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Abstract—In this paper, we propose a real-time tone-mapping I Error 7
scheme for backward compatible high dynamic range (HDR) T Evaluation
video compression. The appropriate choice of a tone-mapping
operator (TMO) can significantly improve the HDR quality
reconstructed from a low dynamic range (LDR) version. We
develop a statistical model that approximates the mean square
error (MSE) distortion resulting from the combined processes of \
tone-mapping and compression. Using this model, we formulate v ! | Image/Video Image/Video o
a numerical optimization problem to find the tone-curve that | Encoding Decoding
minimizes the expected MSE in the reconstructed HDR sequence. e e e :
We then simplify the developed model in order to reduce the com- (a)
putational complexity of the optimization problem to a closed-
form solution. Performance evaluations show that the proposed
methods provide superior performance in terms of HDR MSE
and SSIM compared to existing tone-mapping schemes. It is also
shown that the LDR image quality resulting from the proposed
methods matches that produced by perceptually-based TMOs.
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Fig. 1. System overview of the proposed tone-mapping method. (a)

I. INTRODUCTION

onstrates the ideal scenario where the actual H.264/AVC encoding is
loyed. (b) shows the practical scenario which is addressed by this paper.

High dynamic range (HDR) scenes are characterized by%‘ﬂ;
enhanced luminance range with an intra-frame contrast that
exceeds 5-6 orders of magnitud@{ : 1). Such content can be
well represented by advanced display technologies that utilizgth a residual [2] or a ratio image [3] that allows the recon-
a bit-depth precision of at least 10-bit-per-color-channel argruction of the original HDR image. Further implementations
employ narrow-wavelength LED light sources. However, thier backward-compatible video coding can be found in [4]-[7].
majority of existing digital display devices can only support In this paper, we address the problem of finding an optimal
low dynamic range (LDR) 8-bit video content with a limitedtone-curve for such a backward-compatible encoding scheme.
contrast that ranges between 2 or 3 orders of magnitude. The remainder of this paper is organized as follows: the

The broad deployment of HDR video formats relies on thepgroblem statement is presented in Section II. In Section IlI,
backward compatibility with 8-bit devices. Such compatibilitghe proposed tone-mapping approach is discussed in detail.
can be achieved if the HDR video stream contains 1) $ection IV shows the performance of the proposed methods.
backward-compatible 8-bit video layer which could be directlgonclusions are drawn in Section V.
displayed on existing devices, and 2) additional informatior'\I
which along with this 8-bit layer can yield a good quality re-
constructed version of the original HDR content. Such a stream! he performance of a backward-compatible HDR video and
can also contain a residual layer, i.e., enhancement layermge encoding system depends on the coding efficiency of the
further improve the quality of the HDR reconstruction. ~ LDR base layer and the HDR enhancement layer. Performance

Backward compatible HDR video encoding has receivéfiins can be achieved by finding a TMO that preserves the
significant interest recently. Mantiuk et al. [1] derived a coldr€cessary information in the LDR base layer so that after it
space of encoding HDR content based on the luminan@@sses through. the inverse TMO process, the resultant HDR
threshold sensitivity of the human visual system. For stfifconstructed signal is of high quality.
image compression, backward compatibility can be achievedUr Proposed approach attempts to find the best global
by encoding a tone-mapped copy of the HDR image togetrfépa“a"y invariant) tone-mapping curve that minimizes the

mean square error (MSE) between the original HDR content

This work was supported in part by grants from the Natural Sciences aﬁ@d the r_econStrUCted ve_rS|on ObFa'ned after tone-r_napplng_,
Engineering Research Council of Canada (NSERC). compression, decompression, and inverse tone-mapping . This
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Vmas bin Each segment has a constant width in HDR values equal to
(Ix,oy) 6 (0.1 in our implementation). The tone-mapping curve can

then be uniquely specified by a set of slopgswhich forms

a vector of tone-mapping parametérsUsing this parameter-

ization, the forward tone-mapping function is defined as:

V= (l - lk)'Sk + v, 1)

wherev is the pixel value, and is the segment corresponding
to HDR valuel, that is l;<I<lx41. The inverse mapping
function is then:

(1, ve1)

LDR values v
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HDR values ! (log;, of luminance)

U_UkJrlk for s, >0

Sk
Z Ipr(l) for s, =0,
€S0

where s, € {s1..sy}. When the slope is zeros{ = 0),

process is illustrated in Fig. 1. Létdenote the input HDR [(v;s;) is assigned an expected HDR pixel value for the
image/frame] be the reconstructed HDR frame produced aft@ntire rangeS, in which the slope is equal zerg, (l) is
inverse-tone-mapping, ané be the set of parameters thathe probability of HDR pixel valué.
control the tone-mapping operator, then our goal is to fingl statistical Distortion Model
the tone-mapping parametetghat minimize||l — [||3. ioned ler | . | .

The above optimization problem can be solved by exhay ‘As mentioned earlier in section Il, accurately computing

tive search, repeatedly tone-mapping, encoding, decoding é a distorted HDR values would be too computationally

. : ; emanding. Instead, we estimate the erfbr- [)> assum-
then inverse tone-mapping, until the best set of TMO param- . . .
eters@* is found (see Fig. 1a). Even though this approac'ﬁg t_hat_ H.264/AVC dlstortl_ons follow a known probability
guarantees an optimal solution, this framework requires g|,§tr|but|oan264, and we find thapyass can be modelled

unacceptable computational cost. To overcome this proble ,;ngma ?g:etrsgzgd 23235'2? Z'S;;'?#goen &nftéo.';'_ Under this
we estimate the distortion due to tone-mapping, encodin%f umption, xp vald o 1)* is:
decoding, and inverse tone-mapping with a statistical distortiorpaer Vmaz Umaz

i in Fi >0 (U@ sk) = 1)? - prasa(v — Blv) - p(v]l) - pr(l)
model, as illustrated in Fig. 1b. Then, we show that under, 3 Sk H264 (l),

certain assumptions that are valid for natural images, &flmin v=0 v=0

l(v;s) =

)

Fig. 2. Parameterization of a tone-mapping curve. The bar-plot in the
background represents an image histogram used to comppbte

immediate closed-form solution for this problem can be found. ®)
In this paper we consider only luminance/luma channelgherep(v|l) is given by the following expression

To tone-map color images, we use the same tone-curve for 1, for v=|(—lp)sk+ vkl

the three color channels. Such approach was shown to well  p(v[l) = { 0: otherwise (4)

preserve color appearance for moderate contrast compres&ion ) ) h ,
[8]. Encoding of the enhancement layer (for the residual da a given tone-curve since t e.TMO Is a many-to-one
apping.|-| denotes the floor function.

is not considered in this paper. The rationale comes from ! hat th . bability is ind
effort to achieve the best possible HDR reconstruction and thuéb\ssumlng that the compression error probability is Inde-

the smallest possible residual. As a result, the cost of encodfﬁgdem_ of tSe L[;R pixel .valutﬁ}, ;ve cadn simplify the
any additional refinement layer would be minimized. expression above by removing the depen ency ples ON
v, i.e. dropping the summation over. Consequently, the

[1l. ON-THE-FLY TONE MAPPING SOLUTION continuously relaxed objective function is written as:
In this section we describe in detail how we parameterize lmas Vmaz
the tone-mapping function, approximate encoding distortions(sx) = > > (I(#;sx) — 1)* - paaea(v — 9) - pr(1) (5)
with a statistical model and then find a closed-form solution I=lymin =0
for an optimal tone-curve. C. Optimization Problem
A. Tone-Mapping Curve The optimum tone curve can be found by minimizing the
The global tone-mapping curve is a function that magd"ctione(sx) with respect to the segment slopes
HDR luminance values to LDR pixel values, and it is usually arg min e(s) (6)
continuous and non-decreasing. . 518N
To keep the problem analytically tractable, we parameteriggbject to:
the tone-mapping curve as a piece-wise linear function with Smin<Sk<Smax fOr k=1.N

the nodes(ly, vx), as shown in Fig. 2. We represent HDR N
values as the base-10 logarithm of relative luminance values Zsk,(g S
(I =log,o(L) whereL is the luminance of the HDR image). o1

()



The first constraint restricts slopes to the allowable rangeages are compressed/decompressed using the H.264/AVC
while the second ensures that the tone curve spans exactlyrdference software [13]. To reconstruct an HDR image from
range of pixel values from 0 to,,,... Considering the sensi- a decoded LDR image, an inverse tone-mapping function is
tivity of the human visionss, ... is set to be(log,,(1.01))~!. stored as a lookup table with each encoded image.
Fig. 3 compares the distortion of the reconstructed HDR
image versus the compressed LDR bit rate for different TMOs,
The distortion model in (5) gives a good estimate of comyyeraged over 40 images. This test demonstrates how success-
pression errors but has relatively high computational complegq each TMO is at delivering a good quality HDR by inverse
ity for real-time applications. With an additional assumptionpne mapping the corresponding LDR signal. The results
we can find a closed-form solution with almost no noticeablghow that our proposed methods clearly outperform the other
impact on the compression performance. methods in terms of MSE. The difference is not very large
If we assume local Iinearity of the tone'CUrVe, so that th%r low bit rates (heavy Compression)’ but the performance
Slope at the non'distorted piXeI Valu@.nd that a} the distorted of our model dramatica”y improves When the Compression
pixel valued is the same, we can then substitite; s;) and!  reaches the point of the medium and light compression. For
in the distortion model (5) using the inverse mapping functiopr MSE = -3 (in log10 scale), which corresponds to QP =
in (2), this gives: 25, we save about 50% of the bit-rate compared to the best
lnaz Umas N performing competitive TMO for the same quality.
e(sk) ™ DY praca(v—0) - pr(l)- (U — U) . (8)  Although our models are designed for minimizing MSE, the
5k results also indicate that the proposed TMOs show superior
performance for the advanced quality metric, SSIM.
Fig. 4 display the tone-mapped LDR images for three

D. Closed-form Solution

I=lyin ©=0

After reorganizing we get:

lmas: v . . . .

_ox~ o) ] - 2 images, which demonstrate that the images tone-mapped using
e(sn) ~ - 2 ZO pr26a(v = 0) - (v = D) our method also provide good quality.
=tmin v= (9)
Lmaz
S l V. CONCLUSION

= 5 pLg ) -Var(v—0).

=, Ok In this paper, we showed that the appropriate choice of

a tone-mapping operator can significantly improve the re-

it does not affect the location of the global minimumedg;,) ;:r?rlstructed. H?R ?ﬁalgxt\/\{? deveICJlged fa sta:;]stlcal rgpdedl
and thus can be omitted when searching for the minimum. at approximates the distortion resutting from the combine

Our local linearity assumption holds in most cases for iy 0CESSEeS of tone-mapping and compression. Using this model,

. . . o . . we formulated an optimization problem that finds the tone-
reasons: 1) the distortion distributign;.ss has high kurtosis . N .
so that most of the distorted pixels are likely to lie in the'rve which minimizes the expected HDR MSE. With an

same segment as the non-distorted pixel2) Even if a additional assumption, the optimization problem can be solved

distorted pixeld moves to another segment, the slopes of tw%nalytlcally with a closed-form solution. The closed-form

neighboring segments are usually very close to each otherig#t";?ib'lz ?grgﬂl:tggsglilIyegfgf;igiif;;dmzzsela Aﬂﬁ:;%”?]agﬁ?
The optimization problem defined in (6) can now be rerhodZIs are designed to ginimize MSE, the e>.<tensiveg erfor-
written accordingly and solved analytically by calculating the 9 ’ P

first order Karush-Kuhn-Tucker (KKT) optimality conditions™ 2"¢® evaluations show that the proposed methods provide

: . . excellent performance in terms of SSIM and the LDR image
of the corresponding Lagrangian, and the resuilting slapes quality, in addition to an outstanding performance in MSE.

Since the variance dfv —©) does not depend on the slopgs

are given by:
1/3
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Fig. 3. Comparison with other tone-mapping methods in terms of MSE and SSIM (for the reconstructed HDR image) vs. bit rate, averaged over 40 imag
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