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Abstract. We propose a image reconstruction method and a sensor
for high-sensitivity imaging using long-term exposed green pixels over
several frames. As a result of extending the exposure time of green pixels,
motion blur increases. We use motion information detected from high-
frame-rate red and blue pixels to remove the motion blur. To implement
this method, both long- and short-term exposed pixels are arranged in a
checkerboard pattern on a single-chip image sensor. Using the proposed
method, we improved fourfold the sensitivity of the green pixels without
any motion blur.

1 Introduction

Recently, in the field of video input, the number of pixels has been continu-
ously increasing while the pixel pitch has been decreasing. As pixels continue
to shrink, the amount of light that can be received within a certain exposure
time is reduced. Consequently, securing a higher Signal-to-Noise-Ratio (SNR) is
becoming difficult.

To improve the SNR in the field of image sensing, technologies such as on-chip
microlens [15] and back side illumination [12, 19] have been proposed. With the
former, an on-chip microlens is structured on each pixel to focus incident light
on a photodiode. This method triples the sensitivity. With the latter, the image
sensor of back side illumination is wired under the transistor. The development
of a sensor with a pixel size of 1.4 um that provides twice the sensitivity of
conventional sensors has been reported [17, 21]. Also, the use of a sensor with a
white pixel in the color filter area was proposed [11, 14].

For high resolution imaging using a small sensor, long-term exposure can
increase the amount of incident light. However, motion blur occurs if the object
of the image moves. The use of a combination approach with multiple images to
reduce space-invariant blur has also been proposed [5, 6, 16, 18, 22]. Recently,
a coded sampling method was proposed [3]. However, these methods cannot be
used in small cameras because they require a number of image sensors.

We propose a image reconstruction algorithm and its dedicated sensor shown
in Figure 1. The sensing method can effectively input a lot of light and motion
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Fig. 1. With the proposed method images of G are obtained by long-term exposure.
Motion blur of G is reduced by the pixel values of R and B in image processing.

information by mixing both long- and short-term exposed pixels on a single
sensor. Additionally, we arranged the RGB on the basis of both human vision
system and color correlation along the spectra of natural scenes.

The rest of the paper is as follows: We propose combined long/short exposure
type image sensing in Section 2 and the reconstruction algorithm in Section 3.
The results of experiments are shown in Section 4. We discuss the results in
Section 5 and conclude the paper in Section 6.

2 Use of Single-Chip Image Sensor for Combined
Long/Short Exposure Type Image Sensing

To improve the sensitivity and high-resolution imaging of a single-chip image
sensor, our sensing method uses a long exposure time for some of the pixels on
a single-chip image sensor. In this chapter, we explain the arrangement of both
long- and short-term exposed pixels and the arrangement of RGB color filters in
a single-chip image sensor.

2.1 Arrangement of Long-Term and Short-Term Exposed Pixels

In high-resolution imaging with a small image sensor, a long-term exposure is
necessary to get the required amount of light. There is a trade-off relationship
between the intervals of the exposure time and the frame-rate. Therefore, a long-
term exposure decreases the frame-rate, and the captured image often includes
motion blur if the object moves. However, this motion blur can be removed with
motion information, so we then simultaneously take high-frame-rate images to
obtain motion information.

In the image sensor, the difference between long- and short-term exposed
images is the frame-rate. We define pixels which have a low-frame-rate image
exposed over a long-term as ’long-term exposed pixels’ and pixels which have a
high-frame-rate image exposed over a short-term as ’short-term exposed pixels’.

We arranged a combination of both long-term exposed pixels and short-
term exposed pixels in a single sensor. We also considered how to arrange each
pixel for monochrome imaging. To efficiently estimate the motion information of
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Fig. 2. Long- and short-term exposed pixels as checkerboard pattern in single-chip
image sensor

(a) (b)

Fig. 3. (a) In the light spectrum, G is adjacent to B and R. (b) We arrayed G to
long-term exposed pixels and R and B to short-term exposed ones.

long-term exposed pixels, the arrangement of short-term exposed pixels is ho-
mogeneously distributed. As shown in Figure 2, we arranged the pixels in a
checkerboard pattern.

2.2 Arrangement of RGB Color Filters

We arranged RGB color filters in the sensor to reconstruct color images.
In the human vision system, spatial resolution for luminance is higher than

that for hue, so we assigned green, which is the main factor in luminance, to the
high-resolution image.

As shown in Figure 3(a), in the power spectrum of natural scenes, the power
distribution of RGB are broad. The color of the adjoining wavelength has a high
correlation. Both G-R and G-B are highly correlated. Hence, motion blur of G
can be removed by using motion information calculated from R and B.

Based on both the properties of the human vision system and the color correla-
tion among the spectra of natural scenes, we assigned G for long-term exposures
and both R and B for short-term exposures, as illustrated in Figure 3(b). The
motion information is detected from the R and B images because they have a
high-frame-rate. This color arrangement is the same as that of the Bayer color
arrangement [4].
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3 Reconstruction of Color Images

We reconstructed color images from the sensing images explained in Section 2.
The color images are calculated by minimizing a cost function. The cost function
is composed of a difference between the ideal image and the sensing image with
some regularization terms. In this section, we explain the cost function and how
it can be solved by minimizing it.

3.1 Cost Function

Our method reconstructs color images by making use of the cost function. We
define the ideal solution of RGB images as f and RGB sensed images as gR, gG,
and gB. f is a three-dimensional vector of R, G, and B and includes all RGB
pixel values. Additionally, f includes R, G, and B values for each pixel position.
The frame-rate of f is the same as the R/B, and the resolution of f is the same
as the total number of pixels in a single sensor. The relation between f and the
sensing RGB images, gR, gG, and gB is shown in Equation (1).

gR = HRf
gG = HLHGf

gB = HBf (1)

As shown in Figure 2, HG, HR, and HB are degradation operators of G, R,
and B pixel values in a Bayer pattern from the full pixel values, and HL is the
degradation in frame-rate, which indicates long-term exposure. Equation (1) is
a linear operation.

There are many candidates of f values that satisfy Equation (1). We add two
regularization terms, QSf and Qmf , to specify f . The terms QSf and Qmf are
based on the features of objects. The spatial smoothness can be given by QSf ,
and the consistency of pixel value by the motion of the object can be given by
Qmf . The cost function J that demands f is shown in Equation (2).

J = ||HLHGf − gG||2 + ||HRf − gR||2 + ||HBf − gB||2
+ λS||QSHCf ||2 + λm||Qmf ||2 (2)

where λS and λm are regularization parameters. A detailed explanation of QSf
and Qmf is shown in the following subsection.

Color constraint term. gG is high resolution. Meanwhile, gR and gB are
low resolution. When gG is spatially correlated with gR and gB, the resolution
of gR and gB can be improved by means of the correlation. On this point, we
assume inter-RGB correlations to combine multiple color-channel images and
implement them into the cost function as spatial color-smoothness. In natural
images, the spatial smoothness differs depending on the basis of color space,
we choose principal component vectors to define smoothness in order to set
smoothness parameters effectively. The fourth and fifth terms in Equation (2)
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are regularization terms that represent the spatial smoothness of the principal
color of a reconstructed image sequence. First, the basis of the principal color
space is defined by the principal component analysis of the RGB pixel values of
natural images. Next, the principal color images are obtained by transformation
matrices as follows:

fCi = HCif , i ∈ {1, 2, 3} (3)

where fC1, fC2, and fC3 represent the first, second, and third PCA color com-
ponent images. The spatial smoothness of the pixel value in the principal-color
image sequence is obtained by using QS as a Laplacian operator. Here, we sup-
pose that the pixel value varies smoothly in many regions in the reconstructed
image, and the sum of squares of the second differentiation centered on each
pixel is shown in Equation (4).

||QSHCf ||2 =
H∑

x=1

W∑

y=1

{ ∂2

∂x2
fCi(x, y, z) +

∂2

∂y2
fCi(x, y, z)

}
, i ∈ 1, 2, 3 (4)

where H is the height of the image and W is the width of the image. The
difference formulation of Equation (4) is shown in Equation (5).

||QSHCf ||2 =
H∑

x=1

W∑

y=1

{
4fCi(x, y, t) − fCi(x − 1, y, t) − fCi(x, y − 1, t)

−fCi(x + 1, y, t) − fCi(x, y + 1, t)
}
, i ∈ 1, 2, 3 (5)

Motion consistency term. We assume when an object moves, the pixel value
does not change from the start to the end position. Motion information is de-
tected by a sequence of three R/B color images, which are respectively captured
at time t-1, t, and t+1. The relation of the time t-1 image and the time t image
shows the motion toward the past, which is defined as (uP ,vP ). The relation
of the time t image and the time t+1 image shows the motion toward the fu-
ture, which is defined as (uF ,vF ). Motion information (uP ,vP ) and (uF ,vF ) are
calculated as shown in Equation (6).

min
uP ,vP

SH∑

i=1

SW∑

j=1

|f(x + i − u, y + j − v, t − 1) − f(x + i, y + j, t)|

min
uF ,vF

SH∑

i=1

SW∑

j=1

|f(x + i − u, y + j − v, t + 1) − f(x + i, y + j, t)| (6)

SH and SW indicate a window size for motion detection. Pixel locations that
correspond to G pixels in a Bayer pattern array are linearly interpolated by
the surrounding R and B pixels to detect motion information at such pixels
in advance. The regularization term regarding motion information is shown in
Equation (7).
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||Qmf ||2 =
H∑

x=1

W∑

y=1

{
f(x, y, t) − f(x + uP , y + vP , t − 1)

}2

+
H∑

x=1

W∑

y=1

{
f(x, y, t) − f(x + uF , y + vF , t + 1)

}2

(7)

We estimate sub-pixel motion by calculating the equiangular line fitting with
the sum of absolute differences.

3.2 Minimization of the Cost Function

The output image f is obtained by minimizing the cost function J . Since J is
the second form of f , minimization of J always yields the global minimum of
J . Thus, we can obtain f by differentiating J with respect to f and equating it
with 0, as shown in Equation (8).

∂J

∂f
= (HLHG)T(HLHGf − gG) + HT

R(HRf − gR) + HT
B(HBf − gB)

+
3∑

i=1

λCi(QSHCi)TQSHCif + λmQT
mQmf

= 0 (8)

Thus,
{
(HLHG)T(HLHG) + HT

RHR + HT
BHB

+
3∑

i=1

λCi(QSHCi)TQSHCi + λmQT
mQm

}
f

=
{
(HLHG)TgG + HT

RgR + HT
BgB

}
(9)

Equation (9) can be solved by the conjugate gradient method.

4 Experimental Results

In this Section, we describe our simulation experiments. Additionally, we show
how the developed image sensor is used and demonstrate that our method is
effective.

4.1 Simulation

Our method was found to be effective even under low illumination. We used Peak-
Signal-to-Noise-Ratio (PSNR) for evaluation. PSNR is calculated as follows:

PSNR(fcalc) = 20 log10

S√
1
N ||ftrue(x, y, t) − fcalc(x, y, t)||2

(10)



Image Reconstruction by Long/Short Exposure Type Sensor 647

Table 1. Experimental conditions

Item Parametaer

Number of scenes 20

Number of frames for each scene 180 frames

Interval of long-term exposure 4 frames

Noise level 8.06 (PSNR=30.0dB)

Table 2. Results of PSNR for Bayer reconstruction and proposed method

Scene 1 2 3 4 5 6 7 8

R 30.71 30.71 28.85 28.81 27.12 30.03 27.48 23.48
Bayer G 30.37 30.13 29.48 29.82 29.13 31.21 29.35 25.92

reconstruction B 30.79 29.97 28.87 28.89 27.65 30.01 28.57 23.38
RGB 30.62 29.79 29.06 29.15 27.89 30.08 28.40 24.11

R 32.42 30.56 29.96 31.27 30.00 31.72 28.20 25.38
Proposed G 33.14 31.38 30.83 31.95 31.39 32.81 29.90 26.11
method B 32.79 31.45 30.19 31.67 30.80 32.01 29.95 25.27

RGB 32.78 31.11 30.31 31.62 30.70 32.16 29.27 25.57

Scene 9 10 11 12 13 14 15 16

R 29.80 28.80 30.42 30.49 29.73 29.90 29.46 30.80
Bayer G 29.97 29.39 30.19 30.27 30.04 30.17 30.14 30.33

reconstruction B 29.61 28.72 30.06 30.61 30.27 29.87 30.34 30.79
RGB 29.79 28.96 30.22 30.45 30.01 29.98 29.96 30.64

R 31.93 30.18 32.44 32.57 30.90 31.71 30.45 32.30
Proposed G 33.13 31.00 33.33 33.90 32.71 32.26 32.74 33.21
method B 31.77 30.28 31.99 32.64 32.03 31.72 31.95 32.38

RGB 32.24 30.47 32.55 33.00 31.81 31.89 31.60 32.61

Scene 17 18 19 20 Average

R 31.28 29.51 30.97 27.42 29.22
Bayer G 30.57 30.00 30.47 29.21 29.76

reconstruction B 31.33 30.14 31.15 27.31 29.42
RGB 31.04 29.87 30.85 27.90 29.44

R 33.36 30.77 32.09 31.07 30.96
Proposed G 34.62 31.25 30.82 32.16 31.93
method B 33.38 31.87 31.69 30.95 31.34

RGB 33.75 31.28 31.50 31.36 31.38

In Equation (10), S is the maximum pixel value, e.g., 255 for 8-bit images. Here,
N is the total number of pixels in all frames. The value ftrue(x,y,t) is the pixel
value at position (x,y) of the time t reference image, and value fcalc(x,y,t) is the
result of reconstruction.

We compared our method with the Bayer reconstruction [1,2,7-10,13,20] be-
cause they both use the same color filter array. Sensing images g are simu-
lated by sampling the ftrue. We add the noise to g to be reflected during low
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Scene 5 PSNR=28.08 PSNR=31.28

Scene 12 PSNR=30.89 PSNR=34.46

Scene 17 PSNR=30.80 PSNR=34.19

Scene 20 PSNR=29.99 PSNR=33.11

Fig. 4. (left) Test image sequences. (middle) Results of Bayer reconstruction and PSNR
of picture area. (right) Results of proposed method and PSNR of picture area.
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(a) (b)

(c)

(d)

Fig. 5. (a) Image sensor used in proposed method. (b) Proposed method imaging and
normal imaging. Proposed method uses long-term exposure for four frames. (c)Normal
imaging sequence. (d) Proposed method imaging sequence.

illumination sensing. A long-term exposed image is defined as the sum of multi-
frame images in g. The experimental conditions are listed in Table 1, and Table
2 and Figure 4 show the results of the experiment.

4.2 Development of Dedicated Image Sensor

We developed a dedicated image sensor to provide experimental proof. The
single-chip image sensor is shown in Figure 5(a) and the results of using the
sensor are shown in Figure 5(b)-(d).

The image sensor is 4K2K CMOS image sensor and was fabricated using a
0.25-μm process. The 4K2K pixels composed of three transistors and a photo-
diode are arranged in a Bayer pattern. The transfer gates in the R/B and G
pixels are connected with the different row lines, respectively. To reduce the op-
eration frequency, the vertical shift register drives two rows of pixels through the
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multiplexer, which applies readout pulses, respectively. This circuit configuration
enables the R/B and G pixels to the addressed independently.

5 Discussion

The simulation results showed that the PSNR of our method was about 2 dB
higher than that gained with Bayer reconstruction. Furthermore, our proposed
method worked effectively in low illumination conditions.

The PSNR changes for each scene because the motion detection accuracy dif-
fers. If the motion of the pixels are spatially smooth, the detection accuracy will
be high because the proposed sensing method interpolates motion information of
long-term exposed pixels. The simulation results of scene 17, which is depicted
in Figure 6(a) show that the PSNR is the highest of the 20 scenes. Because the

(a)

(b)

Fig. 6. (a) Images of 30 frame intervals in scene 17. (b) Images of 30 frame intervals
in scene 8.

(a)

(b)

Fig. 7. (a) Image sequence of scene 7. (b) Images sequence of scene 19.
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scene 17 dominatly contains spatially smooth motions. On the other hand, as
shown in Figure 6(b), for scene 8, the PSNR is the lowest of the 20 scenes. Be-
cause the scene 8 contains large of variety motions. The differences in the PSNR
of our method and that of the Bayer reconstruction are small in scene 7 and
scene 19. We think that one reason for this is that the accuracy of the motion
detection of these scenes is low. As shown in Figure 7(a), for scene 7, the motion
of both the dolphin and the spray of water is large. As shown in Figure 7(b),
for scene 19, the value changes greatly between consecutive frames because the
light sometimes flashes.

The super-resolution processing adapts from a low-resolution image sequence
to a high-resolution image sequence. This method requires either motion of the
object or motion of the camera. Because our method does not need either of
these terms, it is more effective than the super-resolution processing.

As shown in Figure 5(b), because our method uses long-term exposure for
four frames, sensitivity is increased by four times.

6 Concluding Remarks

We proposed the image reconstruction method and its dedicated sensor for high-
sensitivity imaging. Experimental results showed that our proposed method is
effective in conditions of low illumination. We developed a dedicated single-chip
image sensor and increased the imaging sensitivity fourfold.
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