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1. Motivation
The amount of visual data in our world has really exploded in the last couple of
years. This is mainly a result of the huge number of sensors in the world. Probably
most of us are carrying around smartphones, and each smartphone has one, two,
or maybe even three cameras on it. As a result of the huge amount of imaging
sensors, there is a massive amount of visual data being produced in the world
each day. However, visual data is hard to understand. Why? Because a computer
or machine needs to have a higher-level abstraction from low-level pixel data.
Bridging this semantic gap may lead to very effective algorithms. Furthermore,
computer vision is an interdisciplinary field which is connected to many different
areas of science and engineering, such as optics, biology, psychology, statistics,
and computer science. Optics help us to understand image formation. Biology
and psychology are essential to understand how animal and human brains and
nervous systems process visual information. Statistics is used to discover patterns
in the visual data. Computer science is unavoidable when we implement our
algorithms.
Image representation has been a key factor in computer vision and image
processing for decades. Over the years, many hand-crafted features have been
introduced by many researchers and engineers for almost all possible tasks. In
the early stage, computer vision research was characterized by a feature revolution. However, learning the mapping from these hand-crafted representations to
complex semantic structures is a very challenging and difficult problem, because
their ability is not satisfactory to capture the semantic information of natural
images. Recently, deep learning based approaches have appeared which are far
more better to bridge the semantic gap than traditional features.
The goal of this dissertation is presenting our results related to image retrieval
and analysis. More specifically, three subfields of computer vision are examined:
content-based image retrieval, image colorization, and pedestrian detection/reidentification. The connecting link between these seemingly distinct fields is that
we try to extract the semantic information related to these tasks by convolutional
neural network. On the one hand, a convolutional neural network is trained from
scratch in some cases. On the other hand, on ImageNet database pretrained
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Figure 1.1: Top-5 error rate on ImageNet [1] database over time, for humans
(green), traditional computer vision algorithms (cyan), and deep learning algorithms (red).
convolutional neural networks provide effective and rich feature representations
for established goals.
The aim in content-based image retrieval is the following: given a query image,
find the most similar or the probably similar ones from a large image database.
Image colorization examines the problem how to add realistic colors to grayscale
images without any or very little user intervention. Apart from the practical
applications, it is a very good model for many image processing tasks where the
goal is to predict only one assessment value from the image data itself. Pedestrian
detection deals with localization of pedestrians on video sequences. In contrast,
reidentification deals with the problem to determine whether two pedestrian images belong to the same identity or not.
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2. New scientific results
In this chapter, we declare our theses. First, I dealt with content-based image
retrieval using pretrained convolutional neural network and hash function.
As shown in Figure 2.1, the proposed algorithm consists of two main steps.
In the first step, the image representation is obtained via a convolutional neural
network — AlexNet [2] was applied in our method — and fine-tuned on the target
data set. The applied model incorporates a huge amount of semantic information,
since it was trained on more than 1 million images. Unlike previous methods,
the semantic information from the last fully-connected layer is derived directly,
instead of a hash layer. One branch leads to a n-ways softmax classifier where
n stands for the number of categories of the target dataset. The other branch is
a hash-like function to convert the convolutional neural network feature maps to
hash codes.
The mid-level features are extracted from the last fully-connected layer, and
softmax classifiers are trained for each semantic simultaneously. We interpret the
output of the classifiers as probabilites of semantic information. The layers F C6
and F C7 are connected to the deep hash layer in order to encode a wide variety
of information of visual appearance. In the following subsections we will define
our feature vector and the computation of the hash function.
The specific contributions are:
• End-to-end supervised learning framework for fast content-based image retrieval.
• The introduced framework learns probability-based semantic-level similarity and feature-level similarity simultaneously.
• The semantic data from the last fully-connected layer is derived directly,
instead of a hash layer.
• Hashing codes and image representations are learned in an implicit manner.
• An algorithm that is able to reduce computational cost but preserves stateof-the-art accuracy.
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Figure 2.1: The architecture of the proposed and implemented content-based
image retrieval algorithm.

Table 2.1: Comparison of retrieval times (ms) on three publicly available
databases. The best result is typed by bold, while the second best one is typed
by italic.
Method
Number of Categories
Neural Codes
Compressed Fisher
Compressed BoW
CVLAD
OASIS
MCML
LEGO
LMNN
Spatial Pooling
CNNaug-ss
MOP-CNN
Ours (t = 0.2)

Holidays [3]
500
0.16
0.21
0.2
0.15
0.16
0.15
0.19
0.15
2.1
1.3
1.8
0.15
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Oxford [4]
12
67.8
73.4
69.3
64.32
24.2
30.1
27.45
27.9
145.1
122.2
165.4
27.46

ImageNet 2012 [5]
1000
230.45
242.1
232.7
214.5
68.8
75.5
89.5
55.2
390.6
370.6
387.3
53.92
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Table 2.2: Comparison of mean average precision on three publicly available
databases. The best result is typed by bold, while the second best one is typed
by italic.
Method
Number of Categories
Neural Codes
Compressed Fisher
Compressed BoW
CVLAD
OASIS
MCML
LEGO
LMNN
Spatial Pooling
CNNaug-ss
MOP-CNN
Ours (t = 0.2)

Oxford [4]
12
0.605
0.634
0.448
0.428
0.523
0.542
0.381
0.580
0.751
0.742
0.707
0.744

ImageNet 2012 [5]
1000
0.247
0.324
0.305
0.273
0.342
0.315
0.142
0.183
0.605
0.563
0.493
0.580

Thesis 1 With slight modifications to a pretrained convolutional
neural network, an algorithm was presented that learns probabilitybased semantic-level feature and hashing-level feature for image representation simultaneously. It was demonstrated on three publicly
available benchmark databases that the introduced feature representation is able to reduce computational cost at state-of-the-art
accuracy level for content-based image retrieval [6].
Our second topic was automatic image colorization. In order to effectively
colorize any images, the system should have information about the semantic composition of the scene and its localization. That is why, VGG-16 [7], which was
trained on more than 1 million images and is able to classify images into 1,000
semantic categories, was applied as a feature extractor. The features of several
layers (the input layer, ’conv1 2’, ’conv2 2’, ’conv3 3’, ’conv4 3’ ) were extracted,
upscaled to 224 × 224, and finally concatenated (see Figure 2.2). This feature
extraction method was directly motivated by the method of Hariharan et al.’s
[8] — called hypercolumn — for object segmentation. The convolutional neural
network architecture in Figure 2.3 was used to predict the U and V color channels
with a cross entropy like loss function (see Figure 2.4 for some results). Next, a
reference-constrained learning methodology was proposed for image colorization
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Figure 2.2: Hypercolumn feature extraction from VGG-16 [7] for automatic colorization of natural images.
which combines traditional example-based methods with learning-based ones. By
introducing cross-domain connections between two networks, information can be
transmitted from the reference image to an input image. Finally, a deep convolutional neural network based automatic color filling method is presented for
grayscale cartoons. It is demonstrated that convolutional neural networks are
able to provide rich feature representation for plausible colorization of cartoon
images.
Thesis 2 I proved that hypercolumn feature extraction from a pretrained convolutional neural network can be used to effectively colorize a wide range of grayscale images [9], [10]. Cross-domain connections between two convolutional neural networks are suitable for
a reference constrained coloring of grayscale [11]. Convolutional
neural networks’ representational power can also be used in automatic cartoon colorization [12].
Finally, I presented my results related to vision-based pedestrian detection
and person re-identification. Specifically, I introduced an architecture for visionbased pedestrian detection in surveillance videos using a novel feature extraction
method relying on CS-LBP operator and image gradients. Experimental results
were presented on publicly available and private databases. Moreover, an occlusion handling procedure was also proposed relying on an extensive pool of part
detectors. Experimental results and analysis were presented on the publicly available CAVIAR sequences. Specifically, I applied per-image performance by plot-
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Figure 2.3: Prediction of colors from the extracted hypercolumns.

Figure 2.4: Colorized results.
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ting detection rate versus false positives per-image (FPPI). On the top of that,
I presented a rich image gallery demonstrating sample detections on CAVIAR
[13] sequences and on sequences captured within the framework of PROACTIVE
project (Figures 2.7 and 2.8). See Figure 2.6 for a comparison to other featureclassifier-based detectors. Inspired by the occlusion handling scheme of the proposed pedestrian detector, I also introduced a vision-based person re-identification
method based on deep multi-instance learning, a deep multi-scale convolutional
neural network, and a contrastive loss function (see Figure 2.5). Specifically, I
constructed a feature space where feature vectors extracted from the same identity lie nearby in the feature space, while feature vectors extracted from different
identities lie far away from each other. We reported on experiments and comparisons to other state-of-the-art algorithms using publicly available databases,
such as VIPeR and ETHZ (see Table 2.3).

Table 2.3: Comparison to other state-of-the-art methods on VIPeR. The table
demonstrates the top ranked cumulative matching rate (%) with respect to the
rank. If the data cannot be purchased, we indicate it by -. The best results are
typed by bold, the second best results are typed by italic.
Method
ELF
salience
RPML
LMNN
SCR
PRDC
Transfer
DML
Ours

rank = 1
12.0
26.7
27.0
6.3
7.3
15.7
15.9
28.2
31.8

rank = 5
31.0
50.7
19.7
18.3
39.3
38.1
60.0
60.1

rank = 10
41.0
62.4
69.0
32.6
39.4
53.7
52.4
73.4
72.2

rank = 20
58.0
76.4
52.3
50.5
71.0
68.0
86.4
85.1

My thesis related to pedestrian detection and re-identification is the following.
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(a) Overall architecture.

(b) The architecture of the CNN.

Figure 2.5: The proposed architecture for person re-identification.
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Figure 2.6: Detection rate versus false positive per image (FPPI) curves for
pedestrian detectors. 2 × 2 is the step size and 1.09 is the scale factor of the
sliding-window detection.

Figure 2.7: Some sample detections produced by the proposed pedestrian detector
on CAVIAR sequences.
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Figure 2.8: Some sample detections produced by the proposed pedestrian detector
on infrared images. Source: mplab.sztaki.hu/node/43.
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Thesis 3 An architecture was proposed for vision-based pedestrian
detection in surveillance videos using a novel feature extraction method relying on CS-LBP operator and image gradients adding a novel
occlusion handling method based on an extensive pool of part detectors [14], [15], [16], [17]. It is demonstrated with experimental
results that the proposed architecture outperforms other state-ofthe-art feature-classifier-based detectors in terms of accuracy and
execution times.

Thesis 4 An end-to-end deep multi-instance learning framework
for pedestrian re-identification was proposed which allowed us to
integrate the two steps of pedestrian re-identification (i.e., feature
extraction and metric learning) into a unified architecture. It was
demonstrated that the proposed algorithm is able to outperform
most state-of-the-art methods on the publicly available ETHZ and
VIPeR databases [18].
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3. Conclusions
Current dissertation is focused on image retrieval and analysis by exploiting semantic information from convolutional neural networks. Specifically, we have
presented novel algorithms in content-based image retrieval, image colorization,
and pedestrian detection / re-identification.
Both in image retrieval, colorization, and object detection image representation plays an important role. Specifically, Chapter 2 showed a solution which
learn semantic information and binary representation utilizing AlexNet simultaneously. Namely, an end-to-end supervised learning framework for fast contentbased image retrieval was presented which learns semantic-level and feature-level
similarity as well. Unlike other state-of-the-art methods, the semantic information was derived from the last fully-connected layer directly, instead of a separate
hash layer. Moreover, hashing codes and image representations were learned in an
implicit manner. Experimental results on three publicly available database (Holidays, Oxford, and ImageNet 2012) shows that the proposed method significantly
reduces computational cost at state-of-the-art level accuracy.
Second, the semantic information stored in convolutional neural network was
used for automatic image colorization. We demonstrated that VGG-16 is able provide rich and powerful semantic information in form of hypercolumns to another
convolutional neural network architecture to predict U and V color channels.
Comprehensive experiments were conducted on the images of SUN database to
prove that the proposed method is able to colorize a wide range of grayscale images. On the other hand, the improvement possibilities of the proposed method
were also pointed out. To address at least partially the limitation of the proposed
method, we introduced cross-domain connections between two convolutional neural networks which enables reference contrained learning. Finally, we pointed out
that a trained convolutional neural network is able to provide plausible colorization for cartoon images without human assisstance as well.
Subsequently, our results related to vision-based pedestrian detection and reidentification have been presented in Chapter 4. Specifically, an architecture was
introduced for vision-based pedestrian detection in surveillance videos using a
novel feature extraction method relying on CS-LBP operator and image gradients.
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Experimental results were presented on publicly available and private databases.
Moreover, an occlusion handling technique was also proposed relying on an extensive pool of part detectors. Experimental results and analysis were shown on
the publicly available CAVIAR sequences. Specifically, we applied per-image performance by plotting detection rate versus false positives per-image (FPPI). On
the top of that, we presented a rich image gallery demonstrating sample detections on CAVIAR sequence and on sequences captured within the framework of
PROACTIVE project. Inspired by the occlusion handling scheme of the proposed
pedestrian detector, a vision based pedestrian reidentification method was also introduced based on deep multi-instance learning, a deep multi-scale convolutional
neural network, and a contrastive loss function. Specifically, a feature space was
constructed where feature vectors extracted from the same identity lie nearby
in the feature space, while feature vectors extracted from different identities lie
far away from each other. Experimental results and comparisons to other stateof-the-art algorithms were presented using publicly available databases, such as
VIPeR and ETHZ.
Table 3.1 illustrates the publications related to the individual theses and the
dissertation.
Table 3.1: The author’s publications used in the dissertation.

Thesis 1
Thesis 2
Thesis 3
Thesis 4
Not connected directly to thesis
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