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Abstract

Wide dynamic range images (WDRIs) are needed for capturing scenes which include drastic lighting changes. This paper presents a
method to widen the dynamic range of a camera by using a reflective liquid crystal. The system consists of a camera and a reflective liquid
crystal placed in front of the camera. By controlling the attenuation ratio of the liquid crystal, scene radiance of each pixel is controlled
adaptively. After applying the control, the original scene radiance is derived from the attenuation ratio of the liquid crystal and the radi-
ance obtained by the camera. We have implemented a prototype system and conducted experiments in a scene that includes drastic light-
ing changes. These lighting changes require that we control the radiance of each pixel independently. We show how WDRIs are obtained

by calculating the original scene radiance from these results.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Digital cameras generally represent brightness informa-
tion using 8 bits (256 level) in each color channel. In the
real world, there is great variety in the brightness of scenes,
ranging from direct sunlight to the deepest shadow. When
capturing scenes that include drastic lighting changes, the
stronger light saturates the receiving elements and the
actual radiance cannot be obtained. This makes many com-
puter vision problems more difficult. Thus the problem of
obtaining “Wide Dynamic Range Images” (WDRIs) has
attracted much attention from researchers.

Before presenting our approach, we include a brief sum-
mary of existing techniques for widening the dynamic
range of a camera. Most of the proposed methods involve
capturing a scene using different exposures [1-5]. This is
done by capturing the scene in a series of sequential frames
and varying the exposure time for each. However, motion
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in both the camera and the scene makes the registration
of these sequential images more difficult. Naturally these
approaches have limitations for dynamic scenes.

Some methods implement image sensors which have
arithmetic circuits on CMOS. Such circuits add outstanding
features to image sensors. Image sensors which have loga-
rithmic response, have been proposed in [6,7]. Oi et al. have
developed a sensor which adaptively adjusts an extra capac-
itor to bright areas [8]. Intensity can be measured based on
the time taken to charge a certain amount of incident light
energy [9]. An idea that enhances reflectance of surfaces
(e.g., texture) rather than brightness of regions has been
proposed in [10]. All these methods expand the dynamic
range of an image detector itself, and as such we refer to
them as hardware approaches. The notion of composing
an acceptance surface by receiving elements of different
exposures is introduced in [11-15]. In these approaches, a
number of receiving elements are considered as a single
group, and thus spatial resolution is reduced.

Some novel approaches have also been proposed in
[16,17], where the exposure of each pixel is adaptively
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controlled. These methods use a camera combined with a
device that can change the attenuation of its pixels indepen-
dently. The device controls incident radiance by changing
the attenuation based on the radiance. This enables the
camera to use the proper exposure. These methods do
not, however, reduce spatial resolution as they only control
the exposure of conventional cameras. While there are
limitations in scenes with rapid motions, the methods are
applicable, in principle, to dynamic scenes. Moreover, since
these methods use conventional cameras, they can be
combined with the hardware approaches mentioned above.

As a device to control radiance, a transmissive liquid
crystal is used in [16], and a DMD is used in [17]. However,
each of these devices has its own limitations. In transmis-
sive liquid crystals, the driving circuit between the liquid
crystal elements prevents the focus being on the liquid crys-
tal plane. Hence, pixel level radiance control cannot be
achieved. Since DMDs work with time division, precise
radiance control is difficult when DMDs are combined with
a camera that has a fast shutter speed.

In this paper, we present a wide dynamic range camera
system that uses a reflective liquid crystal. The system
adaptively widens the dynamic range of the camera by con-
trolling the incident radiance using the reflective liquid
crystal.

2. Wide dynamic range imaging through radiance control

In this paper, we introduce a method to widen the
dynamic range using a reflective liquid crystal. We begin
with an introduction to the principle of widening the
dynamic range of a camera, and describe devices for this
purpose.

2.1. Basic principle to widen dynamic range

Our method widens the dynamic range using a system
that consists of a camera and an attenuation device. The
in—out ratio of the attenuation device can be controlled
for each pixel independently. The method consists of two
steps.

2.1.1. Adaptive attenuation control in response to incident
radiance

In the first step, the system adaptively controls the inci-
dent radiance. As shown in Fig. 1, incident light enters the
image detector through the attenuation device. The attenu-
ation ratio of each element is independently controlled
based on the measured radiance of the corresponding
image pixel. Since incident light passes through the attenu-
ation device before entering the image detector, an incre-
ment in the attenuation ratio results in a decrement of
the received radiance. This means that receiving elements
can avoid saturation by increasing the attenuation ratio
of the corresponding attenuation elements. Thus, the range
of acceptable light intensity for the system is expanded
adaptively. Note that this function is different from some

image detector L,
<:| attenuation <:|
device
1, A,

controller

Fig. 1. Incident light is adaptively controlled by changing attenuation
ratios based on incident radiance.

camera adjustments such as gain control and aperture
adjustment. The function does not affect areas which
receive relatively small levels of radiance. The measured
radiance I, at the time ¢ is expressed as

[t:Lt'Atv (1)

where L, is the original incident radiance and A, is the
attenuation ratio of the device. When a device is controlled
in real-time, this method is applicable to scenes that include
dynamic scene changes.

2.1.2. Restoring original radiance

After controlling the incident radiance, it is possible to
calculate the original radiance, L,, from the measured radi-
ance and the attenuation ratio as follows,

L =1,/4,. (2)

Since attenuation is controlled for each receiving pixel, ori-
ginal radiance is also restored in each receiving pixel
according to Eq. (2). The restored image is the same as
the measured image with the exception of the radiance
range, which can be considerably wider than the dynamic
range of the image detector. Considering its radiance value,
the restored image is known as a WDRI.

In addition, the attenuation ratio, A4, should be con-
trolled adequately to obtain scene radiance that includes
only small quantization errors. We describe the control
algorithm for the attenuation ratio in Section 3.2.

2.2. Devices for radiance control

Incident radiance is controlled by using devices that can
control the attenuation ratio at the pixel level. A short sum-
mary of such devices follows.

Transmissive liquid crystal: Transmissive liquid crystals
are a popular device used in LCDs and several other
products. A model of the device is shown in Fig. 2a. This
device controls polarization states, and thus achieves
contrast, by transmitting incident lights. Because the
device transmits light, driving circuits must exist
between the liquid crystal elements. This however,
reduces the aperture ratio of the device and causes a dis-
advantage in contrast ratio.

Reflective liquid crystal: This device consists of liquid
crystal between a semiconductor chip and a glass plate.
A model of the device is shown in Fig. 2b. A well-known
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Fig. 2. Simple models of light controlling devices: (a) transmissive liquid crystals, (b) reflective liquid crystals and (c¢) DMDs. The properties of each

device, as used in our system, are compared in Table 1.

implementation is LCoS (Liquid Crystal on Silicon),
which also achieves contrast by controlling polarization
states, but, in this device, incident lights are reflected.
The device can achieve a high contrast ratio because
driving circuits can be set on the back.

Digital Micro-mirror Device (DMD): DMD is a micro-
electro-mechanical system that has a tiled micro-mirror
array. As shown in Fig. 2c, the device controls the atten-
uation by controlling the direction of the reflected light.
The latest generation of DMDs can switch orientations
in a few microseconds, thus enabling modulation of inci-
dent light with very high precision.

For realizing attenuation control in combination with a
camera, the device must satisfy the following specifications:

e ability to control attenuation for each imaging pixel,
and
e compatibility with a high-speed camera.

If the focus is on the attenuator, a problem arises in the
use of transmissive liquid crystals. Their driving circuit is so
large that shadows appear on the captured image when the
focus is on the liquid crystal. This problem makes radiance
measurement more difficult. While the problem may be
solved by special optical devices, such as micro-lens arrays,
the solution increases the complexity of the system. More-
over, when light passes through liquid crystal cells, the cells
produce a diffraction effect, which causes slight blurring in
the captured images [17]. Since DMDs work with time divi-
sion, they cannot achieve full contrast when combined with
a camera that has a fast shutter speed. Thus a DMD is not
a suitable device to be combined with a camera. In addi-
tion, the mechanism tends to be complex because of the
need to synchronize DMD switching and the camera
shutter.

All the problems mentioned above can be solved by
using reflective liquid crystals. The driving circuit can be
ignored because it does not appear in the light path. More-
over, the blurring effect does not occur because incident
light is reflected at the device. The system also achieves
good performance when combined with a camera because
the principle used to achieve contrast is polarization and
not time division.

The discussion above is summarized in Table 1. Based
on the comparison of each device with respect to the
required specifications, reflective liquid crystals are the
most appropriate device for our purpose.

3. Adaptive dynamic range camera using reflective liquid
crystal

We now present our method for a wide dynamic range
camera using reflective liquid crystal. We describe both
the composition of the system and the algorithm for radi-
ance control using a reflective liquid crystal.

3.1. Composition of the system

The basic optical layout of the system is shown in
Fig. 3a. The incident light is first focused onto the liquid
crystal plane by the objective lens. Then the reflected light
is refocused onto the image detector by the camera lens.
Such focusing enables attenuation at a pixel level. The
effect of attenuation is denoted by Eq. (1).

The basic system has a problem in that the focal
length of the lenses is constrained and is required to be
longer than the size of beam splitter. This affects the
objective lens especially and reduces the versatility of
the system. Lenses having a short focal length are thus
unacceptable for use in the system, irrespective of any
user request to use various lenses (e.g., fish-eye lens, tele-
photo lens, etc.).

We improve the versatility of the system by using relay-
lenses as shown in Fig. 3b. A relay-lens is a system that
relays images with changing scaling to the other point of
the optical system. As the relay-lens can relay an image
onto the liquid crystal, the system can contain an objective
lens fixed outside the relay-lens. The relay-lens system is
composed of two lenses. A pair of lenses (left and right
in Fig. 3b) focuses incident lights onto the liquid crystal
plane, and another pair (left and bottom in Fig. 3b)
focuses the reflected light from the liquid crystal to the
image detector. Since the image detector is subjected to
attenuated light without blurring, attenuation is achieved
at the pixel level. When considering all the components,
except the objective lens, as one group, the concept of a
camera with radiance control is realized: the focused
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Table 1
Comparison of each device

Attenuation control at Combination with high-

pixel level speed camera
Transmissive Difficult Works well
liquid crystal
Reflective liquid Possible Works well
crystal
DMD Possible Not recommended

image using the objective lens is refocused on the image
detector with the effect of attenuation. Additionally, the
system is downsized for the efficient placement of these
lenses.

3.2. Control algorithm of reflective liquid crystal

The concept of adaptive attenuation control is repre-
sented in Fig. 4. Let us assume that three pixels are sub-
jected to radiance L', L* and L? respectively, and the
attenuation values of the pixels are equal (i.e.,
Al = 4> = 47). The strong light L? causes saturation. The
weak light L' is measured with massive quantization errors
however the measured radiance is below the saturation
level. Thus, the quality of the WDRIs obtained is lowered
by these errors. The solution to acquiring more precise
WDRIs is to control the attenuation properly: saturation
is suppressed by incrementing the attenuation from 4; to
At3+], the quantization error is reduced by decrementing
the attenuation from 4, to 4}, . Note that the time for con-
trolled attenuation is ¢ + 1 since the measured radiance I, is
needed for proper control.

We calculate attenuation based on the measured radi-
ance I, When attenuation is properly controlled, the mea-
sured radiance at the next time frame, ¢+ 1, will be the
optimal radiance I,y The optimal radiance I, is now
defined in order to reconstruct the scene radiance precisely.
The optimal attenuation is clearly found from Eq. (1).

. 1,
A1 = min ([ _ilgA,, 1), (3)

t

where ¢ is a small number.
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Fig. 4. The concept of adaptive attenuation control. Attenuation control
enables the image detector to accept various ranges of radiance with the
least quantization errors.

The next problem that arises is: what is the desired radi-
ance? The most precise WDRI requires controlled radiance
just below the saturation level. However, this method of
radiance control is a trade-off for a weakness in the radi-
ance increment, i.e., a small increment may cause satura-
tion and therefore the actual radiance can never be
obtained. We define I, as the median of the camera radi-
ance while taking this trade off into consideration. That is,

I max 1 min 4
2 ’ ( )

where I, and I, are the maximum and minimum radi-

ance values, respectively, of the camera’s dynamic range.

[opt =

4. Experimental results

In this section, we describe the prototype system and
present the experimental results.

4.1. Prototype system

We implemented the advanced system presented in
Fig. 3b. The prototype system is shown in Fig. 5. The
LCoS used as the reflective liquid crystal is a Brillian
Z86D-3 model with 800 x 600 elements. A PointGreyRe-
search Flea 8 bit monochrome camera with 1024 x 768 pix-

b

objective

reflective
lens

beam ‘
liquid crystal

imaginary

A detector l
\'

detectol
camera

system

Fig. 3. Imaging system using reflective liquid crystal: (a) basic composition, (b) advanced system with relay-lenses. The incident light is first focused onto
the liquid crystal plane. The reflected light is refocused onto the image detector.



H. Mannami et al. | J. Vis. Commun. Image R. 18 (2007) 359-365

els is used. A non-polarizing beam splitter and polarization
filters are used to achieve LCoS contrast in the prototype
system. Off-line calibrations were done for both the geo-
metric and radiometric properties of the system. For the

-

beam splitter

objective
lens

relay lens

Fig. 5. Implementation of the prototype system. The system consists of a
monochrome camera, reflective liquid crystal, and lenses used as relay and
objective lenses. The system is covered by a jig for capturing.
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Fig. 6. The output ratio of the LCoS. LCoS attenuation response for 8 bit
control. The response is measured at the upper and lower parts of the
camera coordinates. The vertical axis represents the attenuation ratio of
the LCoS. The horizontal axis represents the depth of attenuation control.
A depth of 255 implies the highest attenuation, similar to the color
representation used in many image formats.
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Fig. 8. Comparison of system outputs obtained from Fig. 7. The radiance
outputs are calculated from Eq. (2).

geometric calibration, mapping between LCoS and CCD
pixels was obtained using homography. Radiometric cali-
bration involves the relationship between LCoS control
and its attenuation ratio. This relationship is important
for proper radiance control. The radiometric calibration
was done by measuring the actual radiance changes that
occur in response to LCoS control. Fig. 6 shows the results
of the radiometric calibration.

4.2. Dynamic range of the prototype system

We evaluated the dynamic range of the prototype sys-
tem by measuring the camera outputs for incident radi-
ance, which was varied by controlling the shutter speed
of the camera. The system adjusts the attenuation of the
LCoS to avoid saturation with maximum effort. To com-
pare with a conventional camera, the same measurement
was done with the attenuation control turned off. The
results of the measurements are shown in Fig. 7, while
Fig. 8 shows a comparison of the outputs. These results
clearly show that our system is able to capture scenes that
have widely differing radiance information. Our system
achieves a 45.2 times wider range of output than a conven-
tional one.

b 250

200

—_
[$a)
o

—_
o
o

—Camera Intensity

Radiance

1
o

0 20 40 60
Shutter speed (ms)

Fig. 7. Captured radiance and attenuation are measured for incident radiance: (a) our system, (b) conventional camera. The incident radiance is controlled
precisely by the programmed shutter speed control; that is, in hundreds of steps. The vertical axis represents the depth of the camera radiance and
attenuation. The highest depth of 255 corresponds to the highest value as described in Fig. 6. In order to compare the system with a conventional camera,
the measurement was done with the attenuation function turned off. Thus, attenuation is not recorded in (b).
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b

Fig. 9. An outdoor scene taken through a window. (a) Captured image with uniform highest attenuation (initial scene), (b) controlled attenuation for the
scene, (c) captured image after attenuation control. We captured a window from the inside as an example of a scene that includes drastic lighting changes.

time

Fig. 10. A color movie captured using the prototype system with a color camera. Scene radiance is controlled adaptively in the order of scene changes.
However, rapid camera movement makes artifacts appear in the penultimate image.

Fig. 11. The WDRI obtained by the proposed system. The WDRI is represented by simple image processing for display on an 8-bit monitor: (a and b) the
range of interest is changed: (a) for a dark region and (b) for a bright region, (c) log scale representation. Images (a) and (b) are approximately equivalent
to the images captured when the camera exposure is changed. Both bright and dark regions are clearly visible in these images, namely a stuffed bear and a
box as the dark regions, and the outdoor buildings as the bright regions.

Fig. 12. The WDRIs obtained from Fig. 10. These images are represented in log-scale similar to Fig. 11(c). The leftmost image has lower dynamic range
since the radiance had not been controlled. The artifacts that appeared in the penultimate image of Fig. 10 appear as motion blur in this figure.

4.3. Adaptive radiance control shown in Figs. 9 and 10. Fig. 9 shows the results of an out-
door scene taken through a window. Fig. 9a and ¢ shows
The function for attenuation control was tested by cap-  the captured images before and after radiance control,

turing scenes with drastic lighting changes. The results are  respectively, and Fig. 9b shows the mask image used for
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the control. From the results, we see that scene radiance is
controlled adaptively, except in regions subjected to espe-
cially strong light, e.g., the specular reflection on a metal
rack. While the dynamic range of the system is about 50
times higher than that of a conventional camera, the proto-
type system still has limits. We are of the opinion that spec-
ular reflection is too strong to capture with our prototype
system. We also intend extending the capacity of the system
by including some of the other approaches described in
Section 1. Though the outdoor scene is not clear in the cap-
tured image, it is possible to obtain it from the mask image
used for radiance control.

Fig. 10 shows some frames of color movie footage. In
this figure, the captured images and mask images are
stored in the upper and lower columns, respectively. In
place of the monochrome camera in the prototype system,
we have used a color camera with the same resolution in
this experiment. The scene is captured by moving the cam-
era by hand. Even with the color camera, we control the
radiance simply by changing the attenuation according
to Eq. (2). The radiance is obtained by converting the
color image to gray scale. Since the radiance is not
controlled in the leftmost image, the mask image has no
scene information, and the bright region in the captured
image (e.g., the sunlit wall) is saturated. In our opinion,
the radiance of rest images is controlled as well as that
shown in Fig. 9, except for the penultimate image. This
image includes artifacts created by the LCoS. Because of
the difference in bright regions between adjacent frames,
the radiance control does not work as well when the scene
includes rapid motion.

4.4. Results of wide dynamic range imaging

WDRI is obtained by calculating the original radiance
according to Eq. (2). The results of restoring WDRI are
shown in Figs. 11 and 12. Here, the restored scene is the
same as that shown in the previous section.

In Fig. 11, the original radiance is derived using the
measured radiance (Fig. 9c) and the corresponding attenu-
ation (Fig. 9b). WDRISs have to be compressed somehow to
be displayed on a usual 8-bit monitor. Here, we have rep-
resented the WDRI with simple image processing; the
range of interest is changed in Fig. 11a and b, and the
WDRI is converted to a log-scale in Fig. 1lc. Fig. 1la
and b shows approximately the same information as the
images captured by changing camera exposure. In
Fig. 11c, we can see both bright and dark regions at the
same time.

Fig. 12 shows the WDRIs obtained from Fig. 10. As the
penultimate image in Fig. 10 has artifacts, the WDRI
obtained from these images also has artifacts. The artifacts
are observed because the FPS is low with respect to the
rapid motion. The artifacts appear as motion blur.

These results show that our system has the ability to rep-
resent a considerably large amount of radiance information.

5. Conclusion

In this paper, we have presented an adaptive dynamic
range camera that uses a reflective liquid crystal as a
device to control incident radiance. The camera system
controls the incident radiance for each pixel by control-
ling attenuation of the liquid crystal. We have con-
structed a prototype system and verified its applicability
through experiments. As the system can be considered
as a normal camera as shown in Fig. 3b, it is possible
to incorporate other WDR imaging techniques reviewed
in Section 1 and realize even wider dynamic range. Our
current system is however, larger than we would wish
for, as it requires complex optics, as shown in Fig. 3b.
In future work, with the application of some ingenuity,
the system will hopefully be shrunk (for example, by
using Fiber Optic Plate (FOP)).
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