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Learning from rankings for no-reference image
quality assessment by Siamese Network

Xia-Lei Liu

Abstract

In this thesis we present a no-reference image quality assessment (NR-IQA) approach based on deep Siamese networks. One
of the major challenges to apply deep learning techniques to the problem of image quality assessment is the absence of large
data sets. To address this problem, we train our Siamese Network to rank images in terms of image quality by using ranked
image sets for which relative image quality is known. These ranked image sets can be automatically generated without the use
of laborious human labelling. We then use fine-tuning to transfer the knowledge represented by the trained Siamese Network to
a traditional CNN that is able to estimate absolute image quality from single images. To solve the difficulty of pair selection for
Siamese network training, we demonstrate how our approach can be made significantly more efficient than traditional Siamese
Networks by forward propagating a batch of images through a single network and backpropagating gradients derived from all
pairs of images in the batch. We evaluate our approach on the LIVE dataset. Our approach is demonstrated to be superior to
the existing NR-IQA techniques. Furthermore, we are the first NR-IQA method to surpass the state-of-the-art full-reference IQA
(FR-IQA) methods. Experiments on TID2008 and Places2 datasets show the generalization ability of our approach.

Index Terms

No-reference image quality assessment, Convolution neural networks, Siamese network, Speed-up

I. INTRODUCTION

ITH the rapid development of mobile digital devices and Internet media, images are everywhere in our life. Unfortu-
Wnately, images are often distorted by the processes of acquisition, transmission, storage, and external conditions like
illumination, camera motion, etc. Image Quality Assessment (IQA) [1] is a technique developed to automatically predict the
perceptual quality of images. The result of any IQA estimate should be highly correlated with quality assessments made by a
range of very many human subjects (commonly referred to as the Mean Opinion Score (MOS) [2], [3]]). IQA has been applied
to image restoration [4], image super-resolution [3]], image retrieval and ranking [6], image recognition especially for face
recognition [7]], and in other fields like medical imaging [8], remote sensing imaging [9] and infrared image processing [10],
where the quality of image is essential to the success or safety of these applications.

IQA approaches are widely divided into three categories based on whether the undistorted image or information about
it is available [11]: full-reference IQA (FR-IQA) [12], [13], [14], reduced-reference IQA (RR-IQA) [15], and no-reference
IQA (NR-IQA), which is also known as blind IQA [16], [L7], [18], [19]. The two main approaches are FR-IQA and NR-
IQA methods, the differences of which are shown in Fig. [I| In realistic application scenarios, the no-reference scenario is
the most common and therefore research on NR-IQA has been the most developed. In NR-IQA, many methods focus on a
specific distortion [20], [21], which limits the applicability of these methods. Other methods focus on IQA for a wide range of
distortions. Such methods are also known as distortion-generic NR-IQA, which is most difficult because no reference image
is available. In this thesis, we proposed an approach of NR-IQA based on deep CNNs which outperforms the best reported
FR-IQA.

To evaluate the performance of IQA methods, several image databases have been collected by choosing “perfect” images also
known as original images of high quality, and then distorting them by adding varying levels of distortions like Gaussian blur,
Gaussian noise, JPEG compression, and JPEG2000 compression. After selecting high-quality reference images and generating
distorted versions, multiple human assessors are then asked to score each image in terms of quality. Further statistical post
processing is then performed on the raw quality scores to ensure annotator agreement and arrive at a single, ground truth image
quality score for each image. This process of dataset generation is illustrated in Fig. 2] Some of the most well-known IQA
datasets constructed in this way are LIVE [22], TID2008 [3], and CSIQ [23]. This data collection and annotation process is
labour-intensive and costly. Each image in the dataset requires multiple subjective estimates of image quality by humans. This
fundamentally limits the size of available datasets for IQA research.

Convolutional Neural Networks (CNNs) have shaken the computer vision research and practice. CNNs were first proposed
by LeCun [24], however after some initial success the method was abandoned by the wider research community. In 2012,
Krizhevsky et al. [25] achieved spectacular results with a CNN in the ImageNet competition. This resulted in renewed interest
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Fig. 1: The difference between Full-reference IQA and No-reference IQA. The aim of IQA is to provide an estimate of the
image quality. In NR-IQA, which is the more realistic situation, the original undistorted image is not available. In this thesis
we show that with deep CNNs we can obtain better results on NR-IQA than the best reported results in literature on FR-IQA.
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Fig. 2: The process of generating IQA datasets, which is very costly. As a result, only small datasets exist. In this thesis we
address the absence of large datasets with the aim to learn deep CNNs.

in deep learning research. Two of the main factors in the recent success of CNNs are the availability of large labelled data
sets, and improved Graphics Processing Units (GPUs). Since their reintroduction, CNNs have achieved remarkable success in
many areas of computer vision, such as image classification, object recognition and semantic segmentation. The architectures
of networks are getting deeper and deeper with respect to the original AlexNet, with ResNet being an example of very deep
network architecture [26].

The success of CNNs encouraged us to explore the application of deep models to the problem of NR-IQA. However,
as networks grow deeper and wider, the number of parameters increases dramatically. As a consequence, larger and larger
annotated datasets are required for training. As mentioned above, the annotation process for IQA image datasets require multiple
human annotations for every image, and thus the collection process is extremely labour-intensive and costly. As a results, most
of the available IQA datasets are far to small in size to be effective for training CNNs.

The main idea behind our approach, and the main contribution of this thesis, is the observation that while human annotated
IQA data is difficult to obtain, it is relatively easy to generate images that are ranked according to their image quality. That
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Fig. 3: The CNN architecture proposed for NR-IQA in [32]]. The proposed network consists of six layers: a 32 x 32 input
image, followed by a 7 x 7 x 50 convolutional layer, followed by parallel, global min and max pooling layers, followed by two
800 neuron fully connected layers, and finally a single quality assessment output unit. This was the first successful application
of CNNs to NR-IQA.

is, we can generate image sets in which, though we do not have an absolute quality measure for each generated image, for
any pair of images we know which is of higher quality. We call this approach learning from rankings, and with it we will
show how to learn from rankings using Siamese Networks, and then transfer knowledge learned from ranked images to IQA
datasets in order to improve the accuracy of image quality assessment.

As a second contribution we propose how our approach can be made significantly more efficient than traditional Siamese
Networks by forward propagating a batch of images through a single network and backpropagating gradients derived from all
pairs of images in the batch.

This thesis is organized as follows. In the next section we discuss work from the literature on IQA. We present our approach to
learning from ranked image sets in section and report on a range of experiments we performed to quantify the performance
of our approach in section We conclude in section [V| with a discussion of our contribution and directions for ongoing and
future work.

II. RELATED WORK

In this section we briefly review some of the literature related to our approach to exploiting image quality rankings to
improve No-Reference Image Quality Assessment (NR-IQA). We focus on distortion-generic NR-IQA since it is more generally
applicable than the other research lines of IQA.

A. Traditional IQA approaches

Most of the traditional NR-IQA can be classified into Natural Scene Statistics (NSS) methods and learning-based methods.
In NSS methods, the assumption is that the images of different quality vary in the statistics of responses to certain filters.
Wavelets [16]], DCT [17]] and Curvelet [18] are commonly used to extract the features in different sub-bands. These feature
distributions are parametrized, for example with the generalized Gaussian distribution (GGD) [27]. Hence, the aim of these
methods is to estimate the distributional parameters, from which a quality assessment can be inferred. A drawback of these
methods is the complexity of the above transforms. The authors of [19] proposed to extract features in the spatial domain
based on NSS, and they obtain significant speed-ups.

In learning-based methods, local features are extracted and mapped to the MOS using, for example, Support Machine
Regression (SVR) or Neural Networks (NN) [28]]. The codebook method [29], [30] combines different features instead of
using local features directly. Datasets without MOS can be exploited to construct the codebook by means of unsupervised
learning, which is particularly important because of the small size of existing datasets. Beyond these methods, saliency maps [31]]
can be used to imitate the human vision system (HVS) to improve precision.

B. Deep learning and 1QA

The technique described in [32] was the first to apply CNNs to the NR-IQA problem. The architecture of their network
is shown in Fig. 3| It takes non-overlapping 32 x 32 patches from large images as inputs to the network. This technique of
sampling patches from large images is used to compensate for the lack of images in IQA datasets, and to satisfy the need for
very many training sample needed to train deep neural networks. The authors of [33]] follow the same pipeline and designed
a multi-task CNN to learn the type of distortions and image quality simultaneously. The approach in [34] (shown in Fig. )
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extracts features from a pre-trained model fine-tuned on an IQA dataset. These features, along with ground truth MOS quality
scores, are then used to train a support vector regression model to map features to IQA scores. The use of pre-trained networks
trained on massive datasets helps avoid the need to sample small patches from IQA dataset images.

Image Features i Score
(227x227) } {1x4096) iy

CNN > SVR

Fig. 4: Graphical representation of the approach proposed in [34]]. The input image is fed into a CNN which is used as a feature
extractor by capturing the activations from the fully-connected layer at the end of the CNN. Then, support vector regression
(SVR) is used to map the extracted features to the perceived quality scores.

C. Learning to rank

As mentioned before, one of the main drawbacks of deep networks is the need for large labelled datasets. This problem
has been partially addressed by fine-tuning existing pre-trained networks to new tasks [35]. Another approach to mitigate the
absence of training data is to use data augmentation, e.g. by flipping, rotating, cropping the images in the dataset. The labelling
of data for IQA is laborious and existing data sets are small. To address this problem we exploit ranked image sets to train
networks. The advantage is that these ranked image sets can be generated automatically just by applying image distortions of
different levels to the image.

Learning to rank has become a hot topic in many fields, such as information retrieval and image comparing. The main idea
is to learn a function from the given rankings by minimizing a ranking loss function [36]. This function can then be applied
to rank test objects. These methods can be divided into three categories: the pointwise approach [37]] in which single objects
are seen as training samples, the pairwise approach [38] which regards pairs of objects as learning samples, and the listwise
approach [39]] which takes the whole ranking lists as samples.

The authors of [40] adapt the Stochastic Gradient Descent (SGD) method to perform pairwise learning to rank. This has been
successfully applied to large datasets. Combining ideas from ranking and CNN, the Siamese network architecture achieved
great success on the face verification problem [41]], and in comparing image patches [42]. The Triplet Network [43], [44] is
able to learn image similarity, and obtains excellent results in image retrieval.

For the NR-IQA problem, the main hurdle of using CNNss is that the available datasets are too small to train the deep models.
In our work, we are partially inspired by the work of [45] in which they combine different hand-crafted features to represent
image pairs from the IQA dataset based on MOS. To use Siamese Networks, we can learn the rankings of image quality from
image pairs generated by adding different types and levels of distortions, which does not require any hand labelling of the
data.

D. Contributions of this thesis with respect to the start-of-the-art

In this thesis we describe an approach to automatically generating ranked image sets that are used to train a Siamese
Network to rank images in terms of image quality. We then show how to use fine-tuning to transfer the knowledge represented
by the trained Siamese Network to a traditional CNN able to estimate absolute image quality from single images. Finally,
we demonstrate how our approach can be made significantly more efficient than traditional Siamese Networks by forward
propagating a batch of images through a single network (instead of two) and backpropagating gradients derived from all pairs
of images in the batch.

To the best of our knowledge, Siamese Networks have not been applied to NR-IQA. Use of Siamese Networks for ranking
as opposed to absolute IQA estimation allows us to train deep networks on small IQA datasets even when there is no ground
truth MOS available. After training on the large ranking dataset, fine-tuning can be used to make the model more precise on
a specific dataset that for which MOS are available. This will in turn allow us to design an end-to-end network for NR-IQA
(in contrast to [43]).

III. LEARNING FROM RANKINGS FOR NR-IQA

In this section we describe our approach to learning from image quality rankings. We first introduce the general NR-IQA
problem and discuss existing IQA datasets.
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TABLE I: Overview of publicly available IQA datasets.

Name Year Original images Distorted images Distortion types Human annotations
LIVE 2006 29 779 5 161
TID2008 2008 25 1,700 17 838
CSIQ 2010 30 866 6 35
TID2013 2013 25 3,000 24 971
Waterloo 2016 4,744 94,880 4 -

A. The general NR-IQA problem

As mentioned before, the objective of NR-IQA is to automatically predict image quality scores without knowing the distortion
types and levels. After introducing the process of generating IQA datasets, we know that laborious human labelling limits the
size of existing IQA datasets for training deep CNNs. An overview of available datasets for evaluating IQA methods are given
in Table [Il We briefly describe the distortion types, the size of dataset and the human resources.

o The LIVE dataset is the most well-known IQA dataset. It consists of 808 images generated from 29 original images
by distorting them with five types of distortion: Gaussian blur (GB), Gaussian noise (GN), JPEG compression (JPEG),
JPEG2000 compression (JP2K) and fast fading (FF). The ground-truth Mean Opinion Score (DMOS) for each image is
in the range [0, 100] and is estimated using annotations by 161 human annotators.

o The TID2008 dataset consists of 25 reference images with 1700 distorted images from 17 different distortion types at 4
degradation levels. Mean Opinion Scores in the range [0, 9] are derived from annotations by 838 humans for each image.
Four types of distortion are shared with LIVE dataset: GB, GN, JPEG, and JP2K.

« The CSIQ dataset consists of 866 images distorted from 30 reference images. Six types of distortion are included: GB, GN,
JPEG, JP2K, additive Gaussian pink noise and global contrast decrements. MOS estimates are derived from annotations
by 35 humans and are available for every image in the range [0, 1].

o The TID2013 dataset enlarges TID2008 by including another 7 types of distortion. Ground-truth MOS estimates are
derived from 971 human annotators and are given for each image in the range [0.2,7.3].

o The latest IQA dataset, the Waterloo dataset, contains 4744 reference images, and four types of distortion shared with
other datasets are generated at 5 levels for each type. Waterloo is the currently the largest IQA dataset available with a
total of 94,880 images. However, it does not include Mean Opinion Scores due to the large expense of obtaining them
from human annotators.

The first thing to notice about these publicly available IQA datasets is their limited size. As mentioned above, this is largely
due to the high cost of annotation. To obtain reliable MOS estimates, each image must be annotated by multiple human
annotators. In the case of TID2008, for example, each image was annotated by 838 human subjects, for a total of nearly 1.5
million total annotations..

Massive amounts of data are needed to train deep neural networks and take advantage of the recent advances in CNNs in
the context of IQA. There are two popular strategies to augment IQA datasets to meet this requirement of large datasets:

o Sample small patches from the original images in the IQA dataset (i.e. 32x32 patches chosen at random). The drawback
of this method is that the size of input images must be very small in order to generate enough input samples for training.
This is not straightforward for IQA methods where large size of images are needed to robustly estimate image quality.
Also, the generalization of this method is hard to ensure since the models are only trained using the databases containing
fewer than a thousand real-world images.

o Extract the feature descriptions using pre-trained CNNs or fine-tuned CNNs based on image classification problem. The
drawback of this method is that it is not end-to-end trainable, so it is difficult to achieve the optimal results. Fine-tuning
helps the training, but the pre-trained models used are usually trained on ImageNet for classification problems, which is
not related to IQA problem.

Both methods to address the lack of training data for IQA have their drawbacks. We will propose an alternative method in

next section.

B. The framework of our approach

The lack of large IQA datasets for the IQA problem motivates us to propose a new strategy to take advantage of large,
unlabelled databases from which we can generate images ranked by image quality. Our approach is based on the observation
that, given high quality reference images, it is very easy to apply image distortions to generate a ranking image dataset, which
is strongly related to the final scores of the images. As an example consider distortion with Gaussian blur. Given a high quality
reference image we could apply various levels of Gaussian blur. The set of images which is thus generated can be easily ranked
because we do know that adding Gaussian blur (or any other distortion) will always deteriorate the quality score. It should be
noted though that, in such a ranking image dataset we do not have any absolute IQA scores for any images, but we do know
for any pair of images which is of higher quality.
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Fig. 5: The Difference between the baseline CNN and our approach. The baseline approach (top) trains a deep Convolutional
Neural Network directly on the ground-truth MOS annotations. The result is a deep CNN trained as a regressor from images
to IQA scores. Our approach (bottom) is to train a network on a image ranking dataset. These ranked images can be easily
generated by applying distortions of varying intensities to high-quality reference images. The network is trained to rank pairs
of images in terms of image quality.

In the next subsections we will elaborate on the learning method we use to learn from ranked image sets. After learning
on these ranked images, we can transfer this knowledge via fine-tuning on small image quality datasets in order to solve the
IQA problem. The difference between our approach and the baseline is shown in Fig. [5] The baseline usually trains a shallow
network directly on the IQA dataset to estimate IQA score from images. Due to the limited data only few layers can be used,
which limits accuracy. Since we have access to much larger data sets with ranked images, we can now train deeper and wider
networks to learn a distance embedding. Next we follow this by fine-tuning for domain adaptation to the absolute IQA problem.
Apart from solving the IQA problem, our ranking network could predict rankings among different qualities of images as well.

C. Siamese networks for ranking

In this section we introduce the Siamese network which we will use to learn from image rankings. The Siamese network [41]
is a network with two branches and a loss module. The two branches of the network are identical and share weights during
the training process. Pairs of images and labels are the input of the network, yielding two outputs which are passed to the
loss module (illustrated in Fig. [f). The gradients of the loss function are computed by backpropagation and updated with the
stochastic gradient method.

The aim of a Siamese network is to learn a similarity model. They map images to a feature space in which equal class
images are close and non-equal class images are far away. These networks have a resemblance with earlier work on distance
learning. Therefore, to train a Siamese network pairs of images need to be generated. Sampling randomly from the dataset is
a direct way to generate pairs in a mini-batch.

Specifically, given an image x as the input of the network, the output feature representation of z, denoted by f(x), is
obtained by capturing the activations in the last layer of the network. The distance between images x; and x is then computed
as:

D(z1,x9) = [|f (1) = f(xa)ll, (1)
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Fig. 7: A variant architecture of Siamese networks. This architecture avoids some of the redundancy in the original model the
loss and gradient computation to extract pairs from the mini-batch on which to compute the loss.

The most popular loss function used for training Siamese networks is the contrastive loss, which is computed as:
1 1
L(z1,29,0) = ilD(ml,xg)z + 3 (1 =0)max (0, — D(xl,xg))2 2)

In Eq. 2| similarity label I € {0,1} indicates whether the input pair of images are similar or not (! = 1 for similar, { = 0 for
dissimilar), and ¢ is a margin for determining which images are dissimilar.

Our goal is to estimate the rankings among different levels of distortions. In this case the contrastive loss is inappropriate
because we have no same class (! = 1) images in our dataset. Instead we have rankings of images. Therefore we apply the
pairwise ranking hinge loss:

L(zy,w2) = max (0, = (f(z1) — f(22)) +€) 3)
Here we assume without loss of generality that the rank of z is higher than z. The gradient of the loss in Eq. [3]is given by
if ;0) < ;0) —
VoL (x2;6) — VoL (x1;0) otherwise

It is decomposed in two cases. When the outcome of the network is in accordance with the ranking, the gradient is set to
zero. When the outcome of the network is not in accordance we decrease the gradient of the higher and add the gradient of
the lower score. Parameter 6 can be updated by SGD.

D. Siamese networks and redundant computation

One drawback of the Siamese networks is the redundant computation. Consider the case of three image pairs, image 1 and
2,image 1 and 3 and image 2 and 3. In a naive implementation the three images are passed twice through the network, because
they appear all in two pairs. However, one could wonder if for the computation of the last pair (2-3) any image needs to be
passed through the network since all computation was already done previously. It is exactly this idea that we exploit in the
next section where we propose a new interpretation of Siamese Networks which leads to a faster backpropagation algorithm.
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Fig. 8: The fast Siamese network. This network takes a list of ranking images as input and adds a module called “Pairs
generator” to select all possible pairs in input list for computing the loss.

To facilitate the understanding of the network which we will introduce in the next section, we will first introduce an
intermediate network. This network does the same as the original Siamese network but does not require the two branches. The
standard Siamese network architecture passes image x; through one branch of the network, and z5 through the other branch
(see Fig. [f). Consider the single-branch architecture shown in Fig[7] The only difference between these two architectures is in
how the loss function finds pairs of images in the batch. In the previous architecture, the loss is computed between the outputs
of two networks, so the gradient should be backpropagated through two networks respectively. In this architecture, only one
branch of network is used, and the pairs are passed through the mini-batch. This alternative way of looking at the Siamese
network is further exploited in the next section.

E. Fast Siamese backpropagation

In the previous section we proposed a variant of the Siamese network, where images are passed through a single network,
and the pairs are combined in the loss. We also discussed the redundancy problem, showing that when the same image is
present in multiple pairs it is passed multiple times through the network. This redundancy problem can however be addressed
in the architecture of Fig.[7] The loss function could be adapted to use the same image for multiple pairs (only passing it once
through the network).

In fact, nothing prevents us, from considering all possible pairs in the mini-batch, almost without any additional computation.
Therefore, we propose to take the list of ranking images as input to the network by adding a new module that generates all
possible pairs in a mini-batch at the end of the network before computing the loss. This will eliminate the problem of pair
selection and potentially boost efficiency. Our proposed architecture is shown in Fig. [§]

To compute the speed-up of our network proposal consider the following. If we have one reference image distorted by n
levels of distortions, then the total number of passes through the traditional Siamese network is equal to n? — n, which is the
number of pairs you can generate with n images.

Instead of individual pairs, in our new architecture we consider all possible pairs of one raréking. That would reduce
computation to just n passes through the network. Therefore, the speed-up would be equal to: *—* = n — 1. In the best
scenario n = M, where M is equal to the number of images in the mini-batch, and hence the speed-up of our proposed
method would be in the order of the mini-batch size.

In practise, if M images are passed through the network in a mini-batch, the gradient for backpropagation is computed as:

y 0 a(1)2 a1 geégﬂh;zg
1 a21 agj oL \T2;
VIESmAy s 2 ®
a0 aij-y 0 Vo L(xns;0)
where

We sum up the gradient for each image in mini-batch to update the parameters, which works for only one distortion type
when training the network. Suppose instead we have D types of distortions. We can compute the gradients of the loss using
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a block diagonal matrix as:

A 0 -~ 0 VoL'
M 2 2
1 0 A2 .. 0| |verL
VoL = — 7
L= kz:jl S o (7
0 0 --- A?) |VoL?
where 4 4
?1 a$y e a$; VoL(x41;0)
a 0 cee Qs ; V@L(xdg; 9)
a7t T3 and VLl = . . ®)
afy - a0 VoL(zan;0)

for d € {1,2,..., D}. In the definition of A% above, the afj are the gradient coefficients as in Eq. @determined by the rank
of images ¢ and j in terms of distortion d.

IV. EXPERIMENTAL RESULTS

In this section we report on a number of experiments we performed to quantify the performance of our approach. Experiments
were conducted on the LIVE, TID2008, Waterloo IQA datasets, and the validation dataset of Places2. After introducing the
experimental setup and evaluation protocol (sections and [[V-B), we evaluate several relevant settings of the network
(in experiments [V-C| & [[V-E| & [[V-F). In experiment we evaluate our newly proposed fast Siamese backpropagation
method. In experiment we compare our method to state-of-the-art and finally in we evaluate the generalization of
our approach on another dataset.

A. Experimental setup

Generation of Ranked Pairs  Now that we have the machinery necessary to efficiently compute gradients for backpropagation
from a ranked list of images, we now detail precisely how we generate these ranked batches of images. In this thesis, we
focus on four types of distortions which are widely used and shared in most of existing IQA databases: Gaussian Blur (GB),
Gaussian Noise (GN), JPEG Compression (JPEG), and JPEG2000 Compression (JP2K).

We follow the database generating method in [46]. Source images from the Waterloo dataset are distorted with the four
distortion types at five levels each. All distorted images are generated using MATLAB functions provided by [46], and the
parameters that control the distortion levels for each type are chosen to uniformly cover the subjective quality scale:

o JPEG Compression: The quality factor that determines the DCT quantization matrix is set to be [43, 12, 7, 4, 0] for the

five levels, respectively.

o JPEG2000 Compression: The compression ratio is set to be [52, 150, 343, 600, 1200] for the five levels, respectively.

o Gaussian Blur: 2D circularly symmetric Gaussian blur kernels with standard deviations of [1.2, 2.5, 6.5, 15.2, 33.2] are

used to distort the original images.

« Gaussian Noise: Gaussian noise is added to the original images, where variances are set to [0.001, 0.006, 0.022, 0.088,

1.000] for the five distortion levels, respectively.

Apart from the Waterloo dataset, we generated another ranking dataset using the validation set of the Places2 dataset of
356 scene categories [47]]. There are 100 images per category in the validation set, for a total 36500 images. After distortion,
we have a total of 730,000 distorted images for learning a image quality ranking embedding. An example of the ranking
images of GB distortion generated on validation dataset of Places2 is shown in Fig. 0] The aim of generating this dataset is
to demonstrate the generalization of our ranking network. High-quality ranking embeddings can be learned using datasets not
specifically designed for the IQA problem.

TABLE II: Details of our Shallow network used for evaluation.

Blocks Output sizes  Details of block

Input block  3x227x227 3-channels images

Block 1 32x57x57 conv1(3x3), relul, pooll(4x4)
Block 2 32x14x14 conv2(3x3), relu2, pool2(4x4)
Block 3 32x12x12 conv3(3x3), relu3

Block 4 32x1x1 conv4(12x12)

Block 5 1 fcl

Network Architectures = We evaluate three typical network architectures varying from shallow to deep. We refer to them
as: Shallow, AlexNet [25)], and VGG-16 [48]. The details of the Shallow network are given in Table For details of the
AlexNet and VGG-16 networks, please refer to the original publications. The only change we make to these two networks is
the number of outputs, since our final objective is to assign one score value to each of the distorted image.
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(a) original image (b) distortion level 1 (c) distortion level 2
(d) distortion level 3 (e) distortion level 4 (f) distortion level 5

Fig. 9: The ranking images of GB distortion generated on validation dataset of Places2.

Strategy for Training and Testing  As shown in Fig. [I0] we randomly sample sub-images of the appropriate size from the
original high resolution images. We do this instead of scaling images to avoid introducing distortions caused by interpolation
or filtering. The size of sampled images are determined by the requirements of the networks. However, the large size of the
input images is important since the input sub-images should be at least 1/3 of the original images in order to capture more
context information. This is a serious limitation of the patch sampling approach that samples very small, 32 x 32 patches from
the original images. In our experiments, we sample 227227 and 224 x224 pixel images, depending on the network.

In testing, we randomly sample 30 sub-images from the original images according to the suggestion of [34], and pass all
the sub-regions to the trained models. The average of all outputs of the sub-regions is the final score for each distorted image.

B. Evaluation protocols

Two traditional evaluation metrics are used to evaluate the performance of IQA algorithms: Linear Correlation Coefficient
(LCC) and Spearman Rank Order Correlation Coefficient (SROCC). LCC is a measure of the linear correlation between the
ground truth and the predicted quality scores. Given NN distorted images, the ground truth of ¢-th image is denoted by z;, and
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the predicted score from the network is y;. LCC is computed as:

N
LCO — Zz 1 (l‘ (yz y) (9)

VY (@ - 7) ¢z

where T and 7 are the means of the ground truth and predicted quality scores, respectively.

SROCC is used to evaluate their correlation regarding to the monotonic relationship. Given N distorted images, rankings
of i-th image can be converted from z; and y; to v; and p;, respectively, i.e., the numerical data of predicted image quality
y; are observed as 3.4, 5.1, 2.6, 7.3, the ranks of these data items would be p; as 2, 3, 1 and 4 (similar from x; to v;). The
SROCC is computed as:

65 i, (vi —pi)”

N (N2 1)

SROCC =1- (10)

C. Varying the loss function

The objective of this experiment is to compare the contrastive loss function with the ranking loss function (see Eq. 2] and [3).
We use 30,000 training and 3000 test samples randomly sampled from the JP2K and GB subsets to train and test AlexNet
using the naive implementation of the Siamese network. The final classification results for each type of distortion are used to
evaluate the performance for both loss functions.

The classification performance of contrastive and ranking loss functions is shown in Fig. [TT] We plot a histogram of the
values predicted by the network using the color of the ground truth distortion value (five in total). From this plot, we see that
the network can separate different rankings clearly using ranking loss on GB distortions, while it is hard to separate the first
two rankings using contrastive loss. With the increasing difficulty of distortion type, both methods suffer on the JP2K dataset.
However, the ranking loss still performs acceptable in terms of classification, while contrastive loss fails to clearly separate
ranks of JP2K distortion. Similar results we obtained on another two distortions, and suggest that ranking loss performs better
than contrastive loss for the IQA problem. Therefore, from now on, the ranking loss are used in all following experiments.

D. Comparison of naive Siamese network with fast Siamese network

The objective of this experiment is to compare the performance of the naive Siamese network (see Fig. [6] and our proposed
fast Siamese network (see Fig. [8). We adapt AlexNet to both Siamese architectures and compare their convergence rates on
the training set of JPEG distortions.

The ranking loss as a function of training iterations is shown in Fig. The mini-batch size for both networks is 18, which
means 18 pairs of images for standard Siamese network and 18 ordered images for fast Siamese network. The dataset used in
this experiment is JPEG dataset since it is the most challenging dataset in our task. It is clear that the fast Siamese network
converges faster than the standard Siamese network and that training loss converges to a lower point. After the same number
of training iterations, ranking performance is shown in Fig. [I3] for both networks. From this we see that the standard Siamese
network has trouble splitting the first two and the last two distortion levels. Our fast Siamese network still does not separate
them perfectly, but the results are much better than the standard method.

E. Varying network architecture for ranking

In this experiment we show the qualitative performance of ranking networks when varying the architecture of networks (i.e.
Shallow, AlexNet and VGG-16). We train the three networks on a mixed dataset which includes all four distortion types. Inputs
of networks are the lists of four distortions at the same time.
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Fig. 11: The ranking results obtained using AlexNet with contrastive and ranking loss functions.
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Fig. 12: The ranking loss as a function of training iterations for standard Siamese and fast Siamese networks on JPEG distortions
dataset.

The ranking results obtained from different distortions using different architecture are shown in Fig. [T4] It is obvious that
deeper networks have more capacity to discriminate among different distortion levels. VGG-16 is much better than AlexNet
and the Shallow network at distinguishing different levels of distortions for each type. While the Shallow network only shows
good results on simple distortions like GN, and poor performances on more complicated ones. AlexNet performs well on all
four distortions, but is still worse than the deeper VGG-16 network.

The convl filters of AlexNet network are shown in Fig. [T5] We see that the properties of four distortions like noise, blocks,
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Fig. 13: Ranking results of standard and fast Siamese networks. Both networks are trained for the same number of iterations.

JPEG
W | I il Ly
AT AR ) -
GN -
| Ll |
H “\qu\‘HHLM Lo \‘ ‘\\ ,LLLLLL; b . | \‘ N‘\_w \J‘ M\ ,;q“‘, 71‘0.
GB i

‘ L. [ L o | ] TJ\, \lDALm.rmEHmmn

JPZK?é miin ‘ M
m”‘ IMAHUHK | |l MFHLML JI T

(1) VGG-16 network (2) Alex network (3) Shallow network

Fig. 14: The ranking results on different distortions using VGG-16, AlexNet and Shallow networks.

blurs are learned from the data. These filters are significantly different from the filters learned by classification tasks [23].

F. Comparison of our approach with baseline

In this experiment, we use the best performing network VGG-16 as shown by the previous experiments. In Table [III] we
compare the results of our approach with a baseline. In the baseline, it is not always true that deeper networks improve
performance. AlexNet performance is worse than Shallow network since the LIVE dataset is not large enough to learn all the
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Fig. 15: Visualization results of the convl filters from AlexNet trained on four distortions.

TABLE III: SROCC and LCC results of baseline and our approach on the LIVE dataset. SC is the baseline and corresponds
to results by models trained from scratch to directly estimate image quality. FT means the results from networks trained for
raking using our approach, and then fine-tuned to estimate absolute image quality.

Shallow  AlexNet VGG-16 Shallow  AlexNet VGG-16
SC 0.858 0.808 0.926 SC 0.831 0.801 0.915
FT 0.941 0.951 0.973 FT 0.930 0.941 0.970
(a) SROCC evaluation (b) LCC evaluation

parameters contained in AlexNet. However, VGG-16 is much deeper network than Alex and performs better than both Shallow
and AlexNet, which indicates that the architecture of VGG-16 learns more efficiently.

By using the model fine-tuned from the ranking networks, it is interesting that AlexNet performs better than Shallow because
of the good representation learned in the ranking model. The best result is obtained by VGG-16, which again shows that a
deeper network with suitable initialization leads to the success of our approach.

More specifically, for SROCC, the Shallow network obtains 5% more than AlexNet but about 7% less than VGG-16 using
the SC baseline method. It is notable that the Shallow network improves about 8% using fine-tuning after learning to rank,
which is even 1.5% better than the VGG-16 trained from scratch. By taking advantage of the deeper representation, AlexNet
network surpasses the Shallow network by 1%. Finally, the best results are obtained using VGG-16. Similar results are found
when using LCC for evaluation.

The LCC changes with increasing number of iterations for the baseline and our approach are shown in Fig. Our
approach achieves a steep increase at the beginning of iterations and keeps going up and converges at a higher level. While
the performance of the baseline is worse than our approach, the LCC increases slowly and finally stabilizes at relative lower
value than our approach.

G. Comparison of our approach with the state-of-the-art

We compare the performance of our proposed method with start-of-the-art methods from the literature using VGG-16
network. We compare with FR-IQA methods including PSNR, SSIM [14] and PSIM [13], and with NR-IQA methods like
DIVINE [49], BLIIDNS-II [17], BRISQUE [19], CORNIA [29], CNN [32] and SOM [31].

Evaluation on LIVE  We follow the protocol of [32]. Firstly we randomly split the LIVE dataset into 80% training samples
and 20% testing samples and repeat the process 10 times, and then compute the average of LCC and SROCC as the final
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Fig. 16: The LCC changes with iteration increasing using VGG-16 for model trained from scratch as SC (the baseline) and
model fine-tuned from ranking model as FT (our approach).

TABLE IV: LCC evaluation on the LIVE dataset.

LCC JP2K  JPEG GN GB FF ALL
PSNR 0873 0.876 0926 0.779 0.87  0.856
SSIM 0921 0955 0982 0.893 0939 0.906
PSIM 0.91 0985 0976 0978 0912 096
DIVINE 0922 0921 0988 0923 0.888 0917
BLIIDNS-II 0935 0968 098 0938 0.896 0.93
BRISQUE 0923 0973 0985 0951 0903 0.942
CORNIA 0951 0965 0987 0968 0917 0.935
CNN 0953 0981 0984 0953 0933 0953
SOM 0952 0961 0991 0974 0954 0.962
Ours 0976 0.987 0.995 0.988 - 0.970

results, which are shown in Table [[V] and Table [V] respectively. The best method for each dataset is highlighted in bold. We
did not show the performance on the FF distortion since we only consider the other four distortions in this work. The column
indicated with ALL means we combine all five distortions together on LIVE dataset to train and test the model. In our case,
for the fair comparison with other start-of-the-art methods, we train our ranking model on four distortions except FF, but
we fine-tune our model on all five distortions on LIVE dataset. Our approach achieves about 1% better than the best results
reported before on ALL dataset, which indicates that our methods excellently outperforms existing work including the current

start-of-the-art method SOM from CVPR 2015 [31].

Our approach surpass all methods on all different distortions, with the exception of SROCC on JPEG distortions. More
specifically, for LCC our approach boosts accuracy by about 2% on JP2K and GB distortions. It achieves 0.4% improvement

TABLE V: SROCC evaluation on LIVE dataset.

SROCC JP2K  JPEG GN BLUR FF ALL
PSNR 0.87 0885 0942 0.763 0.874 0.866
SSIM 0939 0946 0964 0907 0941 0913
PSIM 097 0981 0967 0972 0949 0.964

DIVINE 0913 091 0.984  0.921 0.863 0916

BLIIDNS-II 0929 0942 0969 0923 0.889 0.931
BRISQUE 0914 0965 0979  0.951 0.887 094
CORNIA 0943 0955 0976 0969 0906 0.942

CNN 0952 0977 0978 0.962 0908 0.956
SOM 0947 0952 0984 0976 0937 0.964
Ours 0963 0.958 0990  0.985 - 0.973
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TABLE VI: The results of different methods on TID2008. The methods are trained on LIVE dataset

BRISQUE CORNIA CNN SOM  Ours

SROCC 0.882 0.892 0920 0.923 0.907
LCC 0.892 0.880 0903 0.899 0.932

(1-3) GT: 1.26 PD: 40.9

=

L T

(2-1) GT: 4.20 PD: 55.2 (2-2) GT: 2.45 PD: 42.7 (2-3) GT: 0.16 PD: 38.2

Fig. 17: Comparison of ground truth (GT) and predicted score (PD) on JPEG and JP2K distortions at varying levels. The
first row gives the JPEG distortion varying over three levels, and the second row gives JP2K at the same levels of distortion.
Ground truth is in the range [0,9] and the predicted score is in range of [0,100] (the higher the score, the higher the quality
of the image).

on GN, which is the most simple task in this problem. The improvement achieved on the JPEG distortion is 0.6%. Similar
conclusions are obtained for SROCC, which is slightly lower than the LCC. To the best of our knowledge, it is the first time
that NR-IQA methods surpass the performance of FR-IQA methods on all LIVE distortions using the LCC evaluation method.
Cross Dataset Evaluation We performed another experiment to demonstrate the generalization of our approach. We trained
our ranking network on four distortions and fine-tune the pre-trained models on the LIVE dataset using JPEG, JP2K, GB, and
GN (the distortions shared with the TID2008 dataset). Then, the corresponding four distortions in TID2008 dataset are tested.
We follow the protocol of [32], 80% of predictions are used to map the predicted scores to a certain range by a non-linear

logistic function:
1

1
Qp =5 <§ 1+ exp(fB2(Q — B3))

where @ is the quality scores obtained by IQA methods and @, is the human subjects MOS. The remaining 20% are used to
predict the scores using the predicted parameters in Eq. [TT] We average the results over 100 random 80/20% splits to obtain
the final results shown in Table [VI} From this we see that we achieve 3% improvement for LCC evaluation and 1.5% lower
than the best reported result on the TID2008 dataset.

To explore the reasons why we obtain the best result for LCC but lower result for SROCC compared to start-of-the-art,
we compared the ground truth and predicted score on JPEG and JP2K distortions. Fig. [T7]is an example of the results. We
see that the predicted scores are well-correlated to the ground truth on both JPEG and JP2K. The order of predicted scores
of images are also correct in terms of the ground truth. However, the difference among the same type of distortion is larger
than that among different types of distortions, which means it is easier to make mistakes among different types of distortion.
This is reasonable since when we train our ranking networks, only the pairs among same type of distortion are generated. The
rankings among different types of distortion are learned automatically from the ranking networks and then fine-tuned on LIVE
dataset. The results in Fig. [I7] are quite good in light of this.

A comparison of the same distortion among different images is shown in Fig. [T8] Notice that the ground truth of different
images with same distortion is quite similar, which is difficult to estimate even for human beings. In this case, it is useless to

) + B1Q + Bs, (11)
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(1-1) GT: 4.31 PD: 60.7 (1-2) GT: 4.00 PD: 57.6 (1-3) GT: 4.20 PD: 59.5

Fig. 18: Comparison of ground truth (GT) and predicted score (PD) on GN distortions. The images are distorted by the same
level of Gaussian noise. Ground truth is in the range [0,9] and the predicted score is in range of [0,100] (the higher the score,
the higher the quality of the image).

force the IQA methods to give a 100% percent correct answer. If the predicted scores of images with same level distortion are
in a very small range, the results are acceptable for our system. In conclusion, LCC is more sensitive to the different levels of
distortion that are easy to predict using our approach, which explains why we obtain the best results for LCC. Even though
the ranking between same distortion (but varying levels) is easy to predict, SROCC is more sensitive to the rankings among
different images and different types of distortion with the same level of distortion, which is challenging for our approach.
The SOM method achieves the best results for SROCC because semantic obviousness is considered and contributes more to
SROCC than other approaches. We believe semantic obviousness method (SOM) can be complementary to our approach and
be combined with our approach to improve the performance.

H. Generalization of our ranking networks

The final experimental objective is to verify that our framework is independent of the Waterloo dataset. This means we can
achieve similar results using other datasets (like Places2) to train our ranking models with VGG-16 network. In this experiment,
we conduct the previous experiment only changing the dataset from Waterloo to validation set of the Places2 dataset, which
is not related to the IQA problem.

The ranking networks are trained on ranking sets generated using validation dataset of Places2 dataset used as classification
dataset. To show the generalization of our ranking networks, we test the trained model on part of the Waterloo dataset. The
ranking results are illustrated in Fig. [T9] What is surprising is that the model can well-distinguish different types and levels of
distortions on Waterloo dataset, since the collecting process and the scenes of the two datasets are totally different.

TABLE VII: SROCC and LCC results of models trained on Waterloo dataset as “Ours-W” and Places2 as “Ours-P”.

SROCC JP2K JPEG GN GB ALL LCC JP2K  JPEG GN GB ALL
Ours-W 0963 0.958 0990 0.985 0.973 Ours-W 0976  0.987 0995 0.988 0.970
Ours-P 0963 0961 0990 0986 0.971 Ours-P 0978 0983 0.996 0990 0.975

The final image quality scores are predicted by fine-tuning this network on the LIVE dataset. The performance of this model
is compared with the results trained on Waterloo in Table The SROCC and LCC values are very similar, demonstrating
the generalization of our approach.

V. CONCLUSIONS AND FUTURE WORK

In this thesis we developed several techniques to improve the start-of-the-art in image quality assessment. To address the
absence of large data sets for image quality assessment, Siamese Networks are trained to rank images in term of image quality
by using ranked image sets which can be automatically generated without the use of laborious human labelling and whose
relative image quality is known. We then use fine-tuning to transfer the knowledge represented by the trained Siamese Network
to a traditional CNN that is able to estimate absolute image quality from single images. To solve the difficulty of pair selection
for Siamese network training, we demonstrate how our approach can be made significantly more efficient than traditional
Siamese Networks by forward propagating a batch of images through a single network and backpropagating gradients derived
from all pairs of images in the batch.

In the experiments we show that the main contribution — the idea to learn from automatically generated rankings — provides
considerable performance gains (see Table [[II] ). Our second contribution, which is our proposed efficient fast Siamese
backpropagation method, improves over the traditional Siamese network both in convergence speed and optimal solution
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Fig. 19: Ranking performance on Waterloo. The models were trained on the validation dataset of Places2. The ranking results
obtained are on Waterloo dataset.

(see Fig. [I2). In a comparison with state-of-the-art on the LIVE dataset our approach is demonstrated to be superior to the
existing NR-IQA techniques (see Table and Table [V)). Furthermore, we are the first NR-IQA method to surpass the state-
of-the-art full-reference IQA (FR-IQA) methods. Moreover, we performed a cross dataset experiment, training on the LIVE
dataset and testing on the on TID2008 dataset (see Table [VI). These experimental results show the generalization ability of
our IQA method. Apart from that, we train our ranking model on validation dataset of Places2 to show our approach performs
well even using datasets which are not designed specificly for IQA problem (see Table [VII).

For future work, we will study the behaviour of taking advantage of new techniques such as batch normalization [50] to
accelerate our training process and boost the performance of the VGG-16 network. Moreover, We only train our network for
4 different types of distortions in this thesis. It is easy to extend to more different types of distortions for our approach, which
would make it useful for a wider range of applications. Since the real-world distortions are more challenging and complicated,
exploring an approach to solve this problem will be difficult but significant. Moreover, we will make our code and model
publicly available to support further progress on IQA problem.
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