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ABSTRACT

DIRECTIONAL CODING OF BACKWARD COMPATIBLE HIGH
DYNAMIC RANGE (HDR) IMAGE CODING RESIDUES

Feyiz, Kutan
M.S., Department of Electrical and Electronics Engineering
Supervisor : Assoc. Prof. Dr. Fatih Kamigh
Co-Supervisor : Dr. Alper Koz

January 2018, [120| pages

High dynamic range (HDR) image and video formats are proposed to overcome limi-
tations of widely accepted standard 8-bit low dynamic range (LDR) image and video
representations. The main aim of these formats is to encode the whole luminance
range of real world scenes which changes from extreme darkness (10 © cd/m?) to
bright sunshine (10% cd/m?), and to generate and store such scenes independent from
the display technology. To achieve a successful transition from LDR to HDR tech-
nology, backward compatible image and video representation formats are proposed
so that both LDR and HDR displays can use the same representation to show LDR
and HDR versions of the same content. This is typically achieved by including in
the representation an LDR base layer, and an HDR enhancement layer that includes
a method to predict HDR content from the LDR content in the base layer and pos-
sibly residue data to correct the HDR prediction. The main focus of this thesis is to
implement a more efficient coding method for backward compatible HDR image cod-
ing residues, which are defined as the differences between original HDR images and
their predictions from the corresponding base layer LDR images. As the first stage,
analyses of similarities between spatial characteristics of backward compatible HDR
image coding residues and LDR motion-compensated (MC) prediction residuals, for
which directional coding methods were proposed, are performed. These analyses are
followed by an implementation of suitable directional transforms which model spatial



characteristics of backward compatible HDR image coding residues more efficiently.
Rate-distortion performance of the proposed method for coding of backward compat-
ible HDR image coding residues are evaluated with objective and perceptual quality
metrics. Results indicate that the proposed coding method can perform better than the
standard coding methods for the coding of backward compatible HDR image coding
residues.

Keywords: High dynamic range image, backward compatible coding, spatial char-
acteristics, statistical analyses, residue 8-bit conversion, residue coding, directional
coding
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Oz

GERIYE UYUMLU YUKSEK D INAM IK ORANLI (YDO) GORUNTU
KODLAMA KALINTILARININ YONLU KODLAMASI

Feyiz, Kutan
Yuksek Lisans, Elektrik ve Elektronik MihendgliBolumu
Tez YOneticisi : Dog. Dr. Fatih Kam sl

Ortak Tez Yoneticisi : Dr. Alper Koz

Ocak 2018 |, 170 sayfa

Yuksek dinamik oranl (YDO) goéruntu ve video bicimleri, gelisen diinyan n teknolo-
jik ihtiyaclar n n gerektirdgi gorsel igerikleri temsil etmekte yetersiz kalmakta olan
yayg n bir sekilde kabul gérmis standart 8-bit alcak dinamik oranl (ADO) goste-
rimin getirdigi s n rlamalarla basa ¢ kmak i¢in dnerilir. Bu bicimlerin basl ca amac
asr karanl ktan10 © cd/im?) parlak giines g na (L0° cd/m?) kadar dgisen gercek
dunya sahnelerinin tim parlakl k amgn kodlamakt r, ve sonu¢ olarak bir sahneyi
ekran gosteriminden lgams z olarak Uretmek ve depolamakt r. ADO'dan YDO tek-
nolojisine basar | bir gecisi gerceklestirmek icin, geriye uyumlu gorunti ve video
gosterim bicimleri dnerilir, boylece ayn icgin ADO ve YDO versiyonlar n gos-
termek icin hem ADO hem de YDO ekranlar ayn goésterimi kullanabilir. Bu tipik ola-
rak gosterimin icerisine bir ADO temel katman , ve temel katman icerisindeki ADO
iceriginden YDO igerginin tahmin edildgi bir yéntem ve YDO tahminini dizelt-
mek icin mimkun oldgunca kal nt verisi igceren bir YDO yikseltme katman dahil
edilerek gerceklestirilir. Bu tezde, orijinal YDO goruntuleri ve onlar n temel katman
ADO goruntulerine kars | k gelen tahminleri aras ndaki farklar olarak tan mlanan ge-
riye uyumlu YDO goéruntt kodlama kal nt lar icin daha verimli bir kodlama yontemi
uygulanmas na odaklan Im stlik asamada, geriye uyumlu YDO géruntt kodlama
kal nt lar n n ve yonlt kodlama yontemleri 6nerilmis olan ADO hareket-tela li tah-
min kal nt lar n n uzamsal karakteristiklerinin aralar ndaki benzerliklerin analizleri
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gerceklestirilmistir. Bu analizleri, geriye uyumlu YDO goruntt kodlama kal nt lar -
n n uzamsal karakteristiklerini daha verimli modelleyen uygun yonlt dondstmlerin
uygulanmas takip etmistir. Geriye uyumlu YDO gorinti kodlama kal nt lar n n kod-
lamas igin 6nerilen yontemin oran-bozulma performans tarafs z ve alg sal nitelik
metriklerine gore dgerlendirilmistir. Sonugclar, 6nerilen kodlama yonteminin geriye
uyumlu YDO goruntu kodlama kal nt lar n n kodlamas igin standart kodlama yon-
temlerinden daha iyi performans gosterebitgoeortaya koymustur.

Anahtar Kelimeler: Yuksek dinamik oranl gdruntl, geriye uyumlu kodlama, uzamsal
karakteristikler, istatistiksel analizler, kal nt 8-bit dontsimu, kal nt kodlama, yonlu
kodlama
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CHAPTER 1

INTRODUCTION

Image content which is represented by 8-bit per pixel has been commonly accepted
in many applications and areas such as mobile phones, personal computers, tablets,
televisions, internet/video streaming, digital Im industry, medical imaging and etc.
Such a wide acceptance of 8-bit representation is mainly because of the compact
representation of one pixel value as a byte for the storage in memory chips and the
suf ciency of 256 levels in order to implicate the luminance range of widely used low
dynamic range (LDR) displays. However, display technology has evolved in recent
years and displays with much higher dynamic rangiéh(up to 1,000,000:1 dynamic
range and 4000 cdA? peak luminance, and ejahan conventional LDR displays are
becoming available. For these new displays, the 8-bit representation of visual content

provides inadequate delity or visual quality.

In the last ten years, high dynamic range (HDR) image forngatsh as the Radiance
RGBE (.hdr) [1], the OpenEXR (.exr) [2], the LogLuv [3] TIFF (.tiff), and ¢tbhave

been proposed and developed to encode the whole luminance range of real world
scenes which changes from extreme darkn&6s®(cd/m?) to bright sunshinel((®

cdim?) [4]. The main goal of this HDR technology is to capture, and to store or
to transmit exact physical luminance values rather than the 8-bit intensities, and to
generate and store a scene independently from the display technology [5]. Such a
technology is expected to overcome the limitations of standard 8-bit representations
for new generation cameras and displays possessing HDR utility and provide a much
better perceived image quality for consumers in many applications and areas ranging

from digital Im industry to medical imaging [4-6].



A major challenge for HDR, which is represented in oating point real numbers, is
an ef cient compression scheme to store, transmit or manipulate these formats be-
cause of their bigger storage sizes and bigger transmission bandwidths compared to
standard 8-bit LDR formats. Especially, for HDR video which requires more storage
size and transmission bandwidth than standard 8-bit LDR video considerably. For
example, the size of the HDR video, which was captured by the rst HDR camera
and displayed at the yearly ACM SIGGRAPH conference in 2009, was reported as
42 GB for only one minute demonstration compared to just 9 GB for its correspond-
ing LDR [4]. In addition, backward compatibility to the existing 8-bit displays for
such a compression scheme is an essential requirement for a wide acceptance of this
technology by the users. Also, the previous research [7] shows that, the backward
compatible coding approach or in other words the layer-based coding approach may

outperform the single-layer coding approach in terms of HDR quality.

The objective of this thesis is to design an HDR image coding system, which is back-
ward compatible with widely used standard 8-bit LDR displays, with the aim of pro-
viding successful transition from LDR to HDR technology. To achieve a successful
transition from LDR to HDR technology, backward compatible image and video rep-
resentation formats are proposed so that both LDR and HDR displays can use the
same representation to show LDR and HDR versions of the same content. This is
typically achieved by including in the representation an LDR base layer, and an HDR
enhancement layer that includes a method to predict HDR content from the LDR con-
tent in the base layer and possibly residue data to correct the HDR prediction. The
main focus for this objective is to implement a more ef cient coding method for back-
ward compatible HDR image coding residues, which are de ned as the differences
between original HDR images and their predictions from the corresponding base layer
LDR images. In particular, analyses of similarities between spatial characteristics of
backward compatible HDR image coding residues and LDR motion-compensated
(MC) prediction residuals, for which directional coding methods were proposed, are
performed. These analyses are followed by an implementation of suitable directional
transforms, which model spatial characteristics of backward compatible HDR image
coding residues more ef ciently. Rate-distortion performance of the proposed method

for coding of backward compatible HDR image coding residues are evaluated by ob-



jective and perceptual quality metrics as well.

1.1 Previous Research

In the literature, in order to handle the coding of high dynamic range (HDR) image,
there exists mainly two coding approaches based on the current low dynamic range
(LDR) codecs guch as the Advanced Video Coding H.264/AVC [8] and the High
Ef ciency Video Coding (HEVC) [9] The rst coding approach is the single-layer
coding approach [10-12] and it exploits the advantages of the high pro les of those
codecs, which can support higher bit-depths, in particular up to 14 bits. The second
coding approach is the backward compatible coding approach [6, 13-29] or in other
words the layer-based coding approach. This approach provides backward compati-
bility with the existing standard 8-bit LDR displays.

The ratio based method and the residual based method are some well-known layer-
based coding approaches. In the ratio based method [16-18], set of parameters, which
are the ratio between an original HDR image and its tone mapped LDR version, is
sent as side information to the decoder in an auxiliary stream. The HDR image at the
decoder side is reconstructed by multiplying the decoded LDR image and the ratio
image, which is obtained from the set of parameters sent as side information to the
decoder in the auxiliary stream.

In the residual based method [6, 15, 19-22, 27, 28], rstly, HDR images are tone
mapped into 8-bit represented LDR images and after that these tone mapped images
(8-bit represented LDR imagego through the standard 8-bit encoding-decoding pro-
cess by using an existing codesu¢h as H.264/AVC, HEVC, or eicFinally, these

coded 8-bit represented LDR images are inverse tone mapped in order to reconstruct
HDR images, which are represented in oating point real numbers. These are the rst

layer or in other words the base layer operations.

In the enhancement layer, or in other words, in the residue layer, rstly, backward
compatible HDR image coding residues are obtained by taking the difference be-
tween original HDR images and their predictions from the corresponding base layer

LDR images. After that, these backward compatible HDR image coding residues
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go through the standard 8-bit image encoding-decoding process by using an existing
codec. Finally at the decoder side, HDR images are obtained by adding these coded
backward compatible HDR image coding residues, which come from the enhance-
ment layer, and the predicted HDR imag@segicted by inverse tone mapping of
coded 8-bit represented LDR images of the base Jayer

Mai et al. have derived a closed-form solution for optimum tone mapping operation,
which minimizes the mean square error (MSE) between an original HDR image and
its prediction from the corresponding base layer LDR image [6]. Their solution is
mainly based on a statistical model, which approximates the distortion in the sequence
of tone mapping, encoding, decoding, and inverse tone mapping. The optimized
tone mapping method of Mait al. was improved in [19, 20] by using perceptually
uniform (PU) luminance values in order to map the wide luminance range of HDR
content rather than the logarithmic values and by also inserting the quality of the
produced LDR images into the optimization problem as a constraint. Recent studies
further explore the optimization of tone mapping curves by taking the rate of both the
base layer and the enhancement layer or in other words the residue layer into account
[29]. These methods, which perform the tone mapping operation for each frame
independently, are replaced with tone mapping of successive video frames based on

motion compensation [30].

While these previous methods mainly focus on the rate-distortion optimization of the
base layer, the coding of the enhancement layer has received less attention compared
to these previous approaches. Even though some recent studies [21, 22] speci cally
handle the coding of backward compatible HDR image coding residues by means
of developing global tone mapping curves based on the histogram of them, they do
not take local characteristics of residue blocks into account. It is however veri ed in
the previous research on the LDR motion-compensated (MC) video coding [31-34]
that residue blocks exhibit local anisotropic characteristics, which allows the use of
directional transforms for more ef cient coding of the residue than with the traditional
2-D discrete cosine transform (DCT) [35, 36].



1.2 Goals of the Research

In this thesis, rstly whether backward compatible high dynamic range (HDR) image
coding residues exhibit also local anisotropic characteristics or not, as in the case of
low dynamic range (LDR) motion-compensated (MC) prediction residuals [31-33]

is investigated. To this aim, auto-covariance (AC) analyses on backward compatible
HDR image coding residues are performed with respect to different bitrates (differ-
ent quantization parameters (QPs)), spatial activities and dynamic ranges as the main
variables in the HDR image coding. The resulting AC model parameters for a par-
ticular image and then the behaviours of these parameters are analyzed. After the
veri cation of existence of such local anisotropic characteristics in backward com-
patible HDR image coding residues, rate-distortion performance results of different

8-bit conversion methods and different coding methods are examined comparatively.

1.3 Outline of the Thesis

The outline of the thesis is given as follows:

In Chapter 2, a general scheme of proposed backward compatible coding of high
dynamic range (HDR) image with base layer and enhancement/residue layer is pre-
sented, and operations, which are accomplished for each stage of the both layers, are

explained in detail.

In Chapter 3, auto-covariance (AC) analyses of backward compatible HDR image

coding residues are presented and explained in detail.

In Chapter 4, experimental results for the AC analyses of several backward compati-
ble HDR image coding residues, which have different bitrates (different quantization
parameters (QPs)), spatial activities and dynamic ranges as the main variables in the

HDR image coding, are given and interpreted.

In Chapter 5, proposed coding method for backward compatible HDR image coding
residues are presented and explained in detail. In addition, details of the codec, which

is utilized for this proposed coding method, are discussed.

5



In Chapter 6, experimental results for the proposed coding method for several back-
ward compatible HDR image coding residues, which have different bitrates (different
QPs), spatial activities and dynamic ranges as the main variables in the HDR image

coding, are given, compared and interpreted.

In Chapter 7, summary of the thesis, conclusions and future work are provided.



CHAPTER 2

GENERAL SCHEME FOR PROPOSED BACKWARD
COMPATIBLE CODING OF HIGH DYNAMIC RANGE (HDR)
IMAGE

In this chapter, a general scheme for proposed backward compatible coding of high
dynamic range (HDR) image with base layer and enhancement/residue layer is pre-
sented, and operations, which are performed in each stage of both layers, are ex-

plained in detail.

Figure 2.1 illustrates the general scheme for the proposed backward compatible cod-
ing of HDR image. The backward compatible, or in other words, the layer-based
structure, which is used in this thesis, is composed of two layers. The rst layer is
called asbase layerand the second layer is called @shancement layesr residue

layer. After this point, the second layer will be expressedessdue layerfor sim-

plicity.



Figure 2.1: The General Scheme for the Proposed Backward Compatible Coding of HDR Image



2.1 Base Layer Operations

In the base layer, as seen from Figure 2.1, rstly, color space transformation (CST)
is performed on high dynamic range (HDR) images which are in oating point real
valued RGB format. The LogLuv transform, which is proposed by Larson [3], is used
as a CST in order to transform oating point real RGB values into XYZ color space
which is device independent. Note that XYZ values are also in oating points at this
stage. After that, the X and Z components are used to calculate the 8-bit integer valued
chroma componentis. andve in order to provide the 8-bit requirement of the codec
that will be used in the base layer encoding-decoding operations. On the other hand,
the Y component is held and the logarithhag;o) of this Y component is computed

(in order to map the wide dynamic range of luminance to the computationally more
signi cant range), which is referred deg luminance before the base layer tone
mapping operation (TMO). In general, TMOs are constructed only for the luminance
channel of HDR images, and the chroma channels are kept unchanged. After this
point,log luminancewill be used in order to refer to the logarithmiog,o) values of

the luminance for simplicity.

The utilized forward transformation equations in the CST block from RGB color

space to LogLuv color space are as follows:

2 3 2 32 3
X 0:497 0339 0164 R

§YZ= 0:256 0678 006 Gé (2.1)
z 0:023 0113 0864 B

X
X = XTI YTz (2.2)
Y
y X+Y+7Z (2.3)
4x
U= 410 X 12y 73 (2.4)



%Y
2x + 12y + 3

Ve= 410 (2.5)

L = logio(Y) (2.6)

The utilized inverse transformation equations in the inverse color space transforma-

tion (ICST) block from LogLuv color space to RGB color space are as follows:

Y =10" (2.7)
_ U+ 0:5
u= 210 (2.8)
_ Vet 05
V= 210 (2.9)
9u
T 1ev+i2 (2.10)
4v
Y= eu 1ov+12 (2.11)
Y X
X =— (2.12)
y
Z = Ya x vy (2.13)
y
2 3 2 32 3
R 2690 1:276 0414 X
Gt = § 1:022 1978 Q044 YZ (2.14)
B 0:061 0224 1163 Z

Secondly, a TMO is applied on oating point real valued log luminance components

(L) of HDR images. There are several tone mapping operators (TMO) for different
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usages and they can be classi ed@sal, global, xed, adaptiveor etc. with respect

to their utilization speci cs. A global tone mapping curve is a transformation function
that maps oating point real valued HDR luminance pixel values to 8-bit represented
low dynamic range (LDR) luminance pixel values regardless of the neighborhood
relation between pixels. The optimum tone mapping method, which is derived by
Mai et al. [6], is utilized as a TMO for the proposed backward compatible coding of
HDR image. The optimum tone mapping method of Maal. minimizes the mean
square error (MSE) between the log luminance of original HDR image and the log
luminance of its prediction from the corresponding base layer LDR image. Given that
the log luminance of HDR image and the pixel values of its tone mapped LDR version
are denoted dsandv respectively, the tone mapping curve is rst parameterized as a
piece-wise linear function with nodelg (vx) as shown in Figure 2.2. Each segment k
between two nodesy( vk) and (x+1 , Vk+1 ) has a constant width in HDR values equal

to (selected as 0)1

The tone mapping curve is then uniquely speci ed by a set of slopes:

g = St Wk (2.15)

which forms a vector of the tone mapping parameters. &ail. have developed a
statistical distortion model for the error on the tone mapping, coding, decoding and
inverse tone mapping and have derived a closed-form solution for the optimum tone
mapping curve in terms of slopes,. Their eventual closed form solution minimiz-
ing the MSE between the log luminances of original and inverse tone mapped HDR

images is found as:

1
_ Vmax:ps
S = —ptk (2.16)

N 1

k=1 pl:(3
wherepy is the summation of the normalized histogram of the log luminance val-
ues for thek'th bin, N is the total number of bins in the histogram, angdy is the

maximum LDR pixel value.
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Figure 2.2: The parameterization of the tone mapping curve in [6]. The bar-plot is

the log luminance histogram of an HDR image.

After the TMO, as shown in Figure 2.1, tone mapped HDR images (8-bit repre-
sented LDR versions) go through the encoding-decoding operation. As a codec,
the H.264/AVC JM reference software encoder-decoder [8] is used for the proposed
backward compatible coding of HDR image. Later the encoding-decoding operation,
inverse tone mapping operation (ITMO), which is the inverse operation of the utilized
TMO, is applied on these encoded-decoded tone mapped HDR images. As seen from
Figure 2.1, if ICST is performed on these encoded-decoded inverse tone mapped HDR
images, the resultant reconstructed HDR images are displayed on a HDR screen. As
the other option, if there is not any HDR screen, these encoded-decoded tone mapped
HDR images are displayed on a LDR screen directly without performing the ITMO

and ICST operations.

The base layer operations are illustrated in more detail in Figure 2.3.
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Figure 2.3: lllustration of the Base Layer Operations



2.2 Residue Layer Operations

In the residue layer, backward compatible high dynamic range (HDR) image coding
residues are obtained by taking the difference between log luminance companents (
of original HDR images and log luminance components of their predictions, which
are obtained by inverse tone mapping the corresponding base layer low dynamic range
(LDR) images. Each pixel value in backward compatible HDR image coding residues
is represented in oating point real numbers and backward compatible HDR image

coding residues are single channel, which is the log luminancen(y.

As seen from Figure 2.1, rstly, due to the fact that backward compatible HDR image
coding residues' pixel values are represented in oating point real numbers, they
should be converted into 8-bit format before the encoding-decoding operation in the
residue layer. 8-bit conversion requires two operations: normalization (Norm) of
backward compatible HDR image coding residues and then their conversion to 8-bit.
For the 8-bit conversion of backward compatible HDR image coding residues, two
8-bit conversion methods are used (Maial. [6] and Mir et al. [22]). In Chapter 5,
these utilized 8-bit conversion methods will be explained in detail.

After the 8-bit conversion of backward compatible HDR image coding residues, these
8-bit backward compatible HDR image coding residues go through the encoding-
decoding operation. In the residue layer, two codecs are used and compared for this
purpose. The rstone is the standard or in other words the typical codec, which is the
standard H.264/AVC JM reference software encoder-decoder [8], and the other one is
the modi ed H.264/AVC JM reference software, which also includes 1-D directional
transforms, in the encoder and decoder [32, 33]. In Chapter 5, these coding methods
and utilized codecs will be explained in detail.

Finally at the decoder side, inverse 8-bit conversion is applied on the decoded 8-bit
backward compatible HDR image coding residues. Inverse 8-bit conversion requires
two operations: inverse 8-bit conversion of the decoded 8-bit backward compatible
HDR image coding residues to the oating point real valued representation again
and inverse normalization (Inv Norm) of these decoded oating point real valued

backward compatible HDR image coding residues.
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In conclusion, coded HDR images are obtained by adding the HDR images which
are predicted by inverse tone mapping LDR images from the base layer and the re-
constructed HDR image coding residues which come from the residue layer. As seen
from Figure 2.1, if inverse color space transformation (ICST) is performed on these

coded HDR images, they can be displayed on a HDR screen.
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CHAPTER 3

AUTO-COVARIANCE (AC) ANALYSES OF BACKWARD
COMPATIBLE HDR IMAGE CODING RESIDUES

In this chapter, auto-covariance (AC) analyses of backward compatible high dynamic
range (HDR) image coding residues are presented and explained in detail. Before
proposing an ef cient coding method for backward compatible HDR image coding
residues, it is necessary to study characteristics of them in order to code them more
ef ciently. For this purpose, itis investigated whether backward compatible HDR im-
age coding residues exhibit also local anisotrope (property of being directionally
dependent, which implies different properties in different directions)[8aracter-

istics or not as in the case of low dynamic range (LDR) motion-compensated (MC)
prediction residuals in [31-33] with respect to different bitrates (different quantiza-
tion parameters (QPSs)), spatial activities and dynamic ranges as the main variables in
the HDR image coding. Analyses methods are similar to those used in [32, 33] for
analyzing LDR MC prediction residuals. At rst, spatial characteristics of backward
compatible HDR image coding residues and spatial characteristics of LDR MC pre-
diction residuals are associated with each other by visual inspection. Then, utilized
AC models in order to quantify the visually inspected similarities between spatial
characteristics of backward compatible HDR image coding residues and LDR MC
prediction residuals are explained, and estimation procedure of the parameters of uti-

lized AC models are given at the end.
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3.1 AC Analyses

Before proposing an ef cient coding method for backward compatible high dynamic
range (HDR) image coding residues, which are found by taking difference between
the log luminances of original HDR images and their predictions from the base layer,
with the aim of coding them more ef ciently, it is necessary to study their characteris-
tics. In this section, with this purpose, on account of understanding whether backward
compatible HDR image coding residues exhibit also local anisotropic characteristics
or not, as in the case of low dynamic range (LDR) motion-compensated (MC) pre-
diction residuals, spatial characteristics of backward compatible HDR image coding
residues and LDR MC prediction residuals are associated with each other based on

visual inspection.

Figures 3.1 and 3.2 show tone mapped (method &dail. [6]) log luminance L)
images of their corresponding original HDR images and their backward compati-
ble HDR image coding residues with different base layer quantization parameters,
respectively, QP = 22, 27, 32, 37. They are all in high de nition (HD) (1920x1080)
resolution. Figures 3.3 and 3.4 show some LDR frames and their LDR MC prediction
residuals. Figure 3.3 shows frame 1(habbilesequence at common intermediate for-
mat (CIF) (352x288) resolution and Figure 3.4 shows frame 1l18sketsequence

at CIF resolution. From Figures 3.1 and 3.2, it can be observed that, a substantial
portion of the information in backward compatible HDR image coding residues with
different base layer quantization parameters concentrates along edges, object bound-
aries and textured regions mostly, forming 1-D structures along them as in the case of

LDR MC prediction residuals as seen from Figures 3.3 and 3.4.

Consequently, characteristics of backward compatible HDR image coding residues
differ around edges, object boundaries and textured regions considerably. These dif-
ferent characteristics of backward compatible HDR image coding residues may arise
because some effects alike the quantization noise that can be caused by the base layer
tone mapping operation (TMO) and inverse tone mapping operation (ITMO). As men-
tioned before, a great portion of the backward compatible HDR image coding residues
concentrates along edges, object boundaries and textured regions mostly, and forming

1-D structures along them. Thus, backward compatible HDR image coding residues
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concentrating on these 1-D structures have 1-D characteristics.

@)

(b)
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