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Abstract. Real world scenes contain a large range of light intensities
which range from dim starlight to bright sunlight. A common task of
tone mapping algorithms is to reproduce high dynamic range(HDR) im-
ages on low dynamic range(LDR) display devices such as printers and
monitors. In this paper, a new tone mapping algorithm is proposed for
the display of HDR images. Inspired by the adaptive process of the hu-
man visual system, the proposed algorithm utilized the center-surround
Retinex processing. The novelty of our method is that the local details
are enhanced according to a non-linear adaptive spatial filter (Gaussian
filter), whose shape is adapted to high-contrast edges of the image. The
proposed method uses an adaptive surround instead of the traditional
pre-defined circular. Therefore, the algorithm can preserve visibility and
contrast impression of high dynamic range scenes in the common display
devices. The proposed method is tested on a variety of HDR images, and
we also compare it to previous work. The results show good performance
of our method in terms of visual quality.

Keywords: Tone mapping, retinex, high dynamic range, Hilbert scan,
Gaussian filter.

1 Introduction

HDR imaging techniques can produce images that record the full dynamic range
of the scene in the real world. Recently, HDR images can be captured easily
using a composition of multiple photographs of the same scene with different
exposures [1] or new sensor technologies [2]. Thus, the availability of HDR data
becomes more commonplace. In contrast, HDR display devices are not common-
place yet because of their high price. Furthermore, most current output devices,
such as computer monitors and printers, often only make a part of the scene
visible, which is much lower than the dynamic range of the scene. This mis-
match between HDR input and LDR output leads to the problem that how we
can reproduce or render such images in a standard output device. In order to
solve this problem, tone mapping techniques|3]-[6] are used to map HDR values
to LDR values. Tone mapping is a contrast enhancement technique which can
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(a) Linear scaling (b) Image treated with our
method

Fig. 1. An example of HDR image that needs a tone mapping technique

scale the HDR data in order to preserve certain characteristics of the input HDR
image, such as contrast, visibility or appearance in the resulting displayable im-
age. Currently, there existed a number of tone mapping algorithms. According
to the transformation they apply to convert input luminance to the output val-
ues, they are usually categorized into two main groups, i.e., global operators and
local operators.

Global tone mapping methods compress the original range into the output
range in accordance with non-linear one-to-one matching functions, for example,
logarithmic function, gamma function, sigmoidal function and so on [3]. These
global algorithms tend to preserve the subjective perception of the scene and
have advantage of being simple and fast. However, simple global processing will
cause a loss of contrast, which is apparent in the loss of detail visibility in the
dark or light parts of the image (e.g. Fig.1). So they are still difficult to reproduce
all the visual details. On the other hand, local tone mapping methods refers to
the algorithms which use a local processing for reproduction. These methods are
not based on a one-to-one mapping. The mapping function is changed according
to the spatial context of the scene, therefore two different pixels with the same
intensity in the original image can be mapped to different display values. This
makes the local operator-based methods give more details of the image than those
global operator-based methods. However, they may also cause "halo” effects or
ringing artifacts in the reproduction.

The Human Visual System (HVS) can perceive a vast range of intensities
well by using various adaptation mechanisms. Land’s Retinex is a simplified
model of the HVS and can be adapted easily for computational image rendering
algorithms. Now, more evidence shows Retinex is an optimal solution to the
lightness problem. In this paper, an adaptive tone reproduction algorithm based
on the center-surround Retinex model is proposed. In general, our method be-
longs to the local operator’s category. Compared to the previous surround-based
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algorithms, our Retinex-based local processing uses an adaptive surround instead
of the traditional pre-defined circular. Because the shape of a surround can be
changed according to the high-contrast edges, the proposed method does not
generate halo artifacts but does preserve visibility of local details. Therefore,
the proposed method can render high dynamic range images that models the
adaptation of HVS. It has been implemented and tested in an image database.
The experimental results show that this algorithm is effective and easy to use,
only one parameter needs setting.

2 The New Adaptive Processing Algorithm

In this section, an adaptive tone mapping algorithm is presented. The proposed
approach can overcome the problems mentioned above while achieving satisfac-
tory results. Our work is totally focused on the luminance channel, so at first we
introduce how to calculate the luminance values. Then the Retinex-based adap-
tive Gaussian filtering method is proposed. The local operators make use of a
local information in the spatial domain, i.e., the shape of Gaussian filter should
depend on the pixel’s partial derivatives. This makes it reproduce the details of
the image effectively. Note that all the operations are performed in logarithm
space.

2.1 Retinex-Based Local Processing

Because we only treat the luminance in our method, we compute first the lu-
minance L (in cd/m?) from the RGB space. In the LHS (luminance, hue, and
saturation) system, the luminance is defined as

L =0.299R + 0.587G + 0.114B (1)

Let L be the luminance image encoded linearly, whose maximum value is 1.

Compared to the early stage of HVS where a global adaptation happens, the
global tone mapping is performed for a first compression of the dynamic range.
Then, we assume the logarithmic relation in our tone mapping solution, which
can be described as the first luminance adjustment of HVS. The model presented
in [7] essentially preserves good global perception. The following equation shows
this mapping relationship.

I log(L + ¢) — log(Lmin + ¢)

B lOQ(Lmaz) - ZOQ(me + ‘P) (2)

In the above equation, I’ is the nonlinear output luminance image, L., and
Lynin are the maximum and minimum luminance of the scene, and ¢ is a small
value to avoid the singularity that occurs if black pixels are present in the image
and to control the overall brightness of the reproduced image. For example, when
o decreases, the display will be bright and this leads to increase the sensitivity
for dark areas. The parameter ¢ is usually called "key value”, because it decides
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whether an input value is mapped to a higher or lower value. In our research,
we set it according to the average luminance L, which is calculated by

1 X Y
= Lo =cap(5) Y log(L(x.y))) (3)

r=0y=0

where N is the number of pixels in the luminance image, an order tern (z,y) of
integers x and y is the coordinates of a pixel, 0 <z < X and 0 <y < Y.

After a simple global processing, Retinex-based local processing is carried out.
Traditionally, the Retinex is a member of the class of center surround functions
where the output value of the function is obtained by computing the difference
between the log-encoded treated pixel (center) and the log-encoded value of
its neighborhood (surround). Here the surround is a Gaussian function. The
mathematical form of the single-scale Retinex is defined as

Lout(,y) = log(L'(x,y)) — log(G(z,y) * L' (x,y)) (4)

where L., is the Retinex output image, log is the natural logarithm function.
The symbol ”%” is convolution operator. G is a Gaussian filter (kernel) expressed
as

1

V2o

where o2 is the variance of Gaussian filter, and the size of the filter is often
determined by o2. In the traditional Retinex [5], the value of sigma is fixed.
However, it is known that an image with high-contrast edges are more pleasing
to the human eyes, and that the human visual system is sensitive to the position
of edges with high contrast in smooth areas. Thus if the fixed o2 is small, local
contrast can be increased significantly while producing halo artifacts along high-
contrast edges. On the contrary, a large o2 reduces the artifacts, but provides
less increase in local contrast [8]. There exists a tradeoff between the increase in
local contrast and good rendition of the image. So we make the filter variance
adapt to the local characteristics of an image, that is to say, our Gaussian filter
G(z,y) is a function of the variable o(x,y). This is based on the strategy that
different parts of an image should be smoothed differently, depending on the type
of edges. The following equation shows information about contrast in horizontal,
vertical and diagonal directions respectively.

Gz, y) = exp(—(2® +y*)/20%) ()

VL (z,y)=L'(z—1L,y—1)+L(x+1L,y—1)+L(z+1,y+1)+
Lz+1ly—1)—-L'(zx—1,y)— L'(z+1,y)— L'(x,y— 1) = L' (z,y + 1).

(6)
So in an area with high-contrast edges, the partial derivatives (VL') are large and
the filter variance should be adapted to a small values to keep the high contrast
along edges. On the other hand, in a smooth area the partial derivatives are
small and the variance should be large to reduce artifacts. This illustrates a fact
that there exists a proportional relationship between VL’ and 2. Therefore, we
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propose the following equation to calculate the variance of 2-D Gaussian filter
at location (z,y).
p

o (z,y) = m (7)

where 3 is a scaling factor, |z| is absolute value of  which insures o2

value.
We employ the 2-D (2w 4+ 1) x (2w 4 1) adaptive Gaussian filter for L'(z,y),
then obtain

is a positive

4w y+tw 2 2
—(xy +
Z Z "(@e,y) - (0w, y1) '633]?(%))
G(a,y) * L'(x,y) = “——=

%’:” yil:u 'zt + Yi ) )

Tt=T—W Y= g m y)

(8)
Except adjusting variance o(x, ), the adaptive filter method should be able to
adapt the shape of the filter to the high-contrast edges in the image in order to
prevent halo artifacts. In other words, adaptive Gaussian filter doesn’t blur the
edges. So we use a weight number d(x¢,y;) to adapt the shape of the Gaussian
filter in (8). d(x, yr) changes the shape of the filter based on the information of
high-contrast edges, and it can be calculated by

D) I (z4,y0) €L, 0(we,y1) = ||[VL (e, ye)| — 6(ze — 1,90 — D) + [VL (24, 90,
2) If (mtvyt) €ll, 5($tayt) = ||VL (e, ye)| — 0o, ys — 1)+ [VL (e, 1),

8) If (xhyt) EVIH 5(1‘t ye) = ||VL (e, y)] = 6(2e — Ly)| 4+ [VL (2, yr)|,
(9)
where LII,. - - \VIIT describe eight regions of a (2w + 1) x (2w + 1) window, which
is shown in Fig.2.

The output value of adaptive Gaussian filter centered at pixel (z,y) is given
by a weighted average of pixels surrounding the position (z,y). And the weights
are given by a 2-D adaptive Gaussian function, whose spatial constant and shape
varies in accordance with the image high-contrast edges. From Equation (8), in

i

Fig. 2. Eight regions of of a (2w + 1) X (2w + 1) window
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fact it is done by adapting the variance o (x,y) and shape of the filter §(z;, ;).
According to Equation (6) we can get VL'(z,y) for each pixel, then they are

and VL/

max

L
scaled to a larger range [mm(g L/"“" 107°),1], where VL. .

the minimum and maximum VLW(a; y) in a image, and function min( ) is in
order to perform division operator in (7).

In this study, we limit the size of the surround by taking parameter § (in
Equation (7)) into account. If we set a default value for the size w, then we can

calculate the scaling factor 3 as:

mean

B = (VL *w/3)? (10)

In our study, the default value of w is 60, then o(x,y) is scaled a range:

/

[20/(min(§£¢1" 107%)), 20]. (11)

Figure 3 shows an example of the construction of our adaptive filter.

The reproduced luminance values are in the range [0, 1], but the output image
still contains the very high dynamic range information even ignoring numerical
errors. Thus, a quantization processing is required before the luminance is inte-
grated back into the color image processing. This is done by histogram equaliza-
tion technique (scaling and clipping). Then the original range is divided into N
(=255) intervals based on the pixel distribution. After the luminance processing
applications, new luminance values are integrated back into the color image.

il

a4

T

(a) An image with a High- (b) VL
contrast edge

(c) General Gaussian filter (d) The proposed adaptive
Gaussian filter

Fig. 3. An example of the adaptive filter
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3 Experiments

In our simulation, we compute the HDR luminance image by Equation (1) firstly.
Then the HDR luminance is mapped into the display luminance by the global
compression function (2). Thirdly, based on the adaptive Gaussian filtering, each
pixel is adjusted locally. Finally, the LDR image is rendered. Because it is very
difficult to know how the light or dark the image should be displayed to be
faithful to the original HDR image [3], until now, there are not any standard
of objective evaluation available for measuring the quality of displayed HDR
images. Main evaluation is based on human’s subjective evaluation. However,
the method which can increase the contrast while prevent halo artifacts may
be desirable for certain applications. In this paper, we consider this to evaluate

(a) The proposed method (b) Bilateral filtering

(c) Meylan’s approach (d) Gradient comression

Fig. 4. The MemorialChurch image treated with different methods
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(¢) Photographic mapping (d) Bilateral filtering

Fig. 5. The Atrium image treated with different methods

the performances of different algorithms. In Fig.4 and 5, we compare our al-
gorithm with other local mapping methods. Fig.4(a) shows an image processed
by our algorithm. When compared to bilateral filtering method and Meylan’s
method as shown in Figs.4(b) and (c), our algorithm can preserve more visual
details in both the dim and bright areas under a good overall impression, espe-
cially on the left and right-up corners of the image. Fig.4(d) shows the result
obtained by gradient domain contrast compression. This method is also good at
increasing local contrast, however, the overall impression is different from the
real-world scenes. Figs.5 (a) and (d) (regions in blue circles) show the differ-
ence between using an adaptive filter and a non-adaptive filter (the variance
of Gaussian filter is a fixed value). We can find clearly that the image treated
with the adaptive filter can preserve more visual details in both the dim and the
bright regions, this is because adaptive processing can preserve high-contrast
edges.
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4 Conclusions

A new adaptive tone mapping algorithm is proposed for rendering the HDR
images in this paper. The proposed method provides an adaptively changed rule
of the Gaussian filter’s shape in tone mapping, this idea is based on the way
by which the human eye perceives real-word scenes. The shape of a surround
can be changed according to the high-contrast edges, which makes the proposed
method not generate halo artifacts while increase the visibility of local details in
the LDR images. Also, we tested our method on various HDR images, compared
it with other approaches, and the results have demonstrated the effectiveness of
the new method.
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