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Abstract—This paper presents an efficient compression system
adapted to High Dynamic Range (HDR) images. First a Tone
Mapping Operator (TMO) generates the Low Dynamic Range
(LDR) version of the HDR content together with its extra
information. The obtained LDR image is encoded using an
optimized JPEG coding scheme, whereas the extra information is
encoded as side data. Specifically, the optimized JPEG based algorithm constructs near-optimal rate-distortion quantization tables
using DCT coefficient distribution statistics and Lagrangian
optimization approach. To ensure accurate HDR reconstruction,
the extra information is compressed with conventional JPEG
encoder using the highest quality level. The aim of the proposed
HDR coding system is twofold. First, it performs a bit allocation
mechanism, to achieve near-optimal rate control. Second, it
maintains the backward compatibility with the conventional
JPEG. Experiments show that the compression performance
of the proposed HDR coder outperforms that of the reference
method.

I. I NTRODUCTION
High dynamic range (HDR) imaging is an attractive way
of capturing real world appearance. It allows to preserve the
accurate luminance values that can be found in real scenes.
Due to the higher luminance range, each pixel is coded
as a triple of floating point values, which can range from
105 to 1010 . Such floating point representation induces huge
memory and storage requirements. In particular, the size of
HDR content is one of the major barrier to be overcome for
low space storage and high speed transmission. This critical
problem can be resolved by designing efficient compression
solutions for HDR images. To promote the wide spread use
of HDR images, the backward compatibility with commonly
used compression and display technologies is necessary. Since
JPEG is currently the most commonly used imaging format, it
is obvious that HDR image coding format should be backward
compatible with JPEG format to facilitate its inclusion in
current imaging ecosystems [1].
Several algorithms have been developed in the literature for
the compression of HDR images. Among them, JPEG HDR
[2] and HDR JPEG 2000 [3], that are extensions to JPEG
and JPEG 2000 compression schemes, respectively. The JPEG
HDR algorithm starts with the TM of the HDR content to
obtain its 8-bits LDR version. Thereafter, the original HDR
image is divided by the LDR one obtaining the ratio image
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(RI) which is stored as a sub-band. The RI is generally downsampled to reduce the its size. During the HDR reconstruction,
this down-sampling causes halos and/or glare around edges. To
alleviate this problem, the authors proposed to introduce corrections in the tone mapped image. Despite their effectiveness,
theses corrections produce artifacts in the LDR image for the
backward compatibility and this cannot be tolerable in many
applications.
In HDR JPEG 2000 coder [3] the dynamic range of HDR
images is reduced using a logarithm with base 2. The obtained
values are then remapped in unsigned (16-bit) integers, that
are supported by JPEG 2000 standard. JPEG 2000 and JPEG
XR also support HDR representations. However their adoption
requires a certain investment not always affordable in existing
imaging ecosystems as they are not backward compatible with
the widely popular JPEG image format [1]. More recently,
JPEG working group proposed the JPEG XT standard [4]
which extends the JPEG functionalities by enabling support
for high dynamic range imaging. Particularly, JPEG XT part
7 divides the image data in LDR JPEG legacy compliant
codestream and an extra information. The latter is smartly
inserted in the JPEG legacy codestream such that it does not
jeopardize backward and/or forward compatibility.
Despite the recent developments in the field of HDR image
coding and representation, there is a lack of rate-distortion
optimization for HDR image compression. To date, no work
has been made to develop an HDR compression method that
tackles the problem of rate adaptation under communication
constraints.
JPEG coding scheme is difficult to optimize because of its
use of zero runlength coding, which combines zero coefficients
from different frequency bands into one symbol. The resulting
coupling of different frequency bands prevents the use of
classical bit allocation methods, which assume independently
coded frequency bands. The key to good compression (in the
rate-distortion sense) when using Discrete Cosine Transform
(DCT) lies in the quantizer step size selection. The simplest
and most commonly used approach is to use a default table and
scale it up or down until the desired target rate (or distortion)
is reached. Other methods include psycho-visual model based
quantization [8], and stochastic optimization techniques [9].
In both approaches, a particular quantization table Q is evalu-
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Fig. 1. Proposed scheme for JPEG backward compatible encoding.

ated by going through the entire compression/decompression
cycle. Later, Ratnakar proposed the RD-OPT algorithm [10]
which uses DCT statistics for the given image to determine
rate/distortion specific quantization tables with nearly optimal
tradeoffs.
In the present work, we address the task for building
an HDR image coding scheme aiming at offering high
rate/distortion performance, while remaining faithful to the
JPEG syntax. To achieve backward compatibility with JPEG, a
TM operation is applied on the original HDR image to obtain
its LDR version together with a restorative information, needed
to reconstruct the HDR content. The tone-mapped image is
encoded in the usual 8 × 8, 8-bit blocks using JPEG compression. To improve the rate-distortion (R-D) performance,
we propose to integrate a bit allocation mechanism to JPEG
coding chain. The main idea consists in using DCT coefficient
statistics and Lagrangian minimisation strategy to construct
near optimal quantization tables over a wide range of bit rates
and distortions. At the decoder side, a naive JPEG decoder
provides the LDR image, while an HDR-enabled decoder
can decode the HDR image after performing an inverse TM
on the decompressed LDR image. Unlike existing JPEG XT
compliant encoder, our encoder can achieve rate control which
is currently a very desirable feature for several multimedia
applications like streaming on limited capacity channels.
The rest of the paper is organized as follows. In Section
2, we introduce our compression system for HDR images. In
Section 3, we report the compression results and compare them
to those of JPEG XT. Conclusions are presented in Section 4.
II. D ESCRIPTION OF THE PROPOSED FRAMEWORK
A. Global coding scheme
In the present work, we propose an HDR coding system
that takes advantage of the simplicity of JPEG coding architecture and the efficiency of near optimal scalar quantization
strategy. The global coding structure is depicted in Fig. 1.
The HDR image is mapped onto an LDR image using a
tone-mapping operator (TMO). In our implementation we use
the the global version of Reinhard et al [7] TMO which is
the most commonly used in many applications. The LDR
version of the original HDR image is accompanied by a ratio
image (RI) which is obtained by dividing the HDR original
luminance (L(HDR)) pixel values by the tone-mapped luminance (L(T M )) ones. The RI image is then log-encoded and
compressed using JPEG coding system with the highest quality
ISBN 978-0-9928626-7-1 © EURASIP 2017

Fig. 2. The convex hull of rate-distortion points that is retained by the
optimisation algorithm for Lagrangian minimization.

setting, assuming that HDR reconstruction is more sensitive to
ratio image noise. Note that the RI will be ignored by LDR
image applications, but it will be used to reconstruct the HDR
image. On the other hand, the tone-mapped image is efficiently
encoded, as the foreground one, using optimized JPEG coder.
This output referred signal is stored as an 8-bit greyscale
image using JPEG/JFIF standard wrapper format. After being
compressed, the encoded RI is inserted as metadata, in the
tone-mapped image bitstream, using an appropriate application
marker (APP). It is worth outlining that JPEG/JFIF provides
a limited set of application markers. In the JFIF specification,
there are sixteen application markers. A single marker holds
a maximum of 64 Kbytes of data, according to the image
dimensions. To overcome the 64 Kb limit, we proposed to
store the compressed RI in multiple markers by reusing the
same identifier.
B. Rate distortion optimization
To improve the coding performance for the tone-mapped
image, we proposed to use an optimized bit allocation process inspired from the RD-OPT algorithm [10]. The latter
determines the quantization table that achieves the minimum Lagrangian RD cost, without going through the entire
compression-decompression cycle. An H × W image pixels is
expressed by a set I of H×W
blocks. By applying a 8×8 DCT
64
transform to each block B of the original image, we obtain
the DCT block C. Furthermore, the quantization table Q is
specified by 64 step sizes that quantize the DCT coefficients
at spatial indices ij, (i, j = 0, ..., 7) , in each 8 × 8 image
block. To simplify the notation, we order the 8 × 8 set of
spatial frequencies into a 1-D array of 64 coefficients indexed
by n using the zig-zag scan, n = 8 × i + j. Hence, denoting
the quantized block DCT by Ĉ, the quantized coefficient Ĉ[n]
is calculated as:
Ĉ[n] = Round(

C[n]
),
Q[n]

(1)

where Round(x) designates the closest integer to x. RDOPT estimates the compression bit rate as the sum over
the 64 elements of the measured entropies of the quantized
DCT coefficients. For each possible quantizer step size q,
1 < q < 255, the contribution to total bit rate R[n][q] of
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the nth component C[n] is given by:
R[n][q] =

1
C[n]
Entropy(Round(
)),
64
q

TABLE I

(2)

where the entropy is calculated over all the blocks. If
Round( C[n]
pv > 0 of all
q ) takes the value v in a fraction
∑
the blocks C, then, this entropy is − v pv log2 pv . Note
that pv values are approximated by using histograms of DCT
coefficient statistics. Thanks to the orthonormal basis property,
the total pixel distortion, in terms of mean-squared-error
sense, in an image block equals the sum of the coefficient
distortion in the corresponding DCT block. Define D[n][q],
the contribution to total distortion from the nth coefficient as
1
C[n] 2
D[n][q] =
M ean((C[n] − Round(
)) ),
(3)
64
q
with the “Mean” is taken over all the non-overlapping
8 × 8 blocks in the image data. Afterwards, for a specific
quantization table Q, the modelled bit rate is given by:
R(Q) =

63
∑

R[n][Q[n]],

(4)

n=0

and the distortion is defined by:
D(Q) =

63
∑

D[n][Q[n]].

E VALUATION OF THE COMPRESSED LDR IMAGES USING TMQI
METRIC [14].

(5)

Image

Method

Chairs

JPEG XT [1]
Our method
JPEG XT [1]
Our method
JPEG XT [1]
Our method
JPEG XT [1]
Our method

Room
Doll
small
Memorial

0.3
0.8
0.9
0.695
0.75
0.749
0.8
0.736
0.8

Bitrate
0.6
0.8
0.83
0.94
0.724
0.79
0.766
0.81
0.767
0.82

0.842
0.94
0.73
0.8
0.769
0.83
0.777
0.83

1

1.5

0.844
0.95
0.735
0.8
0.77
0.83
0.78
0.83

0.848
0.95
0.74
0.81
0.77
0.83
0.787
0.83

(Rtarget = R(Q)) or quality (Dtarget = D(Q)) constraint.
But it can be determined according to a fast convex search
using the bisection algorithm [12]. The optimized bit allocation
mechanism can then be summarized as follows:
Input: An image I of size H × W ,
Output:Near optimal DCT quantization tables Q,
Step 1:Gather the statistics of DCT coefficients for the
processed image,
Step 2:Use the statistics to determine R[n][q] and D[n][q]
for the tested q value,
Step 3:Use Lagrangian minimization to optimize the bit rate,
R(Q), against the distortion, D(Q).

n=0

Hence, by using histograms of DCT coefficient distributions,
RD-OPT builds tables of D[n][Q(n)] and R[n][Q(n)]. In
practice, this could be very accurate while being conceptually and computationally simple. The rate-distortion optimisation problem is formulated by Lagrangian minimization,
min(D(Q) + λR(Q)), in such a way that solutions of the
latter for any no-negative λ are solutions to the former for
a target bit rate Rtarget or a target quality Dtarget . Using
both formulas 4 and 5, the Lagrangian minimisation problem
reduces to minimising
63
∑

D[n][Q[n]] + λR[n][Q[n]].

(6)

n=0

For each quantized DCT coefficient indexed by n, we obtain
a subset of the operating points by sorting, such that D[n][.]
is strictly increasing and R[n][.] is strictly decreasing. Then
the Graham algorithm [11] is performed to get the lower
half of convex hull that includes (D[n][.], R[n][.]) points.
Fig. 2 illustrates the convex hull of rate-distortion points that
is selected by RD-OPT for Lagrangian minimization. Let
the values q that give the hn points on the convex-hull be
represented by qn (1) through qn (hn ). The slopes of the ratedistortion curve for the nth coefficient at these hn points are
given by:
λn (l) =

R[n][qn (l)] − R[n][qn (l + 1)]
D[n][qn (l + 1)] − D[n][qn (l)]

(7)

where 1 ≤ k ≤ hn − 1. The optimal slope value λ∗
is unknown in advance and varies with the target bit rate
ISBN 978-0-9928626-7-1 © EURASIP 2017

III. P ERFORMANCE RESULTS
The performance of the developed compresison method is
assessed in this section. Particularly, we analyse the distortions
of LDR and HDR images, respectively, at various bit rates.
Four HDR test images are used: Memorial of size 512 × 768,
Room of size 1840 × 1224, Chairs of size 343 × 231, and
Doll-small of size 461 × 450. These images are in pfm
format (96 bits/pixel). Our rate-distortion results have been
compared to the reference method JPEG XT [1]. It is unsuitable to compare the proposed method with HDR-JPEG
2000 [3]. Indeed, the latter reduces the range of the HDR
pixels in unsigned short integers (16-bit), and consequently
does not support the 8-bit images neither backward compatibility with JPEG. Concerning the JPEG XT reference software, which was accessible from the Internet public domain
(www.jpeg.org/jpegxt/software.html), we used profile A. The
performance evaluation presented in [1] showed that compared
to profiles B and C, profile A exhibits higher performance
at low bit rates and appears to be more independent on the
used TMOs for the base layer. To offer a fair comparison,
the highest quality setting for the residual layer is selected,
and the optimized Huffman coding is enabled, for both coding
methods. Furthermore, no constraints were fixed on the quality
of the base layer of the JPEG XT compressed image. This
means that the best rate-distortion constrain was obtained by
varying the quality parameter until the desired target bit rate
is reached. Before evaluating the performance of our coding
scheme, in terms of HDR reconstruction, we first assess the
quality of the decompressed tone-mapped images for a wide
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Fig. 3. Subjective comparison of the test HDR compression methods: (a)-(b)-(c)-(d) close-up shots of the tone-mapped images, (e)-(f)-(g)-(h) decoded
tone-mapped images using JPEG XT, (i)-(j)-(k)-(l) decoded tone-mapped images using our method.

range of bit rates. To this end, the visual qualities of the tone
mapped images are evaluated using two objective metric: the
tone-mapped image quality index (TMQI), which assesses the
quality of LDR image using its corresponding HDR image
as reference. This quality measure is defined by a mixture
of a structural fidelity evaluation and a statistical naturalness
measure. From the results reported in Table I we can see that
when LDR encoding is considered, our method presents the
higher TMQI scores for all the tested bit rates. It leads to an
averaged compression performance improvement of 12.63%
compared to the JPEG XT codec when taking the TMQI to
serve as distortion metric. Furthermore, we see that the highest
performance is attained for Chairs image.
Fig. 3 depicts close up shots extracted from Memorial,
Chairs, Doll small, and Room tone mapped images, compressed at 0.6 bpp using JPEG XT and our method. From
this Figure, we can observe that the images compressed by
our coding system have a higher quality visual appearance
in the homogeneous zones. On the other hand, the JPEG XT
images are penalized by perceptually block boundary artifacts.
One may also notice that, due to the tone-mapping effect,
the close-up shots extracted from Room image present some
aliasing effects and artifacts in color transitions. To evaluate
the effectiveness of our compression method in the case of
HDR reconstruction, we use the Multi-Exposure Peak Signal
Noise Ratio (mPSNR) [13], which is a popular objective
quality metric for assessing HDR compression methods. For
a given HDR image, several tone mapped versions with
ISBN 978-0-9928626-7-1 © EURASIP 2017

(a)

(b)

(c)

(d)

Fig. 4. Rate-Distortion comparison among the tested HDR compression
techniques for (a) Doll small, (b) Memorial, (c) Chairs, and (d) Room HDR
images.

different exposure parameter values, are created, and then
PSNR measures are calculated for these tone-mapped versions.
The mPSNR value is then an aggregate of the obtained PSNR
measures.
Fig. 4 shows the rate-distortion (mPSNR versus bit rate)
curves obtained with our method and JPEG XT for Room,
Chairs, Memorial, and Doll small HDR images. From the
results reported in this figure, we can plainly observe that our
coding scheme outperforms the reference method for the test
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IV. C ONCLUSION

(a)(Bitrate=1.27 bpp, mPSNR=41.16 dB)

(b)(Bitrate=1.3 bpp, mPSNR=38.17 dB)

(c)(Bitrate=1.76 bpp, mPSNR=35.35 dB)

(d)(Bitrate=1.74 bpp, mPSNR=33.47 dB)

Fig. 5. Visual comparison of the compressed HDR images using: (a)-(c) our
method, and (b)-(d) JPEG XT. The images were tone-mapped to be printed.

In this paper, we have presented a compression method,
for HDR images, which ensure high compression performance
while guaranteeing backward compatibility with JPEG legacy
format. The proposed system decomposes an HDR image into
its tone-mapped version and a ratio image. An optimized JPEG
coder, in the sense of rate-distortion sense, is applied on both
image. To this end, an efficient bit allocation algorithm, that
determines a sub-optimal rate-quality tradeoff, has been integrated to JPEG coding chain. Simulation results demonstrated
that even if using simple tone mapping algorithm and simple
approach for calculating residual information, our method can
accomplish better compression efficiency compared with JPEG
XT standard.
Future work includes the use of sophisticated tone-mapping
algorithm. This may leads to better HDR reconstruction results. Besides, we plan to consider an optimal allocation of
the bit budget to the LDR and ratio images to increase the
HDR compression effectiveness.
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