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Human Visual System-based Automatic Tone Reproduction

Abstract

In this report, we propose an effective scheme for enhancing the visual details of
digital images automatically. Digital archives are becoming increasingly popular
because of the development of convenient and powerful digitizing techniques. However,
due to the lack of sufficient dynamic range of modern sensor technology, many details
of digital images are compressed and become imperceptible to human eyes. To solve
this problem, we propose a local tone reproduction algorithm to enhance the visual
details automatically, which makes local contrast of digital images higher than the
human just-noticeable-difference and simultaneously compresses the noise of images.
In our scheme, we combine a local normalization concept with an adaptive contrast
assessment process. The proposed tone reproduction scheme effectively enhances poor
quality regions, while preserving good quality regions with default parameter settings.
We also propose an evaluation method based on human visual system to calculate the
percentage of visual details of the enhanced images. The result shows that our technique
reveals the visual details of an image effectively. Furthermore, the enhanced images
have not only more visual details but better color saturation than the results of
Reinhard’s algorithm. This technique can be applied to the improvement of digital
image which is under/over exposure, criminal investigation, enhancement of medical

images, restoring old photos, and improving hardware equipments.
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Abstract

An effective tone reproduction scheme is proposed to restore imperceptible
details of digital images. Due to the lack of sufficient dynamic range, some details of
digital images may be invisible to human eyes. Here, we propose a novel method
which combines a local normalization process with a global contrast balance process.
In the local normalization process, each local contrast of an image was dynamically
expanded based on the characteristic of each local region; self-adaptive parameters
are set based on the concept of human visual system. The global contrast balance
process can ensure better image quality with self-adaptive parameters. An evaluation
metric based on human visual system was defined to judge the performance of the
proposed method. The experimental results showed that the proposed method can
improve images of different dynamic ranges. With minimal requirement of manual

adjustment, this technique has the capability of processing massive data.
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Human Visual System-based Adaptive Tone Reproduction

for Restoring Imperceptible Details of Digital Images

1. Introduction

Insufficient dynamic range and fast changing illumination environment are the
most challenging issues for the development of new sensor technology. Usually,
images/videos taken either under-exposure or over-exposure may easily lose their
visual details. The dynamic range of an image means the range of grey values that can
be utilized by the image. Due to the advancement of semiconductor technology, the
available dynamic range of digital cameras becomes much larger in recent years. For
an image captured by modern digital camera, to apply dynamic range mapping to
recover its visual details is not difficult because it has broader intensity range.
However, for some digitized aged pictures which were taken long time ago, the
situation would be completely different due to the limited available dynamic range
that could be used. Among the large number of visual detail recovering mechanisms,
tone reproduction provides a way of mapping scene luminance with high luminance
range to image with limited intensity range. The characteristic of this technique is that

it can render a vivid image just like viewing a scene in the real world.

A number of techniques have been developed in the past[1-3]. For example, Erik
et al.[1] proposed a method which adopts a computational model of photoreceptor
behavior to help solve the tone reproduction problem. In [2], Drago et al. proposed a
tone reproduction scheme based on logarithmic compression of luminance values.
Their technique basically imitates human’s response to light. Fattal et al.[3]
anipulated the gradient field of a luminance image by attenuating the magnitudes of

rge gradients. Then, a low dynamic range image is produced by solving a Poisson
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equation on the modified gradient field. In general, the objective of the existing
tone reproduction techniques is to map a scene with broad illumination range to
display devices that only contain limited intensity range. To deal with different types
of images, we present a new tone reproduction scheme which can map a scene with

large illumination range property to small intensity range counterparts.

The new approach that we proposed is a hybrid tone reproduction scheme which
combines a local normalization process with a global contrast balance process. In the
local ormalization process, the contrast of a local region in an image is dynamically
expanded based on the characteristics of the local region. Local parameters are
automatically determined based on the constraint set by the human
just-noticeable-difference(JND) curve. That is, to suppress the effect of noises, the
noises that are enhanced simultaneously with useful data cannot exceed the value set
by the JND curve. In the global contrast balance process, the system selects pixels
with higher contrast from either the original or the normalized image as the result.
These pixels are simultaneously balanced by automatically determined parameters. A
JND-based evaluation metric is defined to judge the performance by computing the
percentage of visual details of a processed image. The experiment results indicate that
the proposed method is able to recover much more visual details than existing
methods. Furthermore, with minimal requirements of manual adjustments, this

technique has the ability to automatically process massive data.
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2. Tone Reproduction and Contrast Enhancement
2.1 Discrimination between visible details and noises

Usually the purpose of post-processing a photograph is to remove noises while
retaining original visual details. However, it is somewhat difficult to distinguish
useful visual data from noises. Therefore, we introduce a visual detail assessment
mechanism based on the IND[4] profile(also termed the Weber’s curve) to overcome
this problem. Using the JND profile as the judging criterion one can determine
whether the content of an image is visible to human eyes or not. Using this profile,one
can also calculate quantitatively the percentage of visible contents. Figure 1. shows
the JND profile of the human visual system. The x-axis represents the intensity value
of the background, and the y-axis indicates the brightness difference(i.e., contrast).
One thing to be noted is that at different background intensity values the human visual
system may have different sensitivity on contrast. According to the JND profile
illustrated Figure 1., when the background intensity is low, the value of contrast that
can be seen by the human eyes is much higher than when background intensity value
is close to 150. To calculate the contrast value of every pixel in an image, we apply
the Laplacian operator to do the job. Since each pixel of an image has its own
intensity value, one can then check the JND profile to see whether it is visible based

on its associated contrast value.

Since the perceivable contrast can be evaluated by the JND profile, the
unnecessary noise and the useful details in images may be processed separately. We
propose two primary guidelines in our algorithm: increasing the degree of detail
visibility and reducing or minimizing the noise effect. To distinguish useful details
and noise signal in images, noise degree is set as 3 based on the statistics reported in

[5], and the visual details below this degree is considered as noise. The main idea can

27



be explained using Figure 2. The green curve in Figure 2. represents the gradients of
average luminance using signal sampled when the intensity degree of added detail is
equal to 3; the blue curve represents the enhanced signal of the green curve; the
cyanine curve is the average luminance degree of enhanced signal (blue curve); the
red curve is the difference of blue and cyanine curve; and the pink curve represents
the curve of JND threshold. The red curve can be considered as the enhanced contrast
of detail degree 3. To ensure an amplified noise imperceptible, the enhanced contrast

of noise curve (red curve in Figure 2.) should be always below the JND curve.
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Figure 1. JND profile of the human visual system.
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Figure 2. Relationship of enhanced noise and JND curve.
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2.2 The Algorithm

The proposed tone reproduction algorithm consists of two primary stages—local

normalization and global contrast balance, which can be expressed as follows:

I'(x,y) =1 (X Y)XExy) Y 1)

where I'(x,y) is an enhanced image signal. E(x,y) is the local normalization ratio
kernel. Hence, I(x,y) is normalized by multiplying by the ratio E(x,y) . An exponential
factor C(x,y) is set to make the result composed of original and normalized pixels, and
balance the selected pixels adaptively. Figure 3. shows how above-mentioned

crocesses work.

Original image
Local normalization

Global
contrast

I alauce

il \
! I /‘ﬂ } W Il =
Nonnahzed image Origmnal image Result

Figure 3. Flowchart of the proposed method.

In the normalization stage, an image is locally normalized to enlarge local low
contrast and fit the dynamic range of display device. Since the details of some regions
may be lost during the local normalization process, the contrast balance process
compares each normalized pixel with the corresponding original one, and selects the

pixel with higher contrast to be the result. This process can enhance local low contrast
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and simultaneously preserve original high contrast regions. Furthermore, the
parameter setting based on the principle of reducing noises and revealing useful
details are all self-adaptive. The process of our scheme is just like photographers do in
manual image enhancement. In the next section, we will elaborate the proposed

algorithm.

2.2.1 Local normalization

The basic idea of local normalization technique is to normalize the distribution
of the image intensity to extend the full dynamic range of the images. We develop a
3x3-sized local normalization filter which can first adjust the range of an image to lie
between 0 and 1, and then multiply the ratio to recover the dynamic range and
rearrange the image intensity. The design of the local normalization kernel E(X,y) is as

follows:

1)~ Iy T G

Elx.v)= .
j-u.u*.s - Jil-1:|:L|.1 % T TE I(l ) :I (2)

where Ina and iy are, respectively, the local maxima and minima of a target image;
G is the full size of the dynamic range in a target mapping image, and ¢ is an offset to
prevent divided-by-zero situation. An attenuation ratio T is added to multiply the local
minimum intensity which can avoid unwanted effects. Figure 4. shows the normalized
signals in various T. The green curve represents the original signal, and the blue
curves represent the normalized signals in various T. We set the range of T from 0 to 1,
and the effect of gradient reversal may occur when T is not added (T = 1). Besides,
observe normalized signals when T lies between 0.1 and 0.9. As T increases, the
signals are enhanced less. Therefore, a small T should be chosen for larger

enhancement image signals. However, T = 0.1 is not an appropriate choice in another

30



situation. We will discuss an appropriate value while considering the parameter €. As
to divided-by-zero parameter ¢, it will dominate when I(x,y) is low according to
extensive experiments. To prevent noise signals in dark regions from being enhanced

seriously, we make ¢ an adaptive value:
g=vx(s—mn(s))+0.1, where s=1/(1.(x.))+1). (3)

where 0.1 and 1 are respectively added to prevent zero ¢ and divided-by-zero situation.
Parameter s makes ¢ inversely proportional to the intensity I(x,y), and the scale value v
is used to control &. Now, & becomes a function of v. We choose ¢ and v carefully to
make enhanced noise signals below the JND curve at different luminance levels.
According to the experimental results, the enhanced signals at different luminance
levels are proportional to v, and T influences the degree of signals that can be
enhanced at different luminance levels. Therefore, we illustrate the curves between
different luminance levels and v at various T as shown in Figure 5. When T = 0.1,
there are no appropriate v (v always equals to 1) at high luminance levels, that is,
noise signals and useful signals are both enhanced and they are all below the JND
curve. Besides, a large T is not an appropriate choice because the signals are enhanced
slightly when T is too large. Hence, we set T as 0.5. We use an equation to

approximate the curve v, which is defined as follows:

y =223 ywhere  p =0.03096 p, =5.737 . (4)
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2.2.2 Global contrast balance

After the local normalization process, the exponential factor C(x,y) is set to
make the result composed of original and normalized pixels, and balance the selected
pixels adaptively. This self-adaptive contrast assessment factor C(x,y) is defined as

follows:

C(x,v) = Guassian(arg{Lap(I,), Lap(I,)}). )
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where arg{a, b}= 0 when a>b, and arg{a, b}=1 whena = b; The Laplacian operator
Lap(.) is used to estimate the contrast intensities of original and enhanced pixels;
Gaussian(.) denotes the Gaussian operator which is used to make C(x,y) change
smoothly. The initial setting of C is 0 or 1 which can adaptively select either original
or enhanced pixel with higher contrast to be the result. Then it was observed that the
bigger the value of C is, the lighter the image brightness will be (as shown in Figure
6.), so the original image brightness has to be taken into account while setting the
value of C. Therefore, the value of C is set as follows when the contrast of enhanced
pixel is higher than the original one:

_ ceil(original _bg/50)
10

C=1

, (6)

where original_bg represents the background luminance of an original image; Ceil(X)
rounds the elements of X to the nearest integers towards infinity. With self-adaptive
parameter C, the proposed tone reproduction method can automatically improve poor

quality regions of an image, and simultaneously preserve original nice details.

‘ Original image
C=0.5 C=0.6
“ Background Background
luminance =135 luminance =140
C=0.7 C=0.8
n Background Background
luminance =145 luminance =152
C=0.9 ‘ Cc=1
m Background 4 Background

luminance =159 luminance =169

Figure 6. Enhanced images with various C.
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2.2.3 Evaluation metric

We defined a novel metric based on JND curve to compute the percentages of visible
local contrast of an image; the contrast above JND curve is defined as visible contrast.
For example, in Figure 7., the visible details of (a) are denoted in red as shown in (b),
and the invisible details are denoted in green. By calculating the percentages of red
regions, we can evaluate the visual details of Figure 7.(a) as 43%. With this metric,
we can judge the performance and analysis the data of this technique. The

experiments are shown in the next section.

a) - (b) 43% (visal details) |

Figure 7. The proposed evaluation metric based on JND curve.

3. Experimental results

In these experiments, we used images of different dynamic ranges to show the
effectiveness of our approach. We compared our results with those respectively

processed by Reinhard and Devlin’s algorithm and histogram equalization

algorithm(HE).

As shown in Figure 8., we processed a scanned aged picture, which is a low
dynamic range image, and compared the enhanced image with the result of HE

algorithm, which is widely used to adjust low contrast images. Our method can
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maintain the original luminance distribution characteristic and avoid raising noise
level, while HE algorithm may inevitably enlarge image noise and show unnatural
color tones. Furthermore, the enhanced images showed that not only photos taken by
digital equipments can be restored. After being scanned into computers, aged photos

can also be enhanced effectively by this program.

7] o s

(d) Histogram of (a)  (e) Histogram of (b)  (f) Histogram of (c)

Figure 8. The experimental results of a low dynamic range image.

* (a), (b) and (c), respectively show the original image, the enhanced image by applying our
method and image enhanced by HE algorithm.(d), (e) and (f) are histograms of Figure 8. (a),
8(b) and 8(c), respectively.

In the following experiment, we used an HDR image to compare our results
with those processed by Reinhard and Devlin’s algorithm. Since the Reinhard and
Devlin’s algorithm requires the selection of parameters, we tried to choose a set of
parameters that best fits their algorithm. The result shows that the enhanced image of
our algorithm has more perceptible details than the result of Reinhard and Devlin’s

algorithm.

35



(a) Original (b) Proposed method (c) Reinhard and
Devlin

(d) The percentage (e) The percentage of (f) The percentage of

of perceptible details perceptible perceptible
=52% details=90% details=71%
Figure 9. The experimental results of the HDR image.

* (a) shows an original image, (b) and (c) show the image reproduced by applying our
algorithm and the Reinhard and Devlin’s algorithm,respectively. (d), (e) and (f) show the
percentage of visible details of (a), (b) and (c), respectively.

The test data in Figure 10. is a common digital image, i.e., a low dynamic range
image.The details of our result image are more than the result of Reinhard and
Devlin’s.Furthermore, the sky is still blue after applying our algorithm, in the contrary,
he blue sky in the Reinhard and Devlin’s result is washed-out because of over
enhancing the light regions in the image. It is showed that our method can effectively
improve original local low contrast of an image, and simultaneously preserve original

nice details.
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(a) Original (b) Proposed method (c) Reinhard and
Devlin
Figure 10. The experimental results of the LDR image.

% (a), (b) and (c) are the original image, the result of our method and then result of Reinhard

and Devlin’s algorithm, respectively.

4. Conclusion

Due to the limit capabilities of display devices, the aspects of digital images
may be lost through compression. To restore those compressed details, we proposed a
self-adaptive tone reproduction system, which is based on the concept of human
visual system, and can ensure better image quality. The proposed method combines a
local normalization process with a global contrast balance process to improve original
local low contrast and simultaneously preserve original nice details. A novel metric
was also defined to evaluate the visibility of an image and judge the performance of
this technique. The experimental results showed that the proposed method can
effectively improve images under different dynamic ranges. The enhanced images
have more visual details and are better than the results of recent studies. With minimal
requirement of manual adjustments, this technique has the ability of processing
massive data. Furthermore, with the capability of enhancing images of various

dynamic ranges, our method can be applied to preserve digitized historical archives.
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