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Two-Layer Near-Lossless HDR Coding Using Zero-Skip
Quantization with Backward Compatibility to JPEG
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SUMMARY  We propose an efficient two-layer near-lossless coding
method using an extended histogram packing technique with backward
compatibility to the legacy JPEG standard. The JPEG XT, which is the
international standard to compress HDR images, adopts a two-layer coding
method for backward compatibility to the legacy JPEG standard. How-
ever, there are two problems with this two-layer coding method. One is
that it does not exhibit better near-lossless performance than other methods
for HDR image compression with single-layer structure. The other prob-
lem is that the determining the appropriate values of the coding parameters
may be required for each input image to achieve good compression perfor-
mance of near-lossless compression with the two-layer coding method of
the JPEG XT. To solve these problems, we focus on a histogram-packing
technique that takes into account the histogram sparseness of HDR images.
We used zero-skip quantization, which is an extension of the histogram-
packing technique proposed for lossless coding, for implementing the pro-
posed near-lossless coding method. The experimental results indicate that
the proposed method exhibits not only a better near-lossless compression
performance than that of the two-layer coding method of the JPEG XT,
but also there are no issue regarding the combination of parameter values
without losing backward compatibility to the JPEG standard.

key words: JPEG XT, HDR, near-lossless coding, backward compatibility
to JPEG

1. Introduction

Image-compression methods designed to provide coded data
containing HDR content are highly expected to meet the
rapid growth in HDR image applications. Generally, HDR
images have a much longer bit depth of pixel values and
much wider color gamut [1]-[4]. These characteristics suit-
able for many applications, such for cinema, medicine and
art. For such applications, HDR images should often be
losslessly or near-losslessly encoded. In other words, they
should be compressed with almost no coding loss.

Several methods have been proposed for compress-
ing HDR images [5]-[7] and ISO/IEC JTC 1/SC 29/WG
1 (JPEG) has developed a series of international standards
referred to as the JPEG XT [8]-[12] for compressing HDR
images. The JPEG XT has been designed to be backward
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compatible with the legacy JPEG standard [13] with two-
layer coding. The ISO/IEC IS 18477-8:2016 [14], which is
known as JPEG XT Part 8, describes how to decode loss-
lessly or near-losslessly encoded HDR images. The com-
pression performance of JPEG XT Part 8’s near-lossless
coding method is not better than that of other methods for
HDR-image compression with single-layer coding. It is also
required to find a combination of parameter values that en-
able good compression performance. This combination is
dependent on input HDR images.

The sparseness of an image histogram has been used
for efficient lossless compression [16]-[28]. A ‘Sparse’
histogram means that not all the bins are used. It is well
known that a histogram of an HDR image tend to be sparse
[24], [26]. Two-layer lossless coding methods of HDR im-
ages with backward compatibility to the legacy JPEG stan-
dard have been proposed to overcome the problems with the
JPEG XT Part 8 method [27], [28]. However, these two-
layer methods can not be applied to near-lossless coding due
to a limitation of the histogram-packing technique.

We therefore propose an efficient two-layer near-
lossless coding method using an extended histogram-
packing technique with backward compatibility to the
legacy JPEG standard. To avoid the limitation of the his-
togram packing technique, we used zero-skip quantization
(ZS.Q), which is an extension of the histogram packing tech-
nique proposed for lossless compression, for achieving ef-
ficient near-lossless coding. ZS.Q is a technique for one-
layer coding [29], so it has never been applied to two-layer
near-lossless coding. Therefore, no two-layer near-lossless
coding using histogram packing techniques has been com-
pared with the JPEG XT Part 8 method. This paper has two
aims. One is to improve the compression performance of
two-layer near-lossless HDR coding without losing back-
ward compatibility with JPEG standard. The other is to
solve the issue regarding the combination of parameter val-
ues that the JPEG XT Part 8 method has. Conventional stud-
ies on sparseness of an image histogram focus on improving
compression performances. In other words, they have never
discussed the issue regarding the combination of parameter
values.

We conducted an experiment to evaluate the proposed
method. The proposed method exhibited not only bet-
ter near-lossless compression performance than that of the
JPEG XT Part 8 method, but also had no issues regard-
ing the combination of parameter values for good compres-
sion performance without losing backward compatibility to

Copyright © 2019 The Institute of Electronics, Information and Communication Engineers
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Fig.1 Blockdiagram of JPEG XT Part 8 method: ‘TMO’ means tone
mapping operator, Q and Q™! are quantization and inverse quantization,
respectively, and g and Q are parameters to control quality of decoded base
layer (LDR) image and residual layer image, respectively.

the legacy JPEG standard. ~ Note that the definition of
near-lossless coding for JPEG XT is different from those of
JPEG-LS [15] and the proposed method, although the error
for each reconstructed sample is bounded by a pre-defined
value as well as the others.

2. Near-Lossless Coding with JPEG XT Part 8 Method

We first give a brief overview of the JPEG XT Part 8 method
then present the problems with near-lossless coding.

2.1 JPEG XT Part 8 Method

The block diagram of the JPEG Part 8 method is shown in
Fig. 1. JPEG XT Part 8 was designed to encode intermediate
or high dynamic image sample values without loss or with a
precisely controllable bounded loss (near-lossless) using the
tools defined in ISO/IEC 18477-1 and minimal extensions of
these tools. For near-lossless compression of HDR images,
coding disables the DCT in the residual domain [14].

As shown in Fig. 1, JPEG XT Part 8 method has three
parameters, i.e. ¢, R, and Q, to control the quality of im-
ages. The g controls the decoded-image quality of the base
layer, where the decoded images corresponded to low dy-
namic range (LDR) ones. A higher g results in better image
quality. The R is the number of bits used for refinement
scan. Refinement scan is used to improve the precision of
DCT coefficients up to 12 bits. Thus the valid range of R is
from O to 4. The Q controls the decoded-image quality of
the residual layer.

2.2 Problems with Near-Lossless Coding

For near-lossless compression of HDR images, it is required
to determine the above three parameters. To achieve high
near-lossless compression, they should be carefully deter-
mined. As mentioned above, g is a parameter to control the
quality of the base layer, and Q and R are two parameters to
control the quality of the residual layer. The first problem is
how Q and R are determined to obtain the best performance.

Figure 2 illustrates rate-distortion curves of the
near-lossless compressed HDR images ‘McKeesPub’ and
‘memorial’ with Q = 95 to 100, ¢ = 80,90, and R = 0,4 in
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(a) McKeesPub
Fig.2 Rate-distortion curves using HDR-VDP-Q of near-lossless com-
pressed HDR images (McKeesPub and memorial) by using JPEG XT Part
8 method.
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Fig.3 Blockdiagram of proposed near-lossless two-layer coding method.

terms of a typical quality metrics of HDR images, HDR-
VDP-Q [30]. From the figure, the optimal combination
of three parameters: ¢, Q and R, are shown to be image-
dependent. This is the first problem. The second problem is
how compression performance can be improved.

To solve these problems, the proposed method uses one
parameter € to control the quality of the residual layer in-
stead of two parameters Q and R. Moreover, in an experi-
ment we conducted the proposed method outperformed the
JPEG XT Part 8 method in terms of HDR-VDP-Q. In this
paper, the goal of this work is to increase rate distortion
curves by using the proposed near lossless coding with an
error boundary.

3. Proposed Method
3.1 Outline of Proposed Method

The procedure of the proposed near-lossless two-layer cod-
ing method is illustrated in Fig. 3. The coding-path to gen-
erate the base layer, which is backward compatible with the
legacy JPEG standard, is the same as that of the JPEG XT
Part 8 method except that the refinement scan for the base
layer is not used. Therefore, the LSB split-off in the JPEG
XT Part 8 method is not carried out and R is set to zero.
For the residual layer, which consists of the residual
data generated by subtracting the partially decoded base
layer from the original HDR image, the coding procedure af-
ter color space conversion from RGB to YCbCr differs from
the Part 8 method. The histogram of each color component
of the color-converted residual data is quantized using ZS.Q
[29]. The packed residual data are then compressed using
an arbitrary lossless image encoder, such as JPEG 2000 or
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JPEG XR. Bitrates and image distortion in the near-losssless
coder are controlled by a quantization step size parameter €
used in ZS.Q.

For the inverse operation of histogram packing, an un-
packing table is sent to the decoder. The unpacking ta-
ble is a one-to-one correspondence function between the
packed index value and original pixel value. Since this
monotonically increases, Differential Pulse-Code Modula-
tion (DPCM) may be carried out, then the unpacking table
encoded using DPCM is compressed by bzip2 [31] to reduce
the amount of unpacking-table data.

Finally, the base layer which is compatible with the
legacy JPEG standard, the extension layer consists of the
lossless JPEG 2000 or JPEG XR codestream, and the un-
packing table compressed using bzip2 are multiplexed into
a codestream and sent to the decoder.

3.2 Zero-Skip Quantization for Residual Images

Two-layer lossless coding based on the histogram-packing
technique has been shown to outperform JPEG XT Part 8’s
lossless coding [27], [28]. However, the histogram-packing
technique can not be applied to near-lossless coding, due to
not having any quantization.

To extend the histogram-packing technique to two-
layer near-lossless coding for HDR images, we focused on
ZS.Q [29]. ZS.Q takes into account not only histogram
sparseness but also the effect of quantization under a near-
lossless condition. However, ZS.Q has never been applied
to two-layer near-lossless coding.

Let e be a quantization error and, defined by

e=x"—x, VYx¢€image, (1

where x,x’ € Z are a pixel value and dequantized pixel
value, respectively. In near-lossless coding, the quantization
errors should be carefully considered to ensure the following
equation:

le] <06, Ve, (2)

and ¢ € Z is a specified value. That is, 6 means the maxi-
mum error between x and x” in an image.

The procedure of ZS.Q is illustrated in Fig. 4 and sum-
marized as follows:

1. Choose a maximum error parameter 9.
2. Choose a quantization step size € from ¢ as

€=28 or 20+ 1. 3)
3. Calculate a histogram H(x) of an input image, as illus-

trated in Fig. 4(a).
4. Classify an input x into a set X, (¢ =0,1---) as

qu{x|(x2sq)/\(xSeq)}, 4

where
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Fig.4 Example of ZS.Q (e =3,0 = 1).
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©)

eg=5,+e—1 (6)

Figure 4(a) illustrates an example of classification of
the input value when € = 3.

5. Convert all x to the g indexes and generate an index
image. This procedure corresponds to the histogram-
packing technique. Figure 4(b) illustrates histograms
H(qg) for the index image. They are denser than that of
the original residual image Fig. 4(a).

6. Calculate representative values x; as

¥, = PTW + o.sJ 7
where
ty = max{x|(x € X)) A (H(x) # 0) }. (8)

In the dequantization process, the g indexes are con-
verted to xj, referred to as an unpacking table. As a
result, all x” are generated. Figure 4(a) illustrates a his-
togram H(x") for the dequantized image reconstructed

by the index image and unpacking table.

In the above procedure, the quantization error of pix-
els is controlled by one parameter, €. Figure 5(a) shows an
example of a H(x) for the Y component of the residual data
for the HDR image ‘memorial’ under ¢ = 80. The hori-
zontal axis denotes x, which are mapped to integer numbers
from floating-point ones. Compared with Fig. 5(a), 5(b) and
5(c) show histograms H(g) for index images produced us-
ing ZS.Q under € = 3 and € = 5, respectively. Due to the
increase in €, the range in the histograms becomes narrow,
which means high correlation among pixels.

An unpacking table, which is necessary to carry out
inverse histogram packing, is illustrated in Fig. 6. This table
is monotonic, so it is effectively compressed using DPCM.



KOBAYASHI et al.: TWO-LAYER NEAR-LOSSLESS HDR CODING USING ZERO-SKIP QUANTIZATION WITH BACKWARD COMPATIBILITY TO JPEG

4000 [
3000

)

X

= L J
2000
1000 [ . 1

oL . . . . .
54000 56000 58000 60000 62000 64000 66000 68000
value of residual data x
(a) original residual data H (x)
4000 . .
3000 [
—~

>
= 2000
T

1000 [

o . . . . . . . .
0 2000 4000 6000 8000 10000 12000 14000 16000
index number ¢

(b) index image H(q) (e = 3)

4000
< 3000 [
% 2000
T

1000

o . . . . . . . .
0 2000 4000 6000 8000 10000 12000 14000 16000
index number ¢

(c) index image H(q) (€ = 5)

Fig.5 Histograms of residual data and index images (Y component of
‘memorial’, g = 80).
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Fig.6  Unpacking table (Y component of ‘memorial’, g = 80, € = 3).

4. Experimental Results

The compression performance of the proposed method was
compared with that of the JPEG XT Part 8§ method. For the
JPEG XT Part 8 method, the reference software [32] pro-
vided by the JPEG committee was used. For the proposed
method, we made modifications to the reference software.
These modifications were to the residual path in accordance
with Fig. 3. The Kakadu software [33] (JPEG 2000 codec)
was also used in the residual path as the lossless image en-
coder for the proposed method. The bitrate in this experi-
ment is the addition of the two layers and unpacking-table
data.

Figure 7(a) shows the comparison of compression per-
formance for an HDR image, McKeesPub, between the pro-
posed method and the JPEG XT Part 8 method. As a ref-
erence for one-layer, the results of the JPEG 2000 coding
method with reversible color transform, reversible Discreet
Wavelet Transform (DWT) and without quantization (only
bit-truncation was used) is also illustrated. The bitrate was
controlled by Q for the JPEG XT Part 8 method under fixed
two parameters ¢ and R, and by € for the proposed method.
In Fig. 7(a), there are six control points from Q = 95 to 100
for the JPEG XT Part 8. In contrast, there are twenty-nine
control points, from € = 1 to 29. The proposed method
provided much finer rate control than the JPEG XT Part 8
method.
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Fig.7 Rate distortion curves of proposed method and JPEG XT Part 8
method (McKeesPub with 48 bpp).

Figure 7(a) clearly shows that the proposed method
outperformed the JPEG XT Part 8 method in terms of HDR-
VDP-Q except for less than 12 bpp. However, the proposed
method gives some poor results in the low bitrate range.
This is because the histogram packing technique is effec-
tive only for lossless and near lossless coding, namely in
high bitrate ranges. In contrast, the HDR-VDP-Q values
of the proposed method were maintained at more than 98,
even when choosing 13 bpp as a target bitrate. The pro-
posed method also had almost the same performance as
JPEG 2000 coding until above 16 bpp, regardless of using
a two-layer structure.

Figure 7(b) shows rate-distortion curves of the pro-
posed method with various g values. The proposed method
gives almost no effect to HDR-VDP-Q and bitrates, al-
though ¢ in the JPEG XT Part 8 method had a much
stronger impact on the HDR-VDP-Q than that of the pro-
posed method. In other words, the compression perfor-
mance of the proposed method depends on only one param-
eter, €, although the JPEG XT Part 8 has three parameters,
R, g, and Q.

4.1 Comparison of Compression Performance Using 105
Images

Figure 8 shows boxplots of HDR-VDP-Q calculated using
105 HDR images collected from the Fairchild HDR image
survey [34]. For the JPEG XT Part 8§ method, we chose
R =44 =80, Q0 = 97, 98, and 99, so 105 x 3 JPEG
XT bitstreams were generated in total. For the proposed
method, the bitrates were set to almost the same as those
of the JPEG XT Part 8 method under each condition. From
Fig. 8, the proposed method outperformed the JPEG XT Part
8 method in terms of the average value of HDR-VDP-Q and
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Table1 TMQI comparison of LDR images (¢ = 80).
TMO algorithms || Memorial | McKeesPub

XT default 0.854662 0.735378
Reinhard local [35] 0.935596 0.775063
Drago TMO [36] 0.963205 0.756562

the position of the box.

To clearly show the difference of the performance in
terms of bitrates, the bitrates are compared under the same
HDR-VDP-Q in Fig.9. From Fig. 9, the proposed method
outperformed the JPEG XT Part 8 method as well as in
Fig.8.

4.2 Influence of Tone-Mapping Operators

Various tone mapping operators (TMOs) have been studied
for generating high quality LDR images from HDR ones.
In the JPEG XT reference software [32], a simple tone-
mapping operation: “Reinhard global” [35] is used as de-
fault. The reference software is also applicable to other
TMOs. When we use other TMOs, not only the quality of
LDR images but also rate-distortion curves are affected by a
selected TMO.

Table 1 shows the comparison of LDR image quality in
terms of Tone Mapped Image Quality Index (TMQI),which
is a well-known objective quality assessment algorithm for
tone mapped images by combining a multi-scale signal fi-
delity measure based on a modified structural similarity
(SSIM) index; and a naturalness measure based on intensity
statistics of natural images [37]. From the table, the qual-
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Fig.10  Rate distortion curves under the use of various tone mapping op-
erators (McKeesPub with 48 bpp, ¢ = 80, R = 4).

ity of LDR images was affected by a selected TMO, and the
default TMO did not give the best quality in these methods.

Figure 10 shows the rate distortion curves under the
use of various TMOs for an HDR image, McKeesPub. It is
shown that the use of the default TMO gave the best perfor-
mance in the JPEG XT Part 8 method, and the compression
performance were greatly affected by the selected TMO. In
contrast, the influence of TMOs was small, although the
proposed method with the default TMO gave the best cod-
ing performance as well. Therefore, even when we select
a TMO that can emphasize the quality of LDR images, the
proposed method can maintain a high compression perfor-
mance compared with the JPEG XT Part 8 method.

5. Conclusions

We proposed a novel two-layer near-lossless coding method
using zero-skip quantization (ZS.Q) for HDR images with
backward compatibility with the legacy JPEG standard. The
proposed method was demonstrated to solve two issues that
the JPEG XT Part 8 method has: near-lossless compression
performance and combination of coding parameters. While
compression performance of the JPEG XT Part 8 was con-
trolled by three parameters: g, Q and R, that of the pro-
posed method was controlled by only one parameter: €. The
experimental results also shows that the proposed method
has a higher compression performance than the JPEG XT
Part 8 method in terms of HDR-VDP-Q. In addition, the
proposed method was confirmed to maintain a higher com-
pression performance even when we select a TMO that can
emphasize the quality of LDR images.
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