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Abstract

Nowadays, mobile devices equipped with cameras are ubiquitous and wireless communication
networks are widely accessible. Captured images or videos can be transmitted to a server
from anywhere at any time. Owing to limited network resources, e.g., when many consumers
compete for the network resources or the wireless link speed is low, images or videos have to
be compressed at low bitrates for transmission. Conventional image and video compression
standards assume that humans are the information receivers. Therefore, they maximize the
quality of the compressed content by exploiting known properties of the human visual per-
ception system. However, lately, in an increasing number of applications, such compressed
images or videos are fed into computer vision algorithms for analysis at a server, such as
mobile visual search, object retrieval and tracking, and surveillance. This motivates us to
control the encoding process in such a way that important features are preserved rather than
optimizing it for the human visual system. This thesis presents several works on preserving
the most important features when compressing images or videos at relatively low bitrates in

a standard-compatible manner.

The feature quality is affected significantly by compression artifacts at low bitrates. To
design approaches to preserve more features, the properties of typical image features are inves-
tigated, and it is found that 1) large-scale features are more robust than small-scale features,
2) keypoint detection is more important than descriptor calculation, and 3) high frequencies
of an image are less important for detecting scale-space-based features. Considering these fea-
ture properties, various schemes are proposed in this thesis. First, still images are considered
and encoded using an image compression standard, e.g., JPEG. Several feature-preservation
approaches are proposed based on the aforementioned feature properties: a) deblocking filters
are applied to low-quality images, b) a larger number of bits is assigned to small-scale features
using a novel rate-distortion model, and ¢) a novel JPEG quantization table is designed for
scale-space-based features. The results show that the proposed approaches lead to higher
matching performance when compared with the default JPEG image compression standard.
Then, the approaches for images are extended to video compression. Similarly, rate-distortion

models are developed to encode videos using the H.264/AVC standard. In addition, in prac-



tical video communications, compressed videos are required to meet the target constraints of
the communication channels for transmission. Therefore, a novel rate control framework is
proposed for feature preservation in H.264/AVC video compression. The proposed framework
achieves the target bitrates, while preserving more features compared with the default rate
control scheme. Furthermore, given that keypoint detection is more critical, encoding the
original keypoints from uncompressed images or video frames is proposed to improve feature
descriptor quality. The experiments are performed based on the H.265/HEVC standard, and
the improved feature-matching performance and the retrieval performance justify the keypoint
encoding idea.

The proposed feature-preserving image and video compression schemes offer standard

compatible image and video bitstreams, which hence can be decoded by standard decoders.



Kurzfassung

Mit Kameras ausgestattete Mobilgeréte sind heute allgegenwiéirtig und drahtlose Kommuni-
kationsnetze allgemein zugénglich. Die mit den Gerédten aufgenommenen Bilder oder Videos
konnen an einen Server von {iberall zu jeder Zeit iibertragen werden. Aufgrund der begrenz-
ten Netzwerkressourcen, zum Beispiel wenn viele Verbraucher um die Netzwerkressourcen
konkurrieren oder die drahtlose Verbindungsgeschwindigkeit niedrig ist, miissen Bilder oder
Videos fiir niedrige Bitraten zur Ubertragung komprimiert werden. Herkémmliche Bild- und
Videokompressionsstandards nehmen an, dass Menschen die Informationsempfianger sind. Da-
her wird die Qualitdt der komprimierten Inhalte unter Ausnutzung bekannter Eigenschaften
des menschlichen visuellen Wahrnehmungssystems optimiert. Jedoch werden die komprimier-
ten Bilder oder Videos in letzter Zeit auch hiufig einem Computer Vision Algorithmus zur
Analyse auf einem Server, wie beispielsweise fiir mobile visuelle Suche, Objekterkennung und
-verfolgung zugefiihrt. Das veranlasst uns, den Encodierungsprozess so zu kontrollieren, dass
fiir die Computer Vision wichtige Merkmale erhalten bleiben statt den Inhalt fiir das mensch-
liche visuelle System zu optimieren. Diese Arbeit présentiert mehrere Ansétze fiir die Erhal-
tung der wichtigsten Merkmale, wenn Bilder oder Videos bei relativ niedrigen Bitraten in

einer standard-kompatiblen Weise komprimiert werden.

Die Merkmalsqualitét wird bei niedrigen Bitraten signifikant durch Kompressionsartefakte
beeinflusst. Um Ansétze zur Erhaltung von mehr Merkmalen zu entwerfen, wurden die Eigen-
schaften der typischen Bildmerkmale untersucht. Es wurde festgestellt, dass 1) groBflichige
Merkmale robuster sind als kleine, 2) Merkmalsdetektionwichtiger ist als Deskriptorberech-
nung, und 3) hohe Frequenzen eines Bildes zur Erfassung Scale-Space-basierter Merkmale
weniger wichtig sind. Unter Beriicksichtigung dieser Merkmalseigenschaften werden in dieser
Arbeit verschiedene Ansitze fiir die merkmalserhaltende Bild- und Videokompression vorge-
schlagen. Zunéchst werden Standbilder unter Verwendung eines Bildkompressionsstandards,
beispielsweise JPEG, codiert. Basierend auf den vorgestellten Eigenschaften werden verschie-
dene Herangehensweisen vorgeschlagen: a) Deblocking-Filter werden auf niederqualitative Bil-

der angewandt, b) kleinflichige Merkmale werden mit einem neuen Raten-Verzerrungs-Modell
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mehr Bits zugewiesen, und c) eine neue JPEG-Quantisierungstabelle fiir Scale-Space-basierte
Merkmale wurde entworfen. Die Ergebnisse zeigen, dass die vorgeschlagenen Ansitze vergli-
chen mit dem unveréinderten JPEG-Standard zu besseren Matching-Ergebnissen fithren. An-
schlieBend werden die Ansétze fiir die Bilder auf Video-Kompression erweitert. Auf &hnliche
Weise werden Raten-Verzerrungs-Modelle, um Videos mit dem H.264/AVC-Standard zu kodie-
ren, entwickelt. Dariiber hinaus sind in der realen Video-Kommunikation komprimierte Videos
erforderlich, um die eingeschrinkten Ziele der Kommunikationskanile fiir die Ubertragung
einzuhalten. Daher wird eine neue Ratenkontrolle fiir die Merkmalserhaltung in H.264/AVC
Video-Kompression vorgestellt. Die vorgeschlagene Ratenkontrolle erreicht die Zielbitraten
unter Beibehaltung von mehr Merkmalen im Vergleich zur Standard-Ratenkontrolle. Des Wei-
teren, da die Merkmalspunktdetektion empfindlicher als die Deskriptorberechnung ist, wird
vorgeschlagen, die urspriinglichen Merkmalspunkte von unkomprimierten Bildern oder Vi-
deobildern als Seiteninformation zu iibertragen, um die Qualitit der Merkmalsbeschreibung
zu verbessern. Die Versuche wurden auf der Grundlage des H.265/HEVC Standard durch-
gefiihrt, wobei das verbesserte Merkmals-Matching und die Wiedergewinnungsleistung diese
Merkmalspunktcodierungsidee rechtfertigen.

Die vorgeschlagenen merkmalserhaltenden Bild- und Videokompressionsverfahren erzeu-
gen standardkompatible Bild- und Video-Bitstrome, die durch Standard-Decoder decodiert

werden konnen.
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Chapter 1

Introduction

The field of computer vision was established in the early 1970s [Szell], and since then many
important applications have been studied. For instance, in medical image processing, re-
searchers use computer vision algorithms to detect malignant changes or classify tissues from
medical images. Surveillance systems monitor the environment and warn the user about
relevant changes in it. Object recognition systems detect or recognize objects of interest.
Augmented reality applications enhance a user’s perception of reality by integrating virtual
objects or information into real-world contexts. Autonomous vehicles use buildings or land-
marks to produce maps of the surroundings. In fact, the applications that rely on computer

vision algorithms are too numerous to list here.

1.1 Computer vision meets mobile communication

Computer vision algorithms can be run on a powerful computer to perform specific tasks.
However, nowadays images and videos are increasingly being captured using mobile devices
and transmitted to a server via a communication network for analysis. In this client-server
architecture, distributed and cooperative visual processing is required. We call this concept
computer vision meets mobile communication. Typically, a mobile client sends processed data
to a server, and the server executes computer vision algorithms to extract desired informa-
tion. For example, a video surveillance system records an image or a video and sends a
compressed version of it to a server for analysis to find suspicious persons or events. When
a vehicle is moving in an area with poor GPS signal, a camera-based driver assistance sys-
tem in the vehicle can send an image or a video to the cloud to get an estimation of its
location. Many emerging applications are based on computer vision meets mobile communi-
cation. Specifically, a topic called mobile visual search (MVS) is being studied widely. An

MVS system compares an image or video captured by a mobile device against a database
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of images or videos on a server to find relevant information. The server typically uses a
content-based image retrieval (CBIR) engine to retrieve the desired information and sends it
back to the mobile device. Various applications employ MVS. For instance, one can capture
a snapshot of a movie poster to watch the movie trailer and read user comments in order to
decide whether to buy a ticket. When walking in front of a famous landmark, one can take
a picture of it and be presented with a website detailing its history. When encountering an
interesting product (e.g., a book, clothes, or a bottle of wine) on the go or in a shopping
mall, one can take a picture of it and be presented with prices from different suppliers. MVS
technology narrows the gap between the physical world and digital experience by pushing addi-
tional information to mobile devices. A few MVS-based products are available commercially,
such as Google Goggles [Gooll], Metaio [Met15], Mobile Acuity [Aculb], TinEye [TinI5],
CamFind |[Caml15], Wikitude [Wik15], SenseTime [Senl5|, findSimilar |[Corl5|, Slyce [Sly15],
and Layar [Layl5|. In addition, a few companies provide developer tools or platforms such
as Google Glass Development Kit [Goold], Metaio SDK [Met15], SenseTime SDK and cloud
APIs [Senld], Qualcomm Vuforia [Qual5], and Wikitude SDK [Wik15].

Recent advances have been driven by several factors. First, imaging systems are becom-
ing increasingly cheaper. Hence, mobile devices equipped with cameras of high resolution
are ubiquitous. Second, high-speed communication networks (e.g., LTE-Advanced and Wi-
Fi 802.11n) are widely available. Therefore, we can share captured images or videos from
anywhere at any time. Third, the processing power of mobile devices has increased, allowing
for complex image or video processing. Finally, a variety of sensors, such as GNSS receiver,
digital compass, and gyroscope can be combined with an imaging sensor to perform complex

tasks.

1.2 Technical challenges

In the computer vision meets mobile communication scenario, many technical challenges are
required to be addressed, such as feature detection, retrieval engine, and data transmission.
The detection of salient image features is a fundamental step in many computer vision ap-
plications, including MVS. Although various feature detection and description algorithms
are proposed in the literature, such as scale-invariant feature transform (SIFT) |[Low04] and
speeded-up robust features (SURF) [BTGO6], we cannot search everything using these fea-
tures. MVS technology is generally efficient when searching for books, DVDs, logos, land-
marks, wines, artworks, and so on. Hence, feature extraction is still a hot research topic.
Regarding retrieval engine, owing to billions of images and videos provided by the Internet,
especially social networks such as Facebook, Flickr, and Instagram, indexing and searching
are extremely complex and inefficient processes. Thus, the development of a large-scale CBIR,

engine for visual search is another hot topic. The ever-expanding amount of multimedia data



1.3. CONTRIBUTIONS AND ORGANIZATION OF THIS THESIS 3

on the Internet has fostered research on effective, efficient, and robust algorithms to organize,
index, and retrieve images or videos. Nevertheless, a full discussion of these two efforts is
beyond the scope of this thesis.

In this thesis, we consider the data transmission challenge and assume that captured im-
ages or videos are compressed for transmission. Typically, images or videos are transmitted
over a communication network and analyzed at a server. With adequate network resources,
transmitted images or videos can be compressed with high quality. However, when the wire-
less link is weak or many customers compete for network resources, images or videos are com-
pressed to low bitrates. The MVS system imposes requirements of latency, processing speed,
and network bandwidth because these factors significantly affect user experience. Users desire
a low latency and robust recognition performance.

Typically, an image or video encoder assumes that a human is the output information
sink. Hence, the encoder minimizes the perceivable distortion for a given bit budget. In other
words, lossy compression schemes underlying these standards, e.g., JPEG, are optimized for
and adapted to the human visual system (HVS). However, as described above, in an increasing
number of emerging application scenarios, the information sink is not a person but a computer
algorithm. In this case, adaptation to the HVS is no longer necessary, and the encoder should
control the encoding process such that the important and relevant features of an image are
preserved after compression. In fact, typical low-bitrate compression artifacts (e.g., blockiness)
confuse feature-based image analysis systems. Therefore, this thesis addresses the challenge
of preserving features when compressing images or videos at low bitrates. Using feature-
preserving image or video compression, the subsequent matching or retrieval performance
can be improved. In this thesis, we use MVS, including the related features, compression
schemes, and retrieval engines, to illustrate the proposed feature-preserving image and video

compression approaches.

1.3 Contributions and organization of this thesis

This thesis presents various approaches to feature preservation for compressed images and
videos. Images and videos encoded using the proposed approaches are standard-compatible
and can be decoded by any standard decoder.

Chapter [2 presents the background and related work. This chapter discusses the state-
of-the-art features, feature-related compression approaches in the literature, image and video
compression standards, and the evaluation frameworks used in our experiments.

Chapter [3| describes the feature properties in the presence of compression. First, exper-
iments are performed to investigate the impact of compression on the feature quality. The
results show that image compression at low bitrates adversely affects feature-matching perfor-

mance. Hence, in Section first, different detector-descriptor combinations are tested, and
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it turns out that the combination of the Hessian-Affine detector and the SIFT descriptor is
the most robust feature in the presence of compression. Second, the sensitivity of features at
different scales under compression are tested. It is found that in the presence of compression
artifacts, large-scale features are more robust compared with small-scale features. Based on
this observation, approaches are proposed for image compression in Section and for video
compression in Chapter [5| Third, the sensitivity of keypoints and descriptors is evaluated. It
is found that keypoint detection is easily affected by compression artifacts, and in contrast,
descriptor calculation is more robust. Thus, approaches to encode the original keypoints for
improved matching performance are discussed in Chapter [6] Fourth, owing to the fact that
keypoint detection is more important, a theoretical analysis for various keypoint detectors
is performed. We find that high frequencies of an image are less important in the keypoint
detection process for scale-space-based detectors. Hence, in Section a novel quantization
table for JPEG encoding to improve feature detection performance is proposed. The afore-
mentioned observations of feature properties in the presence of compression at low bitrates
motivate our proposed approaches. Table summarizes the observations and the corre-
sponding chapters of this thesis. Nevertheless, we have organized the proposed approaches
based on the different encoding standards used in the experiments. Chapters and [0]
present several approaches using JPEG, H.264/AVC, and H.265/HEVC, respectively.

Table 1.1: Key observations of low-bitrate images and corresponding approaches.

Experiments Observations Chapters

Detector-Descriptor combinations Hessian-Affine + SIFT is the most Section
robust feature
Sensitivity of features at different scales | Large-scale features are more robust Section

Chapter [5]
Sensitivity of keypoints and descriptors | Keypoint detection is more impor- | Chapter |§|
tant
Sensitivity of detectors to image fre- | High frequencies are less important Section
quencies for scale-space-based detectors

In Chapter [4] the scenario that still images are captured by a mobile device and encoded
using the JPEG standard is considered. Three different ideas to improve the feature-matching
performance or image-retrieval performance are proposed: 1) post-processing of a low-quality
JPEG-encoded image at a server. 2) novel rate-distortion (R-D) optimization of a JPEG-
encoded image in a mobile device. 3) novel JPEG quantization table for encoding images in
a mobile device.

In Chapter |5, the scenario that videos are encoded using an H.264/AVC video encoder is
considered. The first contribution is to perform R-D optimization for an H.264/AVC-encoded
video in a mobile device, an extension of the second approach for images reported in Chapter [4]

Second, by considering bandwidth requirements, a novel rate control framework is proposed,
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which preserves a relatively greater number of features at the same bitrates.

In Chapter [6] based on the observation that the negative impact of compression can be
reduced using the original keypoints, we propose the encoding and transmission of the original
keypoints as side information to the server and the extraction of only descriptors from the
compressed image or video at the server. Specifically, intra- and inter-frame keypoint selection
and encoding are proposed for images and videos, respectively.

Chapter [7] presents the conclusions and discusses the future directions of feature-preserving
image and video compression research.

Parts of this thesis have been published in [CS11] [CS12, [CCS13) I[CANSS13l, [CHSS15,
CSX15, [CST6].






Chapter 2

Background and related work

This chapter presents relevant background and related work on feature-related compression
research. First, Section [2.1] introduces state-of-the-art features proposed in the literature. In
Section previous studies on feature-related compression are reviewed, and the approaches
are categorized into three classes for comparison. Section briefly reviews widely used
image and video compression standards because the proposed approaches generate image or
video bitstreams compatible with these standards. The evaluation frameworks used in our
experiments are discussed in Section This chapter provides readers with an overview of
the state-of-the-art work and the underlying elements necessary to understand the research

details presented throughout this thesis.

2.1 State-of-the-art features

The extraction of features from images or videos is fundamental to many computer vision
algorithms. The extracted features are frequently compared with features in a database
to identify correspondences. Typically, in feature extraction, keypoints (also called interest
points or salient points) are detected first, and then local descriptors (also called feature
descriptors, visual descriptors, or feature vectors) are calculated from the image patch located

around the keypoints.

2.1.1 Keypoints

Edges, corners, or blobs are all “interesting” parts of an image, and the algorithms used to find
these parts are called detectors. Different detectors detect different types of interest points,
e.g., SIFT detects corners and blobs while Harris-Affine [MS04] detects edges and corners.

Ideally, feature extraction processes identify features that are shift-invariant, scale-invariant,

7
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rotation-invariant, illumination-invariant, and so on.

In the detection process, first, the above-mentioned interesting points should be detected
repeatedly in different images containing the same object under different imaging conditions.
Keypoint locations in an image are used to indicate interesting points, and the designed al-
gorithm should identify shift-invariant keypoints to find similar images. Second, owing to the
distance from which an object is observed with an eye or a camera, the object appears to have a
different size compared to its physical size in the real world. Scale-space theory [Lin09, Lin12]
detailed the framework for multiscale image representation derived from physics and biological
vision in the computer vision community. Thus, the notion of a keypoint scale is essential for
describing the keypoint size of an image. Third, rotation-invariance can be achieved by assign-
ing a maximum gradient calculated from the pixels around the keypoint. Therefore, images
captured from different angles can be identified correctly. These aforementioned properties
are the main properties of keypoints in most feature detection algorithms. In addition, other
properties are implemented in many detection algorithms. Real-time detection is required
in various applications, for example, features from accelerated segment test (FAST) [RDO6]
and binary robust invariant scalable keypoints (BRISK) [LCS11] detectors were designed for
this purpose. Illumination-invariance is also implemented using image gradients; for example,
SIFT and SURF features use gradient magnitude normalization to this end. Affine-invariance
deals with viewpoint changes of the same object. Mikolajczyk et al. [MTS™05] discussed and

compared several affine region detectors.

In the literature, various feature detectors have been proposed, and the most popular and
important ones are evaluated in our experiments. The Hessian-Affine, Harris-Affine [MS04],
and maximally stable extremal regions (MSER) [MCUP02| detectors outperformed other de-
tectors in most of the experiments conducted by Mikolajczyk [MTST05]. Two other widely-
used detectors, SIFT and SURF, are also included in our experiments. The STAR detector
(based on center surrounded extrema) [AKBO§| uses bi-level filters to approximate the Lapla-
cian, which outperforms other detectors and can be computed in real time. The BRISK
detector, which is based on FAST [RDO06], is also compared in our experiments because var-
ious detectors derived from FAST are widely used in many applications owing to their short
extraction time. We also include the recently proposed medial feature detector (MFD) [AR11]
and weighted a-shapes (WaSH) [VRAI12] detector in our evaluation. The KAZE [ABDI2]
detector, which detects features in a nonlinear scale-space outperformed other classic detec-

tors [ABD12] and is hence included in our evaluation.

Figure groups these detectors into non-affine-invariant and affine-invariant types. The
plot on the left side shows five non-affine-invariant keypoint detectors, while that on the right
presents five affine-invariant keypoint detectors. We can see that the non-affine-invariant

detectors yield circular keypoints, while the affine-invariant detectors produce elliptical key-
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Figure 2.1: Non-affine-invariant detectors and affine-invariant detectors.

points. Owing to the different detection algorithms used in each detector, they detect different
parts of the image. Figure shows only a few randomly selected keypoints.

2.1.1.1 Difference-of-Gaussian detector

Each detector uses its own scheme to localize keypoints in an image. The difference-of-
Gaussian (DoG) detector used in SIFT feature extraction is a classic example. A few critical
points of this detector are explained in detail to facilitate better understanding of the typical
detection process and of our proposed approaches that follow.

Difference-of-Gaussian images: As pointed out in scale-space theory [Lin09, [Lin12],
owing to the absence of prior knowledge about relevant scales of image data, it is reasonable
to represent an image using multiple scales. Previous studies have singled out the Gaussian
kernel as a canonical approach for building multi-scale images. Thus, first, the scale-space
representation, which is a family of Gaussian-smoothed images at different scales, needs to
be constructed. Typically, given an initial image signal I, its scale-space representation L is
computed by convolving with the Gaussian kernel [Lin98, [Lin09):

1 71:2 2
Glz,y;0) = 5—¢ 2t (2.1)
This leads to
L(z,y;0) = G(z,y;0) * I(z,y) (2.2)

The standard deviation o is varied to obtain multiple Gaussian-smoothed images.
In addition, it has been shown that applying the Laplacian-of-Gaussian (LoG) to an image

is critical for detecting blobs. Based on the Gaussian-smoothed scale-space representation,

2

scale-normalized Laplacian with the factor o“ is vital for automatic detection of blobs from

an image. Here, the scale-normalized Laplacian image is expressed as follows:

2
vnorm

L=0>V2L (2.3)
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where V? is the Laplacian operation on the scale-space representation L. Note that according
to the basic associative property, the application of the Laplacian operator to the scale-space

representation is equivalent to the filtering of the original image with the LoG operator.

V2L = V3(G(x,y;0) * I(z,y))
= (V?G(z,y;0)) * I(z,y) (2.4)
= LoG * I(x,y)

Furthermore, it has been shown that the scale-space representation satisfies the diffusion
equation [Lin94] Low04].
oL
— =oV’L 2.5
g0 ° (2:5)
The differential equation given above can be solved by approximating it with a difference
equation according to the finite difference method. Thus, as long as k is close to 1, c V2L can

be expressed as follows.

OL  L(z,y;ko) — L(x,y;0)
2L — =~ y yJ 2
oV Oo ko —o (2.6)

and therefore,
L(z,y; ko) — L(z,y;0) = (k — 1)0*V?L (2.7)

Given that k£ is a constant applied to ¢ for smoothing the images, it does not influence
keypoint localization. As can be seen in Equation , the subtraction of two adjacent scale-
space images approximates the scale-normalized Laplacian (Equation ; thus, blobs can be
detected within these images. According to the distributive property, the above-mentioned

term can be expressed as follows:

D(z,y;0) = L(z,y; ko) — L(z,y;0)
= G(z,y; ko) x I(z,y) — G(z,y;0) * I(z,y)
= (G(z,y;ko) — G(z,y;0)) * I(z,y)
= DoG x I(z,y)

where G(z,y; ko) — G(z,y;0) is called the DoG function [Low04] and D(z,y;o) represents
the DoG scale-space.

Figure shows the construction of DoG images. The initial image is smoothed using a
Gaussian kernel with a base scale og. Discrete scale representation is feasible for simplifying
the continuous scale-space; thus, the smoothing factor increases logarithmically, i.e., o1 =
ko, = k"tlog. As a result, the construction of the scale-space representation is discrete
but is efficient and sufficient, as described by Lowe [Low04]. To efficiently process images,
Lowe [Low04] downsampled a Gaussian image by selecting every second horizontal pixel and

every second vertical pixel, producing an image whose scale has twice that of the previous
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Figure 2.2: The construction of DoG images (N = 2, k = 21/2) [Low04] ©)2004 Springer.

image. In the scale-space, the smoothed images that have the same resolution are within the
same octave.

Scale-space extrema detection: Keypoints are detected as local extrema in DoG im-
ages across the spatial pixel domain and across various scales in the scale-space. Therefore,
each point is compared to eight spatial neighbors, nine neighbors in the lower scale, and nine

neighbors in the higher scale, as shown in Figure |2.3
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Figure 2.3: Extrema detection of DoG images [Low04] (©)2004 Springer.

Note that the lowest and highest DoG images in one octave are excluded when searching
for local extrema. Therefore, if one divides the scales in one octave into N intervals, N + 2
DoG images (right stack in Figure and N + 3 Gaussian images (left stack in Figure
are required. Then, the scales of DoG images are completely covered for automatic scale

detection. The scale in the DoG scale-space can be expressed in a different form as follows:

o(0,i) = 0p2°F/N (2.9)
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where o is the octave index and 7 is the scale index in the o-th octave. Typically, the interval
N is set to 3; thus, the constant k = 21/N = 21/3,

Accurate keypoint localization: The extrema (keypoint candidates) are found in the
three-dimensional DoG scale-space, and these extrema are localized on the integer grid and
at discrete scales. To find more accurate extrema in the DoG scale-space, the DoG detector
selects £1 neighboring sample points in each dimension (spatial and scale domains) and locates
the sub-pixel and sub-scale keypoints by fitting a three-dimensional quadratic function to the
DoG scale-space. To calculate quadratic coefficients, the derivatives are approximated using

pixel differences obtained from neighboring sample points.

oDT 1 ;9D

where x = (z,y;0)7 is the scale-space coordinate and D(x) approximates the DoG function.
The DoG detector takes the derivative of Equation (2.10)) with respect to x and equates it to
zero. Then, the sub-pixel and sub-scale extrema can be calculated as follows:
82D~ 'oD
ox2  Ox

X =

(2.11)

It has been shown that the refined sub-pixel and sub-scale extrema improve the matching
performance and feature stability.

Weak extrema removal: After detecting many extrema, the detector removes the weak
extrema with low contrast and the extrema from edge responses.

First, the value of the Taylor expansion function D(x) in Equation is calculated at
point X. The detector substitutes x into Equation to obtain the extrema D(x).

D) =D+ - % (2.12)

This value can be used to remove the extrema with low contrast. Typically, the D(x) value
of an extremum should be greater than 0.03; otherwise, the extremum is discarded.

Second, it has been shown that the DoG function yields high responses along edges, but
these are unstable extrema. Based on the theory that principal curvatures along the edge
and across the edge have significantly different values, the extrema with asymmetric principal
curvature values are discarded to eliminate edge responses. The detector calculates derivatives

for extrema using the difference of neighboring sample points and forms a 2x2 Hessian matrix

Dyw D
H= |Zm= Po (2.13)
D$y Dyy

as follows:

Then, it preserves only those extrema for which

Tr(H)?  (r+1)?
Det(H) <

(2.14)
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where 7 is typically set to 10. Other extrema are determined as unstable keypoints.

Orientation assignment: To achieve rotation invariance, the detector computes the
most prominent orientation from the image patch around each detected keypoint and then
assigns the orientation to the keypoint. To this end, the gradient orientations and magnitudes
from the image patch are accumulated into a 36-bin histogram. The peak of this histogram
indicates the dominant orientation for the keypoint. Then, regardless of image rotation, the

following descriptor calculation is performed relative to the orientation.

In summary, given an input image I, a detected SIFT keypoint can be expressed as follows:

where [; (a vector of z;,y;) is the location of keypoint i in the image, o; is the scale, and
0; is the orientation of the keypoint. Then, the set of keypoints can be expressed as K =
{k1,ka,....,kn}, where N is the number of detected keypoints.

2.1.2 Descriptors

After detecting keypoints, local descriptors are used to describe the information around the
detected keypoints. Many descriptor calculation algorithms have been proposed in the liter-
ature. Mikolajczyk et al. [MS05] presented a comprehensive evaluation of classic descriptors
for image matching. The authors in [DAPII, [MM12] compared descriptors proposed more
recently. If the local descriptors of different image patches are highly distinctive, one can effi-
ciently find different images of the same object by comparing these sparse feature descriptors.
In our experiments, SIFT, PCA-SIFT [KS04], shape context [BMP02], gradient location and
orientation histogram (GLOH) [MTS" 05| and SURF are used. In addition, recently proposed
rotationally invariant descriptors (called MROGH) [FWH12] and local intensity order pattern
(LIOP) [WEWT11] seem to be strong competitors. The two descriptors performed better than
classic descriptors in the respective studies. Hence, they are used in a few of our experiments.
These descriptors output feature vectors whose values are typically mapped onto the range [0,
255]. Besides these descriptors, binary descriptors such as binary robust independent elemen-
tary features (BRIEF) [CLSF10], BRISK, and fast retina keypoint (FREAK) [AOV12], have
been proposed in the literature. These binary features are generally faster to compute and
require less storage. They are not evaluated in our experiments, but a few of the proposed
ideas can be also applied to them. Next, we present the SIF'T descriptor as a typical descriptor
example, and details pertaining to the other aforementioned descriptors can be referred to in

the literature.
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2.1.2.1 SIFT descriptor

The SIFT descriptor describes a local image patch in a set of gradient orientation histograms.
For one keypoint, SIFT computes the gradient in a 16x16 window around it. To reduce the
influences of gradients that are relatively far away from the center, gradient magnitudes in the
window are weighted using a Gaussian function. The window is subdivided into a 4x4 array.
In each element of the array, the weighted gradient magnitudes are accumulated into eight
orientation bins. Therefore, the final feature vector (i.e., the total orientation histogram) has
a length of 4x4x8 = 128. In addition, several normalization schemes are applied to remove

illumination effects. Figure [2.4] shows the extraction process of a SIFT feature vector.

K | 3k

D R
-

"f»"¢..' ot ‘% ﬁ%% > ALAXR € ¥

Image patch Image gradients Descriptor array Descriptor vector

>
A
‘4»’/
A
~
UB RN
S
»

4
ESEPES
A

e

e il NS
V
A

by

P Ei s UM

¥ a v
A A
[x
e
A
S
4 A
4| P> A
N SNk
v

NSl NES

¥ |A
e

Figure 2.4: Computation of SIFT descriptor based on image patch [Low04].

As a result, a descriptor obtained using a keypoint detected in image I is expressed as

follows:
di = V(k;|I) (2.16)

where ¥ implies the descriptor extraction on I using keypoint k;. The set of descriptors is

expressed as D = {dy,da,...,dn}.

2.2 Feature-related compression

In mobile visual search, most feature-related processing is typically performed at a server.
Note that feature extraction can be performed by either the client or server. For client-side
feature extraction, compressed features are uploaded to the server. The feature compression
operation should lead to small distortion relative to the uncompressed features. For server-
side feature extraction, images or videos are compressed and transmitted to the server. In this
case, it is important to minimize the impact of compression on feature extraction at the server.
Ideally, features extracted from compressed images or videos should be identical or at least
very similar to those extracted from the uncompressed version. Both client- and server-based
approaches fall into the emerging area of feature-related compression approaches.

Girod et al. [GCGRI11] introduced three MVS architectures: 1) mobile device transmits

compressed images, 2) mobile device extracts descriptors and transmits compressed descrip-
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tors, and 3) mobile device stores a dataset in its cache and transmits only compressed descrip-
tors when the object of interest is not available in the cached dataset. By considering feature-
related compression, we categorize previous studies into three classes. The first class directly
compresses features. The second class compresses canonical image patches and transmits or
stores these patches for further processing. Third is the standard image/video-compression-

based approaches.

2.2.1 Feature compression

Chandrasekhar et al. [CTCT09] proposed a framework called CHoG for compressing feature
descriptors. Then, they presented a survey on SIFT compression schemes |[CMT™10|. For
videos, Makar et al. [MCT™14| proposed encoding of SIFT descriptors based on inter-frame
encoded patches, and Baroffio et al. |[BCR™14| proposed intra- and inter-frame modes for
encoding SIFT features extracted from video sequences. The proposed coding schemes out-
performed direct transmission of images or videos with respect to their evaluation metrics. In
addition, Redondi et al. [RBCT13, RBAT13, BACT14] compressed features and transmitted
them to the server side; this class is called analyze-then-compress paradigm. The compact
descriptors for visual search (CDVS) [MPE] standard is aimed at standardizing technologies
for encoding features at low bitrates. In CDVS, the elements of a compact descriptor are
calculated from the difference between the elements of the original descriptor. They are as-
signed priorities specified in the standard. Then, the elements with low priorities are removed
to reduce the dimension of the compact descriptor. Thereafter, the real-valued elements are
quantized into three values (-1, 0, 1) to further reduce the data [ISO14]. In general, this class
provides the highest compression ratio among the three classes. However, images or videos

are not available at the server, and only one specific feature type (e.g., SIFT) is available.

2.2.2 Patch compression

Makar et al. [MCC™09] proposed compressing relevant local patches after feature extrac-
tion. In a follow-up work [MLCGI2], they proposed a method for designing a gradient-
preserving quantization matrix to encode the extracted image patches, and in another follow-
up work [MTCT13], they proposed an efficient inter-frame predictive coding approach for
canonical patches extracted from video sequences. The patch-encoding approach does not
output a watchable video, but the patches can be used to extract other types of descriptors,

which is advantageous compared to the above-mentioned feature compression scheme.

2.2.3 Feature-preserving image and video compression

The authors of [RBCT13] have dubbed the standard image-compression-based architecture

the compress-then-analyze (CTA) paradigm. Furthermore, a few approaches involve modify-



16 CHAPTER 2. BACKGROUND AND RELATED WORK

ing standard image and video compression algorithms such that the features extracted from
the compressed images or videos are as similar as possible to the features extracted from
the uncompressed images or videos. These approaches (also belonging to the third class) are
referred to as feature-preserving image and video compression [CS11L [CS12) [CCS13, [CSX15].
To this end, the authors of [DLCT12] and [CCSI3] optimized the JPEG quantization table,
whereas in [CS11) [CS12], the rate allocation strategy is modified to preserve the most impor-
tant features. Recently, [CSX15] has proposed encoding the SIFT keypoints and transmitting
them as side information along with the compressed image. Similarly, [BCR™15| proposed
transmitting the encoded BRISK keypoint locations, scales, and differential BRISK descrip-
tors along with the image to a server. In both approaches, the keypoints are sent as side
information for improved feature extraction from compressed images. Compared with the
first two classes, the advantages of feature-preserving image and video compression are that
the decoded images or videos can also be viewed and stored for future use and that other
types of features can later be extracted. For solutions providing standard-compatible images
or videos, standard decoders can be used to decode the images or videos. In this thesis,
we focus on feature-preserving image and video compression and present our work in
detail.

Note that in all studies mentioned above, the objective is to achieve low-bitrate data
transmission for applications such as mobile visual search, video surveillance, and visual lo-

calization.

2.3 Image and video compression standards

Compression aims to reduce the number of bits needed to represent the original image or video
information. Typically, there are two compression schemes: [lossless and lossy. The former
scheme compresses images or videos without losing any information, and it can reconstruct the
original data completely. It is used specifically for medical images, professional photography
or digital cinematography. The latter scheme introduces acceptable distortion to achieve a
significantly large compression ratio. This scheme is commonly used for media streaming
via the Internet or videoconferencing. In MVS applications, we must compress data in a
lossy manner owing to limited communication network resources. To this end, for images,
JPEG and JPEG 2000 are the two major standards, and for videos, H.264/AVC is a widely
deployed compression standard in many consumer electronics. Its successor H.265/HEVC
offers superior compression performance and is gaining traction in terms of usage. To evaluate
the approaches proposed in this thesis, experiments are conducted using the popular JPEG
standard for image compression and the H.264/AVC and H.265/HEVC standards for video
compression.

Quality evaluation of compressed images or videos is a basic but challenging problem.
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Many techniques and metrics for image or video quality assessment have been researched and
developed over the past few decades. Such quality evaluation can be classified into two types
based on whether human viewers are involved in the process: subjective and objective. In
cases where the HVS is the information sink for compressed images or videos, it is natural to
develop a quality evaluation metric by standard procedures involving human observers, i.e.,
subjective quality evaluation. In the literature [IR07, IT96], various metrics such as viewing
conditions, test materials, observer selection, assessment methods have been described for a
subjective assessment of video quality. The subjective viewers’ ratings reliably indicate video
quality but depend heavily on viewers’ personal conditions and experience. Moreover, the
evaluation procedure is laborious and time-consuming. However, researchers have tradition-
ally used peak signal-to-noise ratio (PSNR) to compute image or video quality in objective
quality evaluation. The definition is simple, and the computation is instantaneous. Hence,
this method is widely accepted and still dominant in quality evaluation. Nevertheless, it ne-
glects the HVS and cannot match human perception of image or video quality. To address
this issue, a few advanced objective metrics are proposed to approximate the results of sub-
jective quality evaluation by human observers. For example, the structure Similarity (SSIM)
index [WBSS04] was introduced by assuming that human visual perception is highly adapted
for receiving structural information from an image. It is shown that SSIM yields better evalu-
ation performance with different datasets. Many other advanced objective evaluation metrics
have been proposed, and the researchers [LK11, [CSRK11l [SSBCI10, [Chal3| reviewed, classi-
fied, discussed, and compared numerous image and video evaluation methods proposed in the
literature.

In this thesis, the aforementioned standards are used to encode images and videos, respec-
tively. As discussed above, image or video encoding algorithms normally take a human-centric
approach and maximize the subjective/objective quality of the compressed content by exploit-
ing known limitations of the human visual perception system. In computer vision meets mobile
communication scenarios, image or video content is processed by computer algorithms as op-
posed to humans. In such scenarios, lossy compression schemes need not maximize visual
quality. The core ideas of this thesis are to control the encoding process so that the most
important and relevant features are preserved satisfactorily for low-bitrate encoding. The
subsequently applied image or video analysis approaches (e.g., detection, matching, or track-
ing) can then achieve better performance. Note that our ideas can also be applied to other

compression standards or future standards.

2.4 Evaluation frameworks

Feature evaluation is typically performed using either a frame- or system-level evaluation

framework. The former approach is normally based on only a few images, can compare many
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features in a short time, and is application independent [Ved12]. However, it cannot reflect
the actual performance for specific applications. Repeatability and matching score [MTST05]
are the most important criteria in this context for evaluating detectors and descriptors, re-
spectively. System-level feature evaluation, in contrast, employs many images and is typically
performed for just one specific feature or one specific application, e.g., MVS, video surveil-
lance, or object classification. This evaluation requires a large dataset, specific performance
criterion, and long test time. In this thesis, we aim to preserve greater numbers of features
of images and video sequences at the frame-level. However, these features should be used in
a real system. Whether the improvement of feature quality can translate into a noticeable
improvement in a real system should also be verified. Therefore, to evaluate feature quality
and the final performance in a real system, both evaluation frameworks in our experiments

are used.

2.4.1 Frame-level evaluation

Many datasets are available for frame-level evaluation. Among these datasets, the Oxford
Affine Covariant Features dataset [MTS™05] has been used extensively in the literature. This
dataset consists of eight image sets: graf, wall, boat, bark, bikes, trees, ubc, and leuven. In
addition, we employ the Stanford mobile augmented reality (MAR) dataset [MTC™13], which
consists of 23 videos (each containing a static single object) and 23 corresponding reference
images. These two datasets are used in our experiments, the details of which are explained in
the following chapters.

Typically, features are extracted from an image and compared with those extracted from
a reference image. This process is called pairwise feature matching. Ideally, feature locations
and feature descriptors before and after image or video compression would be identical if
preserved perfectly. This is, however, impossible in the case of lossy compression. In many
computer vision applications, two features are considered to be identical as long as their
“distance” in the descriptor space is less than a certain threshold. Corresponding features
should refer to the same point in the scene before and after some form of image processing.

In the literature, various detector and descriptor evaluation methods have been proposed.
Schmid et al. [SMBO00] defined the e-repeatability of point pairs, which is widely used as a de-
tector evaluation criterion. They examined the repeatability of location errors € ranging from
0.5 to 5 pixels. Mikolajczyk et al. [IMTS™05] introduced the overlap error, which is defined as
the error of region-to-region ellipses from a pair of affine region detectors. The number of fea-
ture pairs with less than 40% overlap error is called the number of correspondences. The
repeatability score is calculated as the ratio of the number of correspondences to the smaller
number of features in the pair of images. In [MTST05|, detectors with different shapes were

represented using elliptical regions to facilitate their meaningful comparison. Several image
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conditions were examined, including viewpoint change, zoom plus rotation, image blur, JPEG
compression, and light change. In our experiments, a few variants of the criteria in [MTS™05]
are used for simplicity. According to the measure, the overlap error of two feature regions
should be sufficiently small so that they can be matched using a robust descriptor. In a few
of our experiments, only the uncompressed and compressed version of a given image are com-
pared. The homography between an uncompressed image and its compressed version is hence

an identity matrix. Therefore, the overlap error formula can be simplified as
(2.17)

where R, and R} represent the regions of features from the uncompressed and compressed
images. R, N Ry denotes the intersection of the two regions, and R, U R} denotes their union.
For example, the detectors of SIFT and SURF features produce circular keypoint regions.
Therefore, only the difference of locations and the scale of the original feature need to be
checked. Hence, a feature is defined to be repeatable, if: (1) the scale of the new feature in
the SIFT scale space is within a factor of v/2 of the original scale, and (2) the location is
within o pixels of the original feature where o is the scale of the feature in the original image.

For descriptor evaluation, there are three strategies in general. First, two descriptors
(D, D,) are treated as a matched pair if the distance between them is below a threshold
(||D — Dql| < t), which is called threshold-based matching [MS05]. This strategy shows the
true distance of two features in the descriptor space. The second one is called nearest neighbor
(NN) matching strategy; it compares one feature to numerous features and finds the nearest
one as its match [CLSF10, [LCS11]. To remove a few incorrectly matched features, the third
strategy involves finding the nearest feature (D,) and the second nearest feature (Dj) and
applying thresholding to the distance ratio between them. Hence, the query feature (D) and
the nearest feature (D,) are matched if |D — D,||/||D — Dp|| < t (e.g., 0.8) [MS05l Low04].
This strategy is similar to the previous one (NN) and is known as the nearest neighbor distance
ratio (NNDR) strategy.

Two cases are considered when counting the number of matches in the following exper-
iments. 1) When comparing features from a compressed image and an uncompressed image
where the homography is an identity matrix, a correct match is found if a feature is repeatable
and its descriptor is the nearest neighbor in the descriptor space (e.g., NNDR strategy). This
case is shown in Figure The matching score (ranging from 0% to 100%) is computed
as the ratio of the number of matched features in the compressed image to the number of
original features in the uncompressed image.

F#correct matches

matching score = (2.18)

#original features
Note that the term matching score was originally used for comparing two different images. It

was computed as the ratio of the number of correct matches to the smaller number of detected
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Figure 2.5: Criterion for matches between uncompressed and compressed images.

features in one pair of images in ﬂm In this thesis, it is used as the percentage of
preserved features with respect to original features.

2) When comparing a compressed image with a reference image without knowing the homog-
raphy, we must first obtain tentative matches by comparing the descriptors of the two images
in the descriptor space using a descriptor comparison strategy (e.g., NNDR). Then, random
sample consensus (RANSAC) is used to remove incorrectly matched features assuming
affine transformation between the reference and compressed images. This case is shown in
Figure[2.6] The number of matches after RANSAC can be used as the performance evaluation

criterion.

Compressed image Reference image

RANSAC-based homography estimation and outlier rejection

Figure 2.6: The criterion for matches between a reference image and a compressed image.

To summarize, the repeatability score, number of correspondences, matching score, and
number of matches are typically used as the pairwise feature-matching performance evaluation

criteria. Note that in this thesis, the number of matches refers to the number of preserved
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features. A few variants are used, and the corresponding settings of each experiment will be

explained in detail.

2.4.2 System-level evaluation

System-level evaluation is performed using a real system, e.g., object detection, text recogni-
tion, image retrieval, or video surveillance systems. Each application has its own evaluation
framework and specific criterion. In this thesis, the CBIR engine used in MVS is explained
as an example.

Many test image datasets such as the Oxford Buildings dataset [PCIT07|, the Holiday
dataset [JDS10], ImageCLEF [Ima)] are available for image retrieval evaluation. In this the-
sis, we mainly use the Oxford Buildings dataset, which is widely used for evaluation in the
literature. It consists of 5062 database images and a query set of 55 images obtained from 11
distinct locations in the city (5 query images for each location). Each query image is associ-
ated with several label files that identify the images in the database that are relevant to the
query image.

Typically, each image provides hundreds or thousands of features. Therefore, frame-level
matching in a CBIR engine for a large-scale dataset is infeasible. In the literature, many
schemes address the issue of image retrieval on a large scale. These schemes typically produce
a vector of each image using its local descriptors. Notably, three image representation schemes
are widely used: bag-of-features (BoF) / bag-of-words [SZ03|, Fisher vector (FV) [PSM10],
and vector of locally aggregated descriptors (VLAD) [JDSP10]. The BoF scheme quantizes
the feature descriptor space into so-called visual words (VWs) by k-means clustering. Each
descriptor is assigned to its closest centroid (namely VW). The BoF vector of an image is
then formed by accumulating the VWs of all descriptors in this image. The histogram is
then normalized, and it forms a k-dimensional vector. The similarity of a pair of images can
be compared using L; or Lo distance of two BoF vectors. The FV scheme uses Gaussian
mixture models (GMMs) to model the descriptor distribution instead of the VWs. The local
descriptors of a training dataset are clustered to generate GMMs, which approximate the
descriptor distribution in the descriptor space. A GMM is represented by a set of parameters
such as mixture weight, mean value, and covariance matrix. Then, both first- and second-
order differences between the GMMs and local descriptors are calculated and concatenated to
form a vector. Then, this vector is power and L2 normalized [PSMI0] to finally generate an
FV representation of an image. The VLAD scheme can be treated as a simplified version of
the F'V scheme. First, instead of the GMMs used in FV, VLAD uses k-means to generate the
VWs. Second, VLAD uses only the first-order difference to produce an FV vector. The details
of each scheme can be referred to in previously mentioned studies. Instead of quantizing or

modeling descriptors as used in the aforementioned schemes, some researchers continue to
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use original descriptors directly in image-retrieval engines for small-scale datasets because the
precision of the retrieval system can be improved using the descriptors directly. For example,
Jégou et al. [JDSTI] exploited descriptor distances for a precise image search application.
They first exploited the information generated by distances from top k-nearest neighbors
(k-NN). They compared the distances of k-1 first neighbors with that of the k-th nearest
neighbor and proposed a query-adaptive criterion to improve voting quality. Second, they
exploited distances associated with reciprocal nearest neighbors. The algorithm checked a
pair of descriptors to determine whether they are in each other’s k-NN list. These two ideas
refine the similarity measure among descriptors, thus improving retrieval performance. This
is called the descriptor-distance-based scheme in this thesis.

Regarding the performance evaluation metrics, precision and recall are typically used in
the CBIR community. Precision is the ratio of the number of relevant images retrieved to the
number of retrieved images. Recall is the ratio of the number of relevant images retrieved
to the number of total relevant images in the database [MRS0§|. These two metrics can be

explained as follows.

# {relevant images retrieved}

(2.19)

Tectston =
P retrieved images
g

# {relevant images retrieved}

recall = (2.20)

#{relevant images}
The CBIR engine typically returns a list of ranked images. However, the number of retrieved
images can be selected differently. By tuning the number of retrieved images, precision can
be plotted as a function of recall (i.e., precision-recall curve). A typical way to evaluate
performance is to look at how precision and recall change as the number of retrieved images
changes. In an ideal retrieval system, the precision is 1 for all recall values. Rather than
comparing curves of different retrieval results, sometimes, it is helpful to use a single number
to measure performance. In the image-retrieval community, the average precision (AP) score
is used when considering the two metrics. It is calculated as the area under the precision-recall
curve for a query image [PCIT07]. Averaging the AP scores of all query images, the mean
average precision (mAP) score as an overall metric of the retrieval system is obtained. Note
that the number of retrieved images can be set to a fixed number (e.g., 100) or as a certain
percentage of the overall database (e.g., 5%).

As mentioned previously, features and the CBIR engine are not in the scope of our research.
We only need a retrieval system to validate our proposed feature-preserving approaches.
Hence, we mainly use the Oxford Buildings dataset, BoF-based retrieval engine [PCIT07],
descriptor-distance-based retrieval engine [JDS11], and the mAP score to evaluate the perfor-

mance of feature-preserving image and video compression in our experiments.



Chapter 3

Effects of low-bitrate compression on

image features

Our goal is to preserve the most important features when compressing images or videos at
relatively low bitrates in a standard-compatible manner. In this chapter, first, the impact on
feature quality is studied using different image compression standards. Then, based on the
observations in our experiments, the sensitivity of features at different scales is discussed, and
the sensitivity of keypoints and descriptors is also presented. In addition, a theoretical analysis
is performed to study the sensitivity of detectors to image frequencies. The observations made

in this chapter motivate our proposed approaches in Chapters and [0

3.1 Impact of compression on feature quality

Features from images encoded with JPEG, H.264/AVC Intra, and H.265/HEVC Intra are
extracted and then matched to features extracted from a set of uncompressed reference images.
The number of matches as a function of the bitrate of the compressed images is plotted, and
the results achieved with the different standards are compared. The results show that feature
quality is significantly affected by compression artifacts at low bitrates.

The Stanford MAR dataset [MTC™13| is used in this study. As introduced before, this
dataset comprises 23 videos and 23 corresponding reference images. Each consists of 100
frames, recorded with a resolution of 640 x 480 at 30 fps. Similar to [MTC™T13], we use eight
video sequences (OpenCV, Wang Book, Barry White, Janet Jackson, Monsters Inc, Titanic,
Glade, and Polish) for pairwise feature-matching evaluation. SIFT features are extracted
using the VLFeat [VLE] implementation. Similar to [MTCT13]|, the top 200 features of each
frame are selected according to the CDVS Test Model. For evaluating the matched descriptors,

23
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the NNDR strategy and the number of matches between a compressed image and a reference
image as described in Section [2.4.1] are used.

Images from the eight test video sequences are encoded using JPEG with quality values
of 4, 8, 12, and 16 (MATLAB, grayscale); JM reference software (version 18.4) [HHIb] with
QP values of 38, 42, 46, and 50; and HEVC Test Model (version 16.0) [HHIa] with QP values
of 38, 42, 46, and 50. Then, SIFT features are extracted from the compressed images and
compared with the SIFT features extracted from the corresponding reference images. The
number of matched features after applying RANSAC and the bitrates of the encoded images

are averaged for all test images.

3.1.1 Feature quality comparison for different compression standards

The solid red, green, and blue curves in Figure [3.1] show the feature-matching performance
(see the number of matches described in Section for JPEG-, H.264/AVC Intra-, and
H.265/HEVC Intra-encoded images. Owing to the superior rate-distortion (R-D) quality
of H.265/HEVC, the H.265/HEVC Intra-encoded images lead to considerably better perfor-
mance than the images encoded with JPEG and H.264/AVC Intra in terms of the number of
matches at a given bitrate. Moreover, there is strong dependency on the available bitrate for
a given compression standard. The greater the number of bits, the higher is the number of
matches the pairwise matching yields. Here, we find that the feature quality is significantly
affected by compression at low bitrates. Therefore, in Section several detector-descriptor
combinations are used to investigate the feature that is the most robust in the presence of
compression. In addition, several filtering approaches are applied to improve the retrieval

performance.
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Figure 3.1: SIFT feature matching performance for different compression standards.
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3.2 Sensitivity of features at different scales

This section presents the sensitivity of features detected at different scales in the presence of
compression. To better distribute the bit budget for images, we need to investigate feature
properties to design a better way than traditional image compression targeted for humans.
Each SIFT feature has a scale, and the features of different scales can overlap, i.e., one image
block can be relevant for several features. This is shown in Figure 3.2] Hence, simple block-
by-block bit allocation will not be optimal. Therefore, one main challenge we address is
allocating the bit budget such that as many important features as possible are preserved after

compression.

LIS

‘l\!]

Figure 3.2: SIFT features on sample image.

In this experiment, test images from the Oxford Affine Covariant Features dataset are
used. For these images, we aim to preserve the 200 strongest features. The strongest fea-
tures are those that lead to the largest detector response during detection. The images are
compressed using the JPEG codec from [Gro]. Here, we observe the sensitivity of features
at different scales in the presence of compression. To evaluate the features in different oc-
taves, the matching score (see Equation ) calculated between the uncompressed and
compressed image pairs is used as the criterion. An observation about feature scales and the
matching score is performed. The curves in Figure show the matching scores separately
for the SIFT feature in each octave for images compressed with JPEG quality level 50. Note
that in SIFT feature detection, the input image can be linearly interpolated to form a larger
image, which is used to build the DoG images in the “-1”-th octave [Low(04]. This process
increases the number of stable keypoints, but is optional. In this experiment, the keypoints in
the “-17-th octave are included, as shown in Figure The seven different curves are from
the first images of the graf, bikes, cars, bark, trees, ubc, and wall sets, respectively. Only a
few octaves contain SIFT features. From the curves, we conclude that the lower the octave,

the more vulnerable are the features. That is because features in lower octaves have smaller
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scales, and they are easily influenced by JPEG compression. In comparison, large-scale fea-
tures are more robust to compression artifacts. Large-scale features contain greater amounts
of information, and thus they have higher discriminative power [MTST05]. To preserve the
strongest features across all scales, we should allocate a higher bit budget to the error-prone
small-scale features. In Chapter [5| similar experiments for videos are presented showing that
this property also applies in the presence of video compression as well. Therefore, in Sec-
tion and Chapter [bl we present different approaches to feature-preserving image and video

encoding using this property.
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Figure 3.3: Matching scores in each octave

3.3 Sensitivity of keypoints and descriptors

In this section, the sensitivity of keypoints and descriptors under compression is investigated.
The dataset, criterion, and experimental settings are the same as those in Section As
described in Section [2.1} given an input image I, the detected keypoints are expressed as k;
(Equation (2.15))), and the descriptors obtained using the keypoints detected in image I are
expressed as d; (Equation ) Similarly, the descriptors extracted from the compressed

image I can be expressed as follows:

d; = (k| 1) (3.1)
where k; represents the keypoints detected in I. A simple experiment is performed to show
that keypoint detection is easily affected by compression artifacts, and that in contrast, the
descriptor is more robust. To demonstrate this, the descriptors of the compressed images were
calculated using the keypoints extracted from the original (uncompressed) images. This can

be expressed as follows:

d; = W (kT) (3.2)
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This means that features d; have the same keypoints k; as in the uncompressed case.
This allows us to ignore inaccurate keypoint detection from the compressed image and ex-
clusively evaluate robustness of the descriptor in the presence of compression artifacts. In
this experiment, this idea is applied to the images encoded with H.265/HEVC Intra. Note
that this idea can be applied to other image encoding schemes or standards as well. As the
original keypoints k; are idealistic and cannot be obtained from the compressed image I, the
matching result obtained using H.265/HEVC Intra and the original keypoints is shown as a
dashed line (upper bound) in Figure The results indicate that if the original keypoints
are preserved, the descriptor vectors can be matched well despite strong compression. This
observation motivates us to explicitly encode keypoints and send them as side information
along with the compressed image. A similar observation for videos and the proposed keypoint

encoding approaches in detail are presented in Chapter [6]
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Figure 3.4: SIFT feature-matching performance for different standards. The dashed line
denotes the result obtained for descriptors calculated on the H.265/HEVC Intra-encoded
images using the original keypoints from uncompressed images.

3.4 Sensitivity of detectors to image frequencies

As presented in Section the feature detection process is more sensitive at low bitrates.
Therefore, in this section, we theoretically investigate the sensitivity of various detectors to
image frequencies. Mikolajezyk et al. [MTST05] compared several popular detectors and
showed that no detector was superior to all the other detectors under all image conditions.
The experiments revealed that the Hessian-Affine, Harris-Affine, and MSER detectors seem to
be the top three for most types of image changes. In the case where only JPEG compression
artifacts are considered, the Hessian-Laplacian and Harris-Laplacian [MS01], [Lin98] detectors
instead of the Hessian-Affine and Harris-Affine is examined. In addition, two widely used

detectors, DoG (SIFT detector) and SURF, are compared. The watershed segmentation-
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based MSER detector, which does not perform scale-space construction, is included in the

discussion as well.

3.4.1 Scale-space derivatives of different detectors

As shown in Section usually, scale-space-based detectors proceed as follows: 1) com-
putation of multi-scale images, 2) local extrema detection, 3) location and scale refinement,
and 4) weak keypoint removal. First, the operators used for scale selection of scale-space-
based detectors are compared. Inspired by biological vision, the scale-space theory has
been studied extensively by the computer vision community in the context of feature de-
tection [You&7, [Lin98, [Lin09, Lin12]. The scale-space representation is a family of smoothed
images at different scales. As introduced in Section given an image signal I, its
scale-space representation L (Equation (2.2))) is computed by convolving the image I with the
Gaussian kernel G(z,y;0) (Equation (2.1)).

The standard deviation ¢ is varied to obtain multi-scale images. Based on the concept
of Gaussian-smoothed scale-space representation, different detectors use different convolution
kernels. The operation is performed by convolving image signal I with Gaussian derivatives to
detect corners, edges, and blobs. The generated multi-scale image family is called scale-space
derivatives [Lin09]. Then, various types of linear or nonlinear combinations of scale-space
derivatives are used to detect keypoints. The different detectors considered in this section
perform this as follows.

Laplacian of Gaussian (Hessian-Laplacian and Harris-Laplacian)

V2 L = 0% (Lyy + Lyy) (3.3)

norm

Approximate determinant of Hessian (SURF)

dEt(Happrox) = L:mcLyy — (0.9 . L:ch)2

(3.4)
X LoaLyy — (Lay)?
Difference-of-Gaussian (DoG)
DoG = L(z,y; ko) — L(z,y; 0)
= (G(z,y;k0) = G(z,y;0)) * I(x,y) (3.5)
~ (k=) Vpm L
where G e,y )
Loo = =0 x I(a,y) (3.6)
Ly = W « Iz, ) (3.7)
Loy = ZEEL0) 1 39

0xdy
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and If/:x, fy/y, If/;/y are box-filtered approximations thereof [BTGO06]. In brief, the scale-space

derivatives can be represented by the common formula [Lin09]:

on‘yﬁ(xvy;a) = (azayﬁG(x7y;G)) «1(z,y) (3.9)

where o and 8 vary from 0 to 2, i.e., =2 and =0 for L,,; a=1 and =1 for L,,. Equivalently,
owing to the associative property, the scale-space derivative can also be computed by directly

differentiating the scale-space representation L.

Lyoys(2,Y;0) = Opays (G(x,y;0) * f(z,y))

= Opoys L(x,y;0)

(3.10)

In contrast to these scale-space-based interest point detectors, MSER detects keypoints
without any smoothing process. It finds stable and connected intensity regions using a water-
shed segmentation algorithm. During this process, fine and large structures of various sizes

are detected automatically without the generation of multi-scale images.

3.4.2 Low-pass Gaussian filter

As shown in the above formulae, with the exception of MSER, the detectors use different
combinations of scale-space derivatives. For one specific scale, the image can be convolved with
a band-pass filter, e.g., the Laplacian of Gaussian. During detection, however, multiple scales
need to be calculated. Regardless of the combination of scale-space derivatives used by the
detectors, all detectors first smooth the images using a low-pass Gaussian filter, according to
Equation . When o increases, the cut-off frequency of the filter shifts to a low frequency
in the frequency domain. The cut-off frequency is defined by the standard deviation og of
the initial scale layer. Frequencies higher than the cut-off frequency are useless for feature
detection.

According to this observation, a novel quantization table for the widely used JPEG com-
pression standard is designed to improve feature detection performance, as described in Sec-
tion 4.3 The results justify that high frequencies of an image are less important for scale-

space-based detectors.

3.5 Summary

In this chapter, three key observations obtained by appropriately designed experiments and a
theoretical analysis are presented. The first observation is that feature quality is significantly
affected by compression artifacts at low bitrates. The H.265/HEVC Intra-encoded images
show much better performance than the H.264/AVC Intra- and JPEG-encoded images. Then,

the sensitivity of features detected at different scales is tested, and the experimental results
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lead to the second observation that large-scale features are more robust than small-scale
features. In addition, a further experiment shows that if the original keypoints were given
by an oracle, the corresponding extracted descriptors are much more robust. This leads
to the third observation that the detection process is more essential in feature extraction.
Finally, several detectors are analyzed theoretically. It is found that for the scale-space-based
detectors, high image frequencies are less important because they are filtered by the Gaussian
kernel in the first step of detection. Based on these observations, different approaches for

feature-preserving image and video compression are presented in the following chapters.



Chapter 4

Feature-preserving image compression

This chapter presents the contributions to feature-preserving image compression. We con-
sider the scenario that a mobile device captures a still image, and encodes and transmits it
to a server. The JPEG standard is widely used and continues to dominate the consumer
electronics world and the World Wide Web, owing to its good compression ratio and compu-
tational simplicity. Thus, it is used as an example compression standard. Note that a few
of the proposed ideas can also be applied to other image compression standards. Section
details the results of a study, which investigates the impact of JPEG compression on the
performance of an image retrieval system for different feature detector-descriptor combina-
tions. The results show that among all tested detectors, the Hessian-Affine detector is the
most robust performer in the presence of strong JPEG compression. Additionally, to improve
the retrieval performance, the JPEG-encoded query images are post-processed using different
deblocking filters. The retrieval gains of the different detector-descriptor pairs are compared.
The results show that for some features, the retrieval performance benefits from two of the
deblocking approaches at low bitrates. Section presents our work on image encoding in
the mobile device. Because the information sink is not a person but a computer algorithm,
the image encoder in the mobile device should control the encoding process such that the
important and relevant features of the image are preserved after compression. Since large-
scale and small-scale features have different sensitivities to compression artifacts as observed
in Section the image macroblocks (MBs) are categorized into several groups based on the
feature scales. Then, a novel rate-distortion model based on the SIFT feature-matching score
is proposed. The dependency between the quantization table in the JPEG file and the com-
mon Lagrange multiplier is obtained from a training image database. Thereafter, for a given
image quality, this relationship to perform R-D optimization for each group is exploited. The
results show that the proposed algorithm achieves better feature preservation when compared

to standard JPEG encoding. In Section [4.3] according to the previous theoretical analysis
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of scale-space-based detectors, a novel quantization table based on the impact of scale-space
processing on the discrete cosine transform (DCT) basis functions is proposed. The proposed
table employs large quantizers for high frequencies, and the experimental results show that the
novel quantization table outperforms the JPEG default quantization table in terms of feature
repeatability, number of correspondences, matching score, and number of correct matches.
Figure shows a typical mobile visual search architecture as well as the relevant sections in

the diagrams.
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Figure 4.1: Architecture of image encoding and transmission for mobile visual search.

4.1 Image post-processing

In this section, we describe the effects of low-bitrate JPEG compression on the performance of
an image retrieval system. For several features proposed in the literature, the impact of JPEG
compression on feature-matching performance has already been evaluated |[MS05) [LCS11)
FWHI12, WFW11]. The evaluations were based on the criteria and the dataset provided by
Mikolajezyk et al. [MTST05|, focusing on the repeatability or the matching score between

uncompressed and compressed image pairs.

The extent of influence of the compression artifacts on the performance of a real image
retrieval system is addressed for the first time in this work. This study differentiates itself
from other works by involving many currently available detectors and descriptors, as opposed
to limiting the study to a few of the most established features. Moreover, we opt for a
system-level comparison, thus making sure to study the impact of image compression on the
overall performance of a retrieval system. In addition, possible improvements in retrieval are
investigated by applying different deblocking filters to JPEG-encoded query images. Another
important feature of this study is its easy reproducibility because a publicly available bench-
marking framework is used, namely, the VLBenchmarks [LGV12]. This retrieval benchmark

closely follows the work on the descriptor-distance-based retrieval scheme [JDS11] introduced

in Section 2.4.21
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4.1.1 Detector and descriptor combinations

The detectors mentioned in Section [2.1.1] namely, Hessian-Affine, Harris-Affine, MSER, DoG,
SURF, STAR, BRISK, MFD, WaSH, and KAZE, are included in this evaluation. As descrip-
tors, SIFT, PCA-SIFT, shape context, GLOH, SURF, MROGH, and LIOP are used. The
VLBenchmarks deals with real-valued descriptors. Hence, binary descriptors (e.g., BRISK)

are not included in our experiments.

4.1.1.1 Experimental settings

In the following experiments, the Oxford Buildings dataset is used. It should be noted that the
images are already compressed with JPEG, although at high quality. The features evaluated
in our work are extracted from the Y component, so all images are first transformed to the
YCbCr domain. In our experiments, these gray scale (Y component) images are referred
to as original images. The number of nearest neighbors for each query descriptor during
retrieval is set to 100, meaning that the nearest 100 descriptors for a given query descriptor
are returned. The parameters OkImagesNum, JunkImagesNum, and BadlmagesNum are set
to inf; thus, all images in the Oxford Buildings dataset are included in our experiments. In
VLBenchmarks, queryNum is set to 8 by default to obtain the precision-recall curve. The
benchmark determines the mAP score, which is obtained by averaging the mean precision

under the precision-recall curve over all query images.

4.1.1.2 Implementation and parameters for the features

Typically, there exist several implementations of detectors and descriptors. We find that
the original implementations by the authors typically perform better than 3rd party imple-
mentations, and hence use the original implementations whenever available. In addition, the
number of features influences the retrieval performance. In general, the greater number of
features detected, the better are the results produced by the retrieval system. In our experi-
ments, feature-extraction speed is not considered. The parameters of each detector are tuned
to generate approximately 500 features per image for the 55 query images. Table lists
the noteworthy parameters for each detector and the corresponding source of implementation
used in our work. Note that the DoG parameters of the authors’ implementation can not be
tuned; thus, we use VIFeatSift in our experiments.

The executables of SIFT, PCA-SIFT, shape context, and GLOH descriptors are provided
by [IMTS™05]. The MROGH and LIOP descriptor calculations are done using the executables
provided by the authors. These implementations use a descriptor region that is three times
larger than the detector region. The enlarged elliptical descriptor region is mapped into a
circular region to obtain affine-invariance. The patch is then scaled into a patch measuring

41 pixels in length, and the feature descriptor is calculated. Therefore, these descriptors are
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Table 4.1: Selected parameters of the studied detectors.

’ Detectors \ Parameters Values \ Source
Hessian-Affine threshold 640
Harris-Affine threshold 2200 Authors [MTS¥05)
MSER e !
mm 8
DoG PeakThresh 46 VI Benchmarks [LGV12)]
firstoctave 0
SURF threshold 56000 Authors [BTGO6]
STAR responseThreshold 26 OpenCV 2.4.3 [Ope]
BRISK threshold 76 Authors [BTGO6]
MFD ft 2 Authors [AR11]
WaSH t 0 Authors [VRA12]
Kaze dthreshold 0.00175 Authors [ABD12]

comparable. In summary, in this experiment we evaluate 10 different feature detectors and
combine them with 6 different descriptors, leading to a total of 10 x 6 detector-descriptor
combinations to be evaluated. In addition, the SIFT ( ViFeatSift), SURF (original implemen-
tation), and Kaze (original implementation) features, which detect keypoints and produce

feature vectors at the same time, are compared.

4.1.1.3 Results of different detector-descriptor combinations

The mAP scores of the original query images are summarized in Table The left part in
the table shows the names of the detectors (column 1), the average numbers of features of the
database images (column 2), and the average numbers of features of the query images (column
3). Although the parameters of the detectors are tuned to produce approximately 500 features
for each of the 55 query images, the number of descriptors in the database images varies
significantly. It should be noted that the WaSH detector can not detect a large number of
features, even when the parameter t is set to 0. From Hessian-Affine to WaSH in the upper half
of the table, the detectors are affine-invariant, and from DoG to Kaze in the lower half, they
extract circular regions as keypoints. The columns “SIFT - LIOP” present the mAP scores
of each detector-descriptor combination. For the affine-invariant features, the descriptors
obtained affine invariance by mapping the regions into circular ones. Generally speaking, the
affine-invariant detectors perform better than their non-affine-invariant counterparts. Among
them, MSER performs the best, followed by MFD in our experiments. The authors of the
MFD, WaSH, and Kaze detectors showed that their detectors outperformed DoG, SURF,
Hessian-Affine, and STAR. However, the results obtained with our dataset suggest that MSER
is the best performer. There are several reasons for the different results obtained in our
experiments. First, we find that different implementations of one specific detector produce

remarkably different results, e.g., ViFeatMser in VLBenchmarks performs significantly worse
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than the author’s implementation we use here. This phenomenon is also true when using the
OpenCV implementations of SIFT and SURF. This is one important reason for the different
rankings of the detectors in our results. Second, the parameters used in our experiments are
different than those used in other works. In addition, the image retrieval framework and its

setup are different.

As for the descriptors, in [FWHI12, [WFWT11] and the evaluation work of [MM12], MROGH
and LIOP were the best performers. However, those evaluation studies were based on the
dataset of Mikolajczyk [MTST05]. Compared to this dataset, the Oxford Buildings dataset
used here contains more realistic image changes such as lighting change, perspective change,
scale change, and camera photographic change. Under such severe conditions, the detected
locations, scales, orientations of keypoints, and pixel intensities vary to a large extent. Thus,
the segmentation techniques in MROGH and LIOP are affected strongly, leading to poor
performance. Surprisingly, the classic SIFT descriptor stands the test of time and is superior
to all other descriptors. A comparison of the SIFT, SURF, and Kaze features is summarized
in Table SIFT* means the descriptors, too, are extracted using ViFeatSift. Compared to
the SIFT descriptor extraction of [MS05] in Table its performance increases from 0.556
to 0.592 because the radius of the region used for computing the descriptor is six times larger
than the detected scale, as opposed to three times in [MS05]. The Kaze feature does not show

superior results in our experiments.

Table 4.2: mAP scores (%) of original query images using various detector-descriptor combi-
nations

’ Detectors \ avg. #db \ avg. #qry H SIFT \ PCA-SIFT \ GLOH \ Sha.-con. \ MROGH \ LIOP \

Hess.-Aff. 926.7 496.1 61.6 53.8 99.8 56.1 48.2 46.4
Harr.-Aff. 952.6 495.5 56.6 48.7 56.4 51.8 474 46.1
MSER 775.7 461.9 69.4 57.5 66.1 64.5 50.7 51.5
MFD 1002.2 486.6 63.9 44.1 58.0 59.3 41.6 43.6
WaSH 454.5 216.4 53.0 39.5 46.3 48.1 31.5 37.1
DoG 872.9 500.2 55.6 49.0 52.9 47.1 53.9 40.8
SURF 851.2 507.6 60.6 53.4 59.0 54.0 53.1 46.1
STAR 783.1 513.7 56.6 49.6 54.8 50.2 51.6 42.4
BRISK 1006.4 506.7 52.8 41.2 49.9 48.1 41.2 36.2
Kaze 915.6 509.8 53.4 46.8 52.3 47.1 49.3 39.3

Table 4.3: mAP scores (%) of original query images using SIFT, SURF, and Kaze features

] Detectors \ avg. #db \ avg. #qry H SIFT* \ SURF \ Kaze ‘

DoG 872.9 500.2 59.2
SURF 851.2 507.6 57.6
Kaze 915.6 509.8 52.7
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4.1.2 Strongest feature under compression

To examine the effects of JPEG compression on the retrieval results, we use the software
from [Gro] to compress the 55 query images with quality values of 4, 8, 12, 16, and 20. The
mAP scores of each detector-descriptor combination is computed by averaging the results of

the 55 JPEG-encoded query images encoded at the same quality level.

First, we are interested in the robustness against strong JPEG compression. We focus on
the SIFT descriptor because it yields the best image-retrieval performance for the original
query images. In addition, we consider shape context and MROGH for comparison. From
Table it can be seen that the Hessian-Affine detector is quite robust. The mAP score of
the Hessian-Affine detector drops from 0.616 to 0.547, which is the highest when compared to
the other detectors for quality value 4. By contrast, the mAP score of the MSER, detector is
only 0.413, indicating that it is strongly affected by the compression artifacts. This is because
blocking artifacts generate many unwanted keypoints during the execution of the watershed
segmentation algorithm for images with strong JPEG encoding. For quality values 12 and

higher, the MSER detector shows its superior performance again.

Table 4.4: mAP scores (%) of query images compressed at different qualities

[ Detectors [[ SIFT | SC [ MROGH [| SIFT | SC | MROGH [[ SIFT | SC [ MROGH |

Quality 4 Quality 8 Quality 12
Hess.-Aff. || 54.7 | 48.3 40.1 60.3 54.2 46.3 61.2 | 55.8 46.9
Harr.-Aff. 48.9 | 43.3 38.2 54.7 | 494 43.7 55.9 | 50.4 45.5
MSER 41.3 | 34.2 25.6 57.6 | 49.9 39.2 63.3 | 55.8 44.1
MFD 47.0 | 42.3 28.0 56.7 | 52.0 34.3 59.3 | 54.7 37.5
WaSH 45.2 | 40.9 25.4 50.8 | 45.8 29.5 50.0 | 45.6 30.2
DoG 29.7 | 23.9 33.3 40.6 | 34.7 45.9 47.1 | 39.7 50.0
SURF 474 | 41.8 40.3 56.4 | 49.6 50.0 57.7 | 51.6 51.1
STAR 38.9 | 32.0 36.3 48.2 | 41.7 45.2 51.9 | 43.1 48.5
BRISK 41.5 | 37.9 29.4 46.5 | 42.1 37.0 49.4 | 45.0 39.2
Kaze 377 | 32.7 36.3 474 | 419 46.2 50.8 | 44.7 48.4
Quality 16 Quality 20
Hess.-Aff. 60.9 | 554 47.3 61.3 | 55.8 47.7
Harr.-Aff. 55.5 | 50.3 45.8 56.9 | 52.0 46.3
MSER 65.5 | 58.8 46.1 67.6 | 61.4 47.7
MFD 61.0 | 57.0 38.9 61.2 | 57.6 39.3
WaSH 52.4 | 48.1 31.0 52.5 | 48.6 314
DoG 49.1 | 41.0 51.4 49.8 | 42.2 51.4
SURF 59.6 | 52.3 52.9 59.7 | 53.2 52.3
STAR 53.1 | 46.3 50.2 54.1 | 46.9 50.8
BRISK 50.2 | 45.8 39.7 51.0 | 46.6 40.2
Kaze 52.0 | 45.0 48.4 52.3 | 45.2 49.3
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4.1.3 Applying deblocking filters

The post-processing approaches for removing blocking artifacts can be divided into three broad
categories: spatial domain, DCT frequency domain, and hybrid filtering methods. Pham et
al. [PvV05] proposed a hybrid filtering method, which involves a soft blend of edge preservation
and low-pass filtering of JPEG-encoded images. In our experiment, this deblocking filter is
called DIP approach. Foi et al. [FKEQ7] proposed a pointwise shape-adaptive DCT (SA-DCT
approach) for filtering blocking artifacts, which is also used in our experiments. Nosratinia et
al. [NosO1] averaged shifted versions of already compressed images to reduce coding artifacts,
which is named as REAPP approach. The default settings of all these deblocking filters
are used in our experiments. Figure shows an example of the zoomed-in query image
all_souls_000013. These deblocking approaches target the improvement of visual quality, but
it has not been studied whether they have a positive impact on the performance of a feature-

based image retrieval system.

Figure 4.2: From left to right: Original image, JPEG-encoded image with quality value 12
(PSNR = 28.4 dB), DIP-deblocked image (PSNR = 27.8 dB), SA-DCT-deblocked image
(PSNR = 29.2 dB), and REAPP-deblocked image (PSNR = 28.9 dB).

Thus, subsequently, the three different deblocking approaches are applied to the 55 query
images, and the corresponding mAP score is determined. First, PSNR and SSIM are calcu-
lated to examine whether the deblocking approaches work and which one performs the best
in terms of image quality. Figure shows that the SA-DCT approach performs the best,
followed by the REAPP approach for all quality values in terms of both PSNR and SSIM.
The DIP approach performs worse than JPEG at high bitrates in terms of PSNR, but for all
quality values, it is better in terms of SSIM.

The effects of the three deblocking approaches are compared. In Table the white,
green, and yellow backgrounds represent for the three deblocking approaches the same, in-
creased, and decreased mAP scores compared to the normal JPEG-encoded images in Ta-
ble respectively. For MSER, REAPP increases the performance at quality values of 4,
8, 12, and 16, with mAP gain increasing with the increasing of the compression rate. The
performance of the MFD and WaSH detectors is also improved by the deblocking approaches
SA-DCT and REAPP at the lower quality values 4 and 8. However, the deblocking approach
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Figure 4.3: Comparison of PSNR and SSIM for different deblocking filters

DIP degrades the performance in most cases. For the other detectors, the performance de-
creases after deblocking. The results for quality value 20 are already close to the results of
the original query images. Thus, the mAP scores of normal JPEG images, DIP-, SA-DCT-
and REAPP-deblocked images show no big differences. In addition, the shape context and
MROGH descriptors are compared beside the SIFT descriptor. For the low quality values,
both SA-DCT and REAPP have a positive impact on the MROGH descriptor in most cases.
This can be explained by the fact that SA-DCT and REAPP remove many strange pixels
caused by compression artifacts in patches, as can be seen in Figure Thereafter, the sub-
sequent pixel intensity-based processes of sorting and segmentation in the MROGH algorithm
are more accurate. The SA-DCT and REAPP approaches positively influence the MSER,
MFD, and WaSH detectors for low-bitrate query images as well.
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Table 4.5: mAP scores (%) of query images after deblocking (the white, green, and yellow
backgrounds represent the same, increased, and decreased mAP scores compared to the normal
JPEG-encoded images in Table |4.4)

Detectors SIFT Shape context MROGH
Quality 4 [ DIP [ SA-DCT | REAPP || DIP | SA-DCT [ REAPP || DIP

Hess-Aff. || 504 53.4 540 | 444 | 469 48.1 38.9

Harr.-Aff. || 43.7

MSER || 39.3

MFD 46.5

WaSH || 45.1

DoG 29.5

SURF 45.3

STAR 34.6 . 28.9

BRISK 36.7 31.8 33.9 33.9

Kaze 365 | 36.6 370 | 327 | 321 31.7

Quality 8 [[ DIP | SA-DCT | REAPP [[ DIP | SA-DCT [ REAPP || DIP | SA-DCT [ REAPP
Hess-Aff. || 58.5 59.2 59.5 52.7 | 527 534 || 448 | 463 45.9
Harr.-Aff. || 52.6 48.0 48.4

MSER

MFD 52.0

WaSH 458

DoG . 332 34.0

SURF 54.3 544 563 || 474 | 480 485 || 49.0

STAR 453 | 46.2 457 [[376 | 393 389 [ 451

BRISK || 455 | 444 45.1 413 | 40.2 409 ] 362

Kaze 462 | 464 [EESEN 409 | 397 | 419 45.8
Quality 12 [[ DIP | SA-DCT | REAPP [[ DIP | SA-DCT [ REAPP || DIP | SA-DCT [ REAPP
Hess -Aff. 60.5 61.2 552 | 54.8 556 || 462 | 46.9 46.5
Harr.-Aff. || 55.6 | 55.3 496 | 50.1

MSER || 63.0 | 6238 554 | 554

MFD 53.5

WaSH

DoG 381 [ 381 38.3

SURF 56.6 | 56.8 576 || 498 | 502 51.1 50.2

STAR 503 | 496 498 [[ 424 | 425 422 || 484

BRISK || 492 | 487 49.1 H 43.0 438 | 391

Kaze 50.1 [ 494 503 || 432 | 433 440 || 473 | 482 475
Quality 16 [[ DIP | SA-DCT | REAPP [[ DIP | SA-DCT [ REAPP || DIP [ SA-DCT [ REAPP
Hess-Aff. || 60.9 | 60.5 60.5 55.1 | 54.9 54.7 || 471

Harr-Aff. |55  55.3 | 499 | 499 50.1 45.4

MSER 649 | 655 573 [ 58.1 58.6 || 44.6

MFD 594 [ 60.1 60.2 558 | 558 56.0 37.9

WoSH [ 50.7 | 516 520 || 464 | 465 472 | 303

DoG 48.9 46.9 475 ] 401 [ 39.0 39.8 50.6

SURF 586 | 583 59.6 50.8 51.5 5.9 [ 51.7 | 526 52.5
STAR 519 | 507 5L7 || 444 ] 439 447

BRISK | 50.1 | 49.0 48.9 H 442 44.0

Kaze 515 | 509 519 || 446 435 44.7
Quality 20 [[ DIP | SA-DCT | REAPP [[ DIP | SA-DCT [ REAPP || DIP | SA-DCT [ REAPP
Hess-Aff. 61.0 | | 472 | 477 475
Harr.-Aff. || 56.6 56.6 56.6 50.6 | 513 515 || 453 | 462 46.0
MSER || 65.7 | 66.7 66.8 589 [ 60.7 60.9 [ 457 [ 477 47.7
MFD 605 [ 60.1 61.0 565 [ 57.1 57.2

WaSH || 52.2 517 [ 472 | 483 474

DoG 494 | 480 492 || 418 411 417

SURF 588 | 585 59.2 515 [ 517 52.5

STAR 533 | 529 536 || 454 | 459 46.2

BRISK | 50.3 50.4 49.4 45.9 45.0

Kaze 520 | 512 52.2 - 443 447 [ 481 [ 493 49.1
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4.2 Novel R-D optimization of JPEG-encoded image

Although Hessian-Affine + SIFT is the most robust feature under compression, the classic
SIFT feature (DoG detector and SIFT descriptor) is mainly used as an example feature in
the following experiments. In this section, we present the work pertaining to the design
and validation of a rate-distortion optimization strategy for image compression. The human
perception-oriented distortion measure used traditionally is replaced by a distortion measure
that helps us preserve SIFT features. To this end, we modify encoder control; specifically, the
quantization and bit allocation problems are addressed. We use the available bit budget such
that feature detection algorithms applied to uncompressed and compressed images produce
as many identical SIFT features as possible.

The work in this section is motivated by the observation that the sensitivity is different for
features with different scales, as mentioned in Section Under the experimental settings
as in Section the VLFeat software [VLE] is used to extract SIFT features. The images
are compressed using the JPEG codec from [Gro] with variable quantization according to the
JPEG standard extension syntax [IT96]. The test images are from [MTST05], and we aim
to preserve the 200 strongest features from these images. The matching score between the

uncompressed and compressed image pairs is used as the performance metric.

4.2.1 Bit allocation for blocks without relevant features

In the process of feature extraction, the SIF'T descriptor is computed from a 4x4 array of
histograms with 8 orientations. The size of the array in the image is mo, where o is the scale
of the feature and m = 3.0. Hence, the SIFT descriptor is calculated from a square with an
edge length of 120 pixels. We start our evaluation with a simple test: The blocks within 6o
radius of a feature are compressed using normal compression quality, while other parts that
contain no features are compressed at much lower quality. These areas, which are irrelevant
for feature extraction, could even be deleted.

To validate our idea, we compress all relevant MBs at the same quality level (e.g., 50) and
the irrelevant MBs using worst quality. For the sake of compatibility with the JPEG extension
(variable quantization [IT96]), blocks that do not contribute to the strongest features are
compressed using non-linear Q_SCALE and SCALE_CODE = 31. Note that if any other
compression standard is to be used, we could similarly use the strongest compression for the
irrelevant MBs. Figure shows the matching score of traditional JPEG and the simple
bit allocation method described above (from now on referred to as “approach 1”7 in this
section) as a function of the bitrate. The matching scores are not influenced as the bitrates
decrease significantly. For example, the bitrate of the normally compressed image graf is
0.9817 bpp (middle point, quality level 50), and the corresponding matching score is 96.5%. In

comparison, the bitrate of the image compressed using the simple feature-preserving approach
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is 0.7413 bpp, and the corresponding matching score is 96.5%. Of course, this is expected
because SIFT features could even be extracted and matched individually. Therefore, we can
allocate a greater number of bits to areas containing SIFT features, and other blocks use the

worst quality. This represents our first step in bit allocation.
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Figure 4.4: Matching scores as a function of bitrate. Blue: traditional JPEG images; Green:
approach 1 for bit allocation (Upper: test image graf; Lower: test image bark)

4.2.2 Categorization of blocks containing features

Based on the observation on the sensitivity of features at different scales in Section blocks

can be categorized according to feature octaves as follows:

Step 1. Calculate SIFT features in each octave separately.

Step 2. Find the blocks containing features in the first octave; tag these blocks as
group 1.

Step 3. Find the relevant blocks in the next octave. If the blocks have not been tagged
before, tag them as a new group.

Step 4. Repeat step 3 until the last octave level is reached.

In our experiment, for the graf and bark test images, 4 and 5 octaves contain features,
respectively. Consequently, 4 and 5 groups are obtained. The reasons for this categorization
are as follows. First, the matching score cannot be increased by changing the quantizer
of a single block. We have to simultaneously adjust the quantizers of all blocks relevant
to one feature together. Second, small-scale features are more vulnerable to compression,
and they should be treated preferentially. Third, small-scale features require higher quality
after optimization of quantization, and the relevant blocks’ information will be well retained.
The possible overlapping parts with large-scale features would not influence the successive

allocation process for large-scale features.
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4.2.3 Rate-Distortion Optimization

To distribute the bit budget in an even better manner among the blocks that contain SIFT
features or parts thereof, an improved rate-distortion optimization strategy can be applied.
Instead of simple block-by-block bit allocation, group-by-group bit allocation is performed

considering the sensitivity of features at different scales.

4.2.3.1 Rate-Distortion optimization theory [Ort96]

Ortega [Ort96] presented a scheme for optimal bit allocation under multiple rate constraints.
If one aims to encode N input blocks using a given set (Q) of admissible quantizers, for a given
block i, the selection of quantizer j generates a rate r;; while incurring a distortion cost d;;.
Here, the goal is to find a suitable quantizer z(7) for each block i such that the total distortion
is minimized for a given rate constraint Ry,qgct. Here, quantizer allocation is represented as the
vector x € X = QV [Ort96]. Then, the optimal solution to budget-constrained bit allocation

is finding an xj, such that

N
Xy = arg m}in Z i (i) (4.1)
i=1
subject to
N
Z Tix (i) < Rbudget (42)
i=1

This bit allocation problem can be solved using a Lagrangian optimization approach. The

Lagrangian cost function associated with a solution x is defined by
Ji(A, %) = dig(i) + ATiz(i) (4.3)

where A, a non-negative real value, is the Lagrangian multiplier. Given a certain value A, one

can find the solution to the following function:

N
x)" = arg m}in Z Ji(A, x) (4.4)
i=1
where the solution x,* is also the solution to Equation (4.1). The rate constraint Rpyqdger can

then be expressed as follows.

N
Riudger = R*(N) = > Tias (i) (4.5)

i=1
The selection of a quantizer for each block i can be performed independently. As pointed out
by [Ort96], if the selected quantizers correspond to the same rate-distortion trade-off for each
block, the optimal solution for a given budget is obtained. The trade-off is determined by A.
Minimization of Equation corresponds to selection of an operating point that first touches
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the line of absolute slope determined by the value A. This idea is shown in Figure The
author called this optimal solution a “constant slope” solution |Ort96]. Then, the problem of
the budget-constrained bit allocation is running various A values and finding an appropriate
A such that R*(A) meets the budget requirement. In the following experiment, the specific
values of rate constraints are not considered, and we only use several different A values to

show the improvement brought about by the proposed approach.
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Figure 4.5: Example of Lagrangian-based bit allocation. The constant slope \g yields the
optimal rate-distortion performance for the given blocks [Ort96]. (©)1996 IEEE.

4.2.3.2 Novel distortion metric

The JPEG codecs [Gro| provide a selection of image qualities (@) from 1 to 100 which cor-
respond to 100 values used to scale the default quantization table. The final quantization
table in the JPEG file is generated according to the selected scaling factor. The approximate

relationship between the recommended scales (S) and image qualities in [Gro] is as follows:

50 if Q < 50,
2-0.02%Q if Q > 50.

According to the JPEG standard extension [IT96], only one scale S is applied to the default
quantization table to generate the final quantization table used for encoding an image. To
obtain variable quantization, each MB is assigned a SCALE_CODE (SC'), which indicates
the scaling applied to the final quantization table. Note that only the quantizers for AC
coefficients are determined by the SCALE_CODE, and the quantizers for DC coefficients are
taken from the quantization table. Consequently, the two variables can be tuned during
image encoding: the scale S that is determined by Q and the SCALE_CODE for each MB.
This case is similar to traditional video encoding. The video coder is required to adjust several
mutually dependent parameters simultaneously, e.g., the quantization parameter (QP) and
the different modes of each MB. Sullivan et al. [SW98] found an approximate relationship
between the A\y;opg and the QP value. The optimum mode can then be obtained from the
rate-distortion curve of different modes using Ay;opr. Note that the variable to be selected
is the mode of each MB rather than the quantizer of each block shown in Section
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and A\popg is constant across different MBs. This leads to extensive studies on the use of
Lagrangian techniques for controlling hybrid video coders. In our experiment, we use non-
linear Q-SCALE [IT96], where the MB has the same quantizers as the quantization table
if its SCALE_CODE (SC) equals 12. Similar to the case in [SW98]|, a quantization control
strategy is designed as follows.

We assume that the matching score is directly related with the DCT coefficient quantizer
and each group is independent. Next, we propose a novel distortion measure and design an
encoding mode and a quantization control strategy. If the compressed image has the exact
same set of features (i.e., no distortion of features), the matching score should be 1; else, the
score should be smaller. We treat (1 - matching score) as our distortion metric. Blocks with

SIFT features are compressed using the following rate-distortion model.

Dys = 1 — matching score (4.7)
N N

J = Dps+AscR=>_Di+Asc(D>_ Ri) (4.8)
i=1 i=1

where N is the number of groups, D; is the distortion of the i-th group, and R; is the rate of
the i-th group. Since the groups are assumed to be independent, the total distortion is the

sum of the individual distortions J;.

N N
=>Ji Z (D; + AscRi) (4.9)
=1 =1

Equation (4.8)) is optimized simply by minimizing the cost function separately for each group

using a common Lagrange multiplier Agc.

4.2.3.3 Lagrange Multiplier

First, a training database is used to determine the relationship between the common Agc
and the image qualities following the method described in [SW98]. The uncompressed image
database is taken from [SS04], where the first 1200 color images are encoded at all quality
levels. The matching score for each quality and the bitrate are recorded. Note that the
matching score is discrete because it is calculated from the ratio of correct matches to the
number of original features of an image pair. For a fixed Agc value, the Lagrangian cost
function in Equation is minimized to obtain the optimum quality @ of an image. Fig-
ure [4.6] shows the relative frequency of the optimum qualities ) for the Lagrange multiplier
Asc varied over nine values: 2, 1.5, 1, 0.5, 0.3, 0.15, 0.1, 0.05, and 0.01. From the chart, we
can see that for high and low qualities there is a close relationship with Ago. The middle Ag¢o
values span a large range of qualities. In our experiment, by contrast, when we optimize the
image, for a given quality level, the matching score does not change significantly even when

Agc varies considerably within a certain range. In other words, the image qualities seem not



4.2. NOVEL R-D OPTIMIZATION OF JPEG-ENCODED IMAGE 45

very sensitive to Agco within a specific range. Hence, it is sufficient to obtain an approximate

relationship between the quality levels and Agc.
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Figure 4.6: Relative frequency of chosen optimum qualities vs. scales

Next, the JPEG qualities are mapped to real scales (S), which are used to multiply the
standard quantization table. Each tested Agc value corresponds to a unique quantization
scale S having the highest relative frequency. These data points are used to fit a curve. The
fitted curve, shown in Figure [4.7] is an approximation of the relationship between the scale

and the Lagrange multiplier:
Asc ~ 0.012- 5% +0.08- S (4.10)

For small scales, Ag¢c tends to be linear with S; for large scales, Ag¢c tends to be quadratic with
S. A default quantization table is included in the JPEG file according to the input quality
level. Before performing R-D optimization using Equation , we use Equation (4.10) to
calculate the Ago for the given quality level.

Then, SC' is selected from 9 to 15 to confine the bit budget. Hence, individual J; are

minimized as follows:
SCf = argmin J;, SC € {12,12+1,12£2,124 3} (4.11)

The variable quantization is performed by tuning the SCALE_CODE so that the optimum
SC; for each group is obtained, thus minimizing the Lagrangian cost function. R-D optimiza-
tion is first performed for group 1, which contains small-scale features, by adjusting SC] in
Equation . The quantizers of the first group are fixed after finding the optimum SCj.

Then, R-D optimization is repeated for group 2. This continues until the last group.

4.2.4 Experimental results

Figure shows the matching results of the two test images graf and bark. The blue curves

denote the traditional JPEG images; green curves denote images after bit allocation with



46 CHAPTER 4. FEATURE-PRESERVING IMAGE COMPRESSION

< il 161110
121214
141316

0.8}
06| S*

04t

0.2t

0

o 1z 3 4 s 6 7 8 9 10
S(scale for standard table)

Figure 4.7: Lagrange multiplier vs. scale for standard table

approach 1; red curves denote images after R-D optimized bit allocation. Obviously, using
the proposed R-D optimization, better performance is achieved compared to the traditional
JPEG compression. We can also see an improvement compared to approach 1 introduced in
Section Similar improvements are observed for other images from [MTST05]. From the
results, it is found that if the percentage of blocks without relevant features is high, approach
1 achieves most of the gains, while approach 2 leads to slightly incremental improvement
over the results of approach 1. This is because the bitrate decreases substantially when
many MBs employ the worst quality, and only a few MBs need tuning when performing R-D
optimization. By contrast, approach 2 achieves larger gains than approach 1 when most of
the blocks contain features. Hence, the two approaches finally achieve improved SIFT feature

preservation performance compared to traditional JPEG encoding.
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Figure 4.8: Results of our feature-preserving bit allocation for two different test images.
(Upper: test image graf; Lower: test image bark)
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4.3 Novel JPEG quantization table

In the previous section, the macroblocks in images are compressed using variable quantization,
which is supported by the JPEG standard extension syntax [IT96]. The extension syntax
is, however, not widely supported, and the encoding process is computationally expensive.
Therefore, a simpler method is presented below.

JPEG compression is based on a default quantization table. However, it should be noted
that the standard does not mandate a specific quantization table. Thus, alternative tables
can be defined by users. A few works have attempted to design novel quantization tables
targeting different applications. Change et al. [CWIL99] proposed a quantization table based
on the HVS, and the scheme based on this table outperformed baseline JPEG and many other
schemes in terms of rate-distortion performance. An optimized quantization table scheme
for individual images was proposed in [Wat93]. In |[JKAAQ6] and [KS09], the recognition
performances of iris and face recognition systems were improved by compressing images using
novel quantization tables. Makar et al. [MLCG12] proposed encoding canonical patches with a
gradient-preserving quantization matrix, which achieved lower gradient distortion and better
descriptor matching performance. Duan et al. [DLCT12| proposed a novel distortion measure
and employed an evolutionary algorithm to develop a better quantization table for feature
extraction.

In this work, our goal is to design a novel quantization table for improving the feature de-
tection performance of scale-space-based detectors mentioned in Section namely, Hessian-
Laplacian, Harris-Laplacian, SURF, and DoG. The JPEG-encoded images in the proposed
approach are completely standard-compatible, and they can be decoded by any baseline JPEG
decoder. The computational complexity of both the encoder and decoder is the same as the

default JPEG encoding. Additionally, the detection performance is improved.

4.3.1 Evaluation settings

As presented in Section for scale-space-based detectors, e.g., Hessian-Laplacian, Harris-
Laplacian, DoG, and SURF, the high frequencies are less important during detection. Thus,
these detectors are used to perform the experiments. The criteria of repeatability score,
number of correspondences, matching score, and number of matches, as well as the test
dataset provided by the authors in [MTS™05], are used. The open-source software VLBench-
marks [LGV12|] employs this evaluation framework, hence, it is used in our experiments. The
executable of the Hessian-Laplacian and Harris-Laplacian detectors is provided by the authors
of [MTS™05|. Table lists a few noteworthy parameters of each detector and the source of
the implementation used in this work. The parameter PeakThresh 7.65 results in the same
threshold value 0.03 as in the classic paper [Low04], and the parameter FirstOctave is set

to 0, yielding less features in order to be comparable to other features. Other parameters
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are set by default in the corresponding source codes. For calculating the matching score and
the number of correct matches, the descriptors of the detected regions using the Hessian-
Laplacian, Harris-Laplacian, and MSER. detectors are computed using the SIFT descriptor
implementation provided by [MTST05]. The DoG detector in VLBenchmarks has its own
SIFT descriptor implementation, and the SURF implementation yields both keypoints and

corresponding descriptors.

Table 4.6: Selected parameters of studied detectors.

Detectors Parameters | Values Source B
Hessian-Laplacian | threshold 500 | Oxford [MTST05]
Harris-Laplacian | threshold 1000 | Oxford [MTST05]

MSER es 1 Oxford [MTS™05
DoG PeakThresh | 7.65 VLBenchmarks
FirstOctave 0 ILGV12]
SURF threshold 1000 ETH [BTGO06]

4.3.2 Weights of DCT basis

As shown in the theoretical analysis in Section [3.4] all scale-space-based detectors first smooth
the images using a low-pass Gaussian filter. The standard deviation o of the initial scale
layer determines the cut-off frequency. The frequencies beyond this frequency are useless for
feature detection. Here, the JPEG standard is used for the evaluation. We evaluate the
impact of the Gaussian filter on the discrete cosine transform (DCT) basis functions for the
sake of designing a novel quantization table. DCT transforms an image block (typically 8 x 8
pixels) into the frequency domain, and the DCT coefficients correspond to different spectral
sub-bands. In the spatial domain, an image block can be represented by a linear combination
of the DCT basis images multiplied by the DCT coefficients [Kha03].

—1N-1

f Z ZCU’U U’U (4'12)

u=0 v=0

where C', ,) are the coefficients and F{, ,) are the DCT basis functions. Thus,

—1N-1

Ga*f:Go ZZCuDF(uv

u=0 v=0 (4.13)

N—-1N-—

The energy of G, * F{, ) is used as the importance score of the coefficient C, ,,). The energy
of Ayyxs = G * F(WU) is computed as

M—-1M-1
A (4.14)
i=0 j=0
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When the energy of G, * F, ) is zero, it means that this DCT basis function has no contri-
bution after smoothing. Thus, it can be quantized using a coarse quantizer. Contrarily, large
values imply high importance of this DCT basis function, which should be quantized using a

fine quantizer.

Each detector uses a similar initial scale oy to convolve the original image with different
operators, e.g., og = 1.2 for Hessian-Laplacian, Harris-Laplacian, and SURF, and o¢g = 1.5199
for DoG in [LGV12]. Therefore, we design the quantizers @, .y according to G'1.2. The energy

matrix of each coefficient is shown in Table [4.7

Table 4.7: Energies from G1.2 * Fy -

0.6984 | 0.4652 | 0.2654 | 0.1050 | 0.0297 | 0.0065 | 0.0013 | 0.0002
0.4652 | 0.3098 | 0.1768 | 0.0700 | 0.0198 | 0.0043 | 0.0008 | 0.0001
0.2654 | 0.1768 | 0.1008 | 0.0399 | 0.0113 | 0.0025 | 0.0005 | 0.0001
0.1050 | 0.0700 | 0.0399 | 0.0158 | 0.0045 | 0.0010 | 0.0002 | 0.0000
0.0297 | 0.0198 | 0.0113 | 0.0045 | 0.0013 | 0.0003 | 0.0001 | 0.0000
0.0065 | 0.0043 | 0.0025 | 0.0010 | 0.0003 | 0.0001 | 0.0000 | 0.0000
0.0013 | 0.0008 | 0.0005 | 0.0002 | 0.0001 | 0.0000 | 0.0000 | 0.0000
0.0002 | 0.0001 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

4.3.3 Novel quantization table

Then, the quantizers in our proposed quantization table are designed as follows.

Q(u,v) = min{round|s - , 255} (4.15)

E(GO— * F(um))]

where £ is the energy calculation function. s is a scalar value used to ensure that the first
AC quantizer Q) is equal to the one in the default table (value 11) because standard
JPEG applies differential pulse code modulation (DPCM) coding for DC coefficients and run
length coding (RLC) for AC coefficients. Owing to the use of the same first AC quantizer, the
resulting image has a similar bitrate compared to the scenario in which the default quantization
table is used. In addition, all values in the quantization table are limited to 255. The
corresponding quantization table is presented in Table From the table, it can be seen
that 1) the quantization table is symmetric, 2) it is suitable for standard zig-zag scan and
RLC, and 3) many of the high frequencies seem to have little relevance for feature detection.
Next, we report the results of our experiments, which show that the proposed quantization
table improves feature detection performance compared to the default JPEG quantziation
table.
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Table 4.8: Proposed quantization table.

7 11 | 19 | 49 | 172 | 255 | 255 | 255
11 | 17 | 29 | 73 | 255 | 255 | 255 | 255
19 | 29 | 51 | 128 | 255 | 255 | 255 | 255
49 | 73 | 128 | 255 | 255 | 255 | 255 | 255
172 | 255 | 255 | 255 | 255 | 255 | 255 | 235
255 | 255 | 255 | 255 | 255 | 255 | 255 | 255
255 | 255 | 255 | 255 | 255 | 255 | 255 | 255
255 | 255 | 255 | 255 | 255 | 255 | 255 | 255

4.3.4 Comparison results

The work in [DLCT12] is related to our work, so we compare the performance of their proposed
quantization table. Figure shows the performance comparison among the default quanti-
zation table, our novel quantization table, and the quantization table proposed in [DLCT12].
Figure [4.9] shows that our proposed quantization table performs the best. The performance of
all the scale-space-based detectors is improved with our novel quantization table. For exam-
ple, with the scale-space-based detectors, the number of correct matches is improved by 5%
to 12.5% at a bitrate of 0.35 bpp. The MSER. detector, however, has performance similar to
that of the default quantization table, which is expected. Because the MSER detector does
not comprise a Gaussian smoothing process and compression artifacts generate many spurious

features, its performance can not be improved by our approach.

Our quantization table is designed for the base oy = 1.2, but this value can probably be
different in other detectors. For example, if a smaller o is applied in scale selection, the cut-off
frequency will be higher, and many high frequencies can be helpful for improving detection.
If a larger o is used, the quantizers will have a greater number of large values. Therefore, we
then use g = 0.8, 1.2, and 1.6 to generate different quantization tables and compared detector
repeatability scores of the generated tables. Figure shows that the table obtained for og
= 0.8 performs the worst, while the repeatability scores of o9 = 1.2 and 1.6 are similar for
the tested scale-space-based detectors. This is because the table generated for og = 0.8 leads
to an increased number of bits owing to its finer quantizers for high frequencies. By contrast,
the table for og = 1.6 leads to lower bitrate. However, the og is actually not the smallest scale
of the detected features, e.g., DoG and SURF detect features starting from the second layer
in the scale-space. It is also found that the results are worse if we use very high values of oy,
which lead to the elimination of a lot of image information. The detection process is complex
and is devised to be robust to errors, and the standard JPEG encoding syntax targets the
best possible rate-distortion performance. Many aspects affect the rate-repeatability curves;

thus, the proposed quantization table is not necessarily the best for one specific detector.
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Figure 4.9: Comparison of default quantization table (solid curves), proposed quantization
table (dashed curves) and quantization table of [DLCT12] (dotted curves).
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4.4 Summary

In the first section of this chapter, the image-retrieval performance of different combinations of
detectors and descriptors is evaluated using VLBenchmarks. It is found that the SIF'T descrip-
tor combined with the MSER detector outperform even recently proposed feature types. In a
second evaluation, we quantify the effect of JPEG compression on the retrieval performance
and find that the combination of Hessian-Affine and SIFT is the most robust feature under
severe compression. Finally, deblocking filters are applied to the compressed query images for
removal of compression artifacts, and the change in the retrieval performances of a wide range
of detector-descriptor combinations is measured. It is found that although the deblocked im-
ages are improved in terms of visual quality, the retrieval performance improves only in the
case of high compression and mostly when the MSER detector is used, irrespective of the
descriptor, or when the MROGH descriptor is used, irrespective of the detector. The results
also show that the retrieval performance typically suffers when a deblocking filter is used on
high-quality JPEG queries. Moreover, only the SA-DCT and REAPP deblocking approaches
can yield retrieval performance improvements. In the second section, a strategy for preserving
SIFT features during JPEG image compression is proposed and validated. Specifically, two
bit allocation methods are proposed. The results show that the proposed algorithms suc-
cessfully preserve the strongest SIFT features, even at low bitrates. The idea underlying the
proposed approaches can be applied to other compression schemes (e.g., JPEG 2000) or other
features (e.g., SURF). In the third section, according to the property of scale-space-based fea-
ture detectors, a novel technique for designing a JPEG quantization table is proposed. The
JPEG images with the proposed quantization table have higher repeatability scores, higher
number of correspondences, higher matching scores, and higher number of matches compared
to the JPEG images with the default quantization table. As expected, the MSER detector
does not experience any improvement when applied to JPEG images with our novel quantiza-
tion table. These proposed approaches for images, corresponding to feature-preserving image

compression, improve the feature-matching performance or the retrieval performance.



Chapter 5

Feature-preserving video compression

This chapter presents our works on feature-preserving video compression. In scenarios such
as video surveillance, object retrieval and tracking, and action recognition, video content is
processed by computer algorithms rather than a person. Hence, the lossy video compression
schemes used therein need not maximize visual quality. Similar to the effect of image com-
pression on feature quality, the performance of typical video analysis algorithms is strongly
influenced by encoding artifacts at low bitrates. In Section to achieve reasonable feature-
matching performance even for low bitrate videos, we propose allocating the bit budget during
compression such that important features are preserved. Specifically, two bit allocation ap-
proaches to preserve the strongest SIFT features of H.264/AVC-encoded videos are proposed.
In both approaches, we first categorize the MBs in a Group of Pictures (GOP) into several
groups based on the scale property of the SIFT features presented in Section In our first
approach, a novel R-D model based on the matching score is applied to allocate the bit budget
to these groups. In our second approach, to reduce computational complexity, the detector
characteristics of correctly matched pairs are analyzed, and an R-D optimization method
based on repeatability is proposed. Both approaches achieve better feature preservation when
compared to standard video encoding, which is optimized for maximum picture quality. In
Section we consider the transmission of compressed videos via a communication network
in practical video communication. A rate control strategy to preserve the most important
features is required considering network capacity constraints. This section presents a novel
rate control framework for H.264/AVC-based video coding. The presented strategy enhances
the preservation of features such as SIFT or SURF compared to the default rate control al-
gorithm in the JM reference software. First, a novel variant of the matching score for feature
preservation based on the BoF concept is proposed. Then, the matching scores are collected
as a function of the quantization parameters and analyzed for different feature types. Based

on this analysis, MBs are categorized into different groups before encoding. Our rate control

53
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algorithm assigns different QPs to each group based on its importance in feature extraction.
The experimental results show that the proposed rate control algorithm achieves the desired
target bitrate and preserves a greater number of features compared to videos encoded using
the default rate control. The proposed approach not only improves feature preservation but
also leads to a noticeable performance improvement in a real image retrieval system. In this
chapter, the videos used in the proposed approaches are completely standard-compatible and
can be decoded by any H.264/AVC decoder. Figure shows the architecture of video en-
coding and transmission. The challenges we address in this chapter are highlighted in red in

the diagram.
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Figure 5.1: Architecture of video encoding and transmission

5.1 Novel R-D optimization for H.264 /AVC-encoded videos

The H.264/AVC video compression standard [JVTO03] is widely deployed in consumer elec-
tronics and multimedia communications applications. Our goal here is to preserve the SIFT
features in H.264/AVC-encoded videos. Similar to the frame-level evaluation introduced in
Section a variant of this scheme is used in the following experiments. We extract the
features in the original image and compare them with about 300K features extracted from a
reference image database plus the features in the compressed image, examining whether the
matched descriptors are in the compressed image. As introduced in the frame-level evalua-
tion framework, it is better to reject false matches by comparing the nearest neighbor to the
second nearest neighbor in the descriptor space (i.e., NNDR matching strategy). In our exper-
iments, NNDR is set to 0.8, as proposed in [Low04], and FLANN [ML09| is used to determine
the nearest neighbors in the feature database. If the NNDR is greater than 0.8, the feature
preservation is assumed to have failed. This process is shown in Figure Similarly, the
“correct matches” are the corresponding matched pairs in the uncompressed and compressed
images that satisfy the above-mentioned NNDR criterion. In our experiments, VLFeat [VLE]
(version 0.9.13) is used for SIFT feature extraction. Video compression is performed using
the H.264/AVC reference software JM [HHID] (version 17.2).
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Figure 5.2: Feature preservation criterion

5.1.1 Matching score of video sequences

The matching score (ranging from 0% to 100%) is used to show the performance of different
encoding approaches. It is defined as the ratio of the number of preserved (matched) features

in a compressed video to the number of original features in the uncompressed video.
2Ny
2 N;

where N;; is the number of preserved features in the i-th compressed frame and N is the

matching score = (5.1)

number of original features in the i-th uncompressed frame. In the following experiments,
traditional image quality metrics (e.g., PSNR or SSIM) are not used; instead, the matching
score in Equation is used because we aim to optimize the number of preserved features
rather than the visual quality. By preserving a greater number of features, the computer

algorithms processing the compressed video frames will perform better.

5.1.2 Descriptor-based bit allocation

Our main goal is to design and validate R-D optimization strategies for SIF'T feature-preserving
video compression. We modify encoder control using a novel distortion measure to determine
which QP to choose for each MB to preserve the most important features. The available bit
budget is used such that uncompressed and compressed videos produce as many matching

features as possible.

5.1.2.1 Bit allocation for blocks without relevant features

A SIFT feature covers only a local image area and the descriptor is calculated within a
4x4 array of histograms with eight orientations. The video quality of the MBs that do not
contribute to the important features has no effect on the matching score. Similar to our
previous work on images in Section these MBs are compressed using the worst QP of 51
in conformance with the H.264/AVC standard.
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5.1.2.2 Categorization of blocks containing features

Next, an R-D optimized QP decision is applied to the MBs containing features. The SIFT
features in one frame typically extend across several MBs and overlap with each other. The
traditional block-by-block R-D optimization is hence unsuitable. Different MBs have varying
importance for feature preservation. In our previous experiment in Section the sensitivity
of the features detected at different scales to compression artifacts is determined. In general,
there are fewer features at higher scales, while large-scale features have higher matching
scores. As explained before, this is because features at lower scales occupy smaller regions,
so they are more easily influenced by compression artifacts. Large-scale features cover large
image areas and contain more information; thus, they have higher discriminative power, which
makes it easier to match them [MTST05]. Following the approach proposed in Section
we categorize frame MBs into several groups based on the octave values of the features and
allocate higher bit budgets to the error-prone small-scale features. Our MB categorization

method is as follows:

Step 1. Calculate SIFT features in each octave separately for all frames.

Step 2. Find the MBs containing features in the first octave and tag these MBs as
group 1.

Step 3. Find the relevant MBs in the next octave. If these MBs have not been tagged
before, tag them as a new group.

Step 4. Repeat step 3 until the last octave level is reached.

Step 5. Perform R-D optimization from group 1 to the last group.

At low bitrates, many MBs of P-frames are coded using the skip mode in H.264/AVC.
In this mode, MBs are copied from the previous frame and no residual signal is transmitted.
Hence, we can not tune the QP of the current MB in the current frame. Therefore, when cal-
culating the matching score using the proposed feature-preserving R-D optimization scheme,
an entire GOP is treated as a unit, i.e., one group includes MBs from across all frames in a
GOP in Step 2.

5.1.2.3 Rate-Distortion Optimization

Important features from the original video and the corresponding matched features in the
H.264/AVC-encoded video are identified. The matching score of a GOP is the ratio of the
total number of important features to the number of matches in the compressed frames. Then,
similar to the formulae in Section the R-D optimization model is defined as follows:

Dyns = 1 — matching score(GOP) (5.2)
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J = Dps + MopR (5.3)

where D, is the distortion metric used in R-D optimization for relevant MBs with SIFT fea-
tures. A distortion value of 0 implies all features of one GOP are preserved after compression,
while a value of 1 implies no feature is preserved. Similar to Section it is assumed
that each group is independent and the total distortion is the sum of individual distortions.
Equation is optimized simply by discretely minimizing the cost function of each group

(i.e., Jz)
N

N
J=> Ji=Y (Di+ AopRi) (5.4)
=1

i=1
where N is the number of groups, D; is the distortion of the i-th group, and R; is the rate of
the i-th group. J; is minimized separately using a common Lagrange multiplier Agp. Unlike
our previous work on images in Section 4.2/ or the work of Sullivan et al. [SW98], we only need
to decide the QP values of each group because the QP values of each group yield different
bitrates. This is similar to the case presented in the R-D optimization theory described in
Section in which only the quantizers generate different rates. The video is encoded
with all QPs to determine the R-D curves and the optimal solution — the “constant slope”
solution — is used. For a fixed Agp, the optimal QP of each group can be chosen on the convex

hull of the R-D points. Hence, the minimization of the individual J; can be written as follows:
QP = arg Iggl Ji, QP €{0,1,2,...,51} (5.5)

As Step 5 above shows, we first perform R-D optimized QP selection for group 1 because of
the high vulnerability of the small-scale features in said group. The QP of the MBs in the first
group is then fixed after finding the minimum J;. Thereafter, the R-D optimization process

is repeated for group 2. This continues until the last group.

5.1.3 Detector-based bit allocation

The approach described above is computationally expensive because the descriptors need to be
calculated and compared with a descriptor database containing 300K features. As introduced
in Section the repeatability score is calculated as the metric for the detected keypoints.
Lowe [Low04] presented that a feature is defined to be repeatable if the scales, locations, and
orientations of a pair of features are similar within certain tolerances.

Ideally, we need to set the parameters such that the repeatable features are identical to
those obtained via correctly matched descriptors according to our previous descriptor match-
ing strategy. From [Low04], we can see that all repeatability curves are very close to the
percentage of descriptors correctly matched to a large database, indicating that the repeata-
bility criterion is closely related to the matching score. This also justifies the observation

in Section that keypoint detection is more important. Similar to [Low04], a feature in
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the original image is defined to be repeatable, if (1) the scale of a feature in the compressed
frame is within a factor of /2 of the original scale; (2) the feature location is within o pixels
of the original feature, where o is the scale of the feature in the original image; and (3) the
orientations of two features are required to be within 15° (optional). However, the criterion is
examined carefully instead of using these parameters directly in our work. If the parameters
of repeatability are too loose, then a greater number of false matches would be included. By

contrast, true matches would be expelled if the parameters are too strict.

5.1.3.1 Statistical observations

To determine the relationship between detector characteristics and correctly matched descrip-
tors, we gather statistics about them. In this experiment, the first images of the graf, bikes,
cars, bark, trees, ubc, and wall sets [MTST05] are converted to YUV files and subsequently
compressed as I frames. The SIFT parameter peakthresh is tuned to generate 500-700 features
in the original images. Each descriptor is compared to the 300K feature database as well as the
descriptors in the compressed images using a QP of 0-51. In total, there are nearly 160K cor-

rectly matched pairs. The Euclidean distances of the locations of matched pairs are calculated
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Figure 5.3: Relative frequencies of locations, scales, and angles.

and then normalized using the scales of the original features, i.e., \/(z — zc)2 + (y — yc)?/s,
where (x,y) is the original location, (xc,yc) is the new location in the compressed image,
and s is the feature scale. Figure (left) shows the relationship between the normalized

Euclidean distances and their distribution for the aforementioned 160K pairs. In our exper-

iment, if \/(z —zc)2 + (y — yc)?/s < 1, the new feature is highly probable to be a correct
match (the location requirement). Figure (middle) presents the distribution of the nor-
malized difference of scales, i.e. |s — sc|/s, where s is the original scale and sc is the new
scale in the compressed image. The new scale should be very close to the original scale, and
in our experiments, |s — sc|/s < 0.25 is required (the scale requirement). Figure (right)
shows the difference of angles of the correctly matched pairs. From the distribution we can
see that the variance of the angle difference is smaller than the distribution of locations or

scales because the descriptors are easily affected by the angle errors. There are a few possible
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correct matches at around 2w, e.g., if an original angle 8 is 0.001 and the corresponding angle
Oc is 6.281, then § — fc = —6.28. Hence, |0 — Oc| < 0.2094 or ||6 — Oc| — 6.2832] < 0.2094
is required (the angle requirement, 0.2094 is 12°). In summary, if a detected feature in the
original image has a corresponding detected feature in the compressed image that satisfies
the above three requirements, the original feature is considered repeatable. Accordingly, the
repeatability in this work is defined as follows:

#repeatable features
#original features

repeatability = (5.6)

5.1.3.2 Rate-Distortion optimization

The R-D optimization process is similar to that in Section [5.1.2.3] except the following R-D

model based on repeatability is used.
D, = 1 — repeatability(GOP) (5.7)

J == Dre + AQPR (58)

where D, is the distortion metric used in detector-based R-D optimization for relevant MBs
with SIFT features. The distortion is 0 when the detectors in one GOP are all repeatable,
and it is 1 when no detectors are repeatable after compression. In this approach, there is no
need to calculate the descriptors and compare them with the 300K descriptor database. The

flow diagram of the two approaches is shown in Figure [5.4

5.1.4 Results

In our experiments, videos are encoded using the Baseline Profile with RDO enabled using
high complexity mode. The GOP size is set to 12, and its structure is IPPP- - .. Only the
first frame is encoded as an I frame, and one previous frame is used as a reference frame for P
frames. The peakthresh in VLFeat is set to 12 for image intensities within [0, 255] to extract
the strongest features, and all other parameters are set to default values. The CIF format
video Tempete [Uni] is used as the test video (100 frames are encoded and the frame rate is
30 fps) because it contains a specific object and the camera zooms out, producing different
scales of the scene. We optimize video encoding according to the matching score-based and
the repeatability-based schemes, respectively. The QPs are set to 30, 35, 40, 45, and 50 for the
normally H.264/AVC-encoded video. The experimental Agp is varied as 2, 1, 0.5, 0.3, and 0.1
to generate suitable bitrates. Figure[5.5 shows the final matching scores and the repeatability
values of normally H.264/AVC-encoded videos and our approaches as functions of bitrate. It
can be seen that both proposed approaches improve SIFT feature preservation.

Finally, to compare the three strategies, the total number of matches for all frames in one

H.264/AVC-encoded video is counted to show the number of features that can be preserved.
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Figure 5.4: Flow diagram of two proposed R-D optimization approaches.

Figure [5.6] shows that the two proposed approaches increase the number of matching features

significantly compared to the normally H.264/AVC-encoded video. These numbers also indi-

cate that the repeatability employed in our optimization process is reasonable because it is

closely connected to the descriptor matching performance. In the videos with feature preser-

vation, the HVS is not considered. Consequently, there are some visual inconsistencies owing

to large QP changes among MBs. We will discuss the work that takes the human observer

into account in the following section.
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Figure 5.5: Matching scores as a function of bitrate (left). Repeatability as a function of

bitrate (right).
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Figure 5.6: Total number of matches as a function of bitrate.

5.2 Novel rate control framework

In practical video communications, the compressed videos are typically transmitted over
capacity-constrained communication channels. In order to meet the target constraints on
bitrate and buffer size, rate control strategies have been intensively studied in the context of
video coding standards, such as [VSW99] for the MPEG-4 standard, and JVT-G012 [LPL703]
and JVT-W042 [LT07] for the H.264/AVC standard. Besides the accuracy of the achieved
bitrate, many strategies have been proposed to improve the visual quality for a given target
rate. For example, the authors [HLL™12| proposed a region-based rate control scheme where
the MBs with similar characteristics were treated as a basic unit, and an optimization model
was proposed to achieve better subjective and objective quality. Ou et al. [OHC11] proposed
an SSIM-based rate control algorithm, which assumed that the structural similarity (SSIM)
index [WBSS04] correlates better with the perceived video quality than MSE, and achieved
up to 32% bitrate reduction compared to the JM reference software [HHIb| at the same qual-
ity. In [ABCKO06] and |[CHC™10], the authors detected regions of interest and assigned the
available bits to the regions according to their importance. Zhang et al. [ZNC09] proposed
a two-pass rate control scheme for high definition videos. Compared to other rate control
schemes, their scheme [ZNC09|] achieved approximately a constant PSNR for all frames. All
the aforementioned schemes are based on the assumption that videos are eventually perceived
by humans, and hence, their strategies are to improve the perceptual quality while meeting
the target bitrate.

In the aforementioned scenarios (e.g. driver assistance services, surveillance, object re-
trieval, video search, etc.), however, the compressed videos are processed by computer vision
algorithms like feature extractors rather than by humans. In this case, it is more important
to preserve the information required to extract the same features than to optimize for visual

quality. Therefore, the rate control algorithm should aim at preserving the strongest features



62 CHAPTER 5. FEATURE-PRESERVING VIDEO COMPRESSION

at a given bitrate. In this work, a rate control algorithm is developed for SIFT and SURF
feature preservation (see Figure . Other features will also benefit from our proposed rate

control framework.

Feature Feature
extraction extraction
o1 e e e
T 1

Goal: preserve the
important features

Figure 5.7: The extraction of features on an uncompressed and a compressed video. Ideally,
the feature extraction algorithm should return the same set of important features (position
and descriptor) after compression. Colored feature vectors are the strongest ones which are
required to be preserved.

In the previous section, we propose categorizing MBs into different groups and controlling
the QPs for each group such that the most important and relevant features are preserved
even at low bitrates. The core idea is to calculate the rate-matching score curves and to
use a Lagrangian cost function to obtain different QPs for different groups. The previously
proposed approaches, however, need to quantize the video using various QPs to get the rate-
matching score curves for each group. This is computationally complex. In addition, the rate
control is not considered in the previous work. In this work, a novel criterion is proposed for
evaluating feature preservation performance based on the BoF concept, and an improved MB
categorization approach for each frame is proposed based on the feature characteristics. Then,
the matching scores are collected as a function of the QPs, and a heuristic QP assignment
approach for different groups is used for I frames. In addition, the work in this section presents
a novel rate control algorithm, tests different numbers of features to be preserved, further
considers the human observer, and conducts many experiments showing the performance of

our proposed feature-preserving rate control framework.

5.2.1 BoF-based evaluation criterion

In this work, another variant of feature preservation criterion is proposed. Section [2.4.2]
discusses a state-of-the-art retrieval system which uses the BoF-based approach. It quantizes

the feature descriptors into so-called VWs by k-means clustering. The features are represented
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by their corresponding VWSs, and the image is represented by a BoFs vector. With this
approach, millions of images can be compared. Then, geometric verification is applied to
remove false matches and improve the retrieval performance because the quantized VWs
do not assure the exact same image patch pairs. There are several ways to measure the
spatial consistency of correspondences in order to remove the outliers. The popular robust
estimation techniques RANSAC [FB81] or the Hough transform [Low04] can be applied to the
query and database images to estimate the geometric transform. However, these techniques
are computationally expensive. Fast and weak geometric verification methods have also been
widely studied, e.g. [SZ03], [JDS0§|, [CWMO04].

5.2.1.1 Definition of feature preservation in this work

It is found that matched feature pairs, according to the NNDR strategy in Section [2.4.1
do not necessarily result in the same VWs. This means that these previous metrics are not
strict enough to indicate whether a feature is preserved correctly after image modification. To
address this issue, the BoFs approach is integrated into the definition of feature preservation.
In this work, the quantizer is based on the approximate k-means (AKM) algorithm [PCIT07],
which uses a flat vocabulary where descriptors are assigned to k-means centroids via random-
ized kd-trees. If a feature extracted from the compressed frame is quantized into the same
VW as a feature in the uncompressed frame, the feature in the compressed frame is preserved
with a high probability. The authors [PCIT07] found that one million VWs yielded the best
performance and many follow-up studies used one million VWs in the literature. For this
reason, one million VWs are trained and used to determine whether a feature is preserved.
The number of trained VWSs can actually be altered in specific applications. In addition, dif-
ferent geometric verification approaches are also proposed to improve the precision of image
retrieval systems. Therefore, the feature locations should also be checked in our experiments.
The detectors of SIFT and SURF features produce circular keypoint regions, therefore, only
the difference of locations and the scale of the original feature need to be checked. Regarding
the spatial consistency, a simpler location check is used in this work. Figure indicates
our definition of feature preservation and the relationship between the position error and the
feature scale. Here, one feature in the uncompressed image is defined to be preserved cor-
rectly in our experiments if: (1) one feature in the compressed frame is quantized into the
same visual word; (2) the location of this feature is within o /2 pixels of the original location
in the uncompressed frame, where o is the scale (SIFT) or the approximate scale (SURF) of
the original feature in the scale space. Also, the matching score introduced in Equation

is used in the following experiments.
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Figure 5.8: Solid circles represent features from the uncompressed image; dotted circles refer
to features from the compressed image. Circles with the same color correspond to the same
visual word. The overlap error in all three examples is 50%. The corresponding position error
€p is a function of the scale o.

5.2.2 Statistical feature analysis

This section first presents the dataset used to train the VWs and the video sequences to be
tested in our experiments. The characteristics of the features are carefully investigated and a
new MB categorization is detailed. A heuristic bit allocation approach is tested to show the
performance improvement for our MB categorization scheme. In our proposed rate control
algorithm, a heuristic QP assignment method is used for different MB groups in I frames,
and the QPs for different groups in the subsequent P frames are calculated using a quadratic

model to achieve the target bitrate.

5.2.2.1 Dataset and experimental settings

First, one million VWs are trained using the Oxford Buildings dataset [PCIT07] which consists
of 5062 database images. The feature extraction program is from the OpenCV library (version
2.4.3) |[Ope]. The detectors and descriptors of SIFT and SURF features are examined in our
experiments, and some of the settings are listed in Table

Table 5.1: The settings for SIFT and SURF in OpenCV library

SIFT SURF
contrastThreshold: 0.03 extended: 0
edgeThreshold: 10 hessianThreshold: 1000
nOctaveLayers: 3 nOctaveLayers: 2
nOctaves: 4 nOctaves: 4
sigma: 1.6 upright: 0

Video sequences containing rich features are used in the experiments. Eight CIF format

video sequences [Uni| (bus, coastquard, container, flower, foreman, mobile, tempete, and wa-
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terfall) and four 720p format video sequences [TUM]| (720p50_parkrun_ter, 720p50-mobcal_ter,
720p50_shields_ter, and 720p5994_stockholm_ter) are used. Note that in this 720p video
database the first two or four frames of the videos are grey frames and they are removed
before coding. All videos are encoded using the baseline profile in the JM reference software
(version 18.4) [HHID].

5.2.2.2 Feature analysis

In many practical cases, only a small number of good features is required to perform image
retrieval. In the experiments of this work, the strongest features are those which lead to
the strongest detector responses during feature extraction. Figure [5.9| shows typical detector
responses of SIFT and SURF features in an image. In order to find an appropriate bit

allocation for the MBs, we first make observations of SIFT and SURF features.
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Figure 5.9: Detector responses for the top 100 SIFT and SURF features. The top 50 features
are marked in green. Test image: the first frame of bus sequence.

5.2.2.3 Number of features to be preserved

Figure [5.10] shows the feature regions of the top 100 and top 800 SIFT features for the same
image. If only a small number of features is to be preserved, some of the MBs become
irrelevant for the feature extraction process, as none of the feature regions overlap with these
blocks (see left plot). If many features are to be extracted (see right plot), typically the whole
image is covered by the features. In this case, the degrees of freedom in bit allocation while
preserving sufficient features are significantly reduced. Here, we select a certain number of
features for each frame. In the following experiments, the top 1000 features in each frame are
treated as the strongest features which need to be preserved for the 720p format videos, and

the top 100 features in each frame for the CIF format videos.
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Figure 5.10: Visualization of the strongest 100 and 800 SIFT features on the same image.

5.2.2.4 Features in each octave

In SIFT feature detection, the image is filtered by a Gaussian kernel and subsampled, re-
cursively. Keypoints are detected by searching for the extrema among their neighbors in the
image as well as along the adjacent scales. SURF pursues a similar idea except that it uses
various box filters and an integral image representation to compute the responses. Similar to
the work in Section the robustness of the features in each octave is tested for different

video compression factors in the following.

In general, I frames in an encoded video need the highest number of bits, and the following
P frames are strongly affected by the quality of the previous I frame. Therefore, I frames are
critical for feature extraction. In our first experiment, for the sake of collecting more features
of the high octaves, the first 50 frames of the above video sequences are encoded as I frames
using the JM reference software, and the feature matching scores (Equation ) for different
octaves are calculated. Figure shows the matching scores as a function of the QP value
for features in different octaves and the average number of features within each octave. From
the left part of Figure|s.11] we can see that the features in the 1st octave are most vulnerable
because they have the smallest regions. The larger scale features (detected at higher scales)
have larger regions and hence more pixel information, thus showing higher matching scores.
This observation agrees with that in Section Second, the number of features in the first
octave is dominant for both SIFT and SURF features. There are only few features in the 6th
octave for SIFT, thus the matching score is not monotonically decreasing in the upper left
plot. Third, at a certain level of matching score (e.g. 0.4 or 0.6), the corresponding QPs for
the features in adjacent octaves have approximately AQP =5 and AQP = 6 for SURF and

SIFT, respectively. Similar observations are found for video sequences in CIF format as well.
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Figure 5.11: SIFT and SURF feature matching scores as a function of the QP value (left)
and average number of features detected using the settings in Table for different octaves
(right) for uncompressed 720p video sequences.

5.2.2.5 Feature regions

As we introduced before, the feature extraction process consists of two steps: keypoint detec-
tion and descriptor calculation. Figure illustrates that the detector area is much smaller
than the descriptor area. The regions inside the yellow circles are the effective detector areas,
while the green squares are the regions where the descriptor vectors are calculated. During
the calculation of the feature descriptors, a Gaussian weighting is applied to the magnitude
of the gradient value. Therefore, the pixels near to the keypoint are more important than
other pixels in the calculation of feature vectors. A simple experiment is performed to justify
this, and the results are shown in Figure Note that this experiment is similar to the
experiment to test the sensitivity of keypoints and descriptors for images in Section The
prime SIFT, SIFT, prime SURF, and SURF features are all extracted from the first frame
of the video sequence 720p50_mobcal_ter, which is encoded with different QPs. The difference
between the normal features and the ”prime” features in Figure is that the prime SIFT
or prime SURF features directly use detected keypoints from the uncompressed frame and
the descriptors are calculated based on these keypoints on the compressed image. This means

that the prime features have exactly the same keypoints as the ones in the uncompressed
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frame. Similarly, this serves to ignore the inaccurate keypoint detection from the compressed
frame and to exclusively evaluate the descriptor robustness to video compression artifacts.
As shown in the figure, as long as the keypoints are correctly extracted, the feature matching
performance is much better, especially for SIFT features. This means that if the detected
keypoints are carefully preserved, the descriptor vectors can be well preserved even for strong
compression. Therefore, we can compress the keypoint region and other region in one feature

using different qualities.
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Figure 5.12: The prime SIFT or prime SURF features use the feature keypoints obtained
from the uncompressed first frame in video sequence 720p50_mobcal_ter and then compute
the descriptor vectors on the compressed first frame encoded with different QP values.

Figure 5.13: Two features (yellow circles: keypoints; green grids: regions for calculating
feature vectors) for MB categorization. The two red boxes indicate the core part and the
outer part of one large feature; the two blue boxes indicate the core part and the outer part of
a small feature. Note that the final group index for MBs within the blue boxes is determined
by the small feature, rather than the large feature.
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22

|
Figure 5.14: Two examples for MB categorization. Left: one frame with the top 100 keypoints.
Middle: corresponding MB categorization for the top 100 features. Right: corresponding MB

categorization for the top 50 features. White represents the first group, increasing gray values
represent higher-indexed groups, and black represents MB’s without features.

5.2.2.6 MB categorization

Based on the first observation that features in different octaves have different matching per-
formance under compression (Section, we categorize the features within an octave into
the same group. If a MB is shared by different features, the minimum octave index is selected
as the final group index. However, from Figure |5.10| we can see that the whole image can be
covered by a few features. Therefore, according to the second observation (Section ,
the region of one feature can be further divided into two different parts: the inner (core) part
which is close to the keypoint center and the outer part extending until the descriptor border.
In our experiments, the core part is three times the scale o. According to the descriptor cal-
culation process, the borders for SIFT and SURF descriptors are 7.071 times and 10.5 times
the scale o, respectively. Figure [5.13]is a magnified part of Figure showing two features
with their core and outer parts. In this categorization approach, the MBs containing the core
part have the same group index 7 as the keypoint’s octave index while the MBs containing
the outer part have a group index ¢ + 1. The MBs with lower indices are compressed at
higher quality due to their importance for feature extraction. Unlike the prime features in
Figure the keypoints can not be detected exactly at the same pixel position as the ones
detected in the uncompressed image, so the outer part is assigned only a slightly larger group
index ¢ + 1 to ensure that the QP difference is not too large within one feature. It should be
noted that the final group index of one MB is the smallest index of all overlapping features,

and the MBs which are irrelevant for features have the largest index.
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Figure [5.14] shows two examples of the final MB categorization. First, the top 100 SIFT
features from both frames are extracted. Then, the MB categories for the top 100 and top
50 features are compared. The upper row in Figure illustrates that for this test image,
many MBs can be compressed strongly because they have no relevance for feature extraction.
By contrast, the lower row shows that for the second test image all MBs are relevant. Second,
from the middle and right columns in Figure|[5.14} we can see that the number of features to be
preserved also significantly affects the MB categorization. As we discussed in Section [5.2.2.3
if a large number of features needs to be preserved, all MBs can be covered by small-indexed
groups reducing the degrees of freedom in bit allocation. We will show the effect of the number

of required features to be preserved in Section [5.2.4.2

In summary, the first step of our approach is to extract features from each frame and
categorize the MBs into different groups. This can be done in a pre-processing step and is

less time-consuming compared to the encoding process in our experiments.

5.2.2.7 QP assignment for different MB groups

In Section the QPs required for each octave at a certain matching score level are
shown. For the sake of simplicity, we assume in the following explanation that each group
ideally corresponds to each individual octave. Then, in order to achieve a certain matching
score, the MBs in the first group are assigned an initial QP value. The subsequent QPs in
further groups can be obtained from the QP of the first group in order to achieve the same
matching score by using larger QPs. In the default JM reference encoding process, a fixed
QP is assigned to all MBs. By contrast, in our bit allocation process, the QP for each group
is assigned as QFy + g x5 for SIFT and QFy + g * 6 for SURF, respectively, where g is the
group index for the MB (g starts from 0 in our experiments). The MBs without features have
QP value 51.

Now that we have designed the MB categorization and the QP assignment for each group,
experiments are performed to evaluate the effectiveness of our approach. The first 150 frames
of the video 720p50_mobcal_ter are encoded, and the top 1000 features of each frame are aimed
to be preserved. The frame rate is 50 fps, the GOP size is 50, and its structure is IPPP- - -.
Only the first frame is encoded as an I frame. First we use fixed QPs from 22 to 36 to encode
the videos, and the matching scores are calculated for the encoded videos. In our approach,
QP values from 18 to 34 are selected for the first group and larger QP values are selected
for the next groups as described before. All other settings are set to default. Figure [5.15
shows the obtained improvement for both SIFT and SURF features. As can be seen from
the figure, assigning different QP values for different groups is a feasible way to improve the

rate-matching score performance.
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Figure 5.15: The matching scores of SIFT and SURF features for the default H.264/AVC-
encoded videos and our QP assignment approach. The top 1000 features of each frame for
the video 720p50-mobcal_ter are targeted to be preserved.

5.2.3 Rate control

With an appropriate rate control scheme, the videos are encoded to meet the target rate. This
section presents our proposed rate control approach that preserves more features compared to
the default rate control scheme. Our scheme is conceptually based on [LSWO05, LGP™06], and
the implementation is based on the H.264 JM reference software [HHIb|. It also complies with
the hypothetical reference decoder (HRD). Only GOP level rate control and picture level rate
control are needed. Because the process is similar to [LSWO5, [LGPT06|, only the important
modifications will be detailed in the following, especially highlighting the differences.

5.2.3.1 MAD and QP models

The JM reference software adopts the rate control algorithm proposed in [LGPT06]. The work
uses a linear MAD prediction model to solve the chicken-and-egg dilemma of the QP decision
in H.264/AVC. In our work, the linear model is adapted to each MB group. Therefore, the

linear model is modified as:

Gq(j) =a1g x04(j — 1) +azy (5.9)

where 4(j) is the predicted MAD of MB group ¢ in the current frame j and o4(j — 1) is the
actual MAD of the MB group g in the previous frame j — 1. a1 4 and ap 4 are two coeflicients
for group g, and the MAD is predicted independently for each group in our rate control
approach. Similar to [LGPT06], the values of a; 4 and as 4 for each group are initially set to 1
and 0, respectively. After encoding each frame, the values are updated accordingly. While the

research presented in [LGPT06] includes the concept of basic unit and the formulae looked
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similar to our modified one, the basic unit in [LGPT06| is fixed across frames and should have
the same number of MBs within one frame. In our model, the concept of groups does not
correspond to the concept of basic unit. The shape of the groups is not fixed because the
locations and scales of detected features change across frames, with the result that the number
of MBs is different for each group. As different QP values are used for different groups, we
make the assumption that the MAD can be predicted by the previous encoded MAD of the
same group. It should be noted that in the original JM reference software, the predicted
MAD and actual MAD are normalized by the number of MBs in a frame. In our rate control

process, 4(j) and o4(j — 1) are the MADs normalized by the number of MBs in group g¢:

Ny ()
o Z:o MADgm(j)
() = N, () (5.10)

where Ngy(j) is the number of MB’s in group ¢ in frame j and M ADy,,(j) is the MAD of the

m‘ MB in group g.

The quadratic model to calculate the QP is also modified as follows:

N y(4) q(J)
Ty(j) = c1,9 X Doen s ) + a9 X ) (5.11)

where T,(j) is the average number of texture bits for group g in the current frame j. ¢; 4 and
c2,4 are the two coefficients of the quadratic model for group g, and Qgtep,4 is the quantization

step for group g. In this way, we can calculate an individual QP for each group.

5.2.3.2 GOP level rate control

The bit allocation at the GOP level and for each frame is similar to the one in [LSW05] and
the JM reference software. Again, the main modifications and differences are highlighted here.
The GOP level rate control takes the number of remaining bits, the occupancy of the virtual
buffer, and the channel conditions into account. In our work, we assume a constant bitrate
channel, and B frames are not used.

Unlike the default rate control scheme in the JM reference software, each group has a
different initial quantization parameter. In our approach, the QP of the first group (group

index g starts from 0) for the IDR frame and the first P frame (QP; (1)) is set as follows:

32 bpp <l
22 l1<bpp<lI2
QP (1) = (5.12)
18 12<bpp <13
8 bpp > 13
where bpp = Bit rate In QP (1), the first subscript refers to the GOP index, the

Frame rateX Npigzer

second subscript refers to group index, and the last number 1 means the I frame in each GOP.
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I1, 12, I3 are calculated according to the width of the video (see JM reference software). The
reason for tuning the QPs is that MBs belonging to other groups can be encoded with a larger
QP. In order to get a similar number of bits as the default rate control scheme yields, the QP
for the first group is adjusted slightly smaller. Then the QPs for the next groups are assigned
based on the QP for the first group:

QP14(1) = QP1o(1) + g AQP (5.13)

where according to our previous observation, AQP = 5 and AQP = 6 for SURF and SIFT,
respectively.
From the second GOP on, the initialization parameter QP; o(1) for the first group (g = 0)

is calculated based on the previous QPs for this group:

QP (1) = max{QPi,Lg(l) — 2,min{QP¢,17o(1) + 2,

Ul )

(5.14)

where SumPQP(i — 1,0) is the sum of the average frame quantization parameters in group
0 (g = 0) for all P frames in the (i — 1)* GOP. N,(i — 1) is the total number of P frames
and N;_1 is the total number of frames in the (i — 1)* GOP. Similarly, the QPs for the next
groups in the I frame in the " GOP are assigned based on the QP for the first group:

QP;4(1) = QPip(1) + g+ AQP (5.15)

All other settings of our approach are the same as in the JM reference software.

5.2.3.3 Frame level rate control

The target number of bits allocated to the current frame is determined based on the target
buffer level, the frame rate, the available channel rate, the actual buffer occupancy, the re-
maining bit budget, and boundary bits which must conform with the HRD requirements. The
details are described in [LSWO05] and the JM reference software [HHID].

Once the target bitrate T'(j) for the current frame j is available, the bit allocation problem
for each group needs to be addressed. The number of bits assigned for each group should be
related to the different importance for feature extraction. However, we can not simply assign
different QPs to each group for a P frame to achieve the target number of bits. We assume
that each group in the P frames has similar properties as the corresponding group in the I
frame. Thus, each group needs a similar proportion of bits in the P frames as the group in
the I frame. Here, we propose a weighting scheme based on the information from the I frame

in each GOP. The importance weight for group g in the current GOP is calculated as follows:

normH g + norngI
Ng
> (normH L4 normT}] )
g=0

W, = (5.16)
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where normH gI and norngI represent the normalized header bits and the average texture
bits for group ¢ in the I frame. In the following P frames of the current GOP, these weights

are used when assigning bits for each group:

- ) W, % Ny(j
T,0) = TG) * g ) (5.17)
Ng(4) )
> (W« Ny())
g=0
Therefore, the Ty(j) in the quadratic model of Equation ([5.11)) is calculated as:
T .
7,6) = LY e, (j - 1) (5.18)

Ny(7)
where the normH,(j — 1) is the normalized header bits of the previous P frame. Note that
T,(j) is normalized by N,(j) in the above equation, since the &,(j) is also normalized in

Equation (5.11f). Similar to the JM software, the target number of bits for each group is then
bounded by

7,05) = maz { T,0) 17 x o R )
(W Ny())
g=0
= max { Ty(j), ff X NG W (5.19)
> (W Ny()
g=0

where R is the bitrate and f is the frame rate. Thereafter, the corresponding quantization
parameter QQP,(j) for group g can be calculated correctly by using the target bit T,(j) and
the coefficients in Equation . To address the inherent inaccuracy of the models and to
ensure good video quality, the following constraints are applied:

a) Constraint from the QP of the previous frame

The quality of the quantized picture should not change abruptly, so the QP for each group

is constrained by the QP of the previous frame:
QPg(7) = maz{QP,y(j = 1) = 4,min{ QPg(j = ) + 4, QP ()} | (5:20)

b) Constraint for each group within the current frame

The MAD prediction model and the quadratic model are inevitably not accurate, especially
when the number of MBs in higher groups is quite small. Generally, the first group has the
largest number of MBs, and its QP can be calculated more accurately using the proposed
models. Thus, the predicted QP for the current group is further bounded by the previous

group from the second group on. The minimum and maximum allowed QP differences between



5.2. NOVEL RATE CONTROL FRAMEWORK 75

the current and previous groups are 3 and 8, which are heuristically set according to the AQP

for adjacent groups:

QP (j) = maz{QPig-1() + 8 min{QP,y1(j) +3,QPy ()} }, g >0 (5.21)

c¢) Constraint due to encoded bits error from two previous frames

The rate control approach is not part of the standard, and the default rate control algo-
rithm implemented in the JM reference software is not optimal. It is found that while the
default rate control algorithm can achieve the target bitrate for most videos, the remaining
bits are often exhausted halfway in one GOP for some of the videos. As a result, the final
bitrate is not accurate, and the video quality is significantly affected. Because successive P
frames have similar properties, their target number of bits should be close. If the calculated
QP for the previous frame is inappropriate, the actual encoded number of bits will be quite
different from the target number of bits. We therefore use a novel scheme to adjust the

estimated QP before encoding the current frame:

maz{QPy(j = 1) + L,QPig(i) |, if b(j —1) > 1L.2xT(j — 1)
QP.,(j) = AND b(j —2) > 1.2%T(j — 2) (522)
(G-1) (G-1)
(G-2) (G-2)

mm{QPi,g(j—U —1,QPi,g(j)}, ifb(j—1)<08%T(j —1
AND b(j —2) < 0.8+ T(j — 2

where b(j — 1) and b(j — 2) are the actually generated bits; T'(j — 1) and T'(j — 2) are the
target bits for the (j — 1) and (j — 2)** frames. Tt is found that using the information of
two previous encoded frames and the empirically selected values (0.8, 1.2) are appropriate to
adjust the current QP estimation. The conditions for the over-use and under-use of target
bits are both considered in the above equation, although in most cases the models for high
bitrate estimation are accurate enough.

Afterwards, the MBs are encoded by the final QF; ; calculated for each group g, and the
virtual buffer is updated according to the real number of encoded bits and the channel rate.
The linear MAD prediction model and the quadratic R-D model are also updated for each
group.

It should be noted that in the above process, we calculate Ty(j) and the corresponding
QP; 4(j) for each group. However, we can simplify this process. When the QP;o(j) of first
group in the P frames is computed, the QP; 4(j) of other groups can be assigned directly
based on QP;(j) as follows:

QP 4(j) = QPio(j) + g+ AQP (5.23)

This is similar to Equation (5.13)) and (5.15]), which are done for I frames. In this case, Equa-
tions (5.17)), (5.18)), and (5.19)) will be computed only for the first group, and the constraint
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in Equation ((5.21)) will not be necessary. This simplification does not take the number of bits
for other groups into account, however, it would be still feasible to achieve the target bitrate
because higher groups in P frames normally consume smaller number of bits. In the following,

we will only show the results of the previous approach.

5.2.4 Pairwise matching results

In order to evaluate the performance of feature preservation for different approaches, extensive
experiments are performed on the test video sequences. First, the videos are encoded using
various fixed QP values (i.e. without rate control). Then the target bitrates for the default
rate control in the JM reference software and our proposed rate control are set according to
these fixed QP encoded videos. Afterwards, the matching scores of the fixed QP approach,
the default rate control approach, and our proposed approach are compared.

In further experiments, we alter the number of features to be preserved. The results show
that our rate control approach always achieves better matching scores compared to the default

rate control approach.

5.2.4.1 Main results

Based on the JM reference software, some of the important experimental settings are listed
in the following:

1) Baseline profile, LevelIDC is 40 for CIF format videos and 50 for 720p format videos

2) Fixed QP values of 24, 27, 30, 33, and 36

3) Frame rate 30 fps and 50 fps for the CIF and 720p format videos, respectively

4) First 150 frames and 250 frames for the CIF and 720p format videos are encoded,
respectively

5) GOP size is 50 frames and only the first frame is encoded as I frame

6) The number of reference frames is 5

7) RDO is enabled

All other settings use the default values. Our goal is to preserve 100 SIFT/SURF features
for the CIF format videos and 1000 SIFT/SURF features for the 720p format videos. The
matching scores are calculated and compared for videos encoded by the fixed QP approach,
the default rate control approach, and our proposed rate control approach. Table and
Table show the results for the CIF format and the 720p format videos. From the tables,
we can see that our rate control approach achieves similar target bitrates as the default rate
control approach. In addition, our approach achieves better feature preservation performance
compared to the default approach, which yields even worse matching scores compared to the
fixed QP approach.
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Table 5.2: Bitrate and matching score comparison for CIF format videos
Features SIFT features SURF features
Video Bit rate (kbps) Bit rate Matching score (%) Bit rate Matching score (%)
sequences | Fixed QP Default N . N o . "
(CIF) (Target) | (Rate control) Ours | Fixed QP Default Ours Ours | Fixed QP Default Ours
2317.39 2317.20 2316.51 68.53 68.61(+0.07) | 72.34(+3.80) || 2316.23 55.66 55.38(-0.28) | 60.46(+4.80)
1557.35 1557.82 1556.66 61.61 61.04(-0.56) 65.87(+4.26) 1555.98 48.63 48.37(-0.27) 52.54(+3.91)
Bus 998.82 999.89 996.57 52.90 52.88(-0.02) 56.96(+4.06) 998.40 40.84 40.65(-0.19) 44.05(+3.21)
635.86 635.91 635.80 44.32 43.40(-0.93) 47.05(+2.73) 634.56 33.21 33.04(-0.17) | 35.77(+2.56)
394.95 395.40 394.23 34.32 34.15(-0.17) 37.52(+3.20) 394.33 25.72 25.51(-0.21) 27.52(+1.80)
2531.17 2531.04 2530.46 61.70 61. 9a(+(] 20) 69.55(+7.85) 2530.89 49.80 49.65(-0.15) | 61.57(+11.77)
1696.92 1696.91 1696.05 | 53.67 | 53.82(+0.15) | 63.14(+9.46) || 1696.16 | 42.21 | 42.91(+0.70) | 54.61(+12.39)
Coastguard | 1034.77 1034.27 1034.24 43.78 45.08(+1. 30) 54.42(+10.64) || 1035.58 34.00 34.93(+0.93) | 45.00(+11.00)
586.83 588.26 586.16 33.98 34.72(40.73) | 43.14(+9.15) 587.13 26.03 26.53(+0.49) | 35.69(+9.66)
298.29 300.01 297.89 24.86 25.03(40.17) | 30.51(+5.64) 298.17 18.07 19.16(+1.09) | 26.52(+8.45)
482.31 482.34 481.33 66.15 62.13(-4.02) 66.97(+0.82) 481.96 53.22 51.92(-1.30) 58.61(+5.39)
263.76 263.77 263.78 | 58.20 55.79(-2.50) | 59.68(+1.39) || 264.27 | 46.21 | 44.91(-1.29) | 49.77(+3.57)
Container 145.33 145.69 145.78 49.94 47.67(-2.26) 51.89(+1.96) 145.41 41.05 39.42(-1.63) | 42.47(+1.42)
87.64 88.38 37.86 10.69 1055(-0.13) | 42.94(+2.26) || 87.87 3185 | 32.27(+0.42) | 35.55(+3.70)
56.63 57.48 56.95 31.98 33.37(+1.39) | 37.63(+5.64) 56.98 24.22 24.11(-0.11) | 30.45(+6.23)
2919.45 2920.87 2918.62 68.19 68.53(40.35) | 71.49(+3.30) 2921.76 45.54 45.79(+0.25) | 49.35(+3.81)
2054.79 2057.94 2055.56 61.71 61.04(-0.67) 64.28(+2.57) 2057.03 38.91 38.23(-0.68) 40.73(+1.82)
Flower 1357.47 1354.74 1357.18 52.52 52.56(+0.04) | 55.77(+3.25) 1359.72 31.29 31.23(-0.06) 33.14(+1.85)
846.95 845.55 81649 | 42.79 | 42.99(+0.20) | 45.08(+2.29) || 846.89 | 24.09 | 25.03(+0.94) | 26.35(+2.26)
497.05 496.25 495.83 33.08 33. 34(+0 26) | 35.60(+2.52) 495.51 18.73 18.84(+0.11) | 19.65(+0.93)
790.31 789.62 788.23 59.44 59.93(40.48) | 60.91(+1.47) 789.73 50.57 50.29(-0.29) 52.99(+2.41)
493.71 492.43 493.70 52.54 51.97(-0.57) 53.22(+0.68) 493.92 42.24 41.43(-0.81) | 44.01(+1.77)
Foreman 315.87 316.19 315.48 43.50 43.08(-0.42) 45.04(+1.55) 315.55 34.47 33.73(-0.75) 36.39(+1.92)
212.87 215.96 213.29 35.05 36.18(4+1.13) | 36.93(+1.88) 213.00 26.72 26.67(-0.05) 28.30(+1.58)
145.66 150.19 146.07 26.91 28.62(+1.72) | 28.06(+1.15) 145.45 18.83 19.75(+0.91) | 20.31(+1.47)
3615.86 3615.76 3610.24 74.30 74.33(+0.04) | 79.21(+4.92) || 3610.13 58.05 57.80(-0.25) | 63.14(+5.09)
2438.22 2439.83 243191 | 6825 | 68.53(+0.28) | 73.82(+5.57) | 2437.18 | 51.27 | 51.10(-0.17) | 56.73(+5.46)
Mobile 1489.76 1490.00 1486.60 60.34 60.00(-0.35) 66.06(+5.71) 1490.31 43.20 43.71(40.51) | 48.19(+4.99)
835.99 834.78 835.49 51.46 50.96(-0.50) 56.62(+5.16) 834.75 36.63 36.75(+0.12) | 40.12(+3.49)
460,51 160.98 15076 | 4171 | 43.63(+1.92) | 46.77(+5.06) || 459.71 3020 | 30.73(+0.53) | 33.30(+3.10)
2469.80 2470.97 2468.77 67.89 67.74(-0.16) 71.66(+3.77) 2469.61 50.05 50.42(+0.37) | 53.65(+3.60)
1586.59 1587.62 1585.37 60.37 60.87(+0.50) | 64.68(+4.31) 1586.42 42.56 43.13(4+0.57) | 46.57(+4.01)
Tempete 929.35 929.97 928.21 51.46 51.32(-0.14) 55.49(+4.04) 930.69 35.21 35.77(+0.56) | 38.34(+3.13)
518.86 520.24 519.24 42.16 41.21(-0.95) 45.85(+3.68) 519.09 27.87 28.54(+0.67) | 31.07(+3.20)
294.26 295.05 294.37 32.36 33.96(4+1.60) | 35.87(+3.51) 294.82 21.11 22.18(+1.07) | 24.27(+3.16)
766.64 767.71 765.56 55.84 55.43(-0.41) 58.41(+2.57) 765.11 39.06 39.43(+0.37) | 41.57(+2.51)
136.75 13717 135.06 | 47.61 16.92(-0.60) | 48.82(+1.21) || 436.66 | B31.78 | 31.23(-0.55) | 34.46(+2.63)
Waterfall 261.26 262.21 261.28 38.38 37.74(-0.64) 41.04(+2.66) 262.28 25.26 25.01(-0.25) 28.00(+2.74)
157.86 160.05 15788 | 29.12 28.02(-1.10) | 32.22(+3.10) || 158.67 1863 | 18.78(+0.15) | 22.03(+3.41)
98.14 99.29 98.45 2065 | 20.07(-058) | 22.45(+1.80) || 98.70 12.08 | 12.93(+0.85) | 15.08(+3.00)
Table 5.3: Bitrate and matching score comparison for 720p format videos
Features ‘ SIFT features SURF features
Video Bit rate (mbps) Bit rate Matching score (%) Bit rate Matching score (%)
sequences | Fixed QP Default ! . . ) ) . .
(720p) (Target) | (Rate control) Ours Fixed QP Default Ours Ours Fixed QP Default Ours
23.68 23.70 23.67 62.48 61.68(-0.80) | 65.47(42.98) 23.67 45.63 45.09(-0.53) | 49.01(+3.38)
9.29 9.29 9.28 54.50 53.73(-0.77) | 56.11(+1.61) 9.28 38.10 37.88(-0.23) | 40.17(+2.06)
Mobcal 4.08 4.08 4.08 46.17 46.17(4+0.00) | 48.31(42.14) 4.09 31.26 31.40(+0.14) | 33.14(+1.88)
2.21 2.23 2.21 37.83 38. 24(+() 41) | 41.57(+3.74) 2.21 25.22 25.12(-0.11) | 27.98(+2.76)
1.36 1.38 1.37 28.50 28.61(+0.12) | 33.91(+5.42) 1.36 18.94 18.16(-0.78) | 22.07(+3.13)
71.39 71.40 71.34 71.02 71.13(+0.11) | 77.16(+6.14) 71.35 51.00 50.88(-0.13) | 57.35(+6.34)
1304 13.93 13.02 64.06 | 63.66(-040) | 69.05(14.08) | 43.93 13.66 | 43.46(-0.21) | 48.04(+4.38)
Parkrun 26.08 26.09 26.06 55.04 54.90(-0.15) | 59.08(+4.04) 26.09 35.53 35.60(+0.07) | 38.67(+3.14)
16.02 16.02 16.00 45.71 46.19(+0.48) | 49.63(+3.91) 16.01 28.25 28.58(+0.33) | 30.42(+2.17)
9.62 9.62 9.61 35.71 36.79(+1.08) | 39.42(+3.71) 9.62 20.98 21.90(+0.92) | 23.18(+2.20)
22.53 22.54 22.51 65.28 64.43(-0.85) | 69.29(+4.01) 22.55 50.98 50.52(-0.46) | 54.79(+3.81)
828 329 3.29 55.03 | 55.32(-0.61) | 58.81(+2.88) || 8.30 1253 | 42.10(-0.43) | 45.08(+2.55)
Shields 3.02 3.03 3.02 1691 | 47.04(+0.10) | 50.60(+3.67) || 3.92 3517 | 35.28(+0.11) | 38.16(+2.99)
218 2.20 219 3853 | 39.79(+1.27) | 43.10(+4.57) | 2.19 28.64 | 20.67(+1.03) | 32.45(+3.81)
1.31 1.34 1.31 29.11 29.88(+0.77) | 34.03(+4.91) 1.31 21.43 22.03(+0.61) | 24.98(+3.55)
29.49 29.51 29.48 64.61 64.51(-0.10) | 70.14(+45.53) 29.47 49.08 48.82(-0.25) | 54.72(+5.65)
8.16 8.16 8.17 55.12 54.52(-0.60) | 57.53(+2.41) 8.16 39.62 39.18(-0.44) | 42.22(+42.60)
Stockholm 2.65 2.66 2.66 45.86 46.12(+0.26) | 48.19(+2.33) 2.65 31.70 31.66(-0.04) | 33.94(+2.24)
1.42 144 143 3755 | 37.53(-0.02) | 41.13(+3.57) || 1.43 2479 | 24.82(+0.03) | 28.31(+3.52)
0.88 0.93 0.88 2820 | 27.87(-0.33) | 32.77(+4.57) | 088 1750 | 17.82(+0.24) | 21.86(+4.27)
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5.2.4.2 The number of features to be preserved

Previously we only showed the results of preserving 100 features for the CIF format videos
and 1000 features for the 720p format videos. This section presents the results of other target
numbers, showing that our algorithm always has a positive influence on the rate-matching
score performance. We try to preserve the 500, 1000, 1500, and 2000 strongest features for
720p format videos in our following experiments, respectively. Figure draws the rate-
matching score curves for SIFT and SURF features for the video 720p50_mobcal_ter. Other
videos have similar curves. It can be seen from Figure that our algorithm improves the
preservation performance also for other numbers of features. It should be noted that the gap
between the default rate control approach and ours gets smaller when the number of features
to be preserved is higher. With increasing number of features, our curve approaches the
default rate control’s curve, because more MBs are covered by features and only a few MBs
belonged to higher groups. As a result, fewer MBs can be encoded using larger QP values,
and the bitrate can not be reduced. An extreme example is that all MBs are covered by the
first group, and our approach would produce the same results as the default rate control. In
conclusion, the number of features to be preserved can be tuned as needed in some scenarios,

and our approach always has a non-negative impact on the preservation performance.
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Figure 5.16: The top 500, 1000, 1500 and 2000 features to be preserved for the video
720p50-mobcal_ter. The solid curves and dashed curves represent the results of the default
rate control approach and our proposed one, respectively.

5.2.5 Human observer

The videos encoded by our proposed approach, however, did not take the human observer into
consideration. To this end, many additional QP constraints are finally applied in order to
ensure good visual quality. The resulting videos are more comfortable for human eyes while
still achieving better feature preservation performance. Consequently, a trade-off between

visual quality for humans and feature preservation performance is achieved.
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In the previous approach, the MBs irrelevant for feature extraction are assigned a minimum
number of bits because they are compressed by QP value 51. If many of the MBs are not
covered by features, the videos encoded by our approach will be quite unacceptable for a
human observer. In some scenarios, the videos are possibly consumed first by computer
vision algorithms, and then checked by humans. Therefore, we need to take the visual quality
into account in this case. Most of the videos encoded by our proposed approach actually
provide acceptable visual quality. However, our algorithm can be easily tuned to take the
human observer into account. The important adjustments and noteworthy points are listed
here.

a) The MBs which are not relevant to feature extraction should not be compressed by QP
value 51. They are treated as the last group in our previous approach.

b) Equation and Equation ([5.15)) are changed as follows:

QPig(1) = QPio(1) + g %3, i > 1 (5.24)

We constrain the allowable QP difference between two adjacent groups to 3. Furthermore,
the maximum allowable QP difference for the entire frame is set to 10. Thus, the QP for

high-indexed groups is constrained by that of the first group as follows:

QPLg(l) = min{QPl,g(l) + 10, QPLg(l)}, g>0 (5.25)

c¢) Equation (j5.21)) is modified as follows:

QPZ,!](]) = mam{QPi,gfl(j) + 5’ min{QPi,gfl(j) + 27 QPz,g(])}}7 g > 0 (526)

which makes the QP variation smaller compared to our previous approach. The QP; 4(j)

should also be constrained to make sure that the maximum QP difference for this frame is 10.

QPig(j) = min{QF;o(j) +10,QFi4(j)}, g >0 (5.27)

d) In the default rate control, the QP variation between two consecutive frames is set to
4. In our previous approach and the approach considering human observer, the allowed QP
difference is also 4 for each group.

Table[5.4and Table[5.5]present the comparison of matching scores for the CIF and 720p for-
mat videos. The approach additionally considering the human observer is named Ours+HO.
The target bitrates are set according to the videos encoded by QP values 24, 30, and 36.
Compared to the default rate control, our previous approach generally achieves the most
significant improvement in terms of matching score. Qurs+HQO approach also improves the
feature preservation performance. It should be noted that for some videos the OQurs+HO
approach yields the best performance. This can be explained as follows. First, our previous

approach (Ours) does not assure the optimal performance because the QP assignment for I
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Table 5.4: Matching score comparison for CIF format videos

Features SIFT features SURF features
Video Bit rate (kbps) Matching Score (%) Bit rate (kbps) Matching Score (%)

sequences Ours+HO Default Ours Ours+HO Ours+HO Default Ours Ours+HO
2314.50 68.61 | 72.34(+3.73) | 71.93(+3.32) 2315.27 55.38 60.46(+5.08) | 58.83(+3.45)
Bus 997.19 52.88 | 56.96(+4.08) 5.06(+2.18) 996.37 40.65 44.05(+3.40) | 43.09(+2.44)
394.89 34.15 | 37.52(+3.37) | 36.39(+2.24) 394.64 25.51 27.52(+2.01) | 26.77(+1.26)
2530.89 61.95 | 69.55(+7.60) | 68.21(+6.26) 2529.62 49.65 | 61.57(+11.92) | 57.39(+7.73)
Coastguard 1033.70 45.08 | 54.42(+9.34) | 53.17(+8.09) 1034.20 34.93 | 45.00(+10.07) | 41.75(+6.83)
297.70 25.03 | 30.51(+5.48) | 29.41(+4.38) 298.75 19.16 26.52(+7.36) | 24.24(+5.08)
482.77 62.13 | 66.97(+4.84) | 67.34(+5.21) 482.44 51.92 58.61(+6.69) | 58.76(-+6.84)
Container 145.46 47.67 | 51.89(+4.22) 50.40(+2.73) 145.33 39.42 42.47(+3.05) 42.33(+2 91)
57.01 33.37 | 37.63(+4.25) | 37.18(+3.80) 56.89 24.11 30.45(+6.34) | 28.71(+4.60)
2916.61 68.53 | 71.49(+2.96) | 71.22(+2.69) 2919.24 45.79 49.35(+3.56) | 48.06(+2.27)
Flower 1356.41 52.56 | 55.77(+3.21) | 55.01(+2.44) 1356.80 31.23 33.14(+1.91) 32.88(+1 65)
496.17 33.34 | 35.60(+2.26) | 35.26(+1.92) 495.74 18.84 19.65(+0.81) | 20.07(+1.23)
789.71 59.93 | 60.91(4+0.99) | 60.63(+0.71) 789.72 50.29 52.99(+2.70) | 52.39(+2.11)
Foreman 315.05 43.08 | 45.04(+1.97) | 44.70(+1.62) 314.95 33.73 36.39(+2.67) | 35.52(+1.79)
146.04 28.62 28.06(-0.57) 28.16(-0.46) 145.72 19.75 20.31(40.56) 20.95(+1.21)
3609.80 74.33 | 79.21(+4.88) | 78.16(+3.83) 3616.85 57.80 63.14(+5.34) | 61.94(+4.14)
Mobile 1492.08 60.00 | 66.06(+6.06) | 64.58(+4.58) 1488.37 43.71 48.19(+4.47) | 47.29(+3.57)
459.76 43.63 | 46.77(+3.14) | 46.32(4+2.69) 459.56 30.73 33.30(+2.57) | 32.33(+1.60)
2465.50 67.74 | 71.66(+3.92) | 71.11(+3.37) 2469.60 50.42 53.65(+3.23) | 53.07(+2.65)
Tempete 927.96 51.32 | 55.49(+4.18) | 54.39(+3.07) 928.80 35.77 | 38.34(+2.57) | 37.57(+1.80)
294.02 33.96 | 35.87(+1.91) | 35.76(+1.80) 294.82 22.18 24.27(42.09) | 24.55(+42.37)
764.52 55.43 | 58.41(+2.98) | 58.02(4+2.59) 765.09 39.43 41.57(4+2.15) | 41.03(+1.61)
Waterfall 260.84 37.74 | 41.04(+3.30) | 41.04(+3.30) 260.64 25.01 28.00(+2.99) | 27.45(+2.43)
98.38 20.07 | 22.45(+2.38) | 21.96(+1.88) 98.57 12.93 15.08(+2.15) | 14.77(+1.84)

Table 5.5: Matching score comparison for 720p format videos

Features SIFT features SURF features
Video | Bit rate (mbps) Matching Score (%) Bit rate (kbps) Matching Score (%)
sequences Ours+HO Default Ours Ours+HO Ours+HO Default Ours Ours+HO
23.67 61.68 | 65.47(+3.78) | 65.02(+3.34) 23.67 45.09 | 49.01(+3.92) | 48.31(+3.22)
Mobeal 1.08 16.17 | 48.31(+2.14) | 48.31(+2.14) 4.08 31.40 | 33.14(+1.74) | 32.95(+1.55)
1.37 28.61 | 33.91(+5.30) | 33.57(+4.96) 1.37 18.16 | 22.07(+3.92) | 22.41(+4.25)
71.32 7113 | 77.16(+6.03) | 76.01(+4.88) 71.33 50.88 | 57.35(+6.47) | 55.61(+4.73)
Parkrun 26.07 54.90 | 59.08(+4.19) | 53.55(+3.66) 26.04 35.60 | 38.67(+3.07) | 37.92(+2.32)
9.62 36.79 | 39.42(+2.63) | 39.36(+2.56) 9.63 21.00 | 23.18(+1.28) | 22.82(+0.92)
22.53 64.43 | 69.29(+4.87) | 63.85(+4.43) 22.53 50.52 | 54.79(+4.27) | 53.76(+3.24)
Shields 3.92 47.04 | 50.60(+3.56) | 50.49(+3.45) 3.02 35.28 | 38.16(+2.88) | 37.44(+2.16)
1.31 20.88 | 34.03(+4.15) | 33.81(+3.93) 1.31 22.03 | 24.93(12.94) | 24.99(+2.95)
29.47 64.51 | 70.14(+5.63) | 69.42(+4.92) 29.48 48.82 | 54.72(+5.90) | 53.71(+4.88)
Stockholm 2.65 16.12 | 48.19(12.07) | 48.25(12.13) 2.65 31.66 | 33.94(+2.23) | 33.79(+2. 13)
0.88 2787 | 32.77(+4.90) | 32.83(+4.96) 0.88 1782 | 21.86(+4.03) | 21.85(+4.02)

frames is based on a heuristic observation. Many of the neighboring MBs are encoded by
a large QP difference which results in a large gradient difference. Second, it is not always
true for different videos that AQP = 5 and AQP = 6 for SURF and SIFT, respectively. For
example, the lower left plot in Figure shows that the AQP for SURF is smaller than 6
when the QP value for the first octave is larger than 35. Therefore, a smaller AQP should
be better. The higher matching scores of the Ours+HO approach for the low quality videos
flower, foreman, tempete, mobcal, and shields (the third row for each video in Table and
Table justify this observation. Anyway, the AQP =5 and AQP = 6 for SURF and SIFT

are heuristic and can be adjusted at lower qualities for some videos.
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5.2.5.1 Resulting frames

Figure shows the first frames from the eight H.264/AVC-encoded videos from the Ours+
HO approach with target bitrates set according to the videos encoded by a fixed QP value
30. Obviously, the frames are still enjoyable for human eyes. Because the feature extractors
detect blobs or corners, the complex regions of frames have more small scale features, while
the flat regions have less features or tend to have no features at all. In our algorithm, these
complex regions are encoded with high quality, and human eyes also focus more on these
regions. In our experiments, some of the resulting videos are actually even better than the
videos encoded by the default rate control algorithm, especially due to the QP constraint for

the over-use of target bits.

5.2.56.2 Subjective test

In order to assess how the proposed rate control method impacts the video perception, we
perform a subjective test using the SAMVIQ method [IR07], which is specifically designed for
assessing multimedia applications. A five-second-long sequence is encoded with the default
rate control and with the Ours+HO approach (bitrate is set according to the videos encoded
by a fixed QP value 36), and then presented to the test subjects. Besides the two evaluated
rate control approaches, the test subjects also rate a reference sequence (best possible quality),
a hidden reference, and a medium quality sequence. The quality anchors are recommended to
stabilize the test results [[R07]. Test subjects rate the videos on a continuous scale from 0 to
100. After the screening procedure described in [IR07], the data of 16 test subjects is verified
to be valid. For each sequence, the average rating over the 16 test subjects is taken and a
differential quality score - differential mean opinion score (DMOS) [IT08§] - is then computed
by:

DMOS = R(sequence) — R(hiddenreference) + 100 (5.28)

where R is the average rating over the 16 test subjects. The DMOS value is used in our data
analysis as the subjective quality rating. Figure shows the DMOS values for the 8 tested
videos as well as the standard deviation of the ratings. Due to the large QP difference in
one frame, the Ours+HQO approach in general shows as expected an inferior visual quality
compared to the default one. For the test videos 3, 5, and 8, our DMOS values are close or

even surpass the default ones.

5.2.6 Retrieval performance

The previous experiments compare the number of preserved features at frame level for dif-
ferent approaches. Generally the more features are preserved, the better the performance

the retrieval system should have. In order to test the ultimate performance for different
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Figure 5.17: First frames from the H.264/AVC-encoded video sequences in CIF format.



5.2. NOVEL RATE CONTROL FRAMEWORK 83

100

90r

80r

701

DMOS

601
50r

40 o Default RC

20 o Ours+HO ‘ ‘ ‘

0 2 4 6 8
Video number

Figure 5.18: DMOS comparison between the videos encoded with the default rate control and
with the proposed Ours+HO approach.

approaches, the Stanford MAR dataset [MTC™ 13| and the image retrieval system [PCIT07]
(except the fast spatial matching part) are used because the video search engine [SZ03] is
actually similar to an image retrieval system. The 23 reference images in the Stanford MAR
dataset and the Oxford Buildings dataset are combined as a joint database consisting of 5086

images. The number of returned images for each query image is 5% of the overall database.

Similar to [MTC™13], the strongest 200 SIFT features are targeted to be preserved, and the
videos are first encoded using fixed QP values 35, 39, 43, and 47. Other encoding parameters
are: IPPP- - - structure, IntraPeriod = 50 frames, FrameRate = 30. Then, the target bitrates
of Ours and Ours+HO rate control approaches are set according to these fixed QP encoded
videos. The frames of 23 encoded videos are used as the query images to retrieve the relevant
reference images in the combined database. Thus, 2300 query frames in total are used to
calculate the mAP score. Table [5.6] shows the mAP scores for the different approaches. The
mAP score is 0.8398 for the uncompressed videos. The mAP scores for QP value 35 already
approach the one for the uncompressed frames in our experiment. The mAP scores drop
for larger QP values because the feature detection process is significantly influenced by the

blocking artifacts. Our proposed rate control approach improves the retrieval performance for

all the query video frames. The gains increase as the target rate becomes smaller.

Table 5.6: mean Average Precision for SIFT features

L

mean Average Precision (mAP) ‘

QP | Fixed QP Ours Ours+HO Uncompressed
35 0.8070 0.8087(+0.0017) | 0.8168(40.0098)

39 0.7380 0.7639(40.0259) | 0.7543(4-0.0163) 0.8398

43 0.6537 0.6836(+0.0299) | 0.6779(40.0242) '

47 0.4709 0.5068(+0.0359) | 0.5007(+0.0298)




84 CHAPTER 5. FEATURE-PRESERVING VIDEO COMPRESSION

5.3 Summary

In the first section, two R-D optimization strategies for preservation of SIFT features in
H.264/AVC-encoded videos are proposed. In the first approach, a matching score-based R-D
optimization process is applied. In the second approach, a repeatability-based method for
bit allocation is proposed. The results showed that both our proposed approaches achieve
better matching performance compared to normally H.264/AVC-encoded video. Notably,
both approaches proposed in this work are computationally complex for real-time encoding.
Therefore, in the second section, a heuristic QP assignment is used for each group according to
their importance in feature extraction. Based on this, a novel rate control approach is proposed
to preserve the important local image features. The results show that our approach preserves a
greater number of features, while achieving the target bitrate. In further experiments, different
numbers of features are targeted to be preserved. The results show that our approach still
achieves better performance. Then, to make the videos more suitable for human observers,
we adjust our approach and find a trade-off between matching score and visual quality. The
results show that the encoded videos are more pleasant to humans, while the matching scores
are improved. Finally, it is shown that the improved feature preservation also translated into
an improved mAP score in a real retrieval system. The entire framework can be applied
to features other than SIFT and SURF. The videos encoded using our approaches are fully
standard-compatible, and any H.264/AVC decoder can be used to decode them.



Chapter 6

Keypoint encoding and transmission as

side information

Image or video compression has been shown to have an adverse effect on feature-matching
performance. The negative impact of compression can be reduced by using the keypoints
extracted from uncompressed video for descriptor calculation from the compressed image, as
shown in Section Based on this observation, in Section we discuss an approach to
efficiently encode the locations, scales, and orientations of the keypoints extracted from an
uncompressed image. Furthermore, a new approach is proposed for selecting relevant yet
fragile keypoints as side information for the image, thus further reducing the volume of data.
In a further experiment in Section it is shown that the observation also applies to video
sequences. Based on this observation, we propose to provide these keypoints to the server
as side information and to extract only the descriptors from the compressed video. First,
four different frame types for keypoint encoding are proposed to address different types of
changes in video content. These frame types represent a new scene, the same scene, a slowly
changing scene, or a rapidly moving scene and are determined by comparing features between
successive video frames. Then, Intra, Skip and Inter modes of encoding the keypoints for
different frame types are proposed. For example, keypoints for new scenes are encoded using
the Intra mode, and keypoints for unchanged scenes are skipped. As a result, the bitrate of
the side information related to keypoint encoding is significantly reduced. Finally, pairwise
matching and image retrieval experiments are conducted to evaluate the performance of the
proposed approach using the Stanford MAR dataset and 720p format videos. The results
show that the proposed approach offers significantly improved feature matching and image

retrieval performance at a given bitrate. The keypoint encoding idea is shown in Figure [6.1

85



86 CHAPTER 6. KEYPOINT ENCODING AND TRANSMISSION AS SIDE INFORMATION

/ Client N 4 Server \
Tio| | B | Coiei gl e
network
M | @ t L,
: | Matching
Sect?on 6.1 Display é B Search
@ectlon 6.2 | results [ L results Y,

Figure 6.1: Architecture of video encoding and transmission

6.1 Keypoint encoding for images at low bitrates

In Section we observe that keypoint detection is easily affected by compression artifacts,
while descriptor calculation is more robust. Therefore, in this section, we investigate whether
explicit signaling of keypoint information (location, scale, and orientation) improves the qual-
ity of the features extracted from compressed images. In the literature, there are a few related
works on keypoint encoding. Tsai et al. [TCT"12] and CDVS [MPE] proposed approaches
to encode the locations of keypoints using sum-based context-based arithmetic coding. Yue
et al. [YSYW13l YSWY12] proposed encoding of the locations, scales, and orientations of
large-scale features. They encoded a downsampled image with a fixed QP, and only a few
keypoints with large scales were preserved because the small-scale features were of no use in
their scenario. Then, the downsampled image and the encoded keypoints were transmitted to
the server. In this work, we are interested in feature preservation performance for features of
different scales at low bitrates. We build on these works and propose an approach that com-
bines explicit keypoint encoding with standard image compression. The keypoint information
is transmitted as side information along with the compressed image. Under the same exper-
imental settings as in Section the experiments are performed with JPEG, H.264/AVC
Intra, and H.265/HEVC Intra, and present the results as plots that show the total bitrate

versus the number of successfully matched features.

6.1.1 Keypoint quantization and encoding

Given that the location, scale, and orientation of keypoints are represented using floating-point
numbers, we need to quantize them for efficient transmission. Different quantization methods
for location, scale, and orientation are applied. First, the experimentally determined statistics
for keypoint quantization are presented. From these results, we determine the quantization

coarseness for which matching results are obtained similar to those of unquantized keypoints.



6.1. KEYPOINT ENCODING FOR IMAGES AT LOW BITRATES 87

6.1.1.1 Keypoint quantization

For locations, Tsai et al. [TCT™12| used a spatial grid over the original image with step sizes
of 4, 6, and 8 pixels. In another work [YSYW13], locations are quantized into integer values,

meaning they were quantized on a grid with a step size of 1 pixel as follows:
~ l:
li=f- round(;) (6.1)

where f is the quantization factor. In our experiments, we determine the quantization factor
to be used such that the quantized locations does not significantly affect the number of feature
matches. f is varied from 1 to 5.

In SIF'T, the scale o; can be represented as follows:
0i = 0023 + Ao (6.2)

where o is a base scale offset (i.e., 2.0159), o is an octave ranging from 0 to = depending on the
size of the image (x is less than 4 for our dataset), and s is the integral scale in the range [0, 2].
Thus, 3 and 2 bits are sufficient to represent o and s, respectively. Ao is an offset calculated
to increase the accuracy of the scale estimates in SIFT keypoint detection. This process fits
a quadratic polynomial with the values of the detected scale space extremum (002(0+5/ 3))
to localize the more accurate scales with a resolution higher than the scale-sampling density
(see Section . Thus, the value Ac is related to the scale space extremum (02(°+5/3)).
We calculate the difference between the detected scale o; and its corresponding scale space

extremum (¢2(°*%/3)). Then, the difference is normalized as follows:
Aoy = (0; — 0020F5/3)) jgy2(0ts/3) (6.3)

Figure [6.2] shows the magnitudes and the distribution of Ag,, for the features extracted from
all eight video sequences. From the magnitudes (left plot), we can see that the values of the
normalized differences are mainly within [-0.2, 0.2]. The distribution on the right in Figure
has an approximately Gaussian form. The normalized difference is encoded using the Lloyd-
Max quantization algorithm. The codebook and partition are trained using these statistics.
We assign 3, 2, 1, and 0 bits for Ao, where 0 bits means the 002(°15/3) is used without adding

any offset. Thus, the scales (o, s, and Aogy,) are assigned 8, 7, 6, and 5 bits, respectively, for

testing.
Similar to location quantization, orientations are quantized as follows.
0;
E(6;) = round((% +0.75) x (28 — 1)) (6.4)
7 (E6:)
g; = <2t = - 0.75) o (6.5)

where 0.75 is an offset that ensures the values (29—; + 0.75) are within [0, 1) in the VLFeat
SIFT implementation. Then, the index E(;) can be represented by values within [0, 2) and
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Figure 6.2: Magnitude and distribution of Ag,, for 160,000 features extracted from eight test
video sequences.

can be encoded by fixed-length coding with ¢ bits. In our test, ¢ is set to 7, 6, 5, 4, and 3,

which quantize the orientations into 128, 64, 32, 16, and 8 levels, respectively.

60}’ 601 601
o —‘\o\ &) E— S
x . =8 5] 55
Z ] b —_— Z
Zs0) 0 T Zs0 < 501
g 45,—\ E 457 — E 45¢
@ @ ©
B a0t —e—QP 38 B 40t ——QP 38 2 a0
S -—QP 42 5 ——QP 42 5
T 35¢ --QP 46 T 35¢ ——QP 46 T 35¢
= % QP 50 = % —~QP50 = %

0 1 2 3 4 5 8 7 6 5 0 7 6 5 4
Location quantization factor # bits for scale quantization # bits for orientation quantization

Figure 6.3: Effects of keypoint quantization. The value 0 on the horizontal axis indicates the
idealistic uncompressed keypoints.

Figure [6.3| shows the effects of keypoint quantization on the matching performance. To be
able to individually evaluate the impact of quantization on one quantity (e.g., location), the
other quantities (e.g., scale and orientation) are represented using the original floating-point
values. The matching performance for uncompressed keypoints is shown at the very left of
each plot (value 0 on the horizontal axis). In the left plot, it can be seen that the matching
performance starts dropping at a quantization factor of 2 for locations. In the middle plot,
we can see that scale quantization does not affect the matching performance, even when using
only 6 bits. In the right plot, the matching performance drops when encoding with 5 bits for
orientations.

Our goal is to select reasonable quantization levels such that the matching performance
is not affected, and the number of bits required is small. Thus, we choose the location
quantization factor 1 (see left plot), 6 bits for scale (see middle plot), and 6 bits for orientation
(see right plot) in the following experiments. As a result, the quantized keypoints yield feature-
matching performance similar to that with the ideal uncompressed keypoints. In total, the

encoding of scale and orientation for one keypoint requires 12 bits.
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6.1.1.2 Context model for location coding

As explained in the previous section, the original locations are quantized into integer val-
ues (quantization factor 1). To encode the quantized locations, the same approach as in
CDVS |[MPE] is used, i.e., sum-based context-based arithmetic coding. The number of bits
for location encoding depends on the distribution and number of keypoints to be encoded. In
sum-based context-based arithmetic coding, first, the context model must be trained. Sim-
ilar to [TCTT12] and CDVS [MPE], the Inria Holidays Datasetf| and the Caltech Building
Datasetﬁ] are used for training. Note that the joint dataset comprises 1741 images. Because
the location quantization factor is set to 1, the block width is correspondingly set to 1. Unlike
the fixed number of features to be encoded in the CDVS Test Model, a different number of
keypoints (K3, see Table for each image needs to be encoded in the following experi-
ments. Thus, two sets are tested to determine the context range (i.e., 200 features and 100
features) for encoding these locations. For simplicity, we use the same test dataset and en-
code the quantized locations again after obtaining the context model. The context range of
1 to 60 is selected from, and the average number of bits used for encoding the locations is
recorded. For both sets, the curves flatten beyond the context range of 45 with a minimum at
49. Thus, the context range of 49 is selected, and the quantized locations are encoded using

the correspondingly trained model.
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Figure 6.4: Average number of bits required for keypoint location encoding as a function of
context range.

6.1.1.3 Keypoint set

The previously observed quantization levels for locations, scales, and orientations are used.
The set of all original keypoints is expressed as K = {k1, k2, ..., kn }, and the set of all original
descriptors is D = {d;,ds, ...,dN}, where N is the number of keypoints (i.e., 200). Similarly,
the set of all quantized keypoints is expressed as K' = {ki, ki, ...,k]lv}, and the extracted

*http://lear.inrialpes.fr/people/jegou/data.php
Thttp://vision.caltech.edu/malaa/datasets/caltech-buildings/
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descriptor set is D! = {d},d}, ...,d%;}. In the next section, we will show that a few keypoints
in the set K can be removed before transmitting them to the server, leading to a further rate

reduction for the side information.

6.1.2 Keypoint selection and transmission

To further reduce the bitrate required for the side information, two steps are proposed to
reduce the number of keypoints to be encoded.

First, spurious keypoints are removed from K'. The definition of spurious keypoints is
that the descriptors extracted around those keypoints from the compressed image I cannot
be matched to the descriptors extracted from the original (uncompressed) image I. The

remaining keypoints are expressed as follows:
K? ={k} € K'\M(d},d;) =1} (6.6)

where M(-,-) = 1 denotes the matched pairs of d} and d; (see Equation (2.16)). Please note
that the matching process checks two aspects for a pair of features from dz1 and d;. First, the
descriptors are required to be matched according to the NNDR strategy. Second, the pair
should be located within 1.5 pixels. If a pair meets these two requirements, it is considered
as a matching pair.

In the previous step, only the keypoints derived from the original image I are considered.
However, application of the detector algorithm to the compressed image I generates some
keypoints as well. A few of them are good enough to produce correct descriptors relative to
the descriptors of the uncompressed image, especially when the compressed image I is of good
quality. Thus, we propose removing the duplicated keypoints in K? relative to the keypoints
K (see Equation ) extracted from the compressed image I. The useful keypoints K¢ of

the compressed image is expressed as follows:
K¢ = {k; € K|M(d;, d;) = 1} (6.7)
The remaining keypoints are expressed as:
K3 ={K?\ K}, thus, K*>C K* (6.8)

The information C about whether a keypoint from the compressed image is useful is encoded
by binary arithmetic coding, and the resulting bitrate is added to the total keypoints rate.
Note that after removing the duplicated keypoints, the remaining keypoints K2 and C' are

encoded and transmitted as side information.

6.1.3 Keypoints at server

At the server, the keypoints K3 are decoded, and the useful keypoints K¢ are selected from

the keypoints extracted from the compressed image using the information C. These two sets
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of keypoints are then combined, and the descriptors are calculated around these keypoints.
K*={K*UK¢}, D*=¥U(K*|I) (6.9)

where K™ is the final set of keypoints for which the descriptor set D* is extracted from the

compressed image 1.

6.1.4 Experimental results

Table shows the average number of keypoints in the sets K!, K2, and K3. As described
above, K2 comprises the keypoints remaining after removing the spurious ones relative to K.
For large QP values, K? is small owing to the presence of strong compression artifacts, which
lead to the generation of many spurious features. K3 comprises the keypoints remaining after
dropping the duplicated ones relative to the keypoints obtained from the compressed image.
For small QP values, the detector extracts many useful keypoints from the compressed image.
Thus, there remain only a few keypoints K3 to be encoded. According to Equations and
, at the server side, the useful keypoints K¢ can be obtained from the keypoints K of the
compressed image and the information C. The keypoints K2 and K¢ are combined, and the

number of keypoints K* is identical to the number of keypoints in K?2.

Table 6.1: Average number of keypoints per frame
QP | 38 | 42 | 46 [ 50 |
K'| 200 | 200 | 200 | 200
K? | 192.6 | 189.0 | 178.8 | 155.2

K3 | 90.0 |111.9 | 130.1 | 131.4
K* 11926 | 189.0 | 178.8 | 155.2

Figure [6.5] shows the original keypoints K in red and the combined keypoints K* in green.
Most of them overlap, indicating that our proposed keypoints are almost the same as the
original keypoints. However, a few original keypoints have no counterparts. The descriptors
calculated from these keypoints are spurious, so they are discarded before transmission to
save bits.

The solid black line in Figure shows the final matching performance of our proposed
approach as a function of the total bitrate used for the compressed image plus the side
information. It is seen that the number of matches is improved significantly. At an average of
approximately 42 matches per image, the proposed approach achieves 6.5x bitrate reduction
compared to JPEG, 3.9x bitrate reduction compared with H.264/AVC Intra, and 1.6 x bitrate
reduction compared with H.265/HEVC Intra. Note that there is a trade-off between the
matching performance and the quantization levels for locations, scales, and orientations. We
only present the results obtained using the selected quantization levels, which seem to be

reasonable for improving the matching performance.
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Figure 6.5: Original keypoints K are in red and the combined keypoints K* at the server are
shown in green.
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Figure 6.6: Comparison of matching performance of different approaches. The proposed ap-
proach is represented by using the solid black line. The bitrate includes the encoded keypoints
and the H.265/HEVC Intra-encoded image.

6.2 Keypoint encoding for video at low bitrates

Few studies have addressed the compression of features extracted from videos. In [BCRT14,
BACT14], the authors proposed intra- and inter-frame coding modes for SIFT descriptors
and binary local descriptors, respectively, to encode the descriptors extracted from a video
sequence. The authors of [MTC¥13] proposed inter-frame predictive coding techniques for
image patches and keypoint locations, and they subsequently proposed an inter-descriptor
coding scheme ﬂm to encode the descriptors extracted from such patches. In these
approaches, descriptors/patches are extracted from videos and compressed for transmission;
however, the videos themselves are not stored or sent to a server. By contrast, in this work,
compressed videos are transmitted via a communication network to a server to perform fea-
ture extraction. The advantages previously discussed with respect to images also apply to

videos. Based on our previous study regarding images in Section [6.1], we propose in this work
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a predictive keypoint encoding approach to encode the original keypoints extracted from un-
compressed videos. In the proposed approach, the compressed keypoints are sent as side
information along with the compressed videos at low bitrates. At the server, the decoded
keypoints (locations, scales, and orientations) are used to extract feature descriptors from the
videos. The proposed approach is illustrated in Fig. The proposed framework is funda-
mentally different from those reported in other studies [BCR™ 14, MCT 14|, which encode and
transmit the descriptors. By contrast, in the proposed approach, only the keypoints are en-
coded and transmitted along with the compressed video. To evaluate the proposed approach,
experiments are conducted using the widely used H.264/AVC and H.265/HEVC standards
for video encoding. The results are presented as plots that show the number of successfully
matched features versus the bitrate. In addition, we show the percentages of images that are

successfully retrieved using various approaches via a content-based image retrieval engine.

6.2.1 Impact of video compression on feature quality

In this section, the impact of video compression on the features extracted from compressed
videos is investigated. For this purpose, we first extract SIFT features from videos encoded
using H.264/AVC and H.265/HEVC and compare these features with the features extracted
from a set of uncompressed reference images. Then, we plot the number of matches as a
function of bitrate and compare the results for the different video compression standards.
Similar to Section the Stanford MAR dataset, the JM reference software, the HEVC Test
Model, the VLFeat SIFT implementation, the NNDR strategy, and the number of matches
after RANSAC are used in this work.

6.2.1.1 Feature-matching performance for different video compression standards

In the previous work designed for images, the video sequences in the Stanford MAR dataset
are treated as individual images and encoded using H.264/AVC Intra and H.265/HEVC Intra.
In this work, the eight test video sequences are encoded as normal videos. In order to be able
to compare our results with the patch-based encoding approaches in [MTCT13, MCT™ 14,
we use the same parameters as in [MTCT13, MCT™14| for H.264/AVC. Additionally, we use
more QP values to produce high-quality videos. The settings are as follows: the IPPP---
structure, IntraPeriod = 50 frames, QP pframes = {26, 30, 34, 38, 42, 46, 50}, and QP frames
= QPpframes -3. The parameters used for H.265/HEVC encoding are the same as those
in the example provided in the HEVC version 16.0 manual [HHIa]. The GOP structure is
IBBBPBBBP:- - -, and QP = {22, 26, 30, 34, 38, 42, 46, 50}. In the following experiments,
SIFT features are extracted from the compressed frames and compared with the SIFT features
extracted from the corresponding uncompressed reference images. The number of matching

features after RANSAC is applied and the bitrates for the encoded videos are averaged over
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all test frames. The solid red and green curves in Fig. [6.7] represent the feature-matching
performance for H.264/AVC- and H.265/HEVC-encoded videos as a function of bitrate. The
H.265/HEVC-encoded videos exhibit much better performance than the videos encoded with
H.264/AVC in terms of the number of feature matches at a given bitrate.
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Figure 6.7: SIFT-feature-matching performance for different video compression schemes. The
dotted line shows the results obtained for descriptors calculated from the H.265/HEVC-
encoded videos using the original keypoints extracted from the uncompressed video frames.

Similar to our previous study on keypoint encoding for improved feature extraction from
compressed images in Section [6.1] a simple experiment is performed to demonstrate that the
results of keypoint detection can be easily affected by video compression artifacts and that
descriptors are more robust. To this end, we calculate the descriptors from the compressed
video frames using the keypoints extracted from the original (uncompressed) frames. This
idea can also be expressed by the formulae in Section |3.3] Because the original keypoints k;
cannot be obtained from the compressed frame I, we present the matching results obtained
based on H.265/HEVC-encoded videos as a dotted line (upper bound) in Fig. [6.7. For videos
of higher quality, the gap between the HEVC approach and the HEVC+ori. kpts. approach
in Fig. becomes increasingly smaller. However, high-quality videos also require a much
higher bitrate and can be transmitted only if the necessary network resources are available.
To avoid excessive bandwidth requirements for applications such as mobile visual search or
video surveillance, we must compress the data to a low bitrate for transmission. This is the
motivation for the current research on feature compression algorithms in the literature as well
as the MPEG CDVS standard. Thus, our goal is not to provide high-quality video for human
observers. Instead, we are interested in videos encoded at low bitrates for communication
networks of limited capacity. The results indicate that if the original keypoints are preserved,
then the feature-matching performance can be improved, especially for strong compression

(i.e., low-bitrate encoding). This observation motivates us to encode the keypoints and send
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them as side information along with such videos compressed to low bitrates. In the following
experiments, we will use QP = {38, 42, 46, 50} for H.264/AVC and H.265/HEVC encoding.

6.2.2 Core ideas

In our previous study in Section [6.1 we presented a keypoint encoding approach for still
images. Applying this approach directly to individual frames in a video sequence would sig-
nificantly increase the bitrate, as will be discussed in Section To address this issue,
similar to the conventional inter-frame prediction scheme in video coding, we propose sev-
eral keypoint prediction approaches that significantly reduce the number of keypoints to be

encoded and thus the bitrate required for the side information.

6.2.2.1 Frame types for keypoint encoding

The locations, scales, and orientations of keypoints detected in consecutive frames are related.
If the keypoints are detected independently for each frame, then some of the keypoints may
disappear or reappear across the frames as a result of the feature detection process. However,
a keypoint that has disappeared from the previous frame may still yield a useful descriptor
for the current frame. To address this issue, the authors of [MTC™ 13| proposed a temporally
coherent keypoint detector in which the detected patches are propagated to consecutive video
frames. Unlike their approach, we extract keypoints and use them to predict the keypoints
(locations, scales, and orientations) in consecutive video frames because, in our case, the video
itself is also available. Here, we introduce four different types of frames for keypoint encoding.
These frame types are illustrated in Fig. Two of the four frame types are similar to
those proposed in [MTC™13|: Detection frames (D-frames) and Skip frames (S-frames). For
D-frames, the keypoints are extracted using a conventional feature detection process. For S-
frames, all keypoints are estimated using the keypoints from the previous frame, and the direct
encoding of the keypoints is skipped. Therefore, S-frames enable a significant reduction in
the amount of side information, as discussed in the following section. After a certain number
of frames, it might no longer be possible to estimate the keypoints of the current frame using
the previously identified keypoints because, for example, the object of interest is leaving the
field of view or the estimated keypoints do not yield effective descriptors calculated from the
current video frame. To address this case, we add a third type of video frame, termed an
Update frame (U-frame), to update the keypoints. In contrast to D-frames, U-frames combine
both conventionally detected keypoints and forward-estimated keypoints because a few of the
estimated keypoints are still sufficient for calculating the descriptors. However, we find that
if the scene is moving quickly, then even U-frames will generate a large number of bits. To
resolve this issue, we add a fourth type of frame, called a Null frame (N-frame), for which

keypoint encoding and transmission are switched off. For N-frames, no side information is
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transmitted, and the features are extracted exclusively from the compressed frames. The
method of determining the frame types and the keypoint encoding processes for the different

frame types are explained in the following sections.

‘ Calculate matches and determine the frame types (D-frame, FP-frame, DP-frame) ‘
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. Same scene New scene
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New scene Same scene

\
|
L
\
Affine transform matrix T No T before D-frame |
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Use affine transform matrix to predict the location, scale and orientation of keypoints in current frame‘

Figure 6.8: Examples of the four frame types for keypoint encoding.

6.2.2.2 Keypoint encoder

As previously described, we predict the keypoints for S- and U-frames from the keypoints
in the previous frame, as illustrated in Fig. [6.9] Note that the keypoint decoder follows the
reverse process. Below, we define the terminology that will be used throughout this paper for
clarity.

e FEstimate means to estimate the locations, scales and orientations of the keypoints in the
current frame using keypoints from previous frames.

e Update means to estimate the keypoints and also use differential keypoint encoding to update
the keypoints.

e Predict means to either estimate or update the keypoints. Note that although estimate and
predict are synonyms, they are used for different purposes in this paper.

e In Intra mode, the keypoints are extracted by conventional means from the current frame
without reference to keypoints from previous frames and are encoded using a process similar
to that presented in Section [6.1

e In Skip mode, the keypoints are estimated and then stored in the buffer. Thus, differential
keypoint encoding and transmission are skipped.

e In Inter mode, the keypoints are estimated and the differential encoder is used to update

their locations, scales and orientations. Afterward, they are stored in the buffer.
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Note that only the Intra mode is used to encode the keypoints for D-frames; only the Skip
mode is used for S-frames; all three modes (the Intra, Skip, and Inter modes) are used for U-
frames; and no keypoint encoding is performed for N-frames. We will explain the components

of the diagram in Fig. [6.9]in detail in the following sections.

Keypoint encoder for video
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Figure 6.9: Keypoint encoding for video.

6.2.3 Keypoint prediction

When the camera or the object in a video is moving, the locations, scales and orientations of
the detected keypoints are also gradually changing. Fig. shows the keypoints detected
in frame 1 and frame 20 of the video sequence Barry White. We can see that the keypoints
are still closely related. The red squares indicate a pair of related keypoints. However,
the location, scale and orientation of the keypoint have changed; thus, we must predict the

keypoints for the current frame using the previous keypoints.

Figure 6.10: Keypoints from video frame 1 and video frame 20 in the example video Barry
White.
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6.2.3.1 Feature matching and affine transformation

As shown in Fig. we determine the frame types for keypoint encoding by matching the
features of the current frame to the features of the previous frame. To simplify the discussion,
let us first consider only D-frames and S-frames to describe our proposed framework. As
introduced in the previous section, the keypoints in D-frames are detected without reference
to previous frames (Intra mode). We estimate the keypoints for the subsequent S-frames
using all keypoints from the previous frame. The keypoint estimation process for S-frames is
represented by Skip in Fig. The number of frames between consecutive D-frames is the

detection interval A, which is set to a fixed number (e.g., 5 or 20) in our first experiment.

Two video frames have a relationship that can be locally described by a geometric trans-
formation, e.g., an affine transformation or a perspective transformation. In our experiments,
we assume that the relationship between two consecutive frames can be described by an affine
transformation and transmit the corresponding affine transform matrix. The locations, scales,
and orientations of the keypoints in the current frame can then be estimated using this trans-
form and the keypoints from the previous frame. The features from the previous frame are
stored in the Previous features buffer. The block Feature matching is used to calculate the
affine transform matrix. In the literature, several affine transform matrices were determined
in [WSGO5] for subregions of a video frame with the goal of improving the conventional rate-
distortion performance in video coding. We can also use several affine transform matrices in
the case that the video contains multiple objects of interest that are moving independently.
In the Stanford MAR dataset, all of the test videos contain objects of interest that are mov-
ing in the same direction. Thus, similar to [MCT™14], we use only one common transform
matrix in this paper. However, multiple matrices can be used for complex video scenes to
improve performance. Next, we will explain the blocks labeled Affine transform matriz T and

Keypoint estimation in Fig. in detail.

6.2.3.2 Location, scale, and orientation estimation

After obtaining the affine transform matrix, we estimate the keypoints in the current frame
using the keypoints from the previous frame. The estimated location can be easily calculated

as follows:
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where (x,y) is the keypoint location in frame f — 1 and (z,9) is the estimated location in
frame f. Equation represents the affine transformation in homogeneous coordinates.
Here, T is the affine transform matrix, and we first decompose the transform matrix into
two component matrices as shown in Equation . The second matrix can be further

decomposed as follows:

- (6.11)

_ [y 0] [1 0] [cos(qﬁ) sin(qﬁ)]
0 ro| |g 1| |—sin(p) cos(op)

where the matrix on the left represents the scaling, the middle matrix represents the shearing,
and the matrix on the right represents the rotation. Note that this decomposition is not
unique. Here, 1 and ro are the scaling factors in two directions, ¢ is the shearing factor,
and ¢ is the clockwise rotation angle. By solving the four linear equations represented by
Equation , we obtain the following:

r = +va?+ b2

_— ad — be

ac + bd '
1= ad — be
¢ = atan(b, a)

These formulae are graphically illustrated in Fig. After the affine transformation, the
circular keypoint in the first frame has taken on an elliptic shape in the second frame. Its area
is determined by the scaling factors r1 and ro and the shearing factor ¢ in Equation .
From Fig. [6.11] we can see that the shearing and rotation transformations do not change the
area, whereas r; and 79 do affect the area. Because the keypoint of a SIFT feature has a

circular shape, we assume that the elliptical area of an estimated keypoint should be the same
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Figure 6.11: Scaling, shearing, and rotation transformations derived from matrix A.

as the area of the corresponding keypoint (the dashed blue circle with radius r) in the current
frame that would be detected using the conventional detection process. From the formulae

for calculating the areas of a circle and an ellipse, the following scaling factor is obtained:

71'7’2 = Trira

r = /T2 (6.13)

r
S§=—-=7
1

To summarize, the location I’ (a vector of & and ) of a possible keypoint k7 in the current
frame f can be estimated by applying 7 in Equation (6.10]) to the location 17! (a vector of

and %) of a keypoint k/~! in the previous frame f — 1. This operation is expressed as follows:

i 1f-1
s ] s

The scale of the keypoint is estimated by multiplying the scaling factor s to the scale o as

follows:
6l =s- 0/t = \/riry -0/t (6.15)

Furthermore, the orientation is estimated by rotating the orientation 7 as follows:
0f =071 — ¢ (6.16)

Thus, the block labeled Keypoint estimation in Fig. can be detailed as shown in Fig.|6.12

We perform an initial experiment to justify our method of estimating the location, scale,
and orientation of a keypoint. In this experiment, we use the unquantized keypoints from the
D-frames and the unquantized affine transform matrix 7. The descriptors are calculated from
the uncompressed video frames using the estimated keypoints in the S-frames to demonstrate
the accuracy of the estimation. As described in Section [3.1], eight videos, each containing

a single static object, are used; the SIFT descriptors from the video frames are compared
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Figure 6.12: The location, scale and orientation estimation.

Table 6.2: Evaluation of location, scale, and orientation estimation for keypoints.

Adaptation Avg. # matches
A=5 | A=20
loc. only (Equation (6.14])) 58.33 | 49.20
loc.+sc. (Equation (6.14]) + Equation (6.15])) 58.55 |  50.98
loc.4-orient. (Equation (6.14]) + Equation (6.16])) 58.96 | 57.64
loc.+sc.4orient. (Equation (6.14]) to Equation (6.16))) | 59.19 59.13
Independent detection 59.13

with those extracted from the corresponding reference images, and the average numbers of

matching features are recorded.

We perform this experiment to verify the performance of the blocks labeled Affine trans-
form, Scale adaptation, and Orientation adaptation in the diagram shown in Fig. In
Table loc. only refers to the case in which only the keypoint locations are estimated
using Equation , whereas the scales and orientations are simply estimated as the scales
and orientations of the previous keypoints, i.e., 6/ = ¢/~ and 6/ = 6/=1. The notation loc.
+ sc. refers to the case in which the scales are also modified using a scaling factor, as in
Equation . The notation loc. + sc. + orient. indicates the case in which the locations,
scales, and orientations are all appropriately transformed. In addition, the results of conven-
tional keypoint detection and descriptor calculation for each separate frame are provided for
comparison (Independent detection). In this case, all frames are D-frames, and the keypoints

are detected independently for each frame. Table [6.2] shows that the matching performance

is improved by applying Equation (6.15]) and (6.16[), indicating that our estimation method is

effective. Note that for a detection interval of A=5, loc. only also achieves a high number of
matches, and the improvement achieved for loc. + sc. + orient. seems quite small because
of the small detection interval and because the test videos each contain only a single object.
However, when the detection interval is large (A=20) or the video content is rapidly changing,
loc. only and loc. + sc. can easily fail to produce correct descriptors. Accordingly, we can see

that loc. + sc. + orient. achieves much better performance in the third column of Table
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In addition, two possible reasons that the keypoints estimated using Equations ([6.14)) to (6.16]
slightly outperform the independently detected keypoints are that the RANSAC computation
yields inconsistent numbers of matching features and that keypoints may therefore disappear
or reappear in consecutive frames as a result of the feature detection and feature selection
processes. The estimated keypoints, which are absent in conventional feature detection, are
still sufficient to extract effective descriptors. As a result, the average number of matching
features obtained from the estimated keypoints could be slightly higher than that obtained
using the independent detection method. In the following experiments, we use the estimated

keypoints (location, scale, and orientation) to extract descriptors.

6.2.3.3 Affine transform matrix quantization

The affine transform matrix contains real-valued numbers; therefore, we must perform lossy
encoding for this matrix. The affine transform parameters are quantized via scalar quanti-
zation in [WSGO05]. The authors of [MCT"14] encode the affine transform matrix 7' using
differential keypoint location coding. They uniformly quantize the parameters a, b, ¢, d, t,,
and t, in Equation using 7 bits, resulting in 42 bits in total for the matrix 7. By
contrast, we propose to quantize the parameters r1, 72, ¢, and ¢ in Equation . The asso-
ciated keypoints in consecutive frames have similar scales and small differences in orientation.
We find that the parameters 1 and 72 lie within the range [0.9, 1.1], the parameter ¢ remains
within the range [-0.05, 0.05], and ¢ is within the range [-0.15, 0.15]. This is because the
affine transform matrix 7' is calculated between two consecutive frames. To fairly compare
our method with the quantization method proposed in [MCT™14], we also assign 42 bits to
the matrix T'. For r1 and ry, we use 6-bit quantizers, and for ¢, we assign 7 bits. We observed
in our experiment that the quantization of ¢ strongly affects the matching performance; there-
fore, 9 bits are assigned to this parameter. For ¢, and ¢, we assign the same number of bits
as in [MCT™14] (namely, 7) to enable the exclusive comparison of the quantization methods
for the matrix A in Equation . Subsequently, to improve the matching performance, we
increase the allotted space for encoding the matrix 1" to 48 bits, i.e., 7, 7, 7, 9, 9, and 9 bits
for r1, m2, q, ¢, t,, and t,, respectively, using uniform quantization. The quantized T can be
obtained from the quantized parameters in Equation . We use a detection interval of
A=5 in our experiments for illustration, and the results are shown in Table As can be
seen, we achieve slightly better results than the method in [MCT™14]. Our result for 48 bits
approaches the performance achieved using the unquantized T'. In the following experiments,
we use the quantized T in place of the uncompressed T, using 48 bits to encode the affine

transform matrix.
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Table 6.3: Comparison of different quantization methods for the affine transform matrix 7°

’ Quantization \ Avg. # matches ‘
Uncompressed T 59.19 (Table |6—2|, A=5)
Method in [MCTT14] (42 bits) 59.00
Our method (42 bits) 59.06
Our method (48 bits) 59.13

6.2.3.4 Adaptive detection interval

In the previous section, we presented experiments performed using a fixed detection interval
A. However, a fixed detection interval will not be adequate when objects are entering or
leaving a scene because the descriptors extracted from certain of the estimated keypoints
will become spurious. Additionally, when the object of interest does not change across a
large number of frames, a fixed detection interval may result in a new set of conventionally
detected keypoints being sent sooner than is necessary. To address these issues, we propose
to use an adaptive detection interval. Specifically, we will insert a D-frame or a U-frame when
the keypoints from the previous D- or U-frame are insufficient for feature extraction in the
current frame.
Adding D-frames or U-frames adaptively

The proposed process for determining the frame type is as follows. For a new frame, we
first extract the descriptors for the estimated keypoints and compare them with the features
from the previous D- or U-frame.
e If the affine transform matrix cannot be calculated or is incorrect, this indicates that a
new scene has begun because the estimated keypoints cannot produce correct descriptors.
Therefore, we specify a D-frame for keypoint encoding.
e If the number of matches is greater than a certain threshold (e.g., € = 80%) with respect to
the number of features in the previous D- or U-frame, then most of the estimated keypoints
can be considered effective for the current frame. Therefore, an S-frame is specified. Note
that the threshold e significantly affects the determination of S-frames and the bitrate of the
side information. For the test dataset, the selected value is reasonable; however, it can be
adjusted for other datasets or applications.
e If several of the keypoints are still valid, although the object of interest is leaving the
current scene, another object is entering the scene, or many keypoints deviate from the actual
keypoints after a large number of frames, then we designate the current frame as a U-frame.

The reason that we compare the features of the current frame with the features of the
previous D- or U-frame is that the initial keypoints propagated to the intervening frames
originate from this previous D- or U-frame. After determining the frame type, we calculate
the affine transform matrix 7" between the previous frame and the current frame if the frame

is designated as an S- or U-frame. Note that we do not use the affine transform matrix
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between the current frame and the previous D- or U-frame because the compression of this
matrix requires a higher bitrate. An individual T for each S- or U-frame is then quantized
and transmitted as side information. Transmitting 7" is not required for D-frames.

Comparison of adaptive and fixed detection intervals

We compare the adaptive-interval and fixed-interval schemes. In this experiment, the
previous settings are used: a fixed A = 5, quantization of the affine transform matrix using
48 bits, and conventional feature detection for D- or U-frames. Note that we still use the
original (unquantized) keypoints for the D- and U-frames because the objective here is to
evaluate the performance of our adaptive detection interval scheme for uncompressed video
frames. In addition, we add an independent detection scheme to detect features for each frame
individually in a conventional manner. From Fig. [6.13] we can see that the performance of
the fixed-interval scheme is similar to that of the independent detection scheme because the
interval A is quite short. The green curve represents the performance of the adaptive-interval
scheme, and the red dots represent the D- and U-frames. Interestingly, the keypoints from the
D-frames strongly affect the descriptor calculation and matching in the consecutive S-frames.
As a result, the adaptive-interval scheme sometimes outperforms the independent detection

scheme (e.g., at frame 70), but it is inferior, for example, at frame 80.

Monsters Inc
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Figure 6.13: Matching performance comparison among independent detection, a fixed detec-
tion interval (A = 5), and an adaptive detection interval (example video: Monsters Inc.). The
red dots indicate the frames at which conventional detection is applied in the adaptive-interval
scheme.

Table [6.4] shows the average number of matches and the average number of D- or U-frames
over all videos. The fixed-interval scheme achieves similar matching performance to that of
the independent detection scheme. In the dataset we are using, each video contains only one
object and no scene changes. Therefore, the performance of the fixed-interval scheme does
not suffer. The performance of the adaptive-interval scheme is somewhat reduced because

of the existence of more S-frames; however, the number of D- and U-frames is significantly
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reduced. This will result in a significant reduction in the amount of the side information, as
shown in Section [6.2.4.3] Moreover, because of the manner in which we insert D- or U-frames,
our adaptive-detection-interval scheme is still suitable for a rapidly changing scene. We will

discuss experiments using videos containing scene changes in Section [6.2.5.2

Table 6.4: The average numbers of matches and of D- and U-frames over all videos.

] Schemes ‘ Avg. # matches ‘ Avg. # D/U-frame ‘
Indep. detect. 59.13 (Table 6.2 100
Fixed interval (A=5) 59.13 (Table 6.3 20
Adap. interval (e = 80%) 57.95 4.63

6.2.3.5 Switching off keypoint encoding and transmission

When the camera or one or more objects are moving quickly, the number of features matched
in the next frame could fall below the threshold ¢ = 80%. In this case, we need to designate
a U-frame. Thus, the bitrate of the keypoints will be significantly increased by the necessity
of specifying many U-frames for rapidly moving scenes. This situation can be mitigated by
reducing the threshold ¢; however, because this threshold is used to indicate the percentage
of well-estimated keypoints, its value should not be set too low. To reduce the bitrate of
the side information, as shown in Fig. we add N-frames for quick scene changes. This is
motivated by the observation that the video frames for a fast-moving scene are less relevant
to the computer vision algorithm run at the server.

The method for determining an N-frame is as follows. Once we have a D- or U-frame, we
assume that a new scene or an updated scene is coming. However, if the scene is too short,
we may need to add many D- or U-frames, which would introduce a significant increase in
bitrate. Therefore, we need to check the length of the scene corresponding to the current D-
or U-frame. If the subsequent Ny frames are not S-frames, then the current D- or U-frame is
changed to an N-frame. This indicates that the scene corresponding to the current frame does
not remain stable across Ng+1 frames. We skip the keypoint encoding for this frame, and
the next frame is assumed to be a new D-frame. This process is then performed again for the
new D-frame. We switch off the keypoint encoding and transmission for such N-frames, and
at the server, the features for these frames are directly extracted from the decoded frames.
We will discuss the N-frames selected in a retrieval experiment using Multiple Objects video
sequences in Section

6.2.4 Keypoint encoding and transmission

In the previous sections, we presented several experiments to justify the feasibility of using

predicted keypoints, quantizing the affine transform matrix, and using an adaptive detection
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interval. In addition, we proposed switching off the keypoint encoding and transmission when
the scene is moving quickly to reduce the number of D- or U-frames. As a result, the number
of keypoints that must be encoded is significantly reduced. Next, we will describe the keypoint
encoding approaches used for the different types of frames. First, we use 2 bits to indicate
the frame type for each frame. For D-frames, similar to the approach used in our previous
study of keypoint encoding for still images, we quantize the keypoint locations into integer
values and use sum-based context-based arithmetic coding to encode them. We use 12 bits for
scale and orientation encoding. In our experiments, this keypoint encoding method is referred
to as the Intra mode. For S-frames, we use the estimated keypoints directly and send only
the quantized affine transform matrix, which requires 48 bits. This procedure is denoted by
Skip mode in Fig. For U-frames, we use three modes to encode the keypoints: the Intra,
Skip and Inter modes. The Inter mode is identical to the differential keypoint encoding mode
shown in Fig. If this mode is selected, then the differences between the scales, locations,
and orientations of a matched pair are encoded and transmitted. Note that for an N-frame,

the encoding and transmission of the keypoints and the affine transform matrix 7" are skipped.

6.2.4.1 Intra mode keypoint encoding

Keypoints are encoded using the previously observed quantization levels for locations, scales,
and orientations (see Section . If all encoded keypoints k; are sent as side information,

the extracted descriptors are expressed as follows:

d; = U(k;|I), with k; = Dec(Enc(k;)) (6.17)

where Enc(-) and Dec(-) denote the encoding and decoding, respectively, of the keypoints.

6.2.4.2 Keypoint encoding for U-frames

For U-frames, we use three modes to encode the keypoints: the Intra, Skip and Inter modes.
The Inter mode is the differential keypoint encoding mode shown in Fig. The differences
between the scales, locations and orientations of a matched pair are encoded and transmitted.

These steps are described as follows.

Step 1. Find the matches between two consecutive frames using the NNDR
matching strategy. We denote the matched keypoints in the previous frame by
K?* = {k{,...,k% .., k%} and the matched keypoints in the current frame by KbP =
(Kb, . Kb, RS

Step 2. Use the quantized affine transform matrix to estimate the locations ,
scales , and orientations of the keypoints KP in the current frame from the
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keypoints K2 in the previous frame. We denote the keypoint estimation by K? — KP =
(RS, Kb RD )

Step 3. Calculate the differences to obtain Al; = I°—1?, Ag; = 6% —6? and Ab; = 00 —0?
for each pair {k?, kl} of {KP KP}.

Step 4. Remove incorrect matches if the differences are too large, i.e., Al; > 16,
abs(Ao;) /6% > 0.3, or abs(Q(AH;)) > 4, where Q(-) denotes the index difference derived
from . As a result, correct matches have the following properties: Al; lies on the
interval [-16, 16]; the index of Ao;/6? lies on the interval [0, 5], where it is quantized into
five levels; and Q(A6;) lies on the interval [-4, 4].

Step 5: a) The Skip mode is used if the matched keypoints satisfy the following three
conditions: 1) Al; <= 1; 2) the index of Ac;/6? is equal to 2, which means that the scale
has not changed; and 3) Q(A6;) = 0.

b) The Inter mode is used for the differential coding of any other correctly matched
keypoints. The differential values are encoded via arithmetic coding.

¢) The Intra mode is employed for non-matched features and incorrectly matched fea-
tures, which are treated as features corresponding to new scene content. These keypoints

are encoded in the same manner as the keypoints in D-frames.

Note that the bitrate for keypoint encoding is determined by the threshold e that is used to
determine the frame types and by the quantization factors that are used for each quantity in

the Intra and Inter modes.

6.2.4.3 Bitrate comparison

We encode the keypoints using three different schemes and compare the resulting bitrates.
First, all frames are treated as D-frames, which means that all features are independently
extracted using the decoded keypoints. Second, only the first frame is considered to be a D-
frame, with the following frames being U-frames. Third, S-frames and an adaptive detection
interval are added. We compare these schemes to demonstrate the potential bitrate reduction
offered by the proposed approach. Fig. shows the results for the three different schemes.
The introduction of S-frames and an adaptive detection interval leads to a significant bitrate
reduction (by a factor of 18 compared with D-frames only), but the matching performance is
not significantly affected.

Fig. shows the number of keypoint bits for each frame of the video sequence Wang
Book. The adaptive detection interval reduces the number of D- or U-frames by exploiting the
keypoints that remain coherent across frames. For an S-frame, we use 48 bits for the affine

transform matrix and 2 bits to indicate the frame type. For U-frames, many keypoints are
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Figure 6.14: Left: matching performance comparison for the D-frames only scheme, the U-

frames added scheme and the S-frames added scheme over all videos. Right: bitrate of the
side information.

encoded in the Intra or Inter mode, therefore requiring a large bitrate. However, incorrect

keypoints or deviated keypoints are corrected by adding U-frames.
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Figure 6.15: Number of keypoint bits used for each frame (example video: Wang Book).

6.2.5 Experimental results

In the previous section, we described how to encode the keypoints for the different types
of frames. Thus far, the encoded keypoints have been used to extract SIFT descriptors
from the original video frames. Here, we add the encoded keypoints as side information for
compressed videos that are encoded with different QP values. The pairwise matching and

retrieval performances are compared with those for standard H.265/HEVC-encoded videos.



6.2. KEYPOINT ENCODING FOR VIDEO AT LOW BITRATES 109

6.2.5.1 Pairwise matching results for videos with different QP values

First, we perform pairwise matching for the eight videos presented in Section [3.1} The blue
line in Fig. shows the final matching performance of the proposed approach as a function
of the total bitrate used for the compressed video plus the keypoint side information. The
number of matches for a given bitrate budget is significantly improved. In general, a 5x bitrate
reduction is achieved compared with conventional H.264/AVC encoding. This result is better
than those for the patch-encoding approaches presented in [MTCT13| (2.5x) and [MCT™14]
(4x). Note that in the cited studies, the bitrate reduction was also calculated in comparison
with the performance of H.264/AVC encoding; therefore, the comparison is quantitatively fair.
Unlike these patch-encoding approaches, we provide standard-compatible videos in addition
to the locations, scales, and orientations of the keypoints for a geometric consistency check.
The keypoints of a correctly matched image pair should have correlated locations, scales and
orientations. Thus, the keypoint information is valuable for eliminating outliers and increasing

precision.
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Figure 6.16: Matching performance comparison for various approaches (the blue line rep-
resents the proposed approach). The bitrate includes both the encoded keypoints and the
H.265/HEVC-encoded videos.

6.2.5.2 Retrieval results

In our previous experiments, we compared the number of preserved features using pairwise
matching. Notably, in content-based image retrieval systems, performance typically improves
with an increasing number of preserved features. To evaluate the retrieval performance of our
proposed scheme, we use video sequences in the Stanford MAR dataset that show multiple
objects. Each Multiple Objects video consists of 200 frames and contains three different objects
of interest. The first two Multiple Objects videos are used in our retrieval experiments. Similar

to the retrieval experiment in Section [5.2.6] excluding the fast spatial matching component, we
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use a previously proposed image retrieval system [PCIT07]. The MIRFLICKR-25000 [HTLI0]
database and the 23 reference images from the Stanford MAR dataset are used as the training
dataset. Similar to [MTC™ 13|, we extract up to 300 SIFT descriptors for each image in the
database and train one million visual words from these descriptors. For the test frames, we
extract 200 SIFT features and pass them to the retrieval engine. After obtaining a shortlist of
candidate matching images from the retrieval system, we run RANSAC on the top 100 images
in the shortlist to reorder these retrieved images for improved precision. We run the retrieval
for each frame of the Multiple Objects videos. As noted in a previous study [MCT"14],
this operation is redundant because the retrieval results for consecutive frames are closely
related. However, the objective of this experiment is to examine the performance of different
approaches in a scenario wherein an object of interest is leaving or entering the scene. Note
that in this experiment, the threshold € is set to 80% (Section , N-frames are used,
and N (Section is set to 4 for these video sequences. We encode the videos using
H.265/HEVC. Note that we use only a QP value of 46 (Section . Three approaches
are compared, i.e., feature extraction from the uncompressed video frames, feature extraction

from the compressed video frames, and feature extraction using the encoded keypoints.
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Figure 6.17: PAO values for two Multiple objects video sequences.

Precision at One

Similar to [MCT™14], we first plot the Precision at One (PAO). The PAO is defined as
the ratio between the number of correctly retrieved images in the top position and the total
number of frames used for retrieval. Note that not all 200 frames are used to calculate the
PAQO. Only the frames whose locations are tagged in the ground-truth files are used. Fig.
shows the PAO values for the three tested approaches for the Multiple Object videos. The
proposed approach based on encoded keypoints yields a significant improvement in terms of
the PAO. The bitrates of the two encoded video sequences are 37.08 kbps and 23.44 kbps,
and the bitrates for the encoded keypoints are 7.55 kbps and 9.11 kbps, respectively. As seen
from the figure, adding the encoded keypoints as side information significantly improves the

retrieval performance. In our experiment, we find that the proposed approach offers superior
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performance compared with videos encoded using a smaller QP value at the same bitrate.
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Figure 6.18: The upper plots show the keypoint bits for individual video frames. The lower
plots show the pairwise matching performance between the video frame and the top retrieved
image.

Number of matches in top retrieved images

The upper plots of Fig. show the frame types and numbers of bits for individual video
frames. The red, green, blue, and black dots represent the keypoint bits for D-, S-, U-, and
N-frames, respectively. The keypoint bits for D- and U-frames vary for different video frames,
whereas each S-frame requires 50 bits and each N-frame requires 2 bits, thereby resulting in
a large bitrate reduction. The lower plots of Fig. show the number of matches achieved
using the pairwise matching scheme only when the system retrieves the correct image in the
top position. A value of zero indicates that the retrieved image is not in the top position or that
no matching image is identified for the video frame. In general, the proposed approach yields
an increased number of matches. In the lower right plot, because of the significant amount of
glare on the Barry White CD cover, many spurious features are extracted across consecutive
video frames. These keypoints cannot be propagated to consecutive video frames. Therefore,
many frames are selected as N-frames, for which keypoint encoding and transmission are
skipped (e.g., video frames 95 to 125), resulting in impaired matching performance for Barry
White. The results reported in show similar performance impairments. In addition,
the glare on the CD cover causes the selection of a greater number of D- or U-frames (e.g.,
video frames 49 to 90) when encoding the keypoints. There is a drop between frame 155 and

frame 195 compared with the uncompressed video, which occurs because the frames during
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this portion of the video are all of the S-frame type. In Fig. [6.13] the number of matches
in the current S-frame is closely related to the number of matches in the previous D- or U-
frame. From the drop observed in the figure, we can see that the same is also true here. The
performance in this portion of the video could be improved by adding a U-frame (i.e., tuning
the parameters).

The top detected images for the three approaches differ for certain video frames. For
example, as shown in the lower left plot in Fig. [6.18] the proposed approach detects Wang
Book correctly from frame 130 to frame 137, whereas the other two approaches detect no
relevant images. By contrast, the other two approaches detect Monsters Inc. from frame 144
to frame 146, but the proposed approach fails to detect any relevant image. Fig. [6.19| presents
two example frames to illustrate the results. Note that these frames are not included in the
calculation of the PAO because the transition sections of the videos are not included in the

ground-truth files in the Stanford MAR dataset.
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Figure 6.19: Transition frames from Wang Book to Monsters Inc.. Left: frame 135, where the
proposed approach correctly detects Wang Book and the other two approaches fail. Right:
frame 145, where the proposed approach fails to detect the relevant image and the other two
approaches successfully detect Monsters Inc..

Retrieval results for 720p video sequences

The Stanford MAR dataset used in the previous experiments is quite small and simple.
Therefore, in this retrieval experiment, we use two 720p format video sequences [TUM] that
contain rich features to evaluate our proposed approach: 720p50_mobcal_ter and 720p5994_
stockholm_ter. Note that four frames of each video are gray frames, which are removed before
coding. We displayed the first frame of each video on a monitor and acquired an image of it
using a mobile phone. The resulting images therefore deviate considerably from the original as
a result of noise, perspective transformation, illumination changes, and so on. The processed
images, shown in Fig. [6.20] are used as reference images and integrated into the database used

in the previous retrieval experiment to form the training database.
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Figure 6.20: Reference images derived from the first frames of each 720p video.

As in the previous experiment, the 720p format videos are encoded using H.265/HEVC
with a QP value of 46. The keypoints are extracted from the uncompressed video and encoded
as side information. Because of the relatively large size of 720p videos, we extract 300 SIFT
features from each frame and pass them to the retrieval engine used previously. The other
settings are the same as those used in the previous retrieval experiment. The bitrates of the
two encoded video sequences are 64.50 kbps and 41.74 kbps, and the bitrates of the encoded
keypoints are 9.20 kbps and 6.16 kbps, respectively. We plot the number of matches between
the correctly retrieved image (i.e., the reference image is in the top position) and the video
frames for the uncompressed videos, the H.265/HEVC-encoded videos and the videos encoded
using our proposed approach in Fig.[6.21] (only the results for the first 250 frames are shown). It
is apparent that using the encoded keypoints significantly improves the retrieval performance.
Note that the content of the first frame gradually disappears in the following frames, and
therefore, the number of matches should decrease through consecutive frames. However, in
Fig. the number of matches obtained using our scheme increases significantly. As noted
before, the number of matches in subsequent S-frames strongly relies on the number of matches
in the previous D-frame, as shown in the figure. In addition, we can see that additional frames
can be correctly retrieved with the addition of side information, e.g., frames 175 to 200 in the
plot on the lower left and frames 95 to 139 in the plot on the lower right. Compared with
the results of the previous retrieval experiment, it is more clearly demonstrated here that the
predicted keypoints yield correct descriptors calculated based on these transition frames. It
should be noted that the matches identified by our proposed scheme significantly outnumber
the matches for the uncompressed video. This can be explained as follows. Only 300 features
are extracted from each 720p video frame; therefore, they are highly sparse. Then, a few
even stronger features are detected from the coming scene, which are identified as the top
300 features. The previous scene is still present in the video content; thus, the predicted
keypoints can yield more valid descriptors than the scheme using the uncompressed video
because the first frame is the reference image. Considering the resolution of 720p videos, the

scenario depicted in Fig. can rapidly change if more features are detected, i.e., if the
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number of features is sufficient or if they are sufficiently distributed across the image. Note
that no N-frames are specified among the first 250 frames. Fig. shows two video frames
for which only our approach returned a correct match in the top position (see the lower plots
in Fig. [6.21]). We can see that the contents of the query and reference images (see Fig. [6.20))
overlap to a large extent. Note that the subsequent video frames still contain many features
that match with the relevant reference image; however, the relevant reference frame is not

returned in the top position. Therefore, the numbers of matches are not shown in Fig. [6.21
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Figure 6.21: The upper and lower plots show the keypoint bits for individual video frames
and the pairwise matching performance between the video frame and the top retrieved image,
respectively.
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Figure 6.22: Examples of retrieved transition frames. Left: frame 200 of 720p50_mobcal_ter.
Right: frame 139 of 720p5994_stockholm_ter
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6.2.6 Discussion
6.2.6.1 Bitrate reduction for keypoints

We obtained our results using heuristically selected parameters based on the statistics for
keypoint encoding. In the Intra mode procedure presented in Section we quantize
the locations using a factor of 1 and use 12 bits to encode the scales and orientations. Note
that we can modify these parameters to achieve a larger bitrate reduction for D- and U-
frames. In the Inter mode procedure presented in Section the differential values of
locations, scales, and orientations can be quantized using larger quantizers to further reduce
the bitrate for U-frames. The threshold e (Section determines whether the current
frame is designated as a U-frame. Therefore, this parameter strongly affects the length of a
series of S-frames. A lower € value results in a larger number of S-frames for the current D-
or U-frame, which yields a lower bitrate for keypoint encoding. Note that this value should
not be too small because overly small values will affect the matching performance. The value
of Ny (Section is used to check the number of S-frames associated with the current
D- or U-frame. If the length of the window is too short, then the current D- or U-frame is
changed to an N-frame to eliminate the encoding and transmission of keypoints in rapidly
moving scenes. Furthermore, in our experiments, it is determined that the acceptable N,
value ranges from 3 to 12, depending on the frame rate. In the previous section, we propose
removing spurious keypoints and duplicated keypoints (see Section to further lower the
number of keypoints to be sent to the server. Note that a spurious keypoint for the current
frame could be a useful keypoint for subsequent frames; therefore, we do not directly apply this
approach to videos. However, removing duplicated keypoints with respect to the keypoints
extracted from the compressed video frame is still feasible. To summarize, there is always a
trade-off between the matching performance and the bitrate for keypoint encoding. Note that
we present only the results obtained using the parameters selected in the previous sections,

which appear reasonably effective for improving the matching performance.

6.2.6.2 Reusing previous descriptors

For S-frames or in the Skip mode for U-frames, the SIF'T descriptors are calculated again at the
server based on the estimated keypoints from the compressed frames in our experiments. The
purpose of this recalculation is to verify the correctness of the proposed keypoint estimation
approach. However, the descriptor calculation process can be skipped by directly using the
previous descriptors at the server, i.e., the descriptors for the S-frames and some descriptors
for the U-frames can be reused from the descriptors calculated for previous frames. Thus,
the computation time at the server can be reduced. In our experiments, from the pairwise

matching results shown in Fig.[6.16| and the retrieval results shown in Fig.|6.18] it can be seen
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that the extraction of descriptors from predicted keypoints remains effective.

6.2.6.3 Uploading frames and encoded keypoints

In certain applications, when a mobile device captures a video, it is unnecessary to upload
all video frames. To address this scenario, [MCT™14] discusses two schemes, both including
a Retrieval State and a Pair-wise State. In the Retrieval State, the descriptors extracted
from the frame are used to retrieve a relevant image. In the Pair-wise State, the descriptors
from the current frame are compared with the previously retrieved image using the pairwise
matching approach. The authors suggest that better bitrate reduction can be achieved using
On-Device Tracking [MCT™14]. In our proposed system, we can also perform a process that
is similar to On-Device Tracking [MCTT14]. When a new object is detected, the frame is
HEVC Intra-encoded, and the keypoints are encoded using the Intra mode and sent as side
information with the encoded frame. Note that this is similar to our previously proposed
approach for images in Section which achieves improved performance at low bitrates.
The server then performs image retrieval and sends the relevant image back to the mobile
device. Then, the descriptors from the following frames are compared with the retrieved
image. If no new object is found, then there is no need for data transmission between the

mobile device and the server.

6.2.6.4 Computational complexity

It should be noted that the processes of keypoint detection, feature extraction and matching,
and keypoint encoding are all based on uncompressed video frames. Therefore, in practice, we
can run these processes in parallel with the actual video compression, as shown in Fig. to
speed up the processing. In addition, to reduce computational complexity, we can replace the
descriptor extraction and descriptor matching processes with simpler detectors, descriptors,
and matching procedures, e.g., we can heuristically determine which keypoints can be used
in the next frame. This keypoint encoding process can be optimized to achieve a reduced
computation time compared with the H.265/HEVC encoding time. Moreover, because the
keypoint decoding is separate from the decoding of the video, the encoded bitstreams need not
be transmitted simultaneously with the video. In certain applications, they can be transmitted

later when the communication channel is not busy to improve the matching performance.

6.3 Summary

Although image or video compression artifacts adversely affect the feature-matching perfor-
mance, the situation can be improved significantly by using the original SIF'T keypoints. In

the first section, a novel approach for feature-preserving image compression is proposed, where
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the encoded keypoints are signaled as side information along with the compressed image. Our
results show that the proposed approach significantly improves the matching performance for
low-bitrate images. In the second section, the idea is applied to video compression, and four
different types of frames are introduced for keypoint encoding based on considerations regard-
ing different behaviors in consecutive video frames. Then, we propose methods of predicting
keypoints, quantizing the affine transform matrix, adopting an adaptive detection interval, and
switching off the keypoint encoding when the scene is moving quickly to reduce the keypoint
bitrate. The Intra, Inter and Skip modes of encoding the keypoints are described. Finally,
pairwise matching and image retrieval are performed. The results show that the proposed
approach achieves improved performance in feature matching at a given rate. Similarly, other
types of keypoints (e.g., SURF, MSER, or FAST) can also be encoded for improved feature
extraction using the proposed framework. In addition, when more features (e.g., 500 features)
must be transmitted, the increase in bitrate incurred by our proposed scheme is much smaller

than that of other schemes.






Chapter 7

Conclusions and outlook

7.1 Conclusions

It is shown that the compression artifacts at low bitrates significantly affect feature quality.
The combination of the Hessian-Affine detector and the SIFT descriptor is the most robust
one under severe compression. Then, several experiments were performed to investigate the
properties of features for the sake of designing feature-preserving image and video compression.
We examined the sensitivities of features at different scales, keypoints and descriptors, and
various detectors to image frequencies. These observations motivated the various schemes

proposed in this thesis.

In the scenario that still images are captured using a mobile device and encoded using an
image compression standard, e.g., JPEG standard, we first considered the case that the images
were already encoded and transmitted to the server. The results show that at the server, the
application of deblocking filters to the images can improve the retrieval performance for some
features. Then, feature-preserving bit allocation was proposed during image encoding process
in the mobile device. Given that small-scale features are more vulnerable, the MBs were
categorized into various groups, and greater numbers of bits were assigned to the small-scale
features using a novel R-D model. In addition, a novel JPEG quantization table was designed
for scale-space-based features considering that the high frequencies are unimportant. The
results show that the proposed approaches lead to higher matching performance compared to
the default JPEG standard.

The third part of this thesis extends the above-mentioned approaches for images to video
compression. Similarly, R-D models were designed to encode videos using the H.264/AVC
standard. As a result, greater numbers of features were obtained compared to normally
H.264/AVC-encoded videos. In practical video communications, compressed videos should

meet the constraints of communication channels for transmission. Therefore, a novel rate

119



120 CHAPTER 7. CONCLUSIONS AND OUTLOOK

control framework was proposed for feature preservation in H.264/AVC video compression.
Similarly, the MBs were categorized into different groups based on their importance in feature
extraction. The GOP level and the frame level rate allocation schemes were designed, and
different quantization parameters were assigned to each group. The experimental results show
that our framework achieves the target bitrate, while preserving a greater number of features.

Then, based on the property that keypoint detection is more vulnerable under compression,
we proposed encoding the original keypoints of uncompressed images or video frames and
sending them along with the compressed images or videos. Consequently, the quality of
the feature descriptors calculated at the server using the transmitted keypoints is better.
For images, the approach of intra-frame keypoint selection and encoding was proposed. For
videos, four different frame types were introduced for keypoint encoding based on the type of
the video content, and the Intra, Skip, and Inter modes were used to encode the keypoints of
each frame type. This can be treated as an approach of inter-frame keypoint selection and
encoding. Therefore, for both images and videos, only a subset of keypoints was required to
be transmitted. The improved feature-matching performance and retrieval performance show
the effectiveness of this keypoint encoding idea.

The images and videos used in our feature-preserving image and video compression schemes
are standard-compatible and can be decoded using any standard decoder. This is advanta-
geous because the images or videos can be watched or stored for future use, flexible feature
types can be extracted from them, and their locations, orientations, and scales can be used for

geometric verification. Note that the ideas proposed herein can be applied to other features.

7.2 Qutlook

The techniques proposed in this thesis address a wide range of questions pertaining to feature-
preserving image and video compression. Nevertheless, there remain many research topics to
be studied in this field.

Although various approaches have been proposed in this thesis, thus far, we have not
examined the ultimate improvement achievable by combining some of these approaches. For
example, the keypoint encoding and transmission idea can be combined with the approach of
selecting different QP values for different groups to possibly further improve the rate-matching
performance.

The images and videos were compressed at low bitrates assuming limited channel band-
width. However, as network resources grow, the images or videos can be encoded at high
quality. Consequently, the feature quality would probably not be affected significantly. For
example, the authors in [KO05] coined in this context the term critical video quality to deter-
mine the smallest video bitrate that would not affect the accuracy of face detection and face

tracking algorithms. When reaching the critical video quality, e.g., the proposed keypoint
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encoding idea would probably be not necessary. Therefore, in practice, one should investi-
gate the critical image or video quality for a specific application and determine whether the
proposed approach should be applied at high bitrates.

Regarding the compression standard, JPEG 2000 has not been exploited for feature preser-
vation. JPEG 2000 uses the discrete wavelet transform (DWT) to process a pixel domain im-
age. Specifically, it offers several techniques for region-of-interest coding that are intrinsically
suitable for feature-preserving bit allocation. It would be quite interesting to design a scheme
that maximizes the feature quality given a certain rate.

In our experiments, only spatial features were investigated. In addition, many spatio-
temporal detectors and descriptors have been proposed in the literature. The popular and
commonly used features are, for example, 3D-SIFT [SAS07], extended SURF [WTGOS§|, dense
trajectories [WKSL11], HOG/HOF [LMSRO0S§|, motion boundary histograms [WKSL11], and
so on. The extent to which the compression artifacts affect these features should be examined,
and the feature-preserving techniques should be designed carefully considering the feature
properties. We believe that a few of the proposed approaches would also be applied to these
spatio-temporal features.

Last but not least, in this thesis, we presented our works and performed the experiments
using MVS as an example application. In other applications, such as human detection and
tracking, face recognition and tracking, one probably needs to modify the proposed feature-

preserving image and video compression schemes.
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