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ABSTRACT
This paper proposes an inverse tone mapping operation
(ITMO) for HDR images with low computational cost. An
ITMO generates a high dynamic range (HDR) image from
a low dynamic range (LDR) image. Since HDR images are
generally expressed in a floating-point data format, an ITMO
also deals with floating-point arithmetic. As a result, conventional ITMOs require high computational cost. There are
many research works to reduce a computational cost in the
TMOs. However, most of them are not for inverse TMO, but
for forward TMO which generates an LDR image from an
HDR image. To reduce a computational cost, the proposed
method treats a floating-point number as two 8-bit integer
numbers which correspond to an exponent part and a mantissa part, and applies inverse tone mapping to these integer
numbers separately. Moreover, the method can conduct all
calculations in the ITMO with only fixed-point arithmetic.
The experimental results show the proposed method with
fixed-point arithmetic is 6.86 times faster than the conventional method with floating-point arithmetic.
Index Terms— High dynamic range, Tone mapping,
Fixed-point
1. INTRODUCTION
High dynamic range (HDR) imaging is diffusing in many
fields: photography, computer graphics, surveillance camera,
HDR video, and more. These images have a high resolution
of pixel values, i.e., numerous pixel tones. Compared with the
current standard for low dynamic range (LDR) images, which
are expressed in 8 bits, HDR images have an extremely long
bit depth and high dynamic range of pixel values. To fully
utilize this dynamic range under limited memory space, the
pixel values are expressed as floating-point data, such as in
OpenEXR [1], RGBE [2], or IEEE754 [3] format. However,
display devices which can express the pixel values of HDR
images are not popular yet. Therefore, the importance of a
tone mapping operation (TMO) which generates an LDR image from an HDR image by compressing its dynamic range
has been growing.
Various research works on TMOs have so far been
done [4–19]. These are focused on quality of tone mapped

images [4–8], compression techniques [9–11], and reducing
a computational cost [12–19].
On the other hand, an inverse TMO (ITMO) is also attracting attention, recently. The ITMOs reconstruct HDR
images from LDR ones, and have various important applications such as estimating HDR images [20–24] and multilayer
coding [25–28]. Most of research works of the ITMOs are
focused on generating a high-quality HDR image [20–24].
However, the existing ITMOs require data-depended calculations that have high computational cost. Specially, realtime processing such as HDR video or HDR TV, requires
speeding-up of computing. Therefore, reducing computational cost regarding an ITMO is an important issue.
For these reasons, the proposed method considers to reduce the computational cost in the ITMO. The method is
composed of 2 steps. First, the method treats a floating-point
number in the ITMO process as two 8-bit integer numbers,
which correspond to a exponent part and a mantissa part,
and applies tone mapping to these integer numbers separately. Then, the method can be implemented with fixedpoint arithmetic. Using 8-bit integer data facilitates executing
calculations with fixed-point arithmetic because it eases the
limitation of the bit length. Fixed-point arithmetic is often utilized in embedded systems because of the advantages
such as low-power consumption, the small circuit size and
high-speed computing [29, 30]. Therefore, the method can
be processed at high-speed on the embedded systems, which
have a low-performance processor without a floating-point
unit (FPU).
The experimental results confirmed that the proposed
method reduces the computational cost, and keeps the quality of generated HDR images, compared to the conventional
method with floating-point arithmetic.

2. PRELIMINARIES
The conventional TMO and its inverse operation (ITMO) are
described in this section.

FE

FM

Exponent
8 bit

Mantissa
8 bit

2.1. Forward Tone Mapping Operation
A TMO generates an LDR image from an HDR image by
compressing its dynamic range. There are two types of a
TMO: global tone mapping and local tone mapping, this paper deals with global tone mapping. A procedure of the Reinhard’s “Photographic Tone Reproduction” which is one of the
well-known global TMOs [4] is described in this section.
First, the world luminance Lw (p) of the HDR image is
calculated from RGB pixel values of the HDR image,
Lw (p) = 0.27R(p) + 0.67G(p) + 0.06B(p),

(1)

where R(p), G(p), and B(p) are floating-point RGB pixel
values at located p of the HDR image, respectively.
Next, the geometric mean L̄w of the world luminance
Lw (p) is calculated as follows
(
L̄w = exp

)
1 ∑
loge (Lw (p)) ,
N p

(2)

Fig. 1. The bit allocation of the proposed intermediate format.
2.2. Inverse Tone Mapping Operation
This section introduces the inverse operation of “Photographic Tone Reproduction” described in [24]. It is processed
following procedure.
First, L′d (p) is calculated from RGB pixel values of the
LDR image,
1
, (8)
255
Next, the world luminance L′w (p) is calculated as

L′d (p) = (0.27RI (p) + 0.67GI (p) + 0.06BI (p)) ·

L′w (p) =

L̄w
L′d (p)
L̄w
· L(p) =
·
,
k
k 1 − L′d (p)

(9)

(3)

Finally, the color RGB values C ′ (p) of the HDR image is
derived from
L′ (p)
L′ (p) CI (p)
C ′ (p) = w′
· CF (p) = w′
·
.
(10)
Ld (p)
Ld (p)
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where k ∈ [0, 1] is the parameter called “key value”.
Next, the display luminance Ld (p) is calculated using a
tone mapping function y() as follows

In above processes, floating-point arithmetic and floatingpoint data are needed to obtain an HDR image expressed
in floating-point. Therefore, large computational cost is required.

Ld (p) = y(L(p)).

3. PROPOSED INVERSE TMO

where N is the total number of pixels in the input HDR image.
Then, the scaled luminance L(p) is calculated as
L(p) = k ·

Lw (p)
,
L̄w

(4)

The Reinhard’s global operator [4] which is one of the wellknown tone mapping functions is defined as
yReinhard (L(p)) =

L(p)
.
1 + L(p)

(5)

Finally, the floating-point pixel values CF (p) of the LDR
image is calculated as follows
CF (p) = Ld (p) ·

C(p)
,
Lw (p)

(6)

where C(p) ∈ {R(p), G(p), B(p)} is the floating-point RGB
value of the input HDR image,
and CF (p) ∈ {RF (p), GF (p), BF (p)}.
The 24-bit color RGB values CI (p) of the LDR image is
derived from
CI (p) = round (CF (p) · 255) ,

(7)

where round(x) rounds x to its nearest integer value, and
CI (p) ∈ {RI (p), GI (p), BI (p)}.

3.1. Intermediate Format
The proposed ITMO generates an HDR image expressed in
proposed intermediate format from an LDR image. The intermediate format is then converted into various HDR image
formats such as OpenEXR [1], RGBE [2], and IEEE754 [3].
That is, the method is an unified operation which does not
depend on HDR image formats. Figure 1 shows the bit allocation of the intermediate format. This format has 8-bit exponent part and 8-bit mantissa part for each color. The encode
functions which yield the exponent part FE and the mantissa
part FM of each RGB channel F are defined as
FE = ⌈log2 F + 128⌉ ,
⌊
⌋
FM = F · 2136−FE ,

(11)
(12)

where ⌈x⌉ rounds x to the nearest integer greater than or equal
to x, and ⌊x⌋ rounds x to the nearest integer less than or equal
to x. On the other hand, the decode function which yields the
original RGB value from the intermediate format is defined
as
F = (FM + 0.5) · 2FE −136 .

(13)
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Next, the method calculates the exponent part LwE (p)
and the mantissa part LwM (p) of the world luminance L′w (p).
This calculation depends on inverse tone mapping functions.
Here, the inverse tone mapping function of Eq. (9) is used as
an example,
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Fig. 2. The difference between the conventional method and
the proposed integer ITMO.
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Fig. 3. A new process defined in the proposed integer ITMO.
3.2. Integer ITMO
The proposed method constructs the integer ITMO based on
the integer TMO technique [12–14, 18]. The integer ITMO
is defined as the ITMO which is implemented with integer
input and integer output. Figure 2 shows the difference between the conventional method and the integer ITMO. The
integer ITMO defines new processes and replaces each tone
mapping process by them. These new processes are composite functions shown in Figure 3. In the proposed ITMO, the
numerical range in the processes is significantly reduced because the exponent part and the mantissa part are separated
as two integer numbers. Note that this technique of the integer ITMO works well by using the proposed intermediate
format. The technique does not work well for the IEEE754
format because it has denormalized numbers as well as the
OpenEXR [13].
The proposed integer ITMO is processed following procedure.
First, the exponent part LdE (p) and the mantissa part
LdM (p) of the display luminance L′d (p) is calculated as
LdE (p) = ⌈log2 Ld (p) + 128⌉ ,
⌋
⌊
LdM (p) = Ld (p) · 2136−LdE (p) ,

(14)
(15)

1
Ld (p) = (0.27RI (p) + 0.67GI (p) + 0.06BI (p)) ·
,
255
(16)
where 0 ≤ LdE (p) ≤ 255, 0 ≤ LdM (p) ≤ 255.
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where 0 ≤ LwE (p) ≤ 255 and 0 ≤ LwM (p) ≤ 255.
Then, the exponent part CE (p) and the mantissa part
CM (p) of the HDR image expressed in the intermediate
format are derived as
LwM (p) + 0.5 CI (p)
·
,
(20)
LdM (p) + 0.5
255
CE (p) = ⌈log2 F C(p) + LwE (p) − LdE (p) + 128⌉ , (21)
⌊
⌋
(22)
CM (p) = F C(p) · 2136−CE (p)+LwE (p)−LdE (p) .
F C(p) =

where 0 ≤ CE (p) ≤ 255, 0 ≤ CM (p) ≤ 255.
Finally, the desired format of the HDR image can be obtained with the decode function in Eq. (13).
In the above processes, the input and output data of each
calculation are all 8-bit integer data. The next section describes fixed-point implementation of the method.
3.3. Fixed-Point Implementation
In the integer ITMO, all data are converted to 8-bit integer,
and the numerical range of above calculations are significantly reduced. As a result, the proposed method implements
integer ITMO with fixed-point arithmetic to reduce the computational cost.
Most of equations can be calculated with fixed-point
arithmetic because each variable is expressed in 8-bit integer.
Nevertheless, Eq. (17) is difficult to be calculated without
floating-point arithmetic because the range of value of the
denominator can be very wide. Because of this, the method
deforms Eq. (17) as follows
F Lw (p) =

1
136−Ld (p)
E
2

LdM (p)+0.5

L̄w
.
−1 k
·

(23)

If the power of 2 in the denominator (136 − LdE (p)) is
large value, 1 in the denominator can be ignored. Therefore,
it is approximated as
F Lw (p) ≈

1
136−Ld (p)
E
2

·

L̄w
k

(24)
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E
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k

(25)
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Fig. 4. The block diagram of the experiments.
Table 1. The conditions in the experiments.
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Fig. 5. The processing time of the methods.

therefore
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⌉
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k
(26)
⌊
⌋
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The condition of this approximation depends on available
bit length. In this paper, 32bit processor is used, and the approximation is performed when (136 − LdE (p)) > 22.
The method can calculate all equations of the ITMO with
only fixed-point arithmetic using this approximation. The
next section shows the effect of the proposed method.

carried out for 32 LDR images which generated with the
Reinhard’s global TMO [4]. The HDR images IHDR (p) and
′
IHDR
(p) are given by
IHDR (p) = ITa [ILDR (p)],
′
IHDR
(p) = ITb [ILDR (p)],

where ILDR (p) is an input LDR image, and ITa [·] and ITb [·]
are ITMO of each method. The modified PSNR [31] between
A × B sized HDR images is given by
P SN R = 20 log10 (DR) − 10 log10 (M SE),
M SE =

4. EXPERIMENTAL RESULTS
The computational cost of the proposed method is reduced
by using fixed-point arithmetic instead of floating-point arithmetic. However, errors can occur by fixed-point arithmetic.
To confirm the efficacy of the proposed method and the errors
involved with it, the experiments were carried out. These experiments consist of image quality assesment and evaluation
of resource consumption. Figure 4 shows the block diagram
of these experiments. The conventional method in this experiment is [24], which was described in Section 2.2. Both
the proposed method and the conventional method [24] were
implemented in C-language. Table 1 shows that condition of
this experiment.
4.1. Generated HDR Image Quality
This experiment applied the ITMOs for LDR images using the proposed method and the conventional method [24],
and measured the modified PSNR [31] and the HDR-VDP2.2 [32] of the generated HDR images. This experiment was

(28)
(29)

AB
1 ∑
′
(p)]2 ,
[IHDR (p) − IHDR
AB p=1

DR = max(IHDR (p)) − min(IHDR (p)).

(30)
(31)
(32)

The HDR-VDP-2.2 takes a value from 0 to 100. The lager
score indicates a higher similarity between two images.
Table 2 shows that the results of this experiment. The
high average PSNR value and HDR-VDP-2.2 score were obtained with the proposed method. Therefore, the proposed
method performed the ITMO maintaining the structural similarity. From the above result, it was confirmed that the proposed method can execute the ITMO with high accuracy, even
though it is conducted with the fixed-point arithmetic.
4.2. Comparison of the Processing Time
This experiment applied inverse tone mapping for an LDR
image with 512 × 768 pixels using the proposed method and
the conventional method, and measured the processing time
of the methods. The experimental environment was with Marvell PXA270 ARM Processor 624MHz and 128MB RAM.
Note that this processor does not have a FPU.

Figure 5 compares the processing time of the proposed
method and the conventional method [24]. The proposed
method was 6.86 times faster than the conventional method.
Therefore, this experiment confirmed that the proposed
method reduced the computational cost by using fixed-point
arithmetic.
4.3. Evaluation of the Memory Usage
In software implementation, IEEE754 [3] single-precision
format (32-bit) or double-precision format (64-bit) is generally used as floating-point data. In this experiment, the
conventional method used the 64-bit double-precision format
to store in-processing data.
On the other hand, the proposed method uses two 8-bit
integer format (16-bit) to store data. Therefore, the memory
usage is reduced by 75% in the proposed method. Similary, it
is reduced by 50% against the case of using single-precision
format.
5. CONCLUSION
This paper proposed the inverse tone mapping operation with
low computational cost. The method can apply the inverse
tone mapping to two 8-bit integer numbers which correspond
to the exponent part and the mantissa part, separately. Furthermore, the method can be implemented with only fixedpoint arithmetic to reduce the computational cost. As a result,
the method is effective on a processor without FPU. The experimental results confirmed that the proposed method can
execute the ITMO with high accuracy, even though it is with
fixed-point arithmetic and integer data.
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