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Abstract: Direct light field acquisition method using a lens array requires a complex system and
has a low resolution. On the other hand, the light fields can be also acquired indirectly by back-
projection of the focal stack images without lens array, providing a resolution as high as the sensor
resolution. However, it also requires the bulky optical system design to fix field-of-view (FOV)
between the focal stacks, and an additional device for sensor shifting. Also, the reconstructed
light field is texture-dependent and low-quality because it uses either a high-pass filter or a
guided filter for back-projection. This paper presents a simple light field acquisition method
based on chromatic aberration of only one defocused image pair. An image with chromatic
aberration has a different defocus distribution for each R, G, and B channel. Thus, the focal
stack can be synthesized with structural similarity (SSIM) 0.96 from only one defocused image
pair. Then this image pair is also used to estimate the depth map by depth-from-defocus (DFD)
using chromatic aberration (chromatic DFD). The depth map obtained by chromatic DFD is used
for high-quality light field reconstruction. Compared to existing light field indirect acquisition,
the proposed method requires only one pair of defocused images and can clearly reconstruct
light field images with Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE) scores
lowered by 17%–38% and with Perception-Based Image Quality Evaluator (PIQE) scores lowered
by 19%–45%. A defocused image pair is acquired by our customized compact optical system
consisting of only three lenses, including a varifocal lens. Image processing and image quality
evaluation are all performed using MATLAB.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, with the 4th industrial revolution, 3D imaging becomes a very important subject in
robotics and computer vision [1]. Traditional cameras can only obtain 2D intensity information,
which is 2D projection of a real 3D scene, so they are limited in recognizing the real world. To
fully recognize a 3D scene, not only the intensity of light but also its direction information, that
is, light fields are required. A light field is a function that represents the intensity and direction of
light. The light fields generally can be obtained directly using a lens array [2–4]. Through light
field data, depth-of-field (DOF) extension, digital refocusing, viewpoint image generation and
depth estimation are possible, providing an experience closer to real 3D recognition.

Light field acquisition methods are divided into direct acquisition and indirect acquisition
methods. The direct acquisition of a light field results in a very low spatial resolution because
direction information of light is directly obtained through a partially segmented image sensor by
a lens array in front of it [5]. Therefore, there have been many attempts to acquire light field
data indirectly from focal stacks obtained by a traditional camera [6–9]. Because the indirect
acquisition of a light field using a focal stack does not require a lens array, it does not cause
resolution degradation of the light field image, and the angular resolution can be determined
arbitrarily. Existing indirect light field acquisition is based on a high pass filter or a guided filter,
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which requires the capture of dozens of differently focused images to generate a light field [6,7].
Also, this method not only depends on the texture of the object, but also exhibits low image
quality [8,9]. Because focus changing is usually done mechanically, it takes a few seconds to
acquire whole focused images, when changes in camera/object position and illumination that
occur during image capture can cause serious errors in imaging process [10]. In addition, because
focal stack images are obtained by changing the lens-sensor distance, it is necessary to apply
FOV scaling to each image of the focal stack or to use a telecentric lens design, to make FOV the
same [9–11].

In this paper, we present a varifocal liquid lens-based simple light field acquisition method,
which uses one defocused image pair with chromatic aberration. In our previous work, we
proposed a compact and fast DFD system based on a varifocal liquid lens, which used chromatic
aberration [12]. The four focal stacks to be used for light field reconstruction can be easily
synthesized from one defocused image pair obtained with this chromatic DFD system. Because
only two images need to be quickly captured with a liquid lens, image-processing errors due to
changes in camera/object position and lighting that occur during image capture can be reduced.
In addition, because those defocused images are obtained by varying the focus of the liquid lens,
FOV is fixed, so there is no need to perform FOV scaling differently for each image of the focal
stack or to use a complex telecentric lens design. Also, we use a depth map instead of a high-pass
filter or guided filter for the filtered back-projection of the focal stack, so a light field can be
reconstructed in high quality with more robustness to the texture of the object.

The rest of this paper is organized as follows. Section 2 describes the principle of indirect
light field acquisition. Section 3 explains our simple method for the acquisition of a high-quality
light field based on the chromatic aberration of only one defocused image pair. This section
briefly describes our liquid lens-based DFD system using chromatic aberration [12] and describes
the process of synthesizing a stack of four focal slices from two defocused images captured
by the system. In this section, along with the depth map estimation method by the chromatic
DFD system, we also present a depth-based iterative method to reconstruct high-quality light
fields. Section 4 presents the performance evaluation of focal stack synthesis and the result of
our indirect light field acquisition method. Section 5 summarizes this work.

2. Theory of indirect light field acquisition

In this section, we describe the principle of indirect light field acquisition. The light field
reconstruction method exploited in this work is based on the method in [9], which achieves
relatively good performance even with a sparse focal stack because there is no requirement
regarding the number of focal stacks. Indirect light field acquisition requires a focus stack,
which is a series of images taken at various focus settings, all of which have different defocus
information. In general, changing the focus setting is done by changing the distance between the
lens and the image sensor. Therefore, it is necessary to apply FOV scaling for each image of
the focal stack or to use a telecentric lens design to make the FOV the same [9,11]. However,
because we use the varifocal function of a liquid lens to change the focus setting in this work,
a constant FOV is maintained even if the focus setting changes, so neither a FOV correction
process nor a telecentric system is required. Figure 1 shows the imaging model of a focal stack
using the varifocal function of a varifocal liquid lens.

Where 1/D is the distance between the image plane of the object point and the lens when the
synthetic diopter of the lenses is at D, and 1/kD is the distance between the image plane and the
lens when the synthetic diopter of the lenses increases by k times (=kD). ‘u,v’ and ‘x,y’ (or ‘

′x,
′y’) are the directional dimension and the spatial dimension, respectively. The image sensor is
located on the x,y plane. The light field denotes the light traveling along the ray that intersects
the lens plane and the image plane. When the diopter of the lenses is at D, the light field is L(u,
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Fig. 1. Imaging model of a focal stack using a varifocal liquid lens.

v, x, y); when the diopter of the lenses is at kD, the light field is Lk (u, v, x, y). The light field
relationship is expressed as

Lk(u, v, x, y) = L′
k(u, v,

x − u
k
+ u,

y − v
k
+ v) = L(u, v, x + (k − 1)u, y + (k − 1)v) (1)

where L′
k is light traveling between the u,v plane and the

′x,
′y plane. One recorded image Ik at

diopter kD is given by

Ik(xk, yk) =

∫∫ ∫∫
L(u, v, x, y)δ(u, v, x + (k − 1)u − xk, y + (k − 1)v − yk)dudvdxdy

= P[L(u, v, x, y)]
(2)

where δ is the Dirac delta function; xk, yk are pixel coordinates; and P is the projection operator,
which forms the focal stack Ik (xk, yk) with the light field L(u, v, x, y). As seen in Eq. (2), there is
no scale factor in x and y, so no prior FOV correction process is required. This is because the
FOV is the same for all focus stack images obtained with the varifocal function of the liquid lens.
By projection slice theory [7], Eq. (2) can be converted as follows

L(u, v, x, y) =
∫∫

Lk(u, v, xk,yk)dudv =
∫

Ik(xk, yk) ∗ F−1(|w1 | |w2 |)dk

= P∗[Ik(xk, yk)]

(3)

where F−1 is the inverse Fourier transform operator, w1 and w2 are spatial frequency parameters
in the x and y directions, and P∗ is the adjoint operator of P. As seen in Eq. (3), the light field can
be indirectly reconstructed by back-projecting the focal stack images after they are filtered by
a high-pass filter. In other words, light field information can be reconstructed with focal stack
images with known focus setting parameters and a high-pass filter.

3. Simple acquisition of high-quality light field based on one defocused image
pair

In general, reconstruction of a light field requires the capture of dozens of focal stack images.
A study on reconstructing a light field with a reduced sampling of focal stacks was conducted
[9]. However, the method introduced in that work still requires the capture of multiple images
and results in low-quality light field images. In this section, we present a simple method to
reconstruct a light field with high quality from only two defocused images. The proposed light
field reconstruction method uses the chromatic DFD system previously described in [12]. Using
this system, four focal stacks are synthesized by only two quickly captured defocused images,
making it possible to reduce image-processing errors that are caused by changes in camera/object
position and lighting that occur during image capturing. In addition, high-quality light field
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images can be reconstructed using the depth map obtained by chromatic DFD. This section first
explains how to create a focal stack using two defocused images with a brief description of the
chromatic DFD system, then it describes how to accurately reconstruct the light field using the
depth map with a brief description of the depth map estimation method.

3.1. Four focal stack generation with one defocused image pair

Chromatic aberration is an optical problem caused by a difference in the refractive index of a
material according to wavelength. An image with chromatic aberration contains different defocus
information for each R, G, and B channel. In our DFD system, the lenses are designed from glass
with an appropriate Abbe number so that a specific axial chromatic aberration exists to have the
three channels of R, G and B have different defocus distribution. Figure 2 shows the scheme of
the chromatic DFD system described in [12].

Fig. 2. Scheme of the chromatic DFD using axial chromatic aberration.

Here, Dmin/maxC is the synthetic diopter of the lens module for C channel, and the distance
to each focal plane is ZDmin/maxC

. The lens module is designed so that the depth ranges of the
neighboring channels are adjacent to each other (ZDmaxR = ZDminG , ZDmaxG = ZDminB ) as shown in
Fig. 2. A chromatic aberrated image contains three different defocus distributions, one for each of
the R, G and B channels. There is a total of four defocus distributions in the chromatic aberrated
image pair because the near-focused distance of the channel of a longer wavelength matches the
far-focused distance of the channel of a shorter wavelength. Four focal slices with chromatic
aberration corrected can be obtained by a simple operation using this chromatic aberrated image
pair. Figure 3 shows the focal-slice distribution (defocus information) for each channel of one
defocused image pair.

Fig. 3. Focal-slice distribution for each channel of two defocused image pairs. The solid
lines correspond to focal slices for the channels included in the defocused image pair, and
the dotted lines correspond focal slices for the channels not included in the defocused image
pair.

In the figure above, IC
(m)

is the image of the C channel of the mth slice of the focal stack. The
focal slices indicated by the solid lines correspond to the captured images, and the focal slices
indicated by the dotted lines correspond to the images of channels necessary to generate the
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complete focal stack without chromatic aberration. When the camera is in far-focused mode, a
captured image is composed of IR

(4), IG
(3), and IB

(2), and when the camera is in near-focused mode, it
is composed of IR

(3), IG
(2), and IB

(1). Therefore, to form a complete focal stack without chromatic
aberration, empty channel images IG

(4), IB
(4), IB

(3), IR
(2), IR

(1), and IG
(1) are required. Even though the

required images themselves are unknown, their defocus distributions can be known. The defocus
function can be considered as a low-pass filter [10,13]. Assuming that an image is defocused
evenly (same depth), IC

(m)
can be rewritten as

IC
(m)
= IC

sharp ∗ H(m)

F{IC
(m)

} = F{IC
sharp} · F{H(m)}

(4)

where IC
sharp is a sharp image of the C channel without any defocus, H(m) is the defocus function

relative to the mth focal plane, and F{·} is the Fourier transform operator. As seen in Eq. (4), a
defocus applied by convolution in the spatial domain is converted into a simple multiplication
in the frequency domain. The ratio of the nth to mth focal slices for channels C and D in the
frequency domain can be expressed, respectively, as follows:

F{IC
(n)}

F{IC
(m)

}
=

F{IC
sharp} · F{H(n)}

F{IC
sharp} · F{H(m)}

=
F{H(n)}

F{H(m)}
,

F{ID
(n)}

F{ID
(m)

}
=

F{ID
sharp} · F{H(n)}

F{ID
sharp} · F{H(m)}

=
F{H(n)}

F{H(m)}
.

(5)
Because the defocused image for each channel is decomposed into the product of the sharp

image of that channel and the defocus function, the sharp image elements of the denominator and
the numerator are removed. Therefore, the ratio for the same focal slice pair in the frequency
domain is the same regardless of the channel. Therefore, using this relationship, it is easy to
obtain uncaptured focal slice images. Let ID

(n) be an uncaptured channel image in Eq. (5); it can
be calculated as

F{ID
(n)} = F{ID

(m)
} ·

F{H(n) }

F{H(m) }
= F{ID

(m)
} ·

F{IC
(n) }

F{IC
(m)

}
,

ID
(m)
= ID

(n)∗
−1F−1[

F{IC
(n) }

F{IC
(m)

}
].

(6)

where ∗−1 is the deconvolution operator, and F−1[·] is the inverse Fourier transform operator.
Thus, uncaptured channel images IG

(4), IB
(4), IB

(3), IR
(2), IR

(1), and IG
(1) can be generated with captured

channel images IR
(4), IG

(3), IB
(2), IR

(3), IG
(2), and IB

(1). We derive the calculation formula for each channel
image to be generated based on Eq. (6) as follows:

IG
(1) = IG

(2)∗
−1F−1[

F{IB
(2) }

F{IB
(1) }

], IB
(1) = IB

(3)∗
−1F−1[

F{IB
(2) }

F{IB
(1) }

·
F{IG

(3) }

F{IB
(2) }

], IR
(2) = IR

(3)∗
−1F−1[

F{IG
(3) }

F{IG
(2) }

],

IB
(3) = IB

(2)∗
−1F−1[

F{IG
(2) }

F{IG
(3) }

], IB
(4) = IB

(2)∗
−1F−1[

F{IR
(3) }

F{IR
(4) }

·
F{IG

(2) }

F{IG
(3) }

], IG
(4) = IG

(3)∗
−1F−1[

F{IR
(3) }

F{IR
(4) }

].
(7)

Therefore, the uncaptured focal slice of each channel can be obtained by deconvolution of
the other conjugate image paired with it and the same focal slice pair of the adjacent channel.
Although there are only two images captured in the chromatic DFD system, four complete focal
stacks without chromatic aberration can be generated by using the defocus distribution contained
therein. Equation (7) assumes that the images are defocused evenly (same depth), but images
exhibit various defocus distributions depending on the depth of the captured object. Hence,
Eq. (7) must be calculated per patch of a certain size.
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3.2. Image quality enhancement using depth-based iterative light field reconstruction

As seen in Eq. (3), a light field can be reconstructed indirectly with a focal stack with known
focus setting parameters. Light field reconstruction is considered as solving an inverse problem
based on the forward model, so an iterative solution is used to solve Eq. (3):

Lq+1(u, v, x, y) = Lq(u, v, x, y) +
∫

P∗[Ik(xk, yk) − P{Lq(u, v, x, y)}]dk

= Lq(u, v, x, y) +
∫

[Ik(xk, yk) − P{Lq(u, v, x, y)}] ∗ F−1(|w1 | |w2 |)dk
(8)

where q is the step of iteration. In Eq. (8), the high-pass filter plays a role in filtering so that
only the sharp area is back-projected. That is, it serves to back-project only the focused pixels.
However, the high-pass filter is very sensitive to texture and vulnerable to noise. Therefore, a
guided filter, which is an edge-preserving smoothing filter, is used for light field reconstruction
[9,14]. However, the quality of the reconstructed light field image is low because the guided filter
depends on the texture and it cannot exclude out-of-focus areas. In this paper, we introduce a
depth-based filter to be used instead of a high-pass or guided filter. The distance information of
the depth map can be used to precisely back-project the pixels corresponding to the focal plane.
Equation (8) can be rewritten as follows when using a depth-based filter instead of a high-pass
filter F−1(|w1 | |w2 |):

Lq+1(u, v, x, y) = Lq(u, v, x, y) +
∫

[Ik(xk, yk) − P{Lq(u, v, x, y)}]Sk(xk, yk)dk. (9)

where Sk is a depth-based filter corresponding to the focal slice image at the diopter kD. The
convolution with the high-pass filter in Eq. (8) is changed to the product with the depth-based
filter in Eq. (9). The values of Sk (xk, yk) gradually reduce the weight from the focus area to
the output area based on the depth map. The depth information used for the depth-based filter
Sk is obtained by the aforementioned chromatic DFD [12]. The depth is measured by dividing
the total depth range into a small adjacent range of three R, G, and B channels as shown in
Fig. 2. This results in an accurate and dense depth map because of the high depth sensitivity and
wide permissible frequency range [12]. In addition, the depth estimation algorithm is based on
rational filters, which are a texture-invariant set of operators. Therefore, the depth obtained by
this algorithm is computed with high spatial resolution as well as high efficiency and accuracy
[10,15]. By controlling the pixels to be back-projected by weighting in/out focus areas according
to depth via chromatic DFD, higher quality light field images can be reconstructed in comparison
to simply using high-pass filters or guide filters without using a depth map.

Here, Sk (xk, yk) is obtained as a result of putting depth values into a weight function
corresponding to each focal slice. The weight function is defined so that the output value
decreases in proportion to the degree to which the pixels in the focal slice are defocused as the
depth moves away from the focal plane. Figure 4 shows plots of weight functions to the depth
value, where #1S to #4S are the weight functions from the first (nearest) focal slice to the fourth
(farthest) focal slice. Looking at each weight function, it can be seen that the function value is
the maximum value of 1 in the depth value of the corresponding focal plane, and the function
value decreases as the depth value differs from the corresponding focal plane.
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Fig. 4. Weight function of each focal slice.

4. Light field reconstruction experiment with chromatic DFD system

In this section, we describe how we implement our optical system and conduct an experiment
to verify the proposed method. We customize a compact optical system consisting of only two
solid lenses and one liquid lens. The two solid lenses are custom made by Sun Optical as we
designed in [12], and a liquid lens is bought from Corning Varioptic [16,17]. This liquid lens is
based on electrowetting which is a phenomenon that controls the surface tension of a liquid by
electricity and changes the curvature of the liquid interface. It is composed of two liquids of the
same density, so that deformation by gravity does not occur [16]. Although it differs according
to the amount and type of liquid, the response time of the electrowetting liquid lens is 10 ms,
and with overshoot, it can be as fast as 7.5 ms [17]. A lens housing is fabricated by using a 3D
printer (3DWOX 1, Sindoh). The CCD camera is an acA2500-14uc from Basler Ace with a pixel
size of 2.2 um, and it has a resolution of 2590×1942. The operating diopter range of the liquid
lens is [−1 m−1,−0.25 m−1] for far- and near-focused modes, respectively, and the limitation
on defocusing distance is approximately from 30 cm to 70 cm. This limitation on defocusing
distance is determined by the distance at which the R channel generates the minimum beam spot
in the far-focused mode and the distance at which the B channel generates the minimum beam
spot in the near-focused mode. In the case of an object outside this range, the defocus is so severe
that the texture information of the object disappears, making it impossible to measure the depth
of the object. Figure 5 shows the fabricated lens module and the whole camera system. Details
of the lens design and lens performance can be found in [12].

Fig. 5. Implementation of depth camera: (a) each lens element, (b) combined lens module,
(c) whole camera system.
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4.1. Focal stack generation verification

This section presents the evaluation of the performance of focal stack synthesis on flat patterned
objects. Focal stack synthesis is performed for four selected distances using a 2D flat object
because the defocus size depends on the distance between the object and the camera. A KIMTECH
wiper is used to be captured as the flat object with a random pattern. Image capturing for focal
stack synthesis is performed twice in the far-focused and near-focused modes, and six additional
images are captured by changing the diopter to obtain the ground truth for performance evaluation.
To evaluate the performance of focal stack synthesis, SSIM is employed because SSIM functions
in a manner very similar to that of the human visual system [18–20]. SSIM is a value expressing
the degree of similarity as a score from 0 to 1 by comparing the luminance, contrast, and structure
of the ground truth image with that of the input image. Focal stack synthesis and SSIM calculation
are carried out using the MATLAB program. Figure 6 shows a pair of captured defocused images
and focal stack images generated using them, and Table 1 shows the results and SSIM values of
focal stack synthesis by channels for objects at four selected distances.

Fig. 6. Focal stack synthesis results according to the distance of the captured object. The
center parts of the images are cropped for easy identification.

As shown in Fig. 6, the synthesized focal stack shows various defocus distributions well
according to the distance of the object. This is possible because the input near-focus image
and far-focus image contain four different defocus distributions. The SSIM value calculated for
quantitative evaluation represents a mean value of 0.96, as shown in Table 1, attaining almost
perfect correspondence with the ground truth. For the distance 650 mm, however, B channel of
focal slice #4 has very low value, 0.9107 as compared to other situations. This is because the
captured B channel image is severely defocused which result in loss of high spatial frequencies
beyond just their magnitude decrease, and focal stack synthesis of B channel at 650 mm becomes
an ill-posed problem. Nevertheless, most people are satisfied with the visual quality of the image
when the SSIM is greater than 0.9 [19,21]. From these results, it can be seen that the proposed
focal stack synthesis method using one defocused image pair by the chromatic DFD system is
validated.

4.2. Light field reconstruction results for 3D scenes

In this section, we present experiment results and discuss light field reconstruction by the proposed
method. The experiment is carried out using five 3D scenes with three objects placed, all of
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Table 1. SSIM value of focal stack synthesis for each channel for an object
captured at four selected distances.

Distance Channel Focal slice #1 Focal slice #2 Focal slice #3 Focal slice #4

350 mm
R 0.9431 0.9589 1 1

G 0.9815 1 1 0.9762

B 1 1 0.9829 0.9563

450 mm
R 0.9626 0.9859 1 1

G 0.9811 1 1 0.9822

B 1 1 0.984 0.9665

550 mm
R 0.9507 0.9810 1 1

G 0.9810 1 1 0.9721

B 1 1 0.9478 0.9326

650 mm
R 0.9431 0.9816 1 1

G 0.9819 1 1 0.9560

B 1 1 0.9426 0.9107

which are located between 30 cm and 70 cm away from the camera. A pair of defocused images
is captured by our chromatic DFD system, and a focal stack of four focal slices is generated
using the focal stack synthesis method described in section 3.1. The depth map is obtained based
on the chromatic DFD algorithm, as suggested in [12], and high-quality light field images are
reconstructed based on this depth map as described in section 3.2. The angular resolution of the
reconstructed light field is set to 5×5. To assess whether the quality of reconstructed light field is
improved by using a depth map-based filter, an existing method [9,14] without a depth-based filter
is referenced to be compared. In this experiment, because the ground truth of light field image
is unknown, the No Reference Image Quality Assessment (NR-IQA) is considered to analyze
the image quality. Among the NR-IQA models, the BRISQUE and PIQE scores are calculated.
BRISQUE is one of the best state-of-the-art models with very low computational complexity,
which computes a score based on the extraction of natural scene statistics and calculation of
feature vectors [22]. BRISQUE is opinion-aware, which means that subjective quality scores
accompany the training images. PIQE is opinion-unaware and unsupervised, which means it
does not necessitate a trained model for computation. PIQE estimates block-wise distortion and
measures the local variance of perceptibly distorted blocks to compute the quality score [23]. In
both models, a smaller score means less aberration or distortion, which indicates better perceptual
quality. Light field reconstruction processing and image-quality assessments are carried out
using the MATLAB program.

Figure 7 shows the focal stack synthesis results. After capturing five scenes with three objects
in the far-focus and near-focus modes, several deconvolutions are performed using Eq. (7). As
seen from the red boxes in Fig. 7, as the order of focus slices increases, the more distant the focus
and the sharper the texture of the background become. Each channel in the input defocused image
pair contains different defocus information due to chromatic aberration. However, in each image
of the generated focal stack, all channels have the same defocus distribution without chromatic
aberration.

Next, we reconstruct the light field images with 5×5 angular resolution using the focal stacks
shown in Fig. 7 and the depth-based filter. The depth-based filters are obtained by entering a
depth value in the input of the weight function as shown in Fig. 4, and its magnitude gradually
changes from 1 in the in-focus area to 0 in the out-focus area. Details of the depth map acquisition
process can be found in [12]. Figure 8 shows the light field images of the five scenes, which
are indirectly acquired using depth-based filters. For comparison, the light field reconstruction
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Fig. 7. Focal stack synthesis results of 3D scenes. Red boxes are the close-up views of a
specific part of the corner area for checking defocus.

results obtained by the existing method without using a depth map (using a guided filter [9]) are
also shown.

The results shown in Fig. 8(b) are the reconstructed light field using a depth map of Fig. 8(a),
and the results shown in Fig. 8(c) are the reconstructed light field without using a depth map
(using a guided filter). The red boxes are close-up views to show perspective shifts and sharpness.
In both methods, the farther the object, the greater the disparity. It can be easily confirmed
qualitatively from the close-up view of local details that the proposed method achieves better
result as seen in Fig. 8. The image in the red box in Fig. 8(b) is clear, whereas the image in the red
box in Fig. 8(c) is blurry. In the existing method without using a depth map, since all the pixels,
including out-focus (distorted) pixels, of each focal slice image contribute to the reconstruction
of the light fields, the quality of the light field images is adversely affected. In the proposed
method using a depth map, however, only pixels close to the focal plane are back-projected into
the light field through a depth-based filter. Only the in-focus (undistorted) areas of each focal
slice are back-projected to form high-quality light field images. To quantitatively evaluate the
performance of proposed light field reconstruction, BRISQUE and PIQE scores are calculated
for the reconstructed light field image. Figure 9 shows the BRISQUE and PIQE scores for the
reconstructed light field by proposed method using a depth map and by the existing method
without using a depth map.

As seen in Fig. 9, the BRISQUE score for the proposed method is 5 to 10 points lower
depending on the scene in comparison to the existing method. This indicates that the BRISQUE
score decreased by 17% to 38% with the proposed method in comparison to the existing method,
guaranteeing a better visual quality of reconstructed light field images [24,25]. Depending on the
scene, the PIQE score decreased by 19% to 45% with the proposed method in comparison to
the existing method, all below or near 20 points, indicating excellent image quality [23]. In the
case of the existing method without using depth map, even pixels with defocus aberration are all
back-projected and superimposed in the process of reconstructing light field images. Therefore,
defocus aberration is partially present in the reconstructed light field images. However, in the
proposed method using a depth map, the light field image is reconstructed by back-projecting only
the (undistorted) pixels near the focused areas corresponding to the focal plane of each focal slice
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Fig. 8. Reconstructed light field. (a) Depth map of each scene, (b) reconstructed light field
by proposed method using a depth map, (c) reconstructed light field by the existing method
in [9]. The red boxes show the close-up views. Each scene’s light fields reconstructed by
proposed method are displayed dynamically in Visualization 1, Visualization 2, Visualization
3, Visualization 4 and Visualization 5, Each scene’s light fields reconstructed by the existing
method without using depth map are displayed dynamically in Visualization 6, Visualization
7, Visualization 8, Visualization 9 and Visualization 10.
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Fig. 9. Comparison of BRISQUE and PIQE scores for light field images reconstructed by
the proposed method using a depth map and the existing method without using a depth map.

based on the depth map obtained by chromatic DFD. Even if the texture of the focal slice image
is not sufficient, only pixels in the focal region are back-projected using the distance information
of the depth map. Therefore, the reconstructed light field images can exhibit better image quality
without any defocus or distortion in comparison to the light field reconstructed by the existing
method without using a depth map. It is quantitatively validated through the BRISQUE and
PIQE scores that the quality of the light field reconstructed by the proposed method is better than
that produced by the existing method. Thus, a simple method of acquiring a high-quality light
field based on the chromatic aberration of only one defocused image pair is verified qualitatively
and quantitatively.

5. Conclusion

In this paper, we propose a simple method of acquiring a high-quality light field based on the
chromatic aberration of only one defocused image pair. Our chromatic DFD system exploits a
varifocal liquid lens to capture one defocused image pair which have specific chromatic aberration.
Thanks to the varifocal liquid lens, it is not necessary to apply FOV scaling to each image
in the focal stack or to use a telecentric lens design to make the FOV the same. The focal
stack is synthesized from only one defocused image pair used to estimate the depth map with
the chromatic DFD. Most of the SSIM values of the generated focal stack are 0.96 or higher,
indicating high correspondence with the ground truth. The filters used for high-quality light field
reconstruction are generated based on the accurate and dense depth map provided by chromatic
DFD. Compared to the existing light field indirect acquisition without using a depth map, which
requires numerous images, the proposed method requires only one pair of defocused images
and can clearly reconstruct light field images with BRISQUE scores lowered by 17% to 38%
and with PIQE score lowered by 19% to 45%. The chromatic DFD system can carry out image
capturing and depth extraction in real-time thanks to the fast response time of the liquid lens
[12,26], but the light field reconstruction process to solve the inverse problem is computationally
complex and therefore time consuming. Ultimately, further research will be needed to reduce the
processing time to reconstruct a light field.
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