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Abstract

The human visual system is a very complex system
and the photoreceptors on the retina are mainly
responsible for sensing the luminance of natural scenes.
In this paper, a new model which can simulate the
adaptive luminance characteristics of the human eye’s
photoreceptor cells is proposed. According to this model,
a new tone mapping algorithm which can display high
dynamic range (HDR) images on low dynamic range
(LDR) display devices is presented. This technology
make the final mapped image simulate the viewer’s
photorealistic in real scene. First, a HDR image was
divided into bright, middle and dark regions, and the
three corresponding response curves for each region were
acquired. Then, each curve applied different weighting
factors, which was obtained by counting the number of
pixels within each region. Finally, the final tone mapping
curve was synthesized. The proposed algorithm which
does not require manually setting parameters has strong
stability and it is easy to use. In a variety of experimental
conditions for natural scenes, the proposed algorithm has
a strong realism. The proposed algorithm was also
compared with existing major tone mapping algorithm
based on traditional photoreceptor model.
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1 Introduction

High dynamic range (HDR) images [1] are used to
describe complete visual range of real world scenes
and can show details of very dark and bright areas.
HDR images can be acquired directly by hardware [2]
or software methods [3]. Most of the conventional
display devices such as liquid crystal display (LCD) or
light-emitting diode (LED) can only support a
relatively low dynamic range (LDR) which usually has
only two orders of magnitude. As shown in Figure 1,
these display devices will lose the brightness and dark
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regions for displaying HDR image directly. This
situation is constrained by the hardware cost, and is
difficult to change in a short term. Therefore, how to
make HDR image be the most optimal LDR display
device has become an increasingly important topic. It
is from a HDR image tone reproduction which is called
tone mapping [4].

Figure 1. “memorial” HDR image effect after linear
mapping

Human visual system (HVS) can adapt from night
vision threshold to strong flash with 12 magnitudes for
a wide range of light intensity. This drives people to
study the compression mechanism of human eye for
natural luminance. Neurophysiologic studies have
shown that this work is mainly completed by
photoreceptors on the retina [5]. There are currently
two types of photoreceptor cells: cones and rods. Rods
are particularly sensitive to light intensity and can
provide a dark visual perception for human at 10°~10
cd/m* dark light conditions. That is a colorless vision.
Cones are less sensitive than rods, and can provide a
color visual perception at 10> ~10° cd/m* bright light
conditions [6]. Researchers have developed a
photoreceptor perception model based on this
characteristic [7] and a lot of tone mapping algorithms
are generated based on this model [8-10].
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However, the human eye will not have such a large
adaptive luminance capacity at the same time. When
we are from bright place into a dark room, we almost
can’t see any object in the beginning, and after some
time gradually returned to normal vision. On the
contrary, when we are from the darkroom into the
bright place, initially we will feel bright light, and own
vision returned to normal state after a few minutes. The
time of the human eye to adapt to the outside world is
the photoreceptors’ transformation time of luminance
response curve.

Due to this phenomenon, this paper presents a new
photoreceptor luminance perception model. The new
model not only simulates the compression
characteristics of photoreceptors for natural luminance
but also simulates the change of visual visibility at the
same time. Based on this model, a new tone mapping
algorithm is proposed. First, the proposed algorithm
averagely divides HDR image into bright, middle and
dark regions in the logarithmic domain, and calculates
response curve of each region by simulating human
eye photoreceptors which adapt luminance level
characteristic. Then, a weight factor for each response
curve can be calculated by counting the number of
pixels within each region. Finally, tone mapping curve
can be acquired based on weight factors. The proposed
algorithm is fully automatic, no need to set parameters
manually. Because it simulates the human eye
photoreceptors adaptive characteristics, so as to have a
strong sense of reality. This study can facilitate the
progress of other research work on the human visual
system [11-13].

The rest of the paper is organized as follows. Section
2 introduces the related works. Section 3 describes the
new model and corresponding algorithm in detail.
Section 4 evaluates the proposed algorithm in several
HDR scenes, and compares the proposed algorithms
with the tone mapping algorithm based on traditional
photoreceptor model. Section 5 summarizes the paper.

2 Related Work

Naka and Rushton [7] proposed an adaptation model
for cones and rods. The luminance perception model
can be summarized as

]1’
-— R
1"+ ™
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where R is photoreceptors’ response for luminance, 7 is
the light intensity corresponding to the Y value in the
XYZ color space, and ¢ is the semi-saturation constant.
It means the intensity causeing the half-maximum
response. p is the sensitivity control exponent,
generally set between 0.7 and 1. Finally, R, is the
maximum response values of photoreceptors. From
Figure 2 we can see that in the case of constant
luminance background, photoreceptors’ response curve

showing sigmoid nonlinear characteristics. Rods and
cones have similar luminance perception response
curve shape, so in this paper we will no longer
distinguish between rods and cones.
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Figure 2. Photoreceptors response curve
However, when the background Iuminance is
changed, the response curve also moves accordingly.
Such changes can be modeled by semi-saturation

constant ¢ as a function of background luminance.
Thus the formula (1) can be rewritten as
Il’
R=——R__ )
1" + o}

where o, and R,. are functions of the relevant
background luminance 7 [14].

o, =k 1 3

Rmax = k2 : ]b_r (4)

where m and r are constant associated with the

photoreceptor type [15]. Set sensitivity control
exponent p = 1, and combining (2) with (3), (4)
1
=—k, 1, 5
1+h.m(2 ’ ®

Formula (5) is the traditional adaptive photoreceptors
model, and the model curve is shown in Figure 3.
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Figure 3. Traditional photoreceptors adaptive curve
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From Figure 3 we can see that with the increase of
the external luminance intensity, the response curve of
photoreceptors shift right along the X axis (black
arrows in the Figure 3). The result is the response
curve can cover different dynamic ranges continuously.
This model has been widely used in tone mapping
technology. At present, researchers have proposed a lot
of tone mapping algorithms based on this model.

Reinhard and Devlin [8] presented an S-shaped
mapping curve based on the traditional photoreceptors
adaptive model. The S-shaped mapping curve can
adjust the luminance region and the specific shape of
the response by the user control parameters. Kuang et
al. [9] is an improved version of the iCAM color
appearance model, also called iCAMO06. iCAM can
predict not only the general properties of color
appearance, but also the color stimulus properties in
complex space. iICAMO6 used dual Filter hierarchical
algorithm instead of the Gaussian low-pass filter, and
used visual hyperbolic nonlinear response compression
to replace simple nonlinear local gamma correction.
iCAMO06’s tone compression curve is the traditional
photoreceptor adaptive curve. The algorithm is to keep
the consistency of color appearance after the tone
mapping. Reinhard et al. [10] combined dynamic
compression and color appearance model. They
simulated the pathway that light takes from entering
the eye until the computation of the neural response
generated by the photoreceptors, and established a
complete and complex HDR image color appearance
model. They also give a local algorithm based on
lightness perception. The algorithm is to match all

known psychophysical color and color appearance data.

And the tone mapping curve of this algorithm is also
traditional.

3 Proposed New Model and Algorithm

However, as stated in the Section 1, when there is a
very large dynamic range of situations in real life
scenarios, this model is not accurate. For example, the
shadow of a building under the hot sun, the lit
flashlight at dark night, the running car in the tunnel
and so on. For these HDR scenes, the human eye is not
able to adapt to bright and dark regions of these scenes
at the same time, when the human eye to adapt to
bright area (sun, flashlights, daytime), the dark areas in
the scene (building shadows, dark night, tunnel)
visibility definitely decreased, and vice versa shown in
Figure 4.

Traffic accidents prone to the place shown in Figure
4. The tone mapping technique proposed in this paper
simulates the real perception curve of human eye for
the HDR scene. Therefore, when a traffic accident
occurs in the place shown in Figure 4, the HDR
network surveillance camera [16] which uses the
technology proposed in this paper can be very accurate
to restore the situation that the driver’s eyes to see, and

this provides strong evidence for the responsibility
identification of the traffic accident.

Figure 4. Human eye temporarily blinding in tunnel
scene

3.1 New Photoreceptors Perception Model

Human eye perceive luminance in the form of a
logarithmic curve [17], so we averagely divided the
HDR image into three regions in the logarithmic
domain, representing dark, middle and bright region.
Figure 5(a) is a false color image of a memorial. Figure
5(c), Figure 5(d), Figure5(e) is a false color image of
memorial’s dark, middle, and bright regions.

As shown in Figure 3, the photoreceptors for
different luminance level show different response
curves. In order to simulate the effect of the human eye
from dark areas to bright areas of adaptation, we
rewrite (5) as follows:

_ L,(n)
L (n)+k,(n)-L  (n)" (6)
-(k,(n)-L,,(m)")+k,(n), n=123

where 7 represents dark, middle and bright regions of
HDR image. L, is the “display” luminance for LDR
image, L, is the “world” luminance for HDR image,
L, is the “adaptive” luminance for HDR image, also
called background luminance. k; ensure that large
luminance value corresponding to a large response, it
can prevent the reversal of visible contrast.

There are unknown variables L,.(n), ki(n), ki(n),
ks(n) in (6), we calculate the value of these variables in
the following.

Lanine Lamax denote the minimum and maximum of
LDR image. In order to fully utilize the dynamic range
of the display device, normalized calculation L, = 0,
Lina= 1. L,,o(n) represents the background luminance
of each region, we use the logarithm average of the
HDR image as the background luminance value
approximation.

L,;(n)

L =exp(- Y logL, @), n=123 ()

where N is the number of the HDR image pixels.
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Figure 5. “memorial” HDR image regional division

ks(n) is the distance that response curve shifts in the
vertical direction, because we simulate the human
eye’s adaptation changes from dark to bright regions,
0 k3(1) = Lgnin = 0. This ensures that the dark region’s
response curve of the HDR image is mapped to the
minimum value of the display device. Meanwhile, in
order to prevent the reversal of visible contrast
situation occurred, and to ensure the continuity of the
final tone mapping curve, the minimum value of the
mapped middle region should be equal to the mapped
dark region’s maximum value. k3(2) = Lgna(l).
Likewise, the mapped bright region’s minimum value
should be equal to the maximum value of the mapped
middle region. k3(3) = Lanax(2).

ki(n) is an exponential equation that also related to
background luminance L,,(n). As shown in (8), o and 8
are empirical constants, experiment results show that a
=6, = 0.5 can achieve better results

k(n)=a-[exp(log, (L,, )], n=123 (8)

ky(n) determines the amplitude compression of the
response curve, the maximum value of the HDR image

is mapped to the maximum value on the display device.

meax i (kz (I’l) i Lwa (n)ir) +k (1’1) =L

=1,n=12,3(9

meax + k] (n) . Lwa (n)m d max ( )
Solution of k,(n) obtained:

kZ (1’1) = ( 3(11)) ( wmax + 1(1’1) wa(n) ) = 1, 2,3 (10)

Ly Ly (0)

wmax

Now, all variables are determined. The response
curve of each region can be calculated automatically.
As shown in Figure 5(b), the red, blue and green line
represents the response curve of the dark, middle and
bright regions separately. From Figure 5(b) we can find
the new adaptive curve has more practical significance
for HDR scenes, with the external luminance intensity
increases, the response curve of photoreceptors not
only shifted to the right along the X axis, at the same
time the amplitude of the response curve is gradually
compressed, and gradually decreased visual acuity, the
trend is shifted up along the Y axis.

3.2 The Algorithm Based on New Model

Based on the new photoreceptors model, we
proposed a new tone mapping algorithm, which can
automatically make the HDR image match the dynamic
range of LCD or LED display and printing device.
Algorithm flow is shown in Figure 6. First, the HDR
image is converted through the color space to the
luminance image. Then we use the luminance
threshold segmentation in the logarithmic domain.
Based on new photoreceptors perception model we
calculate the response curve for each sub-region. After
that we calculate the weight factor for each region
based on the proportion of the whole image. Finally,
we synthesize image and restore the color.
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Figure 6. Block diagram of the proposed algorithm

The input HDR image is an RGB color image, but
our tone mapping algorithm make dynamic range
compression in the luminance domain. Therefore, the
HDR image converts to the XYZ color space in (11). Y
in the XYZ color space values to represent of the eye
perception of luminance response.

X | 104124 0.3576 0.1805 || R
Y |=|0.2126 0.7152 0.0722 || G 11
Z 0.0193 0.1192 0.9505 || B

Based on the new photoreceptor perception model
described in Section 3.1, we have three photoreceptors’
response curve for an HDR image. The three curves
have different effects for the entire image. Figure 7 is a

regional division histogram of “memorial” HDR image.

The red, blue and green line represents the dark,
middle and bright regions separately. From Figure 7
we can see dark regions > middle regions > bright
regions. Obviously, if the region is bigger, the
corresponding response curve’s weight factor is also
larger. We calculate weight factors by separately
counting the number of pixels in each region.

5]
£08
a
e
©
506
g
c
T 04 I Dark region
@ U.
= I 1viddle region
E C 1] Bright region
c 0.2
=
nnilh L
-3 -2 -1 0 1 2

Log HDR image luminance

Figure 7. Histogram for each region (“memorial”
HDR image)

num(n)

w(n) = , n=1,2,3 (12)

Where num(n) is the number of pixels in each region,
w(n) is a weight factor. We synthesize tone mapping
curve based on weight factor.

L= L) win) (13)

The proposed algorithm uses a simple
transformation to restore the luminance image to the
color image, which is commonly used in tone mapping
algorithms.

C

C =—n.[ 14
out Ld w ( )

Where C represents a different color channels (red,
green, blue). In/out subscript indicates the pixel values
before and after the tone mapping. And the final color
image should apply the gamma correction factor
depending on the type of display.

4 Results and Discussions

In order to verify the effectiveness of the algorithm,
a variety of HDR images have been experimented, and
results are shown in Figure 8. Each piece of test image
gives the corresponding partition histogram and the
final tone mapping curve.

From the experimental results, we can see that, the
tone mapping curve which is calculated based on the
proposed algorithm can automatically adapt to various
experimental reality scenes with a strong sense of
reality. Due to the proposed algorithm simulated the
human eye’s photoreceptors response curve for the real
scene. As shown in Table 1, different reality scenes’
weight factors of dark, middle and bright regions are
different.  According to the photoreceptors’
characteristics of adaptive luminance, which is for
gradually increasing the luminance level, the response
curve has a trend to the right and upward. We get the
final tone mapping curve by combining the different
regional response curves.

Table 1. Weight factor for each region

HDR image Dark Middle Bright
Memorial 0.6633 0.3215 0.0152
Atrium 0.8439 0.1540 0.0021
Big Fog 0.6325 0.3639 0.0036
Cathedrall 0.0573 0.7713 0.1714
Cathedral2 0.8861 0.0920 0.0220
Cathedral3 0.8031 0.1827 0.0142
Belgium 0.0259 0.8214 0.1526
Montreal 0.5524 0.4455 0.0021
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Figure 8. The images are tone mapped scenes using the model in this paper, corresponding histogram and tone
mapping curve

One of the advantage of the proposed algorithm is it Table 2. The number of parameters set by manual
does not need to set any parameters manually. It is -
. Algorithm Number of parameters
known that the less manually setting parameters, the -

. e . ; Reinhard05 [8]
higher stability of the algorithm, and the more widely Mantiuk06 [18]
range of applications. Table 2 shows the proposed Kuang07 [9]
algorithm comparing with other recent HVS-based Mantiuk08 [19]
tone mapping algorithms. Reinhard12 [10]

Bo 13 [20]
The proposed

O W W NN~ K




A New Photoreceptor Model of Human Visual System for HDR Natural Luminance Perception 2153

Our goal is to design a fully automatic tool with a
strong realistic HDR image tone mapping algorithms.
Figure 9 shows the proposed algorithm compares with
a tone mapping algorithm which is not based on HVS
model. Fattal’s algorithm [21] is simple, efficient and
almost can display all the details. However, as shown
in Figure 9, the effectiveness of the algorithm does not
match the human visual perception. The proposed
algorithm is better in realistic aspect.

=7

(a) Fattal’s algorithm  (b) the proposed algorithm

Figure 9. Compare photorealistic

Figure 10 shows the results of the proposed
algorithm compares with the tone mapping algorithm
based on traditional photoreceptor model [9]. As
shown in the enlarged details, both algorithms maintain
a high degree of detail visibility in the bright regions of
the scene. But in the dark regions, the proposed
algorithm is not high visibility. This is because the
proposed  algorithm  simulates the luminance
adaptation’s change from the bright regions to dark
regions. Through the analysis of Section 3, we can see
that this situation matches the actual situation. When
the human eye gradually adapts HDR scenes’ bright
regions, the scene of the details of dark regions will
decrease visibility. In conclusion, the results of the new
tone mapping algorithm are more realistic.

5 Conclusion

The aim of tone mapping algorithms is true
reproduction of the human visual system to natural
scene perception. In other words, it can provide an
ideal image which is consistent with human visual
characteristics to computer vision. We put the
photoreceptor perception of luminance characteristics
combined into tone mapping algorithms to provide a
high quality image which is more suitable for the
human eye perceives. This paper presents an automatic
tone mapping algorithms based on a new photoreceptor
perception model. The final mapped image has a strong
sense of reality. It is important that the proposed

algorithm can reproduce realistic to a variety of HDR

Figure 10. Comparing with the tone mapping
algorithm based on traditional photoreceptor model

images on LDR display device and with free manual
setting parameters.

References

[1] C. Bloch, The HDRI Handbook 2.0: High Dynamic Range
Imaging for Photographers and CG Artists, Rocky Nook,
2013.

[2] A. O. Akyuz, High Dynamic Range Imaging Pipeline on the
Gpu, J. Real-Time Image PR, Vol. 10, No. 2, pp. 273-287,
June, 2015.

[3] P. E. Debevec, J. Malik, Recovering High Dynamic Range
Radiance Maps from Photographs, ACM SIGGRAPH 2008
Classes, Los Angeles, CA, 2008.

[4] E. Reinhard, W. Heidrich, P. Debevec, S. Pattanaik, G. Ward,
K. Myszkowski, High Dynamic Range Imaging: Acquisition,
Display, and Image-based Lighting, Morgan Kaufmann, 2010.

[5] D. Baylor, M. Fuortes, Electrical Responses of Single Cones
in the Retina of the Turtle, J. Physiol, Vol. 207, No. 1, pp. 77-
92, March, 1970.

[6] H. Eye, Encyclopdia Britannica, https://www.britannica.com/
science/human-eye.

[71 K. Naka, W. Rushton, S-potentials from Colour Units in the
Retina of Fish, J. Physiol, Vol. 185, No. 3, pp. 536-555,
August, 1966.

[8] E. Reinhard, K. Devlin, Dynamic Range Reduction Inspired
by Photoreceptor Physiology, IEEE Trans. Vis. Comput. GR,
Vol. 11, No. 1, pp. 13-24, January, 2005.



2154 Journal of Internet Technology Volume 19 (2018) No.7

[9] J. Kuang, G. M. Johnson, M. D. Fairchild, iCAM06: A
Refined Image Appearance Model for HDR Image Rendering,
J. Vis. Commun. Image. R, Vol. 18, No. 5, pp. 406-414, June,
2007.

[10] E. Reinhard, T. Pouli, T. Kunkel, B. Long, A. Ballestad, G.
Damberg, Calibrated Image Appearance Reproduction, ACM
Trans. Graph. (TOG), Vol. 31, No. 6, p. 201, November,
2012.

[11] Z. S. J. Yang, F. Li, S. Jiang. A Small Target Detection
Method based on Human Visual System and Confidence
Measurement, J. Information Hiding and Multimedia Signal
Processing, Vol. 7, No. 2, pp. 448-459, March, 2016.

[12] G. Gu, J. Zhu, Z. Liu, Y. Zhao, Visual Saliency Detection
Based Object Recognition, J. Information Hiding and
Multimedia Signal Processing, Vol. 6, No. 6, pp. 1250-1263,
November, 2015.

[13] C. M. Wang, P. C. Huang, H. C. Wang, A Reversible
Steganographic Algorithm for High Dynamic Range Images,
J. Inter. Technol, Vol. 10, No. 4, pp. 449-462, October, 2009.

[14] D. C. Hood, M. A. Finkelstein,
Psychophysical Tests of Models of the Response Function,
Vision Research, Vol. 19, No. 4, pp. 401-406, September,
1979.

[15] D. C. Hood, Psychophysical and Physiological Tests of
Proposed Physiological Mechanisms of Light Adaptation, Vis.
Psycho. Physiol: A Vol. Dedicated to Lorrin Riggs, p. 141,
February, 2012.

[16] P. J. Lapray, B. Heyrman, D. Ginhac, HDR-ARtiSt: An
Adaptive Realtime Smart Camera for High Dynamic Range
Imaging, J. Real-Time Image PR, Vol. 12, No. 4, pp. 747-762,
June, 2016.

[17] F. Drago, K. Myszkowski, T. Annen, N. Chiba, Adaptive
Logarithmic Mapping for Displaying High Contrast Scenes,
Computer Graphics Forum, Vol. 22, pp. 419-426, July, 2003.

[18] R. Mantiuk, K. Myszkowski, H. P. Seidel, A Perceptual
Framework for Contrast Processing of High Dynamic Range
Images, ACM Trans. Appl. Percep. (TAP), Vol. 3, No. 3, pp.
286-308, July, 2006.

[19] R. Mantiuk, S. Daly, L. Kerofsky, Display Adaptive Tone
Mapping, ACM Trans. Graph (TOG), Vol. 27, p. 68, August,
2008.

[20] B. Gu, W. Li, M. Zhu, M. Wang, Local Edge-preserving
Multiscale Decomposition for High Dynamic Range Image

E. Buckingham,

Tone Mapping, /IEEE Trans. Image Process, Vol. 22, No. 1,
pp- 70-79, January, 2013.

[21] R. Fattal, D. Lischinski, M. Werman, Gradient Domain High
Dynamic Range Compression, ACM Trans. Graph (TOG),
Vol. 21, No. 3, pp. 249-256, July, 2002.

Biographies

Lei Liang is a post-doc of Computer
Science and Technology, Shenzhen
Graduate School, Harbin Institute of
Technology, China. He received a
PhD degree in Automation and
Information Engineering from Xi’an
University of technology in 2015. His
research interests mainly focus on image processing,
tone mapping and deep learning.

Jeng-Shyang Pan received the B.S.
degree in Electronic Engineering from
the National Taiwan Institute of
Technology, Taiwan, in 1986, the M.S.
degree in Communication Engineering
nel from National Chiao Tung University,
Taiwan, ROC in 1988, and the Ph.D. degree in
Electrical Engineering from the University of
Edinburgh, UK, in 1996. Currently, he is a Professor in
the Fujian Provincial Key Lab of Big Data Mining and
Applications and the Shenzhen Graduate School,
Harbin Institute of Technology, China. His current
research interests include pattern recognition,
information security and data mining.

Yongjun Zhuang received the B.S.
degree in Electronic Engineering from
Hunan University of Technology in
2004. Currently, he is the chief
technology  officer of  Qihan
Technology Co., Ltd. His research
interests mainly focus on EDA, ISP
(Image signal process), High Speed
Fiber and Wireless communication, Motion Control
and machine vision. He is family with IOT (Internet of
Things) system and Al (Artificial Intelligence).




