the mse image, a minor difference probably easier to spot on the lighter
textures. However, looking at the zoomed images it becomes easier to see why the Big ResNet-

like dssim model scores better in all tests, it does capture fine details that the mse model cannot.

In order to improve the robustness of the models real time data augmentation was intro-
duced in the project. To test its effects we selected a small number of slices, two from each
original MRI in the test set, and applied the same augmentations we used for training to those
images one at a time. For each subject one of the slices was augmented with noise and the
other one zeroed using the aforementioned methods available in the imgaug library. Figure
5.8 shows the results for 6 of our models trying to reconstruct areas of a slice not seen before.
The results for those areas can be roughly ranked in reverse of the discussed order until now.
ResNet50 models do a better job at restoring the inherent structures of the scanned brains
but still fail to reconstruct the rest of the images with the amount of detail obtained by the
ResNet-like models. The worst results were generated by the Small ResNet-like model using
dssim, but the two Big ResNet-like models showcase the same kind of behaviour. They lack the
ability to fill the zeroed areas realistically, leaving blurry patches in places were the ResNet50
models do a better job at capturing the global structure of the images. Another example can
be seen in Figure 5.9 where the ResNet50 model using ImageNet weights and mse is able to
rough out the orbit of the eye and the Big ResNet-like model using dssim does not. For the
remaining augmentation, introducing blur to the images, the ResNet-like models come back at

top. Figure 5.10 shows how the Big ResNet-like model is able to restore some of the details lost
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Figure 5.6: Left images are the original slices: slice 52 from IXI ID 021 and slice 74 from IXI
ID 045. Middle images are the reconstructions by the Small ResNet-like mse model and the
images in the right are the reconstructions done by the Big ResNet-like dssim.

Figure 5.7: Zoomed version of the Figure 5.6
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Original slice example Augmented slice example

Big ResNet-like model using dssim Big ResNet-like model using mse ResNet50 using ImageNet weights - mse

ResNet50 from add_13 using mse Small ResNet-like model using dssim ResNet50 using dssim

Figure 5.8: Collage comparing how 6 different models reconstruct a zeroed area of a slice from
the test set.

due to the introduced Gaussian blur and the ResNet50 based model is not able to even retain

the remaining details on the blurred image.

Additionally, some preliminary testing of images with introduced noise seemed to indicate
better results for ResNet50 models and mse as a loss function. Figure 5.11 shows a comparison
between ResNet50 and the Big ResNet-like using both mse and dssim. The images were created
using the DropOut method from the imgaug library which differs from the CoarseDropOut
used for training and from standard pepper noise. CoarseDropOut reduces the resolution of
the images to 50% before dropping pixels, creating blocks of 2x2 black pixels in consequence,

meanwhile pepper noise introduces pixels that are not uniformly black. The results are poor,
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Figure 5.9: Zeroed image can be seen on the left, original one in the right and the reconstructed
image by the ResNet50 based model on the middle, on top of the Big ResNet-like one.

Figure 5.10: Blurred image can be seen on the left, original one in the right and the recon-
structed image by the ResNet50 based model on the middle, on top of the Big ResNet-like
one.
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Original slice Dropout of 10% of the pixels

Figure 5.11: Collage showing a comparison between the reconstruction results of different
models for the slice 52 from IXI ID 021 when 10% of its pixels are dropped.

as ResNet50 using mse shows better resilience to the noise but fails to reproduce fine details
as we know from previous experiments and the Big ResNet-like models output grainy images
that fall short of their previous results. Adding noise augmentation and building a proper noise
augmented test set would be necessary steps to take in order to prepare for and evaluate the

models concerning the quality of their reconstruction of noisy images.
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Chapter 6
Conclusions

After exploring the experiments realized in this short study it is clear that the handcrafted
ResNet-like models provide the best quantitative results, showcasing high quality reconstruc-
tion scores in all metrics of the test set, using a fraction of the parameters and operations of
the ResNet50 based models.

The ResNet50 models show better resilience to aggressive data augmentation in the form
of zeroed pixels but are unable to retain pixel detail in general. As their best validation losses
were reached in early stages of the training process we cannot assert the models when trained
properly can not obtain results closer to the ones obtained by our handcrafted models. Al-
though, after testing the shorter ResNet50 models it does seems unlikely to achieve levels of
performance better than the ones obtained by the ResNet-like models, it remains as an open

question for further study.

Regarding the loss function, the models using dssim obtained higher scores than the ones
using mse in both the PSNR and the SSIM tests for all tested pairs of models but the ResNet50
model using ImageNet weights. For that dssim model the loss remained high, 34% higher, than
for the ResNet50 model that did not use pre-trained weights, creating the only outlier in the
series. As it is the only model where the mse version obtains better results than the dssim one
and the only case where the ImageNet weights did not provide a boost to the results. Proper
training should be able to address this difference and help clarify if transfer learning from the

ImageNet dataset can improve the results of training from scratch in the IXI dataset.

Concerning the differences in performance between the two ResNet-like models we created,
we only tested one method of increasing the number of parameters: adding extra residual blocks

to the Small ResNet-like model. The increment from 2.26 million to 6.1 million parameters
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led to a rise in performance for the dssim version, making the Big ResNet-like model the best
scoring model of the study, but not for the mse model where the Small ResNet-like obtained
better scores even when the validation loss reached for the Big ResNet-like model was lower.
It is important to point out that the differences in performance between the Small ResNet-like
model and the Big ResNet-like are smaller than the ones created by the use of the two loss
functions, making the increase in parameters a factor less important than the choice of the loss

function in this study.

In summary, ResNet-like models when paired with dssim as loss function yielded the best
scores in the tests, showing a larger gap in the mean PSNR metric where the dssim version
is 8% better than its mse counterpart for the small model and 12% better for the big one.
Noting that the results from all ResNet-like models are close to be indistinguishable from the
original images to the human eye. Therefore, using any of the ResNet-like models to achieve
unsupervised anomaly detection in brain magnetic resonance images may be an attainable

future goal.

6.1 Future work

e Retrain the ResNet50 family of models using a different combination of hyperparameters

and learning rate policies.

e Retrain all the models that used the RMSprop optimizer with Adam to compare its

results.

e Expand the data augmentation to see if it can help better the results of all models and

make the smaller models retain more structural information.

e Check if adding data from different datasets containing MRI of healthy individuals, like
the IXI dataset does, would help generalize the models and improve their quality.

e Study if training all models using a higher batch size in a GPU with more VRAM available

reduces the differences in their outputs.

e Explore if creating a different model that just increases the number of filters, exceeding
the number of 256 filters per convolution, or both the maximum number of filters and the
number of residual blocks would lead to better results compared to the Small ResNet-like
than the Big ResNet-like model does.
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e Lastly, the slight improvement seen on the reconstruction of zeroed images from the Big
ResNet-like model compared to the smaller one may point out to another direction but
it may be worthwhile to check if an even shorter ResNet50 model trained with a good
combination of hyperparameters can indeed retain the structural knowledge showcased
by the ResNet50 models while properly reconstructing the general details of the images

using a smaller number of parameters as the ResNet-like models we build did.
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