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Abstract: Depth from defocus (DFD) obtains depth information using two defocused images,
making it possible to obtain a depth map with high resolution equal to that of the RGB image.
However, it is difficult to change the focus mechanically in real-time applications, and the depth
range is narrow because it is inversely proportional to the depth accuracy. This paper presents
a compact DFD system based on a liquid lens that uses chromatic aberration for real-time
application and depth accuracy improvement. The electrical focus changing of a liquid lens
greatly shortens the image-capturing time, making it suitable for real-time applications as well as
helping with compact lens design. Depth accuracy can be improved by dividing the depth range
into three channels using chromatic aberration. This work demonstrated the improvement of
depth accuracy through theory and simulation and verified it through DFD system design and
depth measurement experiments of real 3D objects. Our depth measurement system showed a
root mean square error (RMSE) of 0.7 mm to 4.98 mm compared to 2.275 mm to 12.3 mm in the
conventional method, for the depth measurement range of 30 cm to 70 cm. Only three lenses are
required in the total optical system. The response time of changing focus by the liquid lens is 10
ms, so two defocused images for DFD can be acquired within a single frame period of real-time
operations. Lens design and image processing were conducted using Zemax and MATLAB,
respectively.

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

1. Introduction

Recently, as cognitive research on AI and robots has progressed along with the 4th industrial
revolution, the demand for RGB-D cameras that provide both RGB images and depth information
has been increasing. Real-world recognition, i.e. 3D object detection, has become a very
important problem in many robotics and computer vision applications [1]. Any object has
both semantic and geometric features, which play a critical role in real-world recognition [2].
Semantic features correspond to RGB images rich in texture, edge, and intensity information, and
geometric features correspond to depth maps containing distance information from the camera.
These RGB images and depth maps provide complementary information, so RGB-D cameras are
essential for 3D object detection.

RGB-D cameras generally consist of a color camera and a depth sensor [3]. Active depth
sensors, such as time-of-flight (TOF) [4] and structured-light (SL) sensors [5], use their own light
source and are able to quickly provide depth information. However, the depth-map resolution is
significantly lower than that of the RGB image [6]. In addition, they are bulky, heavy, expensive,
and sensitive to external light [7,8]. In addition, they are separated from the RGB sensor;
therefore, the obtained depth map has an optical axis different from that of the RGB image [9].
Hence, it is important to consider the difference between the optical axes of the RGB image
and the depth map for matching each other. On the one hand, there are the stereo method,
the use of depth from focus (DFF), and depth from defocus (DFD) as passive sensors. The
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stereo method obtains a depth map by calculating the disparity between two images [10]. The
correspondence matching not only is computationally expensive, but the system is bulky, and
the depth of the occlusion area cannot be obtained. DFF uses dozens of differently focused
images to find the best focus and then calculates the depth by the lens equation [11]. Because
focus changing is usually done mechanically, it takes a few seconds to acquire whole focused
images, which is unsuitable for real-time applications. In addition, changes in camera/object
position and illumination that occur during image capture can cause serious depth errors [12].
DFD requires only one or two defocused images [12–14]. Single-image DFD is a texture variant,
which has the disadvantages of the dead zone and depth ambiguity problem [15]. Two-image
DFD calculates the depth by the difference in defocus between two defocused images [16,17].
Thus, it is free from the dead zone and depth ambiguity problems. Among DFD methods,
rational filter-based DFD uses a far-focused image and a near-focused image [12,18]. The depth
obtained by this method is texture-invariant, computed with high spatial resolution as well as high
efficiency and accuracy. However, because this method also generally acquires defocused images
by mechanically changing the focus setting (>100 ms), it is not suitable for real-time applications.
A solution of simultaneously acquiring a pair of defocused images using a beam splitter was
suggested, but this makes the system bulky [19]. In addition, a telecentric system is essential to
minimize the magnification change between two defocused images, making the system bulky and
complex [20]. Moreover, the depth range of DFD is smaller than that of DFF because the depth
sensitivity and texture frequency range permissible for depth extraction decrease as the depth
range increases, which adversely affects the depth accuracy.

In this paper, we propose a depth measurement system that applies two solutions to solve the
problems mentioned. First, our proposed system exploits a liquid lens to obtain two defocused
images. Due to its compact structure, low-cost, and non-mechanical/fast operation, numerous
researches on a liquid lens have been conducted [21–23]. We use a commercialized electrowetting
liquid lens. The response time of changing focus by the liquid lens is as fast as 10 ms [24],
allowing real-time applications. In addition, although the focus of the liquid lens changes, a
constant magnification is maintained, so a telecentric system is not required, and the system
can be simplified. Second, we use chromatic aberration to increase the depth accuracy. There
have been studies on applying chromatic aberration to single-image DFD, but those studies just
focused on solving the two fundamental drawbacks of single-image DFD, namely, the dead
zone and ambiguity problems [15,25]. Using chromatic aberration for two-image-based DFD
increases the depth sensitivity and permissible frequency range; thus, accuracy can be increased.
This work demonstrated the improvement of depth accuracy through theory and simulation and
verified it through depth-measurement experiments of real 3D objects.

2. Theory of the rational filter-based depth from defocus

In this section, we describe the principle of the rational filter-based DFD exploited in this work
[18,26]. The DFD optical model considered in this work is shown in Fig. 1, where defocused
image pairs are obtained through the focus changing of an electrowetting liquid lens.

In Fig. 1, u is the distance between the object point and the lens, v0 is the distance between
the lens and the image sensor, and a is the radius of the lens aperture. Also, v1,2 is the distance
between the image plane of the object point and the lens when the synthetic diopter of the lenses
is at Dmax,min, and R1,2 is the size of the resulting defocus radius. If the synthetic diopter of the
lens causing the object point to focus is D and ∇D is defined as (Dmax − Dmin)/2, the following
relationship is established:

Dmax =
1
u +

1
v1

, Dmin =
1
u +

1
v2

, D = 1
u +

1
v0

,

D = Dmax − (1 − α)∇D = Dmin + (1 + α)∇D.
(1)
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Fig. 1. Image formation of DFD optic model considered in this research

where α is a normalized depth value. If α for each pixel is known, D can be also obtained,
and the depth u can be obtained through a lens equation. To obtain α, a normalized ratio M/P
is introduced, which is the ratio of the amplitude difference and the amplitude sum for each
frequency component of two defocused images. In general, many studies have used the pill-box
model or Gaussian model as the defocus function [27,28]. In this work, however, a geometrical
point spread function (PSF) was used to consider spherical aberration. If the defocus model is
adopted as a geometrical PSF, M/P can be expressed as

M(fr,α)
P(fr,α)

=

∫ 1
0 J0(

2πfrv0 |4A1ρ
3−(α−1)∇Da2ρ |

a(1−(α−1)∇Dv0)
)ρdρ −

∫ 1
0 J0(

2πfrv0 |4A2ρ
3−(α+1)∇Da2ρ |

a(1−(α+1)∇Dv0)
)ρdρ∫ 1

0 J0(
2πfrv0 |4A1ρ3−(α−1)∇Da2ρ |

a(1−(α−1)∇Dv0)
)ρdρ +

∫ 1
0 J0(

2πfrv0 |4A2ρ3−(α+1)∇Da2ρ |
a(1−(α+1)∇Dv0)

)ρdρ
. (2)

where J0 is the Bessel function of the first kind of zero order, ρ is the normalized coordinates of
the lens aperture radius, fr is the radial frequency, and A1,2 is the spherical aberration coefficient.
The M/P curve becomes monotonic for α in the range from s−1 to s+1 when fr is less than frmax.
Here, s is not zero because the axial position at which the defocus is minimized shifts due to
spherical aberration. Equation (2) can be modeled with a polynomial model in closed form.
Modelling only need to be done for α in the range from s−1 to s+1 by a rational expression of two
linear combinations of basis functions. We modeled M/P using six basis functions because the
geometrical PSF-based M/P is not only zero-crossing shifted by s; it is also not point symmetric.
After modelling is done, the coefficient functions become rational operators by going through
the inverse Fourier transform, and α can be obtained by several convolution operations and the
Newton-Rapshon method.

3. Accuracy improvement using chromatic aberration

In this section, we describe the principle of improving depth accuracy using chromatic aberration.
Chromatic aberration is an aberration caused by a difference in the refractive index of a material
according to wavelength. We analyzed the effect of chromatic aberration in terms of depth
sensitivity and permissible frequency range, and we verified the effect through the simulation of
various virtual objects.

3.1. Increased depth sensitivity

In rational filter-based DFD, the normalized depth α is calculated first and the actual distance,
that is, depth u, is calculated using the lens equation. Thus, using Eq. (1), the depth sensitivity
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can be expressed as |︁|︁|︁|︁∂α∂u |︁|︁|︁|︁ = 1
u2∇D

. (3)

The depth sensitivity is inversely proportional to the product of ∇D and the square of depth u.
If the depth sensitivity is small, even very small errors in α lead to large depth errors. We use
chromatic aberration to reduce ∇D and consequently increase the depth sensitivity. Figure 2
shows the scheme of the proposed DFD using chromatic aberration.

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

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

. If there is no chromatic aberration, the images of each
channel have all the same PSF information. Therefore, the color and saturation information are
removed, and only the intensity information is extracted [29] or photographed with a monochrome
camera to calculate depth. However, we design the lenses so that the depth ranges of each
neighboring channel are adjacent to each other (LDmaxR = LDminG , LDmaxG = LDminB ) as shown in
Fig. 2. The depth is measured by dividing the total depth range into a small range of three R, G,
and B channels. Thus, ∇DC = (DmaxC − DminC) /2 is three times smaller than ∇D, and the depth
sensitivity is increased by three times.

3.2. Expanded permissible frequency range

The rational filter-based DFD is based on the frequency domain, whose accuracy is dependent on
the texture of an object. The range of fr, where M/P is a monotonic function, is 0 to frmax, which
is the same as the width of the main lobe of the optical transfer function (OTF) when the object
is defocused to the maximum as follows [12,26]:

frmax =
1.22

2av0 · 2∇D
. (4)

Here, frmax refers to the range of texture frequency components of an object to be used for depth
extraction. When an object is defocused to the maximum, textures with a frequency component
higher than frmax are removed and thus cannot be used for depth extraction. If frmax is large,
because there is a lot of texture frequency information to be used for depth extraction, depth
accuracy can be improved. As the radius of the lens aperture a decreases, frmax increases, but
the f number also increases, resulting in large noise due to diffraction [30]. There is also a way
to reduce vo, but there is a limitation as it inevitably increases the diopter of the lens, which
increases the aberration and makes the operation of the liquid lens very sensitive. In the previous
section, we describe the use of chromatic aberration to increase the depth sensitivity. Similarly,
frmax can be increased by reducing ∇D using chromatic aberration. As seen in Eq. (4), as ∇D
decreases by three times to ∇DC, the maximum defocus decreases, so the main lobe width of
OTF increases, and frmax also increases three times to frmaxC.
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3.3. Verification through simulation

The proposed DFD uses a method of reducing ∇D to ∇DC while maintaining parameters such
as lens diameter and sensor distance by using chromatic aberration. In this process, the depth
sensitivity and permissible frequency range increase together, so higher accuracy can be expected.
We simulated the effectiveness of the proposed method by measuring the depth of a virtual flat
pattern object at a distance of 600 mm. Image processing was carried out using the MATLAB
program. First, the sum and difference of the far and near focused images are obtained, and
prefilter is applied respectively, leaving only the frequency components useful for depth extraction.
Then, after convoluting the sum and difference of the two images with the rational filters described
in Section 2, the normalized depth α can be calculated using the Newton-Raphson method.
Finally, the depth value can be calculated by Eq. (1). The simulation was conducted in two
ways. The first is depth measurement using virtual image pairs with specific defocus applied
by MATLAB, and the second is depth measurement using virtual image pairs rendered by
ZEMAX (the optical system will be described in section 4.2). In the former case, there are no
other aberrations except defocus, but in the latter case, all aberrations including defocus exist.
Figure 3 shows the simulation results for the accuracy improvement when depth sensitivity and
permissible frequency range were increased. The results of improved accuracy for either only
depth sensitivity or expanded permissible frequency range are also shown together. In these
cases, the size of the lens aperture was changed to keep another parameter as it was. The power
spectral densities (PSD) of several images are also shown.

In the conventional DFD, an RMSE value of several millimeters was calculated due to the
small depth sensitivity and narrow permissible frequency range. On the other hand, in the
proposed DFD, it can be seen that a depth having a low RMSE value of less than 1 mm was
measured owing to both high depth sensitivity and expanded permissible frequency range. Due
to the high depth sensitivity, a small error in α did not lead to a large depth error. In addition,
because frmax increased and the texture frequency information available for depth extraction
increased, accurate depth measurement was possible. Of course, even if only one of the depth
sensitivity and the permissible frequency range was increased, the depth accuracy was improved
in comparison to the conventional DFD. However, in the case of ‘wall’ images, there was no
significant improvement in accuracy by expanding the permissible frequency range because the
texture frequency components were rich even in a narrow frequency range as in black box of
Fig. 3(g). On the contrary, for the ‘tree ring’ image, just expanding the frequency range greatly
improved the depth accuracy. As in the black box in Fig. 3(h), it was difficult to accurately
measure depth with conventional DFD because the image had a sparse frequency distribution in a
narrow frequency range. However, as the permissible frequency range was expanded as shown in
the red box in Fig. 3(h), the texture frequency components available for depth extraction increased,
and the depth error was greatly reduced. Figure 3(i) is the depth result using image pairs rendered
by Zemax. In this case, there are some other aberrations including defocus. Therefore, although
the RMSE values were slightly higher than that of corresponding simulation results using the
images defocused by MATLAB, it can be confirmed that the accuracy was improved with the
proposed method. From these simulation results, it can be seen that the proposed DFD increasing
the depth sensitivity and permissible frequency range using chromatic aberration is reasonable
for improving depth accuracy.

To get the final depth map, it is necessary to combine the measured accurate depth maps for
three channels into one depth map. The depth of the G channel can be divided into three areas
according to the measured depth value. If the depth of a specific area of the G channel is within
the corresponding depth range of the G channel, it is regarded as the accurate depth. If it is higher
or lower than the corresponding depth range, it is replaced with depth of the R or B channel,
respectively. To validate this method, simulations were conducted to measure the depth of a
virtual staircase with the sine pattern of a single frequency. A total of 35 steps spanned the whole
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Fig. 3. Simulation result of the depth error due to sensitivity and frequency range. The flat
objects used in the simulation were (a) grass, (b) wall, (c) textile, (d) floor, and (e) tree ring.
(f) Simulation result, (g) PSD of wall image, and (h) PSD of tree ring image. The red box
represents the expanded texture frequency range of the proposed DFD, and the black box
represents the narrow frequency range of the conventional DFD. (i) Simulation result using
images rendered by Zemax.
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depth range from LDmaxG to LDminR , and the frequency of the sine pattern was set to various values
within the permissible frequency range. Figure 4(a) presents the simulation process, and Fig. 4(b)
shows the results of depth measurements for the G channel over the entire depth range.

Fig. 4. G-channel depth measurement simulation: (a) schematic diagram of the simulation
process, (b) depth measurement results.

As shown in Fig. 4(b), when the depth of the entire depth range was measured with only the G
channel, the depth was accurately extracted only in the depth range of the G channel (green box),
but the depth values of other ranges were inaccurate. Depth values outside the corresponding
depth range were not accurate, but appeared monotonic. This is because even though M/P was
modeled only within the corresponding range, the modeled M/P followed actual M/P somewhat
similarly even outside the corresponding range.

4. Fast image capturing for real-time operation using an electrowetting liquid
lens

4.1. Electrical focus variation in an electrowetting liquid lens

We use an electrowetting liquid lens for focus changing in our proposed DFD system. Electrowet-
ting is a phenomenon that controls the surface tension of a conducting liquid by electricity and
changes the contact angle θ of the droplets on the surface of the solid substrate. In this way, the
focus can be changed by controlling the curvature of the liquid interface with the magnitude
of the voltage as shown in Fig. 5. Because no mechanical movement is involved in the focus
variable, it is easy to miniaturize and, above all, fast operation is possible. 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 [24].

Fig. 5. Operation of an electrowetting liquid lens: (a) concave lens, (b) convex lens with
low diopter, (c) convex lens with high diopter. (0<V1 < V2, θ2 < θ1 < θ0)
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As the aperture of the liquid lens increases, the shape of the lens can be distorted due to the
effect of gravity, and the optical aberrations increase. However, the gravitational deformation of
the liquid lens can be avoided if the density of the two types of liquids constituting the liquid lens
are the same [31]. In this paper, we used Corning Varioptic’s liquid lens, which is composed
of two liquids of the same density, so that deformation by gravity does not occur [32]. The
aperture of the liquid lens can be set relatively freely as long as it is possible to avoid gravitational
deformation through density matching. As the aperture of the liquid lens increases, the brightness
increases, but the defocus increases as well, so that the permissible frequency range used for
depth extraction decreases, so the accuracy decreases. Also, the response time of the liquid lens
increases [33]. So, depending on the application, a liquid lens of the appropriate size is needed.
A 2.5mm aperture liquid lens was used in this paper, but larger or smaller lenses could be used.

We present a fast and compact DFD system using this electrowetting liquid lens. The traditional
method of changing the focus setting by adjusting the distance between the lens and the sensor
has a slow operation speed (>100 ms) [34], so a beam splitter is required for real-time application
[19]. Also, in such a method, a telecentric system is required for a fixed magnification between
defocused images, which makes the system complex and bulky [20]. However, all of the above
problems can be solved with a liquid lens. Figure 6 shows the operation of an electrowetting
liquid lens to acquire defocused images in DFD.

Fig. 6. Operation of an electrowetting liquid lens in DFD: (a) far-focused mode at V=V1
and (b) near-focused mode V=V2. V1 is smaller than V2.

To obtain two defocused images, the curvature of the liquid lens is controlled by voltage. When
the voltage is low, a far-focused image is captured, and when the voltage is high, a near-focused
image is obtained. The fast focus variation of the liquid lens makes it suitable for real-time
applications [35]. Moreover, because the distance v0 between the liquid lens and the sensor does
not change while the two defocused images are being acquired, the magnification of each object
is kept constant. There is no need for a telecentric system to maintain a constant magnification
between the two defocused images. Thus, the optical system can be made compact, and off-axis
aberration is also easier to suppress.

4.2. Lens design and performance

In this section, we describe the process of the lens design for our proposed chromatic DFD. We
needed to select a glass with an appropriate Abbe number so that the depth ranges of neighboring
channel would be adjacent to each other. To select the glass type of a lens, the structure of both
lenses and the synthetic diopter had to be predetermined. Of course, we also use an electrowetting
liquid lens to change the focus. However, the liquid lens was designed so that its diopter would
change around 0 m−1 for convenience, so we only considered the design of the solid lenses first.
We adopted a periscopic lens design, which consists of two convex meniscus lenses [36]. This
design is compact, and its symmetric structure suppresses off-axis aberrations. In addition, there
is an air space between the two symmetrical lenses, in which we can insert a liquid lens. Figure 7
shows the structure of the periscopic lens design with an image sensor.
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Fig. 7. Periscopic lens design used in this paper

Here ∅C is the synthetic diopter of the two lenses for channel C, ∅′C is the diopter of each solid
lens for channel C, t is the gap between the two lenses, Vd is the Abbe number of the lens, and v0
is the distance from the principal plane to the image sensor. We designed the solid lenses for
far-focused mode. Therefore, ∅C is same as DminC. Then ∇D, ∅C, and d∅ are given by

∇D = 1
2 · ( 1

LD maxR
− 1

LD minB
), ∇DC =

1
3 · ∇D,

ϕR =
1

LD minR
+ 1

v0
, ϕG = ϕR + 2 · ∇DC, ϕB = ϕR + 4 · ∇DC.

(5)

We set the entire depth range from 30 cm to 60 cm, and v0 is 18.85 mm. The resulting ∅G is
55.27 m−1 and d∅ is 1.11 m−1. Because ∅G is the synthetic diopter of the two identical lenses for
the G channel, it is given as

ϕG = 2 · ϕ′G − t · ϕ′G
2. (6)

Taking the derivative of Eq. (7) and substituting d∅’ with ∅′G/Vd, Vd becomes

Vd =
2 · ϕ′G(1 − t · ϕ′G)

dϕ
. (7)

To insert the liquid lens in the air space, we set the distance t as 6 mm. The resulting ∅′G
was calculated as 30.41m−1. As a result, the Abbe number suitable for the target depth range
was calculated as 44.7953. Thus, we selected the glass type of E-LASF09 with nd=1.816 and
Vd =46.62. We performed pre-design with the parameters obtained in the calculation process
so far, and optimized the pre-designed lenses using the Zemax program. First, symmetrical
biconvex lenses with suitable thickness are arranged at 6mm intervals, and then the curvatures
are optimized for on-axis aberrations. Next, while increasing the field angle, the lens curvature
and gap are adjusted to reduce off-axis aberrations. Finally, the symmetry of the lenses is slightly
broken to improve the performance a bit. Then, the electrowetting liquid lens is inserted into the
gap. Figure 8 shows the final layout of the designed optical system.

Fig. 8. Layout of the optical system.
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The electrowetting liquid lens is A-25H0 from Corning Varioptic. The aperture sizes of
the liquid lens and solid lens are 2.5 mm and 8 mm. Figure 9 and Table 1 show the optical
performance and aberrations of the optical system.

Fig. 9. Performance of the system

Table 1. Zernike Fringe coefficient at maximum field angle (unit: wavelength)

Term

Channel
Piston
(Z1)

X tilt
(Z2)

Y tilt
(Z3)

Defocus
(Z4)

X
Astigmatism

(Z5)

Y
Astigmatism

(Z6)
X Coma

(Z7)
Y Coma

(Z8)
Spherical

(Z9)

R 0.4530 0.0050 0.0037 0.5066 0.0074 0.0251 0.0020 0.0022 0.0537

G 0.5305 0.0071 0.0053 0.5931 0.0089 0.0304 0.0030 0.0022 0.0628

B 0.6100 0.0100 0.0074 0.6826 0.0106 0.0362 0.0043 0.0032 0.0722

As shown Fig. 9(a), the image planes of the three channels are all separated at almost equal
intervals, and focal shifts can be seen in detail in Fig. 9(b). The maximum focal shift is 372 um,
which is very close to the calculated value of 364 um (df = d∅/∅G

2). Distortion is less than 0.01%
and the maximum value of lateral color is 1.35 um, which is within 1 pixel. Because the two
solid lenses are designed symmetrically, most off-axis aberrations are strongly suppressed, but
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spherical aberration and field curvature exist to some extent as shown Table 1. In our proposed
system, however, M/P is modeled with geometrical PSF considering spherical aberration. Also,
the depth error due to the field curvature can be corrected by the post-processing algorithm
presented in [37,38]. Therefore, the depth can be accurately extracted without any problem.

5. Depth-measurement experiment

5.1. Experiment setting

Using the optimized lens data, two solid lenses were custom made from Sun Optical, and a
liquid lens was purchased from Corning Varioptic. A lens housing was manufactured with a 3D
printer (3DWOX 1, Sindoh). The CCD camera used in the experiment was an acA2500-14uc
from Basler ace with a pixel size of 2.2 um, and it had a resolution of 2590×1942. Figure 10
shows the fabricated lens module and the whole camera system.

Fig. 10. Implementation of depth camera: (a) each lens element, (b) combined lens module,
(c) whole camera system.

In this system, only two states of diopter variation are required for depth measurement. We
originally designed the liquid lens to operate in a far-focused mode when the liquid lens is at 0
m−1. However, because the position of the minimum spot size was pulled toward the camera as a
result of spherical aberration, the operating diopter of the liquid lens was slightly decreased to
set the whole depth range to approximately 30 cm to 70 cm. As a result, the operating diopter
range of the liquid lens is [−1 m−1,−0.25 m−1], and the measurable depth range is approximately
from 30 cm to 70cm. This detectable range 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.

5.2. Depth measurement result

This section presents depth measurement results obtained with real objects. We first evaluated
the depth accuracy of the system. Depth accuracy is defined as the RMSE value between the
ground truth and the measured depth value [39]. In order to analyze the depth error of the real
3D object’s depth, we need to know the ground truth of the 3D object to be measured. However,
since the ground truth of the real 3D object is unknown, the depth error for the 3D object cannot
be analyzed [40]. In many studies, not 3D objects, but planar objects with known ground truth
are used to analyze depth errors [15,18,40]. In this paper, we analyzed depth error by measuring
the depth of a flat pattern object from 30 cm to 65 cm at 5 cm intervals. An experiment was
also conducted on conventional DFD without chromatic aberration (only one channel used for
the whole depth range). A cork sheet, office partition wall and KIMTECH wiper were used as
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flat objects with random patterns. Figure 11 shows the pattern of the cork sheet, office partition,
KIMTECH wiper, and RMSE of the depth measurement result.

Fig. 11. Flat objects and depth measurement results using them. Patterns of (a) cork sheet,
(b) office partition. (c) KIMTECH wiper. (d) RMSE of the depth measurement results of
the flat patterned objects.

As seen in Fig. 11, the proposed DFD showed a lower RMSE value than the conventional DFD
for the whole depth range. The depth measurement results of the conventional DFD showed
RMSE values of 2.275 mm to 12.3 mm, which is an error range of 0.75% to 2.73% in relation to
the measured distance. However, the RMSE of the proposed DFD was a minimum of 0.7 mm
and a maximum of 4.98 mm, corresponding to errors of 0.23% and 0.76% for the minimum
and maximum depths, respectively. The results confirm that the proposed DFD provides higher
accuracy than the conventional DFD for the whole depth range even for real objects. With both
methods, it can be seen that RMSE increases as the depth increases because sensitivity decreases
with distance. However, in the case of the conventional DFD, the RMSE does not increase
monotonically. Even with the same object, the distribution of the frequency components of the
captured image varies depending on the distance from the camera. The reason why the RMSE of
the depth measurement of 450mm distance by the conventional DFD was not good is due to some
local depth errors, that is, artifacts. Even though the texture is rich to the naked eye, there may
be some low texture regions locally, and it can be said that the depth errors generated in these
regions are amplified more due to the low depth sensitivity. Since an object is magnified more at
short distances than at large distances, there will be more low-texture areas resulting in depth
errors. Conversely, as the distance increases, the object is captured smaller, so the low-texture
area is relatively reduced, reducing the depth error. Therefore, the reason why the conventional
RMSE attains a value close to the proposed RMSE at a large distance in Fig. 11(d) is that the
frequency components available for depth measurement have become abundant as the captured
objects become smaller at large measurement distance.

This system measures the depth based on the function of defocus ratio of two images (far
and near focused images), called normalized ratio M/P, according to the distance. In addition
to the depth sensitivity and the permissible frequency range described in this paper, how well
the normalized ratio M/P, which is a continuous function, is modeled and how well the image
sensor represents the defocused intensity are factors that determine the resolving power of depth
measurement. In this system, the smallest interval increases from 0.7 mm at the nearest distance
to 4.98 mm at the farthest distance. The phenomenon that the smallest interval increases with
distance is a characteristic of the passive depth measurement method. However, the smallest
interval can be further reduced by improving the accuracy of the normalized ratio modelling and
the sensitivity of the image sensor.
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Next, we measured the depth of various real 3D objects. There was an office partition as the
background, and one object was placed in each small depth range of three channels, so the depth
maps of the three channels were obtained in parallel. Figure 12 shows the synthesis process of
the three channel depth maps targeting 3D objects and the result.

Fig. 12. Depth map synthesis process of the depth maps of three channels and the result.

To make it easier to check, the color of the small-depth area is warm and the color of the
large-depth area is cold, and the color scale ranges from 30 cm to 70 cm. As seen in Fig. 12,
the depth map obtained by the proposed DFD is smoother than the depth map obtained by the
conventional DFD, and the shapes of the objects are also clearer. This can be said to be a
result of increased sensitivity and expanded permissible frequency range. Additional results of
depth measurements from real 3D objects are shown in Fig. 13. It is also possible to check the
comparison with the depth measurement result of the conventional DFD.

Fig. 13. Depth measurements from real 3D objects: (a) far-focused image, (b) near-focused
image; depths of (c) R channel, (d) G channel, (e) B channel; depth maps from (f) proposed
DFD and (g) conventional DFD.

In the depth map obtained by the conventional DFD, the shape of the farthest object is not
clear, and severe noise is generated. On the other hand, the depth map obtained by the proposed
DFD is smooth and clear over the entire depth area. The bottom row shows that the proposed
DFD can provide detailed depth information of objects. Figure 14 shows zoomed versions of
partial areas of the depth map in the bottom row of Fig. 13. In Fig. 14(c), the scale of the color
was also changed for clarity.

As shown in Fig. 14(c) and (d), the depths of the cat doll’s paws, ears (orange box), and face
(red box) appear in detail. Also, it can be seen that the depth ranges of each channel are naturally
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Fig. 14. Depth map of bottom row in Fig. 13: (a) captured image, (b) depth map, (c), (d)
zoomed depth maps of specific areas.

synthesized without any artifacts. This is because the use of the electrowetting liquid lens with
focus changing makes the optical system a symmetrical structure, and lateral color aberration is
suppressed. In addition, real-time depth measurement is possible due to the fast focal switching
of the liquid lens. Figure 15 shows the operating sequence of the lens, image sensor, and depth
map generation.

Fig. 15. Schematic diagram of operating sequence: (a) diopter variation of the lens, (b)
capturing of defocused image, and (c) generation of depth map.

For real-time applications, the output depth map must be generated at a frame rate of 30 fps or
higher. Therefore, two defocused images must be acquired within a single frame period of 33 ms,
so the required focus variation time is less than 16 ms. The liquid lens used in this system is
A-25H0 from Corning Varioptic, which meets the requirement because the focus variation time
(tr) is 10 ms. The image-processing time (td) of this DFD is only 14 ms if parallel processing is
performed by a field-programmable gate array (FPGA) with a high data rate (80 ns) as presented
in [41]. Therefore, real-time depth measurement is possible with our proposed DFD system
using a sensor that supports a sufficiently high frame rate (ti<33 ms).

6. Conclusion

In this paper, we presented a depth measurement system based on an electrowetting lens, which
uses chromatic aberration to improve depth accuracy. The DFD algorithm used is rational
filter-based DFD, which requires two defocused images. Geometric PSF considering spherical
aberration was applied to modeling the defocus function. Chromatic aberration was used to
improve depth accuracy. By dividing the depth range into three channels, the depth sensitivity and
permissible frequency range were improved by three times. Our simulation results demonstrated
that the depth accuracy improves with increased permissible frequency range and depth sensitivity.
The depth maps of three channels were generated in parallel, and the accurate depth areas of these
channels were combined to create a high-accuracy depth map. Our depth measurement system
showed a RMSE of 0.7 mm to 4.98 mm compared to the conventional 2.275 mm to 12.3 mm for
the depth measurement range of 30 cm to 70 cm. Experimental results showed that the proposed
DFD using chromatic aberration generates a smooth and detailed depth map with higher accuracy
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than the conventional DFD. In addition, the electrical focus change of the liquid lens enables
the acquisition of defocused image pairs within 33 ms, making the DFD system applicable to
real-time operation and simplifying the optical system configuration. Since the proposed method
focused on the depth accuracy improvement using on-axis chromatic aberration, and a compact
system with fast capturing using a liquid lens, the optical system was built only for reducing
off-axis aberrations that cannot be post-processed (coma, astigmatism, distortion). Ultimately,
however, further studies will be needed on reducing field curvature aberration using the Petzval’s
scheme.
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