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Abstract: The dynamic range of image sensors is limited
due to the capacitance of photodiode and the nonlinearity of
the system response function. In this paper, the high dy-
namic range image reconstruction algorithm using multiple
images is proposed. The proposed algorithm simultaneously
enhances dynamic range and estimates the imaging system’s
response function. The image acquisition process including
limited dynamic range is modelled. With the observation
model, the linear least squares estimates the response func-
tion of the imaging system as well as the single high dynamic
range image are obtained.

1. Introduction

Digital images become increasingly important in many fields,
such as medical tomography, industrial monitoring system,
surveillance system, computer vision system, scientific re-
search applications, broadcasting system, consumer appli-
ances, etc. Digital images are two dimensional arrays of dig-
itized brightness value of the natural scene. But, these pixel
values are not true measurements of relative radiance in the
scene. The human visual system exhibits an enormous op-
tical dynamic range from the scotopic threshold to the glare
limit, as it can adapt to an extremely high level of light in-
tensity. This capability is also required in numerous digital
imaging applications. Imaging sensors, however, have a nar-
row limited dynamic range comparing with the human visual
system and the captured image of a scene has limited bright-
ness range. Low dynamic range is one of the main problems
when an image is acquired from image sensors[1]. When
capturing a scene with a very wide intensity range of light
that exceeds the dynamic range of an imaging sensor, it is
inevitable to lose detail in either dark areas, bright areas or
both. By controlling either exposure time, aperture size or
both, we can choose the luminance level of the captured im-
age. For example, with increased exposure time or aperture
size, we can obtain a better representation of dark areas at the
cost of losing information in bright areas. However, adjusting
the exposure time or aperture size does not help to represent
both low- and high-light areas of the scene with high dynamic
range. Details will be definitely lost, and varying the expo-
sure time just allows some control over where the loss occurs.
To enhance the dynamic range, the new architectures of im-
age sensors have been proposed[2]-[7], and the algorithmic
techniques to increase the dynamic range of an image using
differently exposed multiple frames of the same scene have
been researched [8]-[10].

In this paper, the image acquisition process including lim-
ited dynamic range is modelled. With the image acquisition

model, the linear least squares estimates the response func-
tion of the imaging system and reconstructs the single high
dynamic range from multiple images, simultaneously. In the
reconstruction process, the response function of the imaging
system is updated in every iteration step. Experimental results
indicate that the proposed algorithm outperforms the conven-
tional approaches with assumption that the response function
of the imaging system is known.

The rest of this paper is organized as follows. The pro-
posed image reconstruction algorithm is introduced in Sec-
tion 2. In Section 3, experimental results are presented and
conclusions follow in Section 4.

2. Proposed high dynamic range image
reconstruction algorithm

The proposed algorithm estimates the response function of
imaging system and reconstructs the high dynamic range im-
age, simultaneously. For this purpose, the image acquisition
process including limited dynamic range of image sensor and
quantization process is modelled. With the image acquisition
model, the response function of the imaging system and the
single high dynamic range image are estimated with the linear
least squares estimates and Gauss-Seidel iteration method.

2.1 The image acquisition model

In order to model the image acquisition process, we use the
reciprocity which means that the exposure is defined as the
product of the irradiance r at the surface of image sensors and
exposure time A[11]. In addition, Hurter-Driffield curve is
used as the response function of an imaging system which
curve is a graph of the optical density of the imaging sensor
against the logarithm of the exposure rAt. The typical shape
of Hurter-Driffield curve is shown in Fig. 1.

Assume that there are N pictures of a static scene with dif-
ferent exposure times Aty where k = 1,..., N. The k-th ob-
served frame Y}, is given by

where f{(+) is a nonlinear function which is the composition of
the characteristic function of the image capture device and the
quantization process and Ny, is the quantization noise. Gener-
ally, the function f for an 8-bit system has the form as

0 for z €10, 1]
f(Z) = m forze (Im—la Im]a ()
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Figure 1. Typical shape of Hurter-Driffield curve.
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Figure 2. The block-diagram of the image acquisition model.

where I,,_1 is the lower bound and I, is the upper bound
of the m-th quantization interval. A block diagram for the
observation model is illustrated in Fig. 2.

2.2 Reconstruction of the high dynamic range image

To reconstruct the high dynamic range image based on the
proposed image acquisition model, the inverse function of f{-)
is required. However, the inverse function f~'(-) does not
exist because is a many-to-one mapping due to the quantiza-
tion process. Therefore, the reverse mapping function g(+) is
defined as the function which maps the pixel intensity to the
mid-level of the corresponding quantization interval, and used
instead of £~ (-).

With the definition of the reverse mapping function and
Taylor series expansion, the image acquisition model can be
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Figure 3. The Gaussian weighting function.

rewritten as
8(Yi(i,5)) = X(i, j) Aty + N (4, ) 3)

where Nf is the total noise term including both quantization
noise and reverse mapping error. The total noise Ng will be
modelled as zero-mean independent Gaussian random vari-
ables with variances o7 (4,7). Accurately characterizing the
variances o (i, j) would be extremely difficult, as it would
require detailed knowledge of the specific image capture de-
vice being used. The total noise term can be expressed by

Ni (i, 5) = 8(Yi(i, 5)) — X(i, ) Aty 4)

Because the reverse mapping function g(+) is unknown as
well as the high dynamic range image X, the problem is for-
mulated as simultaneous estimation of the reverse mapping
function g(-) and reconstructs the high dynamic range image
X that minimize the quadratic objective function given as

0= ; D2 D wl¥ili ) (¥a(i. ) — (X(.5) Aay)]?
%)

where w(-) is the weighting function. Since the function is
nonlinear and generally have a steep slope near minimum
pixel value /,,;, and maximum pixel value /.., the data
will be fitted more poorly near these boundaries. A weight-
ing function should be chosen such that the pixel values near
Lid = (Lmin~+1Imaz)/2 are weighted more heavily than those
near I,,,;,, and I,,,,.. Therefore, the weighting function chosen
in the proposed algorithm is a shifted Gaussian-like function
formulated as

(6)

w(l) = exp {_aﬂ—’m‘ﬁ}

Lnia
where « is the constant that control the width of weighting
function. This weighting function has the value 1 at /,,,;4 and
the value zero at I,,,;,, and I,,,,, as shown in Fig. 3. This
choice of the weighting function is reasonable considering the
saturation near I,,,;,, and I, 4,..

Gauss-Seidel relaxation is used to determine the solution
for both g(-)and X. Gauss-Seidel relaxation minimizes an ob-
jective function with respect to a single variable, and then
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uses these values when minimizing with respect to subsequent
variables. The quadratic objective function will be minimized
with respect to g(-) and then minimized with respect to X.
This constitutes one iteration process of the algorithm.

First, to reconstruct high dynamic range image X, Eq. (5)
is minimized with respect to X, the partial derivative of Eq.
(5) with respect to X(a, b) is taken and set equal to zero as

00 Z 2w(Yx(a,b))[g(Yr(a,b)) — X(a, b)Atg]
0X(a,b) - Aty
- 0 )

The reconstructed high dynamic range image X is

X(a,b) = Dk W(Yk(a,b))g(Yk(a,b))/Atk. ©

2w w(Yk(a, b))

By Gauss-Seidel relaxation, the reverse mapping function g is
estimated with the reconstructed X of the Eq. (8). Generally,
estimation of g only requires recovering the finite number of
values, since the values of the pixel brightness are finite. For
example, the 256 values g(z) for z = 0, --- , 255 are needed
to be recovered for 8-bit system. Similarly, the minimization
with respect to g(z) is also calculated as

 Dkigyer, W2)X(, 5) A
Z(k,i,j)e[z w(2)

8(2) ©))

where I, = {(k,4,7)|Yx(3,j) = z} is the set of indices such
that the pixel intensity z was observed for the low dynamic
range images.

3. Experimental result

In order to demonstrate the performance of the algorithm, sev-
eral experimental results are presented here. Figure 4 is the
set of the low dynamic range images which are taken with
different exposure times. As shown in Fig. 4, controlling
the exposure time does not help to represent both low- and
high-light areas For example, with increased exposure time,
the details of dark region can be enhanced at the cost of los-
ing information in bright region. Figure 5 is the reconstructed
high dynamic range image by the proposed method. In or-
der to display the result with conventional image format, the
reconstructed image was compressed with a simple log scale
mapping. As shown the Fig. 5, the proposed method sig-
nificantly enhances the details in both dark region and bright
region.

The reverse mapping function g is simultaneously esti-
mated with the reconstruction of a single high dynamic range
image. Figure 6 presents the estimated g(+) by the the conven-
tional method (CM) and the proposed method. CM estimates
the 256 values g(z) for z = 0,...,255 for 8-bit system us-
ing singular value decomposition in advance. Compared with
the result of CM, the estimated g by the proposed algorithm
well maintains the typical form of the inverse Hurter-Driffield
curve. Since g takes the role of mapping pixel values to high
dynamic range radiance values, the fluctuation of g can cause
the inversion of the local contrast of the reconstructed high

719

Figure 4. Four low dynamic range images.

dynamic range image. Since the reconstructed g of the pro-
posed algorithm is smoother than the result of the CM, the
proposed method reconstructs a more accurate high dynamic
range image.

4. Conclusion

Since a high dynamic range image has more light intensity
information than a low dynamic range image, it is very use-
ful in the fields such as biometrics, medical imaging and as-
tronomical imaging. Dynamic range enhancement based on
signal processing approach has the advantage that it can be
applied to the existing imaging devices in relatively low price
as compared to the methods to manufacture the new architec-
ture of image sensors.

We have proposed a signal processing based method for
the reconstruction of a high dynamic range image from mul-
tiple low dynamic range frames with different exposures. The
image degradation process including limited dynamic range
is modelled and both the system response function and a sin-
gle high dynamic range image are simultaneously obtained.
The system response function is simultaneously estimated in
every iteration step with the reconstruction of a single high
dynamic range image. With the simulation results, it is shown
that the proposed algorithm outperforms the the conventional
approaches with respect to both objective and subjective cri-
teria. Simulation results verify that the proposed algorithm
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Figure 6. The reconstructed reverse mapping function using
the conventional and the proposed method.

estimates the reverse mapping function g without any prior
knowledge about the system response function as well as a
high dynamic range image.
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