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Abstract

This paper presents a novel method for tone mapping high
dynamic range images and videos for display in conventional
low dynamic range devices. The new multi-curve method
uses tone mapping curves that are adaptive to local luminance
levels. The new method has the computational simplicity of
curve based tone mapping methods and achieves results
comparable to spatial operator methods. When applying the
operator to render high dynamic range video, we introduce a
bilateral style temporal filtering which successfully avoids
undesirable shot noise and ghosting effects. It is also shown
that our HDR tone mapping operator is a useful image
enhancement method for standard format (8bits/pixel)
images.

1 Introduction

The difference between the largest and the smallest luminance
values in real world scenes, the dynamic range, can often
exceed 4 orders of magnitude, much larger than that can be
represented by standard image formats such as JPEG. As a
result, today’s cameras which in most cases use standard
image formats have difficulty imaging high contrast scenes.
One way to overcome this difficulty is to use high dynamic
range imaging (HDRI), where the high dynamic range
radiance maps use 32 bits/pixel or even higher bit depth
formats. This means that the full dynamic range of the real
world scenes can be faithfully recorded by the pixel values.

However, to be able to numerically represent the full dynamic
range of the scenes is not enough. In most cases, we need to
display the images. Most current visualization devices are low
dynamic range (LDR) with a contrast ratio of a few orders
magnitude. In order to reproduce HDR maps in LDR devices,
mapping or tone reproduction techniques are used to map
HDR values to LDR values. Tone reproduction (mapping) is a
crucial step in the high dynamic range digital imaging
workflow, because it doesn’t matter how accurate the HDR
maps may be, they have to be accurately and faithfully
reproduced in the LDR devices. If the reproduction
techniques fail, the whole workflow fails.

In the literatures, various tone mapping techniques have been
developed for displaying high dynamic range images. They

can be divided into two main categories, tone reproduction
curve (TRC) based techniques and tone reproduction operator
(TRO) based techniques [3]. Most TRC based methods use
monotonic mapping functions derived from pixel
distributions. In [4] the authors presented a tone mapping
method based on modeling the relation between display
brightness and real world luminance. Reference [5] is one of
the most comprehensive TRC techniques and [6] presented an
adaptive logarithmic curve method. More recently, a fast
comprehensive tone mapping curve method with a closed
form solution has been presented in [7, 8]. Tone Reproduction
Operator (TRO) based techniques involve manipulating pixels
locally to map the high dynamic range image for display.
Breaking away from the monotonic mapping constraint
enables the mapped image retains local contrasts and
preserves more spatial details. Methods presented in [9 — 11]
belong to this type of technique. Other tone mapping methods
for HDR images include [12] where the authors attempted to
incorporate traditional photographic technology in the digital
domain for the reproduction of high dynamic range images
and [13] where the authors presented a gradient domain high
dynamic range image compression method.

In this paper, we present a novel method for tone mapping
HDR images for display in LDR devices. From a theoretical
rationale’s point of view, our new method is inspired by the
adaptation mechanism of the visual system and uses tone
mapping curves that are adaptive to local luminance levels.
To make full use of the limited dynamic range of the display
devices, our method allows the same display level to
represent different high dynamic range values if they are
located in regions with different average luminance values
(adaptation levels). From a practical engineering perspective,
our method exploits the computational simplicity of TRC
based method to achieve the better local detail preserving
functionality of TRO based methods. To apply the operator to
render video sequence, we introduce a temporal filtering
scheme that is similar in spirit to bilateral filtering but applied
to the temporal direction. We will show that the new filtering
scheme can avoid shot noise and ghosting effects associated
with simple temporal smoothing. Furthermore, it is also
shown that our HDR tone mapping operator is also a useful
image enhancement method and can achieve excellent results
in enhancing standard format (8bits/pixel) images.
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2 Adaptive Multi-curve HDR Image Mapping

The visual world is hugely complex and the visual system is
constantly exposed to scenes of huge dynamic ranges.
Compared to the dynamic range of real world scenes we
experience every day, the optimal response range of the visual
cells is very limited. Apparently, the visual system performs
various types of automatic control to cope with the high
dynamic ranges and noisy environments to keep it within the
optimal operating range. One such mechanism is called visual
adaptation. It has been known that our visual system can
adapt to environments with luminance ranging over more than
10 orders of magnitude.

Traditional curve-based global processing such as histogram
equalization is known to have undesirable effects and
researchers have developed adaptive local histogram
processing method for image enhancement [14]. By adapting
processing to local statistics, better results can be achieved.
Our previous work has developed global histogram based
approach to tone mapping high dynamic range images [7, 8],
and we now present a natural extension to local processing.

2.1 A Brightness Control Curve

It has been demonstrated in [7, 8] that the overall brightness
of a mapped HDR image can be controlled by a parameter
Tusing the curve of equation (1):
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where 1,,;, and I,,,, are the minimum and maximum luminance
of the scene, and D, and D,,, are the minimum and
maximum luminance of the visualization devices. The smaller
7 is, the brighter the image looks, and vice versa.
Furthermore, with 7 increasing, local contrast in brighter area
is higher. Fig.1 shows an example of the curves of (1) for
different 7’s and the mapped LDR images using these curves.

From Fig.1, we can see that, a bigger 7 will enable high
luminance areas such as the window on the roof to be
displayed clearly; on the other hand, in order to make dark
areas, such as the upper right region in the image, to be
displayed clearly, we need a smaller z Motivated by such
observations, we reason that for a given image region, it is
possible to find an appropriate value of 7 to generate a
mapping curve according to (1) to map the pixels within that
region such that details and contrast of the region can be
clearly displayed.

2.2 A Simple Multi-curve Tone Mapping Operator

Based on the observation in Fig. 1, a simple approach is to
divide the image into blocks and each mapped by its own
mapping curve computed according to (1). For a given block
B the mapping curve’s T=1(B) should be a function of the
average intensity of the block. We found that setting T(B) to
the average of logarithm intensity of the block works well for
all the images we tested.

Not surprisingly, this simple mapping method will cause
visual artifacts (see the left image of Fig. 3) because a lower
luminance pixel can be displayed brighter than a higher
luminance pixel or vice versa; or the same luminance value
could be mapped to different display levels as illustrated in
Fig. 2. With reference to Fig. 2, two adjacent pixels a and b in
two neighboring blocks A and B. Because the average
intensities of A and B are different, the mapping curves used
to map a and b will be different. Artifacts will occur if a=b
as shown in the buttom of Fig.2, because the same value has
been mapped to different values by using different tone
mapping curves, in this case D(a) > D(b). To remove such
undesirable effect, we use bilateral filter to calculate the local
brightness level for each pixel. As shown in the top right, a
and b have the similar average brightness, hence a and b are
mapped by the same tone mapping curve and have the same
display value. Fig.3 shows the effect of applying such a
process to the result of the new multi-curve tone mapping
operator.
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Fig.1 Brightness control curves (top) and mapped LDR
images using these curves (bottom, from left to right, 7=0,
7=0.5, 7=1, 7=2). The HDR image is courtesy of Paul
Debevec
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Fig.2. The cause of artifacts and ways to remove them. In
practice, the operation is performed as a filtering process.

Fig.3. Left: output by the multi-curve mapping operator. It is
seen that all features are clearly displayed. In fact, the display
has very high contrasts; however, the contrasts are false thus
resulting in artifacts such as the dark shadows surrounding the
specular highlights. Right: output of applying a filtering
process. It is seen that the visual artifacts has been removed
while details are well preserved.

2.3 An Improved Brightness Control Curve

As shown in Fig.1, with a larger T, high luminance values are
mapped to a wider display range resulting higher contrasts.
For a smaller 7, there is not enough contrast at the low end of
the input range. Ideally, we want the display to have similar
contrasts regardless of its brightness, which means we would
like to have curves with similar ratios in its operating range.
We modify the curve in (1) by making the base of the
logarithm changing with the adaptation level and the pixel
intensity:
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The base of the logarithm is chosen as
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where T = log(/.x). We set the base range from 2 (when 1t
= 0) to 10 (when T = Ty,). For the same 1, a larger /7 will
result in a larger base, for the same /, a larger T will also result
in a larger base. The curve of equation (2) for different 7 is
shown in Fig. 4. It is seen that for a smaller T, the output
contrast is enhanced compared to (1). Furthermore, the ratios
in the linear intervals of the curves are similar meaning that
the contrast of the mapped image at different adaptation level
will be similar. Such curve will ensure that local regions have
similar contrast regardless of their brightness. We found that
this is an important factor that makes our technique works.
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Fig.4 Improved brightness control curves (2) for different ’s.

3 Still HDR Image Mapping Results

We have tested our algorithm on many high dynamic range
images. In all our results, images are divided into 32x32
blocks (other block sizes work similarly well) and mapped
using the curve of (2). Fig. 5 shows two examples of our
results and results of a representative method from the
literature. More results and comparison with many other
methods can be viewed at this URL

http://www.viplab.cs.nott.ac.uk/hdri

One of the common practices in evaluating tone mapping
operators is through subjective visual judgment. Based on
such evaluation, we found that our method is very
competitive to state of the art.

Our method can also be applied to the enhancement of
ordinary (8 bits/pixel) images. Fig. 6 shows examples of
image enhancement using our new method and comparison
with the gradient domain method [13].

4 Rendering HDR Video for Display

Our multicurve tone mapping operator can be easily applied
to render high dynamic range video for display (in low-
dynamic range devices). A straightforward application is to
map individual frame using the operator described in Section
2. However, it is very likely to produce shot noise. Dubois
and Sabri [17] proposed a nonlinear temporal filter using
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motion compensation for shot noise reduction. Pixels are
temporally combined using a recursive low-pass temporal
filter by the incorporation of motion estimation and
compensation. Jostschulte et al [18] presented a spatial-
temporal noise reduction system, which filters video both
spatially and temporally while preserving edge. Bennett and
McMillan [19] developed a robust LDR video enhancement
system using per-pixel virtual exposure. Since LDR
images/videos enhancement has much in common with HDR
acquisition, this method is also described for HDR
compression. Kang et al [16] who developed a HDR video
capturing system, proposed a simple HDR video tone
mapping method. HDR frames are spatially tone mapped by
Reinhard’s tone mapping operator [12], and log-averaged in
temporal direction to prevent temporal artefacts such as
flicking.

We first render each individual frame independently using the
new multicurve operator, we then apply the following 3-D
filtering operation to the video

5 ot0,. )5t
T

where (X, y, t) is the pixel’s spatial and temporal co-ordinates,
D(lyy) the display value mapped frame by frame using the
operator described earlier and D’(Iy,) is the final display
value after temporal smoothing. The similarity function S; is
defined as

5,(m)= exP(;Z ]exp ) )
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where H(t) is the histogram of frame ¢.

5 Video Display Results

We tested our HDR video tone mapping approach for several
HDR video clips created by Microsoft Research. In Fig. 7 it is
shown that compared with simple Gaussian smoothing in the
temporal direction, “ghosting” artifact is successfully avoided
by applying the temporal similarity function the filtering. In
Fig. 8, we show that shot noise can be avoided by using a
bilateral style filtering in the temporal direction. The rendered
video can also be seen in this website

http://www.viplab.cs.nott.ac.uk/hdri

6 Concluding Remarks

In this paper, we have introduced a multicurve tone mapping
operator for display high dynamic range and video. For
rendering video, we also introduced a temporal filtering
scheme that successfully avoided shot noise and ghosting
effects. Compared our new method with many existing ones,
our has the advantages that it has the computational simplicity
of curve based methods and achieve results that is comparable

with local operators but with lower complexity and easier to
implement. We have also shown that the bilateral style
temporal filtering scheme can avoid artifacts such as shot
noise and ghosting effects of traditional linear temporal
smoothing.
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Fig.5 (a) and (c) our results, (b) and (d) result of [13]. Note
the severe halo artifacts between the tree and the sky in (d).
Image data courtesy of R. Fattal, D. Lischinski and M.

Werman [13].
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Fig. 6 Image enhancement results. Tow row: original 8
bit/pixel images. Middle row: enhancement results of our
method. Bottom row: results of [13].

Simple temporal smoothing method (e.g. average or Gaussian
smoothing) can reduce shot noise; however, it will introduce
“ghosting” artefacts as well. By applying a bilateral style
filter, “ghosting” artefacts are successfully reduced.
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Fig. 7. Capitol Hill Drive HDR video sequence, courtesy of S. B. Kang. Top row: frames 14 and 16 rendered by the multicurve
operator with a bilateral style post processing (4) and (5) applied to the temporal direction. Bottom row: frames 14 and 16
mapped by the multicurve operators but with simple Gaussian smoothing applied in the temporal direction. It is seen that the

areas outside the car windscreen appear blur when simple Gaussian was used while they are much clearer when (4) and (5)
were used.
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Fig.8 Top row: examples of individually rendered frames. Middle row: temporal processing using simple Gaussian smoothing,
it is seen that artefacts have appeared (pointed by the read arrows). Bottom row: temporal processing with our bilateral style
filter of (4) and (5), it is seen such artefacts have disappeared.
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