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ABSTRACT

We propose an integer tone mapping operator (TMO) for high
dynamic range (HDR) images expressed in a floating-point
data format. Two purposes are achieved by the proposed
TMO. The first purpose is to implement a TMO with less
memory space. The second purpose is to give an impor-
tant step to realize a fixed-point TMO. The proposed TMO
is available for HDR images in the OpenEXR format. The
OpenEXR format has two numerical representations (the nor-
malized number and the denormalized number) which are not
in other HDR formats such as RGBE. These two numerical
representations cause a problem in applying an integer TMO.
The proposed method enables us to avoid the problem by
using the intermediate format. Moreover, the exponent part
and the mantissa part are processed separately as two integer
numbers. As a result, an integer TMO with less numerical
range is achieved by our method. The experimental results
show that the proposed method can generate high-quality low
dynamic range (LDR) images with less memory space.

Index Terms— high dynamic range, tone mapping,
OpenEXR, denormalized number, integer operation

1. INTRODUCTION

Recently, high dynamic range (HDR) images have been
spreading rapidly from the fields of photography and com-
puter graphics, to the other fields such as medical imaging
and car-mounted camera. On the contrary, the next generation
display devices which can accept so wide range of dynamics
of pixel values in HDR images are not popular yet. There-
fore, a tone mapping operation (TMO) is important to reduce
dynamic range of HDR images so that is can be treated with
conventional display devices.

So far, various investigations have been done on TMOs.
Most of those were concentrated on finding a tone mapping
function suitable for human visual system [1-9]. Recently,
some papers dealt with reducing communication cost com-
bining with data compression technologies [10-12]. Unlike
those previous studies, this paper discusses on 'resources’ of
a TMO such as memory space or computational cost for light
implementation of tone mapping.

In general, it is important to reduce memory space and
computational cost in the image processing, including tone
mapping we are discussing here. Heavy demand for compu-
tation is continuously increasing, e.g. large variety of color
depth, huge size of images and resolution of displaying de-
vices. Therefore, it is still necessary to consider how to imple-
ment signal processing under limited resources for economic
reason, even though faster machines appear in the future. Es-
pecially, a TMO requires heavy resources, since it is generally
composed of ’floating point’ operations for an HDR data for-
mat such as the RGBE [13] and the OpenEXR [14]. Our first
purpose is to implement a TMO with less memory space.

An integer TMO in [15] is a tone mapping process imple-
mented in integer input and integer output for HDR images
in RGBE format. An integer TMO can reduce the numerical
range in calculations. This fact is important for realizing a
fixed-point TMO. Based on an integer TMO in [15], a fixed-
point TMO for HDR images in RGBE format is proposed
in [16]. The fixed-point arithmetic can be executed under
limited resources, such as processors without floating-point
number processing unit. Moreover, the fixed-point arithmetic
is often utilized in the image processing and the embedded
system because of the advantages such as the low power con-
sumption, the small circuit size and the high-speed comput-
ing [17-19]. However, both integer TMO and fixed-point
TMO cannot be applied to HDR images in other HDR formats
except the RGBE format. Our second purpose is to construct
an integer TMO for the OpenEXR format as an important step
to realize a fixed-point TMO.

The small absolute values are treated as denormalized
numbers in the OpenEXR format. The denormalized num-
bers cause a significant damage to resulting low dynamic
range (LDR) images when an integer TMO is applied simply.
The propose integer TMO avoids this error by introducing of
the intermediate format. The experimental results show that
the proposed method can generate high-quality LDR images
with less memory space.

2. PREPARATION

In this section, we give outlines of a tone mapping operator
(TMO) and the OpenEXR format.
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Fig. 1. Photographic Tone Reproduction.

2.1. Tone Mapping Operator

Figure 1 shows ‘“Photographic Tone Reproduction” which is
one of the well-known global TMOs [4]. Each process in
Fig.1 is described as below.

(a) World Luminance
The input to a TMO for high dynamic range (HDR)
images are RGB values C(p) € {R(p),G(p),B(p)}
expressed in floating-point numbers. The world lumi-
nance L., (p) of a pixel p is calculated as

Lu(p) = 0.27R(p) + 0.67G(p) + 0.06B(p). (1)

(b) Geometric Mean -
The geometric mean L,, of the world luminance L, (p)
is defined as

L,= exp(;, Zloge(Lw(p»), )

where N is the total number of pixels in the input HDR
image. Note that Eq.(2) has singularity due to zero
value of L,,(p). It is avoided by introducing a small
value in [4]. However, its arbitrariness is not negligi-
ble for pixel values in a floating-point format, since its
pixel value is also small. Therefore, in this report, we
include nonzero values only in the geometric mean.

(¢) Scaled Luminance
The scaled luminance L(p) is calculated by

L(p) =k - Ma (3)
Ly
where k € [0, 1] is a parameter called “key value.”
(d) Display Luminance
The display luminance L4(p) is computed with a tone
mapping function y() as

La(p) = y(L(p))- ©)
The resulting low dynamic range (LDR) image is de-
pendent on the selection of a tone mapping function
here. The Reinhard’s global operator [4] is specified as

_ L)
(e) LDR Image Generation
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Fig. 2. Bit Allocations.

Table 1. The Numerical Restrictions in The OpenEXR.

Range
Denormalized Number | 0, 272% ~ 277
Normalized Number 2711 < 65504

pressed as floating-point numbers are calculated by
C(p)
Cs(p) = La(p) - : (6)
) = Lato)- 70
In addition, the 24-bit color RGB values Cy(p) €
{R:(p),Gr(p), Br(p)} of the resulting LDR image are
generated as
Ci(p) = round(Cy(p) - 255), M

where round(z) indicates rounding z to the nearest in-
teger value.

In the above procedure, although the resulting LDR image is
expressed in the integer data, the data in the middle of calcu-
lations are floating-point data with a large dynamic range.

2.2. OpenEXR Format

Figure 2(a) shows the bit allocation of the OpenEXR for-
mat [1, 14]. The OpenEXR format has the normalized num-
bers and the denormalized numbers. The range of the nor-
malized numbers is restricted as shown in Table.1. The de-
normalized numbers can express the small absolute values
which cannot be expressed in the normalized numbers. As
a result, the OpenEXR format is required to use two different
encoding processes and decoding processes [1, 14]. In the de-
coding process for a normalized number, the relation among a
floating-point number F”, the exponent part F7, and the man-
tissa part F), is given as

F/ — (_1)sign . (1 + F]’L{ . 2—10) . 2F/E—15. (8)

In contrast, the relation for a denormalized number is de-
scribed as

= (71)31'971 . (FII\/I . 2*10) . 2714_ 9

In order to generate composite functions for an integer TMO,
the unified encoding process and the unified decoding pro-
cess are required as described later. For this reason, the pre-
processing of rounding denormalized numbers to the mini-
mum value which can be expressed as a normalized number
is needed. However, this rounding error causes a significant
loss in the visual quality of resulting LDR images. The pro-
posed integer TMO will enable us to avoid this error.
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Fig. 3. Proposed Integer TMO.

Note that only the case of positive values is taken into con-
sideration in this paper. Although the OpenEXR format can
also express negative values, the impact of the negative values
is small since a pixel value is a positive value in general.

3. PROPOSED INTEGER TMO

In this section, we consider an integer TMO for HDR images
in the OpenEXR format. The proposed integer TMO is sum-
marized as shown in Fig.3.

3.1. Intermediate Format

The intermediate format shown in Fig.2(b) is utilized to avoid
a significant damage due to the use of denormalized numbers.
Note that any denormalized numbers in the OpenEXR format
are included in the range of the intermediate format, although
they are not included in that of normalized numbers. In the in-
termediate format, the relation among a floating-point number
F, the exponent part F'p and the mantissa part F; is defined
as

F = (Fp +0.5) - 2Fe =136, (10)

The converse relation is given as
Fg = [log, F' + 128], (11)
Fap = |F - 2136 F5 |, (12)

where [2] rounds z up to the nearest integer, and | x| rounds
x down to the nearest integer.

3.2. Integer TMO for OpenEXR

In this paper, the integer TMO is defined as the TMO which
is implemented in integer input and integer output. The inte-
ger TMO is realized by replacing each tone mapping process
with a new process as the composite function in Fig.4. In
the proposed integer TMO, the numerical range in the tone
mapping process can be significantly reduced because the ex-
ponent part and the mantissa part are separated as two integer
numbers.
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Fig. 4. Generation of Composite Function.

The proposed integer TMO converts RGB values C(p)
expressed as the OpenEXR format into the intermediate for-
mat data specified in Fig.2(b) at the first stage. The exponent
part Cg(p) € {Re(p), Ge(p), Be(p)} and the mantissa part
Crn(p) € {Ru(p), Gar(p), Bar(p)} are converted as

Ce(p) = [log, C(p) + 128], (13)
Cu(p) = [C(p) - 207 =] (14)
Each process in Fig.3 is computed as follows.

(a’) World Luminance
The exponent part L, g(p) and the mantissa part
Ly p(p) of the world luminance L., (p) are given as

LwE(p) = |—10g2 Lwt(p) - 8]7 (15)
Luni (p) = | Lt (p) - 27 Lwe®) | (16)

0.67(Gp(p) +0.5) - 9GEe(P) 4 A7)
0.06(Bps(p) + 0.5) - 9B(p)

where L, (p) is calculated using only nonzero RGB
channels. L, (p) is defined as zero value at the pixel
p in which the all RGB channels at p have a value of
zero. Other values in subsequent calculations are set to
zero as well as in L, (p).

(b’) Geometric Mean - B
The exponent part L.,z and the mantissa part L, s of
the geometric mean L,, are derived as

sz - |_Lwt1 + Lwt2 + 128—|7 (18)

Loy = ’—2Lwt1+Lwt27Z1UE+136J (19)
)

- 1
Lun =+ glogz(LwM(m +0.5),  (20)

— 1
Lurz = 5 > (Lur(p) — 136). (1)
p

(¢’) Scaled Luminance
The exponent part Lz (p) and the mantissa part Ly (p)
of the scaled luminance L(p) is calculated by

Lg(p) = [logy Li(p) + Lwe(p) — Lue +128], (22)
Lar(p) = [ Li(p) - 2Pwr®) =@ =Lust156| - (23



Li(p) = k- L%L):O? (24)
wM .

(d’) Display Luminance
The exponent part Ly (p) and mantissa part Ly (p) of
the display luminance L,;(p) is computed with a tone
mapping function. This process depends on the used
tone mapping function. When the function in Eq.(5) is
used, the equation is given as

Lag(p) = [logy Lai(p) + 128], (25)
Lani(p) = | Lag(p) - 226 Lez® | (26)

L 0.5
Lat(p) w(p) + @7

" Lar(p) + 0.5 + 2136~ Le()”
(e’) LDR Image Generation

The 24-bit color RGB values Cj(p) of the resulting
LDR image are obtained by

Crp) =
l“OllIld{C]t (p).2CE (P)"rLdE(p)_LwE(P)—136.255}, (28)

wM (p) +0.5
In the above procedure, all input and output of tone mapping
process can be realized as two integers corresponding to the
exponent part and the mantissa part of each data.

Two kinds of errors arise due to the use of the proposed
integer TMO with the intermediate format. The first error
arises in the format conversion from OpenEXR format. The
second error is attributed to rounding calculation results to
two integers. The following section shows that these errors
are too small to affect the subjective visual quality.

4. EXPERIMENTAL RESULTS

Two integer TMOs, one utilizes the OpenEXR format di-
rectly and the other utilizes the intermediate format, have
been considered in this paper. In this section, it is shown
that the integer TMO with intermediate format offers high-
quality LDR images equivalent to the results by the conven-
tional method [4] with floating-point numbers. The 42 HDR
images in the OpenEXR format was utilized in our experi-
ment. All floating-point values were computed and stored in
the double-precision floating-point format. The Reinhard’s
global operator [4] in Eq.(5) was used as an example of tone
mapping functions. Moreover, the memory space comparison
between the integer TMO with the intermediate format and
conventional method was also performed.

4.1. PSNR Result

The integer TMO without the intermediate format and the in-
teger TMO with it were compared. Table.2 shows the peak
signal-to-noise ratio (PSNR) results and the maximum error
of RGB pixel values. The PSNR between the LDR image

Table 2. PSNR and Pixel Values Error.

without with
Intermediate | Intermediate
Minimum PSNR [dB] 338 49.0
Maximum pixel values error 47 3

Table 3. MEMORY SPACE.

Data Conventional Proposed

HDR RGB Values 192 bit/pixel | 48 bit/pixel

World Luminance 64 bit/pixel 16 bit/pixel
Geometric Mean 64 bit 16 bit

Scaled Luminance | 64 bit/pixel 16 bit/pixel

Display Luminance | 64 bit/pixel 16 bit/pixel

LDR RGB Values 24 bit/pixel 24 bit/pixel

generated by the two integer TMOs and that generated by
the conventional method was evaluated. The minimum PSNR
with the intermediate format is 49.0 dB, and it shows the bet-
ter result than 33.8 dB attributed to the directly use of the
OpenEXR format. The maximum error of RGB pixel values
with the intermediate format also shows the sharply better re-
sult. The rounding errors of denormalized numbers in the
OpenEXR format worsens the quality of resulting LDR im-
ages. In contrast, since rounding the denormalized numbers is
not necessary, the integer TMO with the intermediate format
can generate high-quality LDR images from all input HDR
images. Note that the intermediate format assigns fewer bits
to the mantissa part than the OpenEXR format even though it
can express the larger numerical range.

4.2. Comparison of Memory Space

Table.3 shows the memory space in each of the conventional
method with floating-point numbers and the proposed in-
teger TMO with the intermediate format. It indicates that
the proposed integer TMO significantly reduces memory re-
sources comparing to the conventional method. The memory
resources to store data are reduced from 192 to 48 bit/pixel
(25 %) at maximum by the proposed integer TMO.

5. CONCLUSION

In this paper, we proposed an integer TMO which is imple-
mented in integer input and integer output for HDR images
in the OpenEXR format. The integer TMO processes the ex-
ponent part and the mantissa part separately as two integer
numbers; therefore, the numerical range in the tone mapping
process is greatly reduced. The intermediate format enables
us to avoid a significant damage due to the use of denormal-
ized numbers in the OpenEXR format. As a result, it was
confirmed that the integer TMO with the intermediate format
offers high-quality LDR images equivalent to the results by
the conventional method with floating-point numbers. It was
also verified that the memory space are reduced to from 192
to 48 bit/pixel at maximum by the proposed integer TMO.
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