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Abstract
Facial emotion recognition from thermal images has gained more attention in recent years. Thermal
cameras capture the heat emitted by objects and therefore thermal images are not sensitive to illumina­
tion changes. Furthermore, changes in temperature can indicate emotions and it is harder for humans
to fake emotions in front of a thermal camera. However, a limitation is that, thermal cameras that cap­
ture high­resolution images are expensive, and cheaper thermal cameras often capture images with a
low­resolution and/or contaminated with noise and blur. Besides, low­resolution thermal images can
also arise when images are captured from a far distance or from moving persons. When using these
low­resolution thermal images for facial emotion recognition this can negatively influence the emotion
classification accuracy.

To tackle the problem of low­resolution thermal facial expression images, super­resolution can be
used. In this exploratory work, we propose the Thermal Face Super­Resolution Network (TFSRNet)
and the Thermal Face Super­Resolution Generative Adversarial Network (TFSRGAN) to recover high­
resolution thermal facial expression images from low­resolution thermal facial expression images, with
the goal to use the super­resolved images for thermal facial emotion recognition. The architecture TF­
SRNet is optimized to minimize the mean squared error (MSE), which results in images with a high
peak signal­to­noise ratio (PSNR). However, these images often contain an unsatisfying perceptual
quality. To generate high­resolution images with a high perceptual quality we propose TFSRGAN.
Both architectures use facial prior knowledge, such as facial landmark heatmaps and parsing maps,
to enhance low­resolution thermal facial expression images. To emphasize the most important parts
of each facial expression and to suppress irrelevant facial parts, we integrate the Convolutional Block
Attention Module (CBAM) in both super­resolution architectures. The proposed super­resolution ar­
chitectures are used to enhance low­resolution thermal facial expression images, which are obtained
with three different degradation models, namely bi­cubic down­sampling (BI) on scale x2, x3 and x4,
blurring followed by bi­cubic down­sampling (BD) on scale x3 and bi­cubic down­sampling followed by
adding noise (DN) on scale x3.

With an ablation study, the effectiveness of using facial prior knowledge and the attention mech­
anism CBAM for thermal super­resolution is shown. When using facial prior knowledge and the at­
tention mechanism CBAM, the image quality of the super­resolved images improves. Furthermore,
experiments show that images enhanced by TFSRNet outperform bi­cubic interpolated images, for
degradation models BI x4, BD x3 and DN x3. Using these super­resolved images for thermal facial
emotion recognition also leads to an increase of the emotion classification accuracy. In addition, im­
ages enhanced by TFSRGAN outperform bi­cubic interpolated images for degradation model DN x3.
Although, this an exploratory work containing limitations, the experiments show the effectiveness of
using facial prior knowledge and the attention mechanism CBAM for thermal facial expression super­
resolution. In addition, thermal face super­resolution shows promising results for thermal facial emotion
recognition where future work can build upon.
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1
Introduction

Emotions play an important role in communication between humans. Understanding each other’s emo­
tions and being able to react on them, deeply enhances human interaction [107]. Emotions can be
expressed in various ways, verbally or non­verbally. Non­verbal expressions consist of facial expres­
sions, hand gestures, body movements and tone of voice. Of these expressions, facial expressions
are regarded as one of the most important to identify human emotions [63]. Over the past decades,
automatic facial emotion recognition has become a popular topic of research, since it can be used for
a wide range of applications such as human­computer interaction (HCI) systems [11] [32], driver sys­
tems [65] [102], education [97], surveillance systems [1] and entertainment [15]. The usage of these
systems is rapidly growing and they are becoming more important in our daily lives [72]. In order to
achieve effective human­computer interaction, computers need to be able to interact in a natural way
with the user. As emotions play an important role in the interaction, it is crucial for computers to recog­
nize human emotions. Once computers can recognize human emotions they can provide appropriate
feedback and customized interactions.

For the automatic classification of emotions a distinction can be made between two types of emotion
models: categorical models and dimensional models. In categorical models, emotions are classified in
discrete classes [23]. Often used discrete emotion classes are the six basic emotions: anger, disgust,
fear, happiness, sadness and surprise, defined by Ekman et al. [16]. In dimensional models, emotions
are related to each other and defined in a continuous space [23]. An often used model is the circumplex
of affect introduced by Russell [79], which has two­dimensions: valence and arousal. The valence
dimension shows how positive or negative the emotion is and the arousal dimension shows how excited
or calm the emotion is. In this thesis, the categorical model is used for the classification of emotions,
since the thermal datasets that are available contain labels for the categorical model.

In the past decades, various studies have been done on automatic facial emotion recognition. These
studies can be divided into two groups of approaches: conventional approaches and deep learning
based approaches. Conventional approaches are based on features that are handcrafted and consist
of three main steps as shown in Figure 1.1. In the first step, the facial images are pre­processed.
This pre­processing includes, among others, the normalization of the images and the detection of the
face or facial components. In the second step, hand­crafted features, such as Histograms of Oriented
Gradients (HOG) and Local Binary Patterns from Three Orthogonal Planes (LBP­TOP), are extracted
from the detected face or facial components. Finally, the extracted features are classified into one
of the categorical emotion classes. For the classification of the emotions several classifiers can be
used such as Support Vector Machine (SVM), K­Nearest Neighbors (KNN) or Random Forest (RF).
Deep learning based approaches are based on features that are generated by Deep Neural Networks
(DNNs). There exist several types of DNNs, among which Convolutional Neural Networks (CNNs) are
the most popular. Since CNNs are able to learn features directly from input images, instead of using
handcrafted features, they have achieved excellent performance in several computer vision tasks [2]
[44] [85]. Figure 1.2 shows an example of a CNN architecture for facial emotion recognition. First, the
network takes images with facial expressions as input. Then, the network learns features from these
input images by performing convolutional operations. Finally, the learned features are used for the
emotion classification.
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2 1. Introduction

Figure 1.1: Steps of conventional facial emotion recognition approaches. The facial expression images are from the VIS­TH
dataset [61].

Figure 1.2: Example of a CNN. The facial expression images are from the VIS­TH dataset [61].

Currently, most research on facial emotion recognition is performed on RGB images or videos [43]
[68]. A limitation of RGB images and videos is that they are sensitive to illumination conditions. In en­
vironments with bad light conditions or in completely dark environments, the facial emotion recognition
accuracy is not that good [68]. To deal with this problem, several studies proposed thermal images
for facial emotion recognition. Examples of thermal facial expression images are presented in Figure
1.3. Thermal images, also called long wave infrared (LWIR) images, capture the heat emitted by ob­
jects. They are independent of light sources and therefore not sensitive to illumination conditions [43].
Besides that thermal images are invariant to illumination conditions, they have also other advantages.
Jiang et al. [35] have shown in their research that the temperature of the face changes when the facial
expression changes. Therefore, thermal images could be helpful in deriving emotions from facial ex­
pressions. Furthermore, since humans cannot hide or fake their facial temperature, it is much harder
to fake an emotion in thermal images than in RGB images and therefore it is harder to fool a system.

A limitation of the use of thermal images is that high­resolution thermal cameras are expensive,
while cheaper thermal cameras capture low­resolution images contaminated with noise, blur and low­
resolutions [78]. Furthermore, low­resolution thermal images can also arise when the images are cap­
tured from a far distance [25] or from moving persons [24], for example by security cameras. Using
these thermal low­resolution images for practical applications, such as thermal facial emotion recogni­
tion, can lead to a reduction of the classification accuracy and to less useful applications [109]. There­
fore, automatic thermal facial emotion recognition is still a challenging task.

To tackle the problem of low­resolution thermal facial expression images, single image super­
resolution can be used. Single image super­resolution1 is the process of recovering a high­resolution
image from a low­resolution image. In this thesis we will design two thermal super­resolution architec­
tures to enhance low­resolution thermal facial expression images with the aim to use the super­resolved
thermal facial expression images for thermal facial emotion recognition. In the remaining part of this
chapter, the current thermal super­resolution techniques are discussed followed by the research ques­
tions and the contributions.
1In rest of this thesis, we refer to as super­resolution
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Figure 1.3: Examples of thermal facial expression images from the Thermal Face dataset [43].

1.1. Thermal super-resolution
In contrast to the many super­resolution methods developed to enhance low­resolution RGB images,
there are only a few super­resolution methods developed to enhance low­resolution thermal images.
The first thermal super­resolution method is proposed by Choi et al. [10]. Inspired by the deep learn­
ing super­resolution methods for RGB images, they proposed a CNN for the enhancement of thermal
images, called the Thermal Enhancement Network (TEN). Due to the limited amount of large thermal
datasets, they investigated if datasets of different domains could be used for the training of TEN. They
considered images from two different domains, namely gray­scale images (from the RGB domain) and
mid­wavelength infrared (MWIR) images. Their research shows that images from other domains, such
as the RGB domain, can help to enhance low­resolution thermal images. Lee et al. [48] proposed a
Thermal Image Enhancement CNN (TIECNN) based on residual learning. In this network, images from
different RGB domains (gray, lightness, intensity and brightness) and thermal domains are considered
for training. The results show that the brightness domain in combination with residual learning resulted
in the best super­resolved thermal images. Kuang et al. [45] proposed an Image Enhancement Con­
ditional Generative Adversarial Network (IE­CGAN) to enhance low­resolution infrared images. This
network is trained on RGB images and is able to enhance infrared images with good visual results.
Rivadeneira et al. [77] proposed a deep CNN with a residual network and dense connections to en­
hance low­resolution thermal images. The proposed network is trained on RGB images and on thermal
images. From their experiments they conclude that the super­resolved images are better when the net­
work is trained on thermal images instead of RGB images.

The thermal super­resolution networks discussed above are used to enhance thermal low­resolution
generic images. For the specific domain of thermal face super­resolution only little research is done.
Guei et al. [21] proposed a Deep Convolutional Generative Adversarial Network (DCGAN) for super­
resolution infrared faces, called DeepSIRF. Their goal was to recover high­resolution images (64 x
64 pixels) from low­resolution images (16 x 16 pixels). The network that they proposed is trained and
tested on three different datasets. The first one is the Terravic Facial IR database [64], which is a thermal
LWIR dataset containing 22784 images with different head poses in different conditions. The second
one is the CBSR CASIA NIR Face dataset [51], this is a near­infrared (NIR) dataset containing 3940
images. This dataset contains among other images in different illumination conditions, with different
facial expressions. The last one is the CASIA NIR­VIS 2.0 dataset [52], which contains RGB and NIR
images. Guei et al. only used the NIR images in their research. The dataset contains 12487 images,
with among others different poses, light conditions and facial expressions. The DeepSIRF architecture
is developed in such a way that it can learn from a small amount of data. The results show that the
DeepSIRF architecture is able to enhance low­resolution thermal images.

DeepSIRF deals with thermal facial (expression) images, but it does not use facial prior knowl­
edge to enhance the low­resolution thermal facial (expression) images. In this exploratory thesis, we
design two architectures that use facial prior knowledge and an attention mechanism, to enhance low­
resolution thermal facial expression images. The first architecture, called TFSRNet, is an adapted
version of the Face Super­Resolution Network (FSRNet) [9]. FSRNet uses facial priors such as fa­
cial landmark heatmaps and parsing maps to enhance low­resolution RGB facial images. To focus on
the most important parts of the facial expressions and to suppress irrelevant facial parts, we propose
to integrate a Convolutional Block Attention Module (CBAM) [95] in TFSRNet. TFSRNet is optimized
to minimize for the mean squared error (MSE). Architectures optimized for MSE, have a high image
quality in terms of the peak signal­to­noise ratio (PSNR), which is the most used evaluation metric
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in super­resolution. Although, MSE­based super­resolution approaches achieve a high PSNR, it is
known that the generated images lack a high perceptual quality. Therefore, this first proposed thermal
super­resolution architecture will be compared with a second architecture that we will design, called
TFSRGAN, which is a Generative Adversarial Network (GAN) based architecture. GANs have shown
great results in the field of super­resolution, as they can recover high­resolution images from low­
resolution images with a high perceptual quality [46]. Our GAN­based architecture uses TFSRNet as
generator. To show the effectiveness of the two proposed approaches, both architectures will be used
to enhance different types of low­resolution thermal facial expression images. To simulate real­world
low­resolution images three different types of degradation models (down­sampling with bi­cubic inter­
polation (BI), blurring and down­sampling (BD), down­sampling and adding noise (DN)) will be used
to obtain low­resolution images. Furthermore, we will provide an ablation study to explain the effects
of our proposed networks and we will provide empirical findings to show which of the proposed super­
resolution approaches is the most suitable to enhance low­resolution thermal facial expression images
for the task of facial emotion recognition. Table 1.1 presents an overview of the existing thermal face
super­resolution methods compared to our proposed thermal super­resolution methods.

Table 1.1: Overview of the thermal face super­resolution approaches

Architecture Characteristics

DeepSIRF [21]
­ Does not use facial prior knowledge
­ L1­loss and adversarial loss
­ Designed to enhance low­resolution near infrared (NIR) and thermal facial (expression) images

TFSRNet

­ Based on FSRNet [9]
­ Uses facial landmark heatmaps, parsing maps and CBAM
­ MSE loss
­ Designed to enhance low­resolution thermal facial expression images

TFSRGAN

­ Based on SRGAN [46] and FSRGAN [9]
­ Uses facial landmark heatmaps, parsing maps and CBAM
­ Perceptual loss and adversarial loss
­ Designed to enhance low­resolution thermal facial expression images

1.2. Research questions
The aim of this thesis is to recover high­resolution thermal facial expression images from low­resolution
thermal facial expression images and to use the super­resolved images for facial emotion recognition.
The corresponding research question is formulated as follows:

How can we use super-resolution to enhance low-resolution thermal facial expression images
for thermal facial emotion recognition?

To answer this research question, we will investigate the following sub­questions:

1. Does the use of facial priors (facial landmark heatmaps and/or parsing maps) and the attention
mechanism CBAM for thermal super­resolution lead to an improvement in image quality of the
super­resolved images?

2. Do the different types of low­resolution images enhanced by TFSRNet and TFSRGAN have a
better image quality than those enhanced by bi­cubic interpolation?

3. Which of the two proposed thermal super­resolution approaches, TFSRNet or TFSRGAN, is the
most suitable to enhance low­resolution thermal images for the task of thermal facial emotion
recognition?



1.3. Contributions 5

1.3. Contributions
Based on the research question stated above, the following contributions are made:

Contribution 1. Design two thermal facial expression super-resolution architectures, that use facial
priors (facial landmark heatmaps and/or parsing maps) and the Convolutional Block Attention Module
(CBAM). In addition, perform an ablation study to explain the effects of using facial priors and the
attention mechanism CBAM on the image quality of the super-resolved images.

The first architecture that we propose is the Thermal Face Super­Resolution Network (TFSRNet),
which is an adapted version of FSRNet [9]. We adapt FSRNet by integrating the Convolutional Block
Attention Module (CBAM) [95] as an attention mechanism. More specific, CBAM will be integrated in
FSRNet by replacing one or two residual blocks with residual blocks with CBAM. Through explorative
experiments we will search for the best place in FSRNet to integrate CBAM. CBAM is included to focus
on the most important parts of the face for each facial expression and to suppress less important facial
parts. FSRNet is optimized to minimize the mean squared error (MSE). Images optimized for MSE
have a high peak signal­to­noise ratio (PSNR), but they are over­smoothed and lack high­frequency
details resulting in a low perceptual quality. Therefore we propose a second approach, the Thermal
Face Super­Resolution Generative Adversarial Network (TFSRGAN), which is a GAN­based approach.
GANs have shown to be very successful for super­resolution tasks [46] and can generate photo­realistic
images with high perceptual quality. TFSRGAN is optimized for a loss that consists of, among others, a
perceptual loss and an adversarial loss, which help to generate images with high perceptual quality. To
train the two proposed architectures, a large amount of data is needed to prevent the architectures from
overfitting. However, there are only a few thermal facial expression datasets available, which contain
a small amount of data. Inspired by the idea of Choi et al. [10] who have shown that RGB images
can be useful for thermal super­resolution, the two proposed architectures are first pre­trained on the
large­scale RGB dataset CelebAMask­HQ [47] and then fine­tuned on the smaller thermal datasets
Thermal Face [43] and VIS­TH [61]. With an ablation study we showed that using facial priors, such
as facial landmark heatmaps and/or parsing maps, and the attention mechanism CBAM, improves the
image quality of the thermal super­resolved images in terms of PSNR and SSIM.

Contribution 2. Provide empirical findings to show the effectiveness of TFSRNet and TFSRGAN
on super-resolving different types of low-resolution thermal images.

Real­world low­resolution images can be contaminated with four types of degradations, such as
blur, low­resolution, artifacts and noise [49]. Often they are contaminated with more than one of these
degradations. To simulate real­world low­resolution images several degradation models have been de­
veloped [53] [104]. In this thesis, three degradation models are used to obtain low­resolution images.
The three degradation models are bi­cubic down­sampling (BI) (scale x2, x3, x4), blurring and bi­cubic
down­sampling (BD) (scale x3), down­sampling and adding noise (DN) (scale x3). For the evaluation
of the super­resolved thermal images we use the two most used evaluation metrics in super­resolution,
namely the peak signal­to­noise ratio (PSNR) and the structural similarity (SSIM). For the Thermal Face
dataset, we showed that for large degradation models, such as BI x4, BD x3 and DN x3, TFSRNet out­
performs bi­cubic interpolation in terms of PSNR and SSIM. For degradation model BI x3, TFSRNet
outperforms bi­cubic interpolation in terms of SSIM but not in terms of PSNR. For degradation model BI
x2, bi­cubic interpolation outperforms TFSRNet. Furthermore, we showed that TFSRGAN outperforms
bi­cubic interpolation only for low­resolution images from DN x3. For the VIS­TH dataset, TFSRNet and
TFSRGAN outperform bi­cubic interpolation in terms of PSNR and SSIM only for degradation model
DN x3.

Contribution 3. Provide empirical findings to show which of the two proposed thermal super-
resolution architectures is themost suitable to enhance low-resolution thermal images for facial emotion
recognition.

The thermal images enhanced by TFSRNet and TFSRGAN are used for facial emotion recognition.
Based on the Thermal Face dataset, we have shown that for large degradation models, such as BI x4,
BD x3 and DN x3, the images enhanced by TFSRNet achieve a higher emotion classification accuracy
than bi­cubic interpolated images and images enhanced by TFSRGAN. For small degradation models,
such as BI x2 and BI x3, bi­cubic interpolated images achieve a higher emotion classification than
images enhanced by TFSRNet or TFSRGAN.



6 1. Introduction

1.4. Thesis outline
The outline of the thesis is as follows. In Chapter 2, background information on Deep Neural Networks
(DNNs) is provided. Furthermore, it presents an overview of related work on super­resolution and facial
emotion recognition. In Chapter 3, the selected datasets and their pre­processing steps are discussed.
In addition, the degradation models and the architectures are presented. In Chapter 4, an overview
and an analysis of the results are presented. Finally, in Chapter 5, we discuss what we have learned
during this thesis and the limitations of this work. Furthermore, we give suggestions for future work.
Finally, we summarize our findings.



2
Background and Related Work

In this thesis we design two thermal face super­resolution architectures, TFSRNet and TFSRGAN, to
enhance low­resolution thermal facial expression images for thermal facial emotion recognition. Our
thermal super­resolution architectures use facial prior knowledge, such as facial landmark heatmaps
and parsing maps, to enhance low­resolution thermal facial expression images. In addition, we inte­
grate the Convolutional Block Attention Module (CBAM) in TFSRNet and TFSRGAN, to focus on the
most important parts of each facial expression and to suppress other irrelevant parts.

In this chapter, an overview of the current studies, related to thermal (face) super­resolution and
thermal facial emotion recognition, is presented. Since most of these studies are based on deep learn­
ing, this chapter begins with providing some background information on deep learning in Section 2.1.
Then, in Section 2.2, an overview is given of super­resolution methods used to enhance low­resolution
generic RGB images. This is followed by an overview of super­resolution methods used to enhance
low­resolution face RGB images, in Section 2.3. Finally, in Section 2.4, the current thermal datasets
and thermal facial emotion recognition methods are presented.

2.1. Deep learning
Deep learning is a part of machine learning that uses Deep Neural Networks (DNNs) to extract features
from raw input data to get multiple levels of representations of the input data [87]. Since DNNs are able
to learn useful representations from data, they have achieved excellent performance in many tasks [27]
[44] [56]. For each task, different types of neural networks can be used. The neural networks used in
this thesis are based on Convolutional Neural Networks (CNNs) and Generative Adversarial Networks
(GANs). In the next sections, first DNNs are discussed, followed by a discussion of the two specific
types of neural networks, CNNs and GANs.

2.1.1. Deep Neural Networks (DNNs)
Neural Networks (NNs) consist of several layers, such as an input layer, one or more hidden layers
and an output layer. NNs that are used in deep learning contain more than one hidden layer and are
defined as Deep Neural Networks (DNNs) [87]. Figure 2.1 shows an example of a NN with one hidden
layer. Each layer in a NN consists of several components, called neurons. The neurons receive input
values which have been multiplied by a weight. Each neuron adds up the weighted input values and
can add some bias. The sum of the weighted values and the bias is passed through an activation
function, which leads to a final output value. This process can be described by the following formula:

= ( + ) (2.1)

where is the weight, the input, the output, the bias and the activation function. Activation
functions are used to convert the sum of the weighted input value(s) to an output value. Activation
functions that typically are applied in DNNs, are non­linear activation functions. Due to these non­
linear activation functions a network is able to learn more complex relationships between the input and

7



8 2. Background and Related Work

Figure 2.1: Example of a neural network. The network consists of an input layer with three neurons, one hidden layer with four
neurons and an output layer with two neurons.

output data. Figure 2.2 shows some non­linear activation functions1. Among these, the most popular
non­linear activation function is the rectified linear unit (ReLU).

(a) Sigmoid: (b) Tanh: (c) ReLU: ( , ) (d) LeakyReLU: ( , )

Figure 2.2: Activation functions.

Training of DNNs
During the training phase of a DNN, the weights of the network are learned. The aim is to find the
weights that minimize the average loss. There are several ways of learning, such as supervised learn-
ing, unsupervised learning and semi-supervised learning. In this thesis we use supervised learning,
which means that the input data is labeled. Thus, for each input value the corresponding output value
is known.

The training of a DNN, in a supervised way, proceeds in several steps. First, the weights of the
network are once initialized with random values. Then, in the forward propagation step, the training
inputs are passed through the network and an output is calculated. Next, a loss function calculates
the loss between the output generated by the network and the desired output. The loss defines how
similar the generated output is to the desired output. The lower the loss, the more similar the generated
output is to the real output. After computing the loss, backward propagation is performed. In the back
propagation step, the gradient of the loss function with respect to the weights is calculated. Based on
the gradients and a learning rate, the weights of the network are adjusted.

2.1.2. Convolutional Neural Networks (CNNs)
Convolutional Neural Networks (CNNs) are a special type of Neural Networks (NNs). They are used
for a wide range of applications, such as image classification [44], object detection [19][76] and face
recognition [83]. CNNs consist of three types of layers namely convolutional layers, pooling layers and

1For LeakyReLU is a small constant, here .
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fully connected layers. By stacking those layers a CNN is created. Below, we will discuss the different
types of layers of a CNN.

Convolutional layer
A convolutional layer is used to extract local features from input images. The parameters of a convolu­
tional layer exists of a set of learnable kernels, also known as filters. The spatial size (width and height)
of each kernel is often small. The depth of each kernel equal to the depth of the input. Each kernel
is shifted over the input and at each point the dot product between the kernel values and the input
values is calculated. When shifting the kernel over the input, a feature map is created, which stores the
output values of each dot product. For each kernel, one feature map is created and the created feature
maps are stacked in the depth. By choosing the number of kernels, the depth of the output can be
determined. The distance that the kernel shifts over the input can be determined with the stride. When
the stride is 1, the kernel shifts one pixel. If the stride is larger than 1, the spatial size of the output will
be smaller than the spatial size of the input. This can be seen in Figure 2.3, that shows an example
of a convolutional layer with stride 2. To determine the spatial size of the output, zero-padding can be
used. When using zero­padding, zeros are pad around the borders of the input. The output volume
of a convolutional layer can thus be determined by three hyperparameters, namely depth, stride and
zero-padding.

Figure 2.3: Example of a convolutional operation. The input image has size 4x4x1, the kernel has size 2x2x1 and the stride is
2. The convolutional operation results in an output (feature map) of size 2x2.

Pooling layer
A pooling layer is often applied after a convolutional layer. This layer is used to reduce the spatial size of
a feature map. There are two types of pooling that are usedmost often, namelymaximum (max) pooling
and average pooling. Figure 2.4a shows an example of max pooling. For max pooling, the maximum
value is taken of the region that is overlapped by the kernel. Figure 2.4b shows an example of average
pooling. For average pooling, the average of the values is taken of the region that is overlapped by the
kernel.

Fully connected layer
Fully connected layers are often used as the last layers of a CNN. In fully connected layers, all the
neurons of one layer are connected to all the neurons in the following layer. The layers are used to
collect the information of the previous layers and to perform a classification.
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(a) Example of max pooling (b) Example of average pooling

Figure 2.4: Examples of two pooling operations with input image of size 4x4x1, kernel 2x2x1 and stride 2.

2.1.3. Generative Adversarial Networks (GANs)
Generative Adversarial Networks (GANs) are introduced by Goodfellow et al. [20]. GANs consist of
two Neural Networks (NNs), namely a generator network and a discriminator network. The aim of the
generator is to generate samples similar to the samples that come from the distribution of the training
data. The aim of the discriminator is to distinguish the real samples from the fake samples.

Figure 2.5 shows the architecture of a GAN. The generator takes as input a random noise vector
from distribution andmaps it to the data distribution , which is trained to be similar to the distribution
of the training data . Discriminator takes as input the real and generated samples and classifies
them into one of the two classes, real or fake. is trained to maximize probability of the correct
classification of the real and the fake labels, while at the same time is trained to minimize (1 Ⱡ
( ( ))). Therefore, the training of the two networks can be described as a minimax game:

min max ( , ) = ײַ ( )[ ( )] + ײַ ( )[ (1 Ⱡ ( ( )))] (2.2)

At the beginning of training, the data samples generated by are poor and can distinguish the real
and fake samples with high confidence, which leads to the saturation of (1 Ⱡ ( ( ))). Therefore,
in practice, is trained to maximize ( ( )) instead of minimizing (1 Ⱡ ( ( ))).

Figure 2.5: Architecture of a GAN.

2.2. Image super-resolution
2.2.1. Problem definition
Image super­resolution is the process of generating a high­resolution image from a low­resolution im­
age. A low­resolution image can be defined as follows:

= ( , ) (2.3)

where denotes a degradation model, the high­resolution image and the parameters of the
degradation model (e.g. down­scaling factor, noise, etc.). In real world, the degradation model is
unknown. To simulate low­resolution images, researchers have generated several degradation models
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[53] [101] [104]. Given a low­resolution image , image super­resolution aims to generate a high­
resolution image , which is an approximation of the ground truth high­resolution image . This
process can be described as follows:

= ( , ) (2.4)

where is a super­resolution model and the parameters of the super­resolution model. When training
a super­resolution model, the objective function can be described as:

˿ = arg min ‹( , ) (2.5)

where ‹( , ) denotes the loss function between the super­resolved image and the ground truth
high­resolution image . In super­resolution, the most commonly used loss function is the mean
squared error (MSE) loss. We will discuss current super­resolution models in Section 2.2.3. But first,
we discuss evaluation metrics for the image quality in Section 2.2.2.

2.2.2. Image quality assessment
In image super­resolution, the quality of the images can be evaluated based on quantitative evaluation
and based on qualitative evaluation. Quantitative evaluation is the evaluation of the images based on
mathematical methods. Quantitative evaluation is the evaluation of the images based on the perception
of humans. For this evaluation, humans are asked to assess the quality of the images. In this section,
we discuss the most commonly used evaluation metrics for super­resolution.

Peak signal-to-noise ratio (PSNR)
The peak signal­to­noise ratio (PSNR) is a quantitative evaluation metric. It represents the ratio be­
tween the maximum power of a signal and the maximum power of distorting noise. In the case of
super­resolution, it represents the ratio between the ground truth high­resolution image and the super­
resolved image . The PSNR can be calculated with the following formula:

= 10 ( ) (2.6)

where, = 1 Μ ( ( ) Ⱡ ( )) (2.7)

where is the maximum pixel value (in our case 255) and N the number of pixels in an image. The
higher the PSNR, the better the image quality. The PSNR calculates the difference between two images
on pixel­level. Since it only focuses on the difference between a pair of pixels instead of the human
visual perception, it often gives a poor representation of the image quality in real world scenarios, where
the perceptual quality is more important. However, PSNR is still the most used evaluation metric for
super­resolution.

Structural similarity (SSIM)
The structural similarity (SSIM) [94] is also an quantitative evaluation metric. It measures the structural
similarity between images. The structural similarity is measured based on three independent compo­
nents, namely contrast, luminance and structure. A detailed description of the computation of SSIM
can be found in the work of Wang et al. [94]. In the case of super­resolution, SSIM represents the
structural similarity between the ground truth high­resolution and the super­resolved image . The
SSIM is defined by a value in the range of 0 to 1. The higher the SSIM, the better the image quality.
Since the human visual system (HVS) is able to extract structural information from images, SSIMmetric
is a better approximation of the perceptual quality and is commonly used for super­resolution.

2.2.3. Image super-resolution architectures
Various super­resolution methods have been proposed to enhance generic RGB images. Earlier meth­
ods can be divided in prediction­based methods [30], edge­based methods [33], statistical methods
[84], patch­based (or example­based) methods [73] and sparse representation methods [34]. Re­
cently, methods based on deep learning achieved the state­of­the­art performance. In this section
we will discuss a selection of super­resolution methods developed to enhance low­resolution generic
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RGB images and that have been an inspiration for our proposed networks. The methods that will be
discussed are deep learning methods based on Convolutional Neural Networks (CNNs), Generative
Adversarial Networks (GANs) and attention mechanisms.

Dong et al. [13] are the first who proposed a Convolutional Neural Network (CNN) for image super­
resolution, named Super­Resolution Convolutional Neural Network (SRCNN). SRCNN consists of three
layers and learns an end­to­end mapping from a low­resolution image to a high­resolution image. Be­
fore the low­resolution image is given as input to the network, it is up­scaled to the same size as the
high­resolution image with bi­cubic interpolation. The network is used to enhance low­resolution im­
ages with up­scaling factor x2, x3 or x4. For each factor a different network is trained. The network is
tested on five different datasets and evaluated with the commonly used evaluation metrics peak signal­
to­noise ratio (PSNR) and structural similarity (SSIM) [93]. Table 2.1 present an overview of the results
of SRCNN and the other methods that will be discussed in this section.

A limitation of SRCNN is that it has high computational costs. To speed up SRCNN, Dong et al. [14]
proposed a new architecture, called Fast Super­Resolution Convolutional Neural Network (FSRCNN).
In this network three things are changed to speed up SRCNN. First, FSRCNN contains a deconvolution
layer at the end of the network to up­sample the low­resolution image. In SRCNN the up­sampling was
performed using bi­cubic interpolation as pre­processing step. Second, FSRCNN contains three steps
(shrinking, mapping, expanding) instead of one non­linear mapping step as in SRCNN. In this way the
input features are first shrinked, then mapped and then expanded. Third, in FSRCNN more mapping
layers are used, but smaller filter sizes. The results show that FSRCNN is 40 times faster and achieves
better results.

To further improve the performance of SRCNN, one can increase the depth of the network. However,
this has two disadvantages. First, increasing the depth of the network can lead to overfitting. Second,
it introduces more parameters causing that the model needs more storage space. In order to increase
the depth of the super­resolution network without introducing a large amount of parameters, Kim et al.
[41] proposed a Deeply Recursive Convolutional Network (DRCN) for image super­resolution. In this
network, the same convolutional layer is repeated multiple times, which causes that more recursions
are executed while the number of parameters stays the same. However, training a deep recursive
network is very hard due to exploding or vanishing gradients. To deal with this problem, all recursions
in DRCN are supervised. Furthermore, DRCN contains a skip­connection from the input to the recon­
struction layer, such that the exact low­resolution input image can be used for the recovering of the
high­resolution output image. Kim et al. also proposed another deep network, namely a Very Deep
Convolutional Network for Super­Resolution (VDSR) [42]. The architecture consists of a repetition of
convolutional and nonlinear layers. An issue that can arise when training deep networks, is that they do
not converge in a reasonable amount of time. To solve this issue, VDSR uses high learning rates and
global residual learning. Since the low­resolution image and the high­resolution images are highly cor­
related, learning only the residual (difference between the low­resolution image and the high­resolution
image) can lead to faster convergence. Furthermore, gradient clipping is introduced to solve the van­
ishing/exploding gradients problems that can occur when high learning rates are used. Although, the
very deep networks achieve good performance, they still require a large amount of parameters. There­
fore, Tai et al. [88] proposed a Deep Recursive Residual Network (DRRN) for image super­resolution,
that contains 2x less parameters than VDSR and 6x less parameters than DRCN and still achieve bet­
ter performance. The DRRN introduces besides global residual learning also local residual learning.
When a network becomes deeper it could be that details of the images disappear after many layers.
The local residual learning ensures that image details remain in the deeper layers. Furthermore, they
suggest recursive learning of residual units.

A large amount of the super­resolution methods focuses on minimizing the mean squared er­
ror (MSE). Although, this leads to recovered images with a high PSNR, the images are often over­
smoothed and do not contain high­frequency details and thus have a poor perceptual quality. To re­
cover high­resolution images with high­perceptual quality from low­resolution images, Ledig et al. [46]
presented a Generative Adversarial Network for Super­Resolution (SRGAN). This network consist of a
generator and a discriminator. The generator generates a high­resolution image from a low resolution
image and the discriminator is trained to distinguish between the recovered high­resolution images and
the real high­resolution images. SRGAN is optimized for a new perceptual loss, which consist of a con­
tent loss and an adversarial loss. Instead of using the MSE­based content loss, a loss is introduced that
is calculated on the feature maps of the VGG network [85]. The architecture of the generator, named
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