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Abstract: Integral imaging (Inlm) has been widely investigated for three-
dimensional (3-D) display applications. Aliasing due to the lenslet arrays is
one of the limitations of Inlm displays. In this paper, we propose a dynamic
Inlm display using electrically movable liquid crystal (LC) lens array to
implement the moving array lenslet technique (MALT) and to eliminate the
multifacet phenomenon in the 3-D images. The improvement of the viewing
quality of dynamic InIm display is experimentally verified.
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1. Introduction

Integral imaging (Inlm) technologies have been widely investigated for three-dimensional (3-
D) sensing, visualization and information processing [1-7]. InIm systems use a lenslet array
or camera array to capture the direction and intensity information of the light rays from a 3-D
scene and then regenerate the light rays optically to produce realistic 3-D images [5, 8]. Based
on the reversibility principle, the display stage is the inverse process of the capture stage.
There are some interesting works applying different display devices to improve the
performance of Inlm systems, such as using the polymer-dispersed liquid crystal (PDLC)
with the additional lens array to obtain 3-D/2-D convertible ability and enhance the resolution
[9], using the LC prism array to increase the viewing zone [10], and increasing the depth of
focus by using the bifocal LC lens [11]. At the same time, the LC lens array has been used for
3-D/2-D switchable displays [12—14], and increasing the resolution by using a temporal
scanning LC lens [15]. In this paper, we propose an electrically movable LC lens array to
realize an Inlm display. The LC lens array substitutes the polymer lenslet array, which is
widely used for Inlm systems. The LC lens array has the advantage of providing sub-pitch
movements of the lenslet along a horizontal, vertical, or diagonal direction with different
driving conditions. Such characteristic has not been achieved by conventional LC lens arrays,
and it can be used for the moving array lenslet technique (MALT) in the 3-D Inlm system
[16-18]. The MALT can enhance the viewing quality and eliminate the effects of the
multifacet structure [5, 8, 19] of 3-D images. The conventional MALT is operated by moving
the lenslet array mechanically. By using the proposed LC lens array, we can realize the
MALT electrically without the bulky mechanical moving device, and make a compact Inlm
display. This LC lens array can be combined with the widely used liquid crystal display
(LCD) for glassless 3-D displays, which can be applied to many areas, such as 3-D TVs,
smartphones, etc.

2. Integral imaging with moving array lenslet technique

In Inlm, aliasing due to the lenslet arrays will cause the multifacet phenomenon. This
phenomenon degrades the viewing quality of the reconstructed 3-D images [5, 16—19]. In the
pickup stage, the light reflected from the 3-D object is recorded and sampled by an image
sensor with the lenslet array. The captured images are called the elemental images (EIs).
According to the Whittaker-Shannon sampling theorem, the Nyquist frequency, in cycles per
radian, is [16]:

L

S TS M

where p is the pitch of the lenslet, and L is the distance between the observer and the lenslet
array. The under sampling due to the lenslet array will cause the multifacet structure in the
reconstructed 3-D image and thus reduce the viewing quality. At the same time, the observers
will see different portions of the reconstructed 3-D image through different lenslets, as
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illustrated in Fig. 1(a). The field of view (FOV) for the observers is composed by a series of
the elemental field of views (EFOVS), which may overlap causing the reconstructed 3-D
images to be divided into multiple facets [5, 19].
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Fig. 1. (a) The illustration of the multifacet phenomenon of InIm system [19]. EFOVS are the
elemental field of views. (b) The principle of the moving array lenslet technique [16].

To eliminate the multifacet effect and enhance the viewing quality, the moving array
lenslet technique has been applied to an Inlm display by moving the lenslet array
mechanically or electrically [16-18]. In the pickup stage, the lenslet array is moved with a
sub-pitch distance in a plane perpendicular to the optical axis and captures a set of Els. The
relation between the pixel shift of Els and the shift of the lenslet array is illustrated in Fig.
1(b). The pixel shift Ap is

Ap
g+z

Ax =

2= Ap, @)

where Ax is the shifting distance of the lenslet array, g is the distance from the lenslet array to
the image plane, and z is the distance from the object to the lenslet array. In the display stage,
the lenslet array should move with an appropriate speed and synchronize with the
corresponding Els. The series of Els are optically reconstructed within the visual persistence
time of human eyes, thus the multifacet structure will be eliminated because the reconstructed
3-D images will be integrated in the observer’s brain.

3. Electrically movable liquid crystal lens array

The electrically movable LC lens array can realize the sub-pitch movements along a vertical,
horizontal, or diagonal direction without any mechanical movement for MALT. The
components of an electrically movable LC lens array consists of two lenticular LC lens
arrays, a half-wave film, and two linear polarizers, as illustrated in Fig. 2(a). The lenticular
LC lens arrays are polarization-dependent devices, and it has a maximum focusing power
when the polarization of the incident light is parallel to the LC rubbing direction. Therefore,
we attached the linear polarizers on the lenticular LC lens arrays to make their transmittance
axes parallel to the LC rubbing directions, and the half-wave film that is placed between two
lenticular LC lens arrays is to rotate the polarization by 90°. The principle of the optical
system consisting of two lenticular LC lens arrays is presented in Fig. 2(b). To make the two
separated lenticular LC lens arrays focus the light at the same position on the optical axis as a
lenslet array, we designed the focal lengths of the two lenticular LC lens arrays to be 7.4 mm
(front) and 6.2 mm (rear), and the corresponding driving voltages are 2.8 V, (front) and 3.0
Vims (r€ar).
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Fig. 2. (a) The components, and(b)the optical system diagram of the electrically movable LC
lens array. The focal points pattern of the LC lens array is illustrated.

The multi-electrode structure of a lenticular LC lens array consists of an LC layer, a
striped electrode array, a common electrode, and glass substrates, as illustrated in Fig. 3(a).
The birefringence of the LC mixture (E7) is 0.216, and the cell gap is 190 pm. Previous
reports suggested the optimal lenslet size for InIm as 1 mm or 2 mm [3]. Thus, we designed
the LC lens array with 1 mm lens pitch. The electrode width (W) and electrode gap (W) are
50 pm, and the minimum moving step is 0.1 mm. The driving voltage is applied on the
grouped electrodes to control the LC orientations, and then the LC lens will work as a
cylindrical gradient-index lens. The lenticular LC lens array can realize the sub-pitch lenslet
movements along the x-direction via moving the driving voltage to the next electrodes, as
shown in Fig. 3(b).
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Fig. 3. (a) The electrode structure and (b) the driving method of moving lenticular LC lens
array.

4. Experimental results

In the experiments, we utilized the electrically movable LC lens array to realize an Inlm
display. By using the electrically movable LC lens array with MALT, the viewing quality was
improved, and the multifacet effect was eliminated. We performed experiments to verify the
feasibility of the proposed concept. We used a smartphone (HTC ONE/M7, ~54 um pixel
size) as a display panel to display the Els, which is controlled by a computer. The movable
LC lens array was fixed on the motorized translation stage, and we adjusted the LC lens array
by the electrical translation stage to accurately align to the Els displayed by the smartphone.
A Canon EOS 5DII camera with a fixed-focus lens (f = 50 mm) was placed 750 mm in front
of the LC lens array to capture the 3-D images. We simulated the pickup stage using 3ds Max
software and captured 96 (H) x 54 (V) Els. The resolution of Els is 20 (H) x 20 (V) pixels
that matched with the pixel size and the resolution of the smartphone. The simulated 3-D
scene is shown in Fig. 4(a). We set a letter ‘3’ at the distance of 60mm from the pickup
pinhole camera array in the software. The distance between the center of the dice and the
pinhole camera array was 20mm. In order to increase the depth range of the 3-D scene
throughout the real and virtual image fields, we synthesized the Els of the letter and the dice
to be reconstructed as a virtual image and a real image, respectively [20].The letter was set to
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be reconstructed at 60 mm behind the LC lens array, and the dice was set to be reconstructed
at 20 mm in front of the LC lens array. The generated Els are shown in Fig. 4(b).The Els
optically reconstructed the 3-D scene through the LC lens array as an Inlm display. The
reconstructed 3-D images from 9 different viewpoints are shown in Fig. 4(c). From different
viewpoints, we can see the occlusion (or interposition) relationships between the letter and the
dice. In order to make the observer unaware that the 3-D scene was reconstructed with a
series of Els by electrically moving the LC lens array, the LC lens array should be moved at
least as fast as the visual persistence time (S) of the human eyes. The moving velocity (V)
should satisfy [21]:

p
- £ 3

S-cosé )
where p is the lens pitch, and 4 is the angle of the moving direction. S is approximately 1/16
s, the moving velocity should be 22.6 mm/s when 8 = 45° and p = 1 mm. In the experiments,
the moving step along the diagonal direction with 45° is ~0.28 mm (0.2 mm in x- and y-
directions).
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Fig. 4. (a) The simulated 3-D scene, (b) the computationally generated Els from the 3-D scene,
and (c) the reconstructed images of Inlm display using the electrically movable LC lens array
observed from 9 different viewpoints without MALT.

In order to satisfy the requirement of the moving velocity, each moving step of the LC
lens array should be completed in 12.5 ms. However, by using the overdriving method that
was used to accelerate the LC response [14], the response time of the LC lens array is ~4 s
with 10 Vs overdriving voltage (1 kHz, square wave). Although the current response time of
the LC lens array cannot reach 12.5 ms, we can reduce the response time via reducing the cell
gap and increasing the driving voltage, based on the LC response time () formula as follows
[22]:

_yd’ /K7’

vy @

where y is the viscosity, K is the elastic constant, d is the cell gap, V' is the driving voltage, and
Vy is the threshold voltage. Furthermore, the response time of the LC lens array can be
further reduced via using the fast response LC material, such as blue phase LC (BP-LC) [23].
By using high birefringence LC (HB-LC) materials or Fresnel-type LC lens, the response
time can be reduced because of decreasing the cell gap of the LC lens [15, 24]. By taking
advantage of the novel LC materials, the response time of the LC lens array can be further
improved.
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Although the response of the electrically movable LC lens array was insufficient to satisfy the
moving velocity requirement of MALT, we can utilize an indirect way to simulate the
reconstructed 3-D images with MALT. In the experiment, we captured the first reconstructed
image at a distance of 750 mm from the LC lens array for the result without MALT, as shown
in Fig. 5(a). The F-number of the camera is set to be 16, of which the aperture diameter is
~3.1 mm, to simulate the pupil size of human eyes in an ordinary light environment [21].
Then, we electrically drove the LC lens array to sequentially move four steps along the
diagonal direction (6 = 45°). For each step, we changed the corresponding Els for the 3-D
display, and captured the reconstructed image with the same camera. In the experiment, a
total number of five images (one image with the original lens position and four images
corresponding to the four step movements of MALT) were captured. Finally, we averaged the
five captured images to obtain a time-averaged reconstructed image for the simulated result of
MALT, as shown in Fig. 5(b).To compare with the image without MALT (Fig. 5(a)), the
reconstructed image with MALT (Fig. 5(b)) is smooth and continuous, and the multifacet
effect is eliminated. In order to evaluate the improvement of the viewing quality, we utilized
two small balls with the diameters of 3 mm as a 3-D scene. The image of the 3-D scene is
shown in Fig. 5(c). The green and red balls were set to be reconstructed at 20 mm and 30 mm
behind the LC lens array, respectively. The experimental results show that the reconstructed
image of the balls without MALT was divided by several dark lines, and the balls are square-
shaped, as shown in Fig. 5(d). The intensity profile along the white line in the image had
multiple peaks, as plotted in Fig. 5(f). By using MALT, the balls can be completely
reconstructed, as shown in Fig. 5(e), and the intensity profile along the white line only has
one peak with a smoother shape of the curve, as plotted in Fig. 5(g). Compared to the image
without MALT, the objects can be recognized as two balls with circular shapes from the
image reconstructed with MALT, but the objects cannot be identified from the image without
using MALT. Therefore, we verified that the viewing quality of Inlm display was improved
by using the electrically movable LC lens array with MALT. Because of the pixelization of
Inlm display, the limitations on the lateral resolution and longitudinal resolutions exist. For
the reconstructed 3-D images, the longitudinal resolution is lower for the distant object from
the lenslet array (the red ball) compared with the closer one (the green ball).
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Fig. 5. The reconstructed images of the 3-D scene.(a) without MALT, and (b) with MALT.(c)
Two balls with the diameters of 3 mm used as the 3-D scene; the reconstructed images of the
two balls using the electrically movable LC lens array.(d) Without MALT, and (e) with
MALT; (f) the intensity profile along the white line in (d), and (g) the intensity profile along
the white line in (e).
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5. Conclusion

InIm displays have been widely investigated because they can provide horizontal and vertical
parallaxes and continuous varying perspectives without special viewing devices. In this paper,
we have presented an Inlm display by using the electrically movable LC lens array instead of
the polymer lenslet array. Depending on the advantage of the two separated lenticular LC lens
arrays with the multi-electrode structure, the sub-pitch movements of the lenslets along a
vertical, horizontal, or diagonal direction can be realized and electrically controlled by the
driving circuit. Such characteristics have not been achieved by the conventional LC lens
arrays. Compared to a lenslet array that commonly used for Inlm displays, the proposed LC
lens array will slightly induce the cross-talk because the reflection and diffraction will happen
in the separated space between two LC layers. In the experiments, the viewing quality of InIm
display was increased and the multifacet effect was eliminated by using the electrically
movable LC lens array with MALT. The improvement of the viewing quality of Inlm display
by using the proposed LC lens array is experimentally verified in an indirect way because of
the long response time (~4 s) of the LC lens array. By taking advantages of new LC materials,
such as BP-LC and HB-LC materials [23, 24], the response time of the LC lens can be further
reduced in the future. In addition to the new LC materials, we can turn the LC lens into the
Fresnel-type LC lens [15] to significantly reduce the response time for future application.
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