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Abstract: An augmented-reality (AR) device which presents virtual volumetric images to
switchable integrated spaces is proposed and demonstrated. A bi-focal geometric phase
(GP) lens can project the integrated volumetric images to switchable integrated spaces by
switching the polarization of them. For that purpose, a combination of GP lens and an active
polarization switching device has been adopted. A demonstration of an AR display with
switchable integrations is also provided to verify the proposed concept.

Index Terms: Augmented-reality, switchable integrated spaces, integral imaging.

1. Introduction

The AR display presenting virtual images on a real-world scene is thought to be one of the promising
immersive devices for various field such as education, automobile, and manufacturing. However,
even the latest ones of commercial AR devices at the state of the art are able to project only a single
planar image plane at a fixed distance. In order to resolve that problem, researchers in the field
have proposed methods to provide more realistic AR images by realizing volumetric AR devices
based on the principles of holography [1], [2], integral imaging [3], [4], and multi-focal-planes [5]-
[8]. Nevertheless, there still exist some bottlenecks that the holography method suffers from narrow
viewing angle, integral imaging approaches are having limited expression of three-dimensional (3D)
depth, and multi-focal-planes display provides multiple planar images, which are not volumetric.
The integral floating display which is composed of a display device, a lens array, and a floating
lens has been verified by several analyses that it can enhance the viewing parameters of the
volumetric 3D image including the depth expression. Thus, there have been ideas to implement a
volumetric AR device using that advantage by adopting a convex half mirror or a freeform prism as
variations of a floating lens [9], [10]. However, even the most advanced ideas above are still under
the fundamental limitation that the image volume (the depth expression of the volumetric image) is
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Fig. 1. Dual optical property of GP lens with a focal length of (a) +fgp (convex) and (b) —fgp (concave)
dependent on the polarization (RHCP/LHCP) of incident light.

restricted around the image plane of the floating optics. Thus, a novel method to provide expanded
image volume is needed for providing a realistic experience to the observer. For that purpose,
we proposed an AR device which is expressible switchable integrated spaces to present dual 3D
volumetric images using a bi-focal integral floating display synchronized with an active polarization
switching device (APSD).

2. Principles

A geometric phase (GP) lens is a device to have bi-focal lengths (+f5p) switched by the polarization
of the incident light [11]. As shown in Fig. 1(a), the GP lens acts like a convex lens with +fgp,
when incident light has a right-handed circular polarization (RHCP). In contrast, it has a negative
focal length of —fgp when polarization-switched incident light has left-handed circular polarization
(LHCP), as shown in Fig. 1(b) [12]. Therefore, adopting the GP lens makes the integral floating
display have switchable integrated spaces where volumetric AR images are integrated around the
bi-focal planes.

The principles of a bi-focal integral floating display are as shown in Fig. 2. The system is using
a liquid crystal display (LCD) panel and a lens array to provide 3D volumes with elemental image
sets. Then the GP lens acts as a convex or a concave lens to project those 3D volumes to the
designated spaces when the APSD modulates the incident light with 45° linear polarization (LP)
to have a RHCP or a LHCP states, respectively. With that combination, it is possible to realize
switchable integrated spaces in a time-sequential operation as shown in Fig 2.

Besides the formation of the dual image volumes, a synchronization between the displayed
images and their polarization is needed for presenting the volumetric images properly. For that
purpose, we implemented an APSD to switch the polarization electrically at every refreshment
timing of the display images. The APSD has the stacked optical structure of a twisted nematic liquid
crystal (TN LC) cell and an achromatic A/4 retarder film (#88-251, Edmund optics). The TN LC
layer can actively switch the 45° LP light from the LCD panel to 45° LP or to —45° LP, depending
on an applied voltage condition. The thickness of the TN LC layer was designed to be 5 um, which
satisfies the 2" solution condition of the Gooch—Terry equation, so as to minimize the chromatic
dispersion effect in obtaining field-switching of two orthogonal LP states [13]. The linearly polarized
light passing through the TN LC cell is converted to RHCP or LHCP by the achromatic 1/4 retarder
film. The slow axis of the 1/4 retarder film is set to the x-axis. Without an applied voltage to the
TN LC cell, the 45° LP made by the exit polarizer of the LCD panel is converted into the —45° LP
by the polarization rotation effect of the TN LC cell, and the —45° LP from the TN LC is converted
into LHCP by the A/4 retarder film before the GP lens, as shown in Fig. 3(a). At a field-on state
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Fig. 3. Structure and principles of the APSD composed of a TN LC cell and an achromatic 1/4 retarder
film: (a) field-off state, and (b) field-on state, respectively.

(8.3 Vpp at 1 kHz AC operation in our experiment), the TN LC layer is changed into an optical
C-plate by the field-induced dielectric torque of the LC molecules. The 45° LP is maintained with
the incident polarization state and the 45° LP is converted to RHCP by the A/4 retarder film, as
shown in Fig. 3(b). Therefore, the APSD can actively switch the incident polarization state onto the
GP lens between the RHCP and LHCP states according to the applied voltage condition of the TN
LC cell.

3. Experiments
3.1 Experimental Setup

With the principles above, we realized an AR display with switchable integrated spaces as shown
in Fig. 4. The experimental setup provides two volumetric AR images of a green die and a red die
in the 15! and the 2" integrated spaces, respectively. The LCD panel has a pixel pitch of 47 um
and a refresh rate of 50 Hz. The lens array between the LCD panel and the APSD has a focal
length f, » of 10 mm and consists of elemental lenses with pitch of 5 mm. The GP lens used has

Vol. 11, No. 4, August 2019 7001108



IEEE Photonics Journal AR Device With Switchable Integrated Spaces

1stintegrated

Bi-focal mtegral B | - space -
ﬂoatlng syste“ 2" integrated } .& ‘
f space
W o
; . 450mm
Bl-fo'cal integral 290mm
floating system
250mm Half
mirror
350mm

GP Iens
Function
generator

LCD Le”s APSD
pagel array

Input data
D on APSD

Computer j

Fig. 4. Experimental setup of a bi-focal integral floating display with dual integrated spaces. The 15t
volumetric AR images (green die) and 15! object (toy car) are located 800 mm far from the observer. The
2nd yolumetric AR images (red die) and 2" object (dodecahedron) are at 640 mm from the observer.

Observer

bi-focal lengths of £100 mm. Then, the locations d.;p of the center of the integrated spaces can
be derived as follows by using the lens equations twice:

+fap(gar(gra —fra) —fLagra) (1)
96r(gra —fa) —gua(fua £fap) £fiafer

where ggp is the distance from the lens array to the GP lens, and g, 4 means the gap between the
LCD panel and the lens array. Thus, if we set ggp and g, 4 to 38 mm and 7.4 mm respectively, d.sgp
and d_sgp will be 40 mm and 200 mm behind the lens array when the GP lens acts like a convex
lens (+fgp = 100 mm) and a concave lens (—fgp = —100 mm), respectively. The AR images were
reflected through a half mirror located 250 mm from the GP lens. Since the distance between the
half mirror and the observer was set to be 350 mm, two integrated spaces are formed at 640 mm
and 800 mm far from the observer. In addition, two different real objects of a toy car (the 15 object)
and a dodecahedron (the 2" object) were placed also at the locations of those integrated spaces
as shown in Fig. 4 in order to verify the locations of the AR images by comparing the focus cues
and parallaxes of them. The parameters of experimental setup are listed in Table 1.

LGP —

3.2 Optimization of APSD Operation

In implementing the time-multiplexing depth-switchable 3D AR system, an accurate synchronization
between the time-sequential depth floating of the GP lens by the APSD and the relevant depth
image expression by the LCD panel is essential. To achieve that goal, the switching dynamics of
the APSD were evaluated by measuring the transmitted intensities through a circular polarizer (the
transmission polarization state is RHCP) as an analyzer with a 532 nm CW laser. The temporal
transmittance variation was measured by using a photo-diode and an oscilloscope (DSO1052B,
KEYSIGHT Ltd.). Figure 5 shows the measurement results of the switching dynamics of the APSD.
As shown in Fig. 5(b) and 5(c), the field-on response time, to, ~1.5 ms, (required for the polarization
switching from LHCP to RHCP) of the APSD was much faster than the field-off response time,
tof ~34.4 ms, (required for the polarization switching from RHCP to LHCP). The reason is that
the ton level is determined by the field-induced dielectric torque of the LC molecules, but the tos
level is determined by the elastic relaxation of the LC molecules by the surface anchoring effect.
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TABLE 1
Experimental Parameters

Pixel pitch of the LCD panel 47 um
Refresh rate of the LCD panel 50 Hz
Focal length of the lens array (f.4) 10 mm
Pitch of the elemental lens 5 mm
Distance from the lens array to the GP lens (gcp) 38 mm
Distance from the display device to the lens array (gra) 7.4 mm
Focal length of GP lens (fep) 100 mm
Aperture size of the GP lens (Scp) 24.5 mm
Size of the 1*" integrated space L /gp 10 mm
Size of the 2" integrated space I sgp 11.7 mm
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Fig. 5. Switching dynamics of the APSD characterized with a circular polarizer as an analyzer:
(a) polarization-switching characteristics of the APSD co-plotted with the corresponding image frame
signals, (b) and (c) enlarged results showing the field-on and field-off response properties, respectively.

Considering the asymmetric behavior of the switching dynamics of the APSD and to minimize
the crosstalk between the term for the polarization transitions and the elemental switching, black
image frames are introduced with different duration times between two elemental image sets to be
integrated and floated to the 15t and the 2™ volume spaces. Though the maximum switching rate
of the proposed system between the integrated spaces is up to 3 Hz currently and suitable for an
application such as a depth-switchable 3D AR system providing near and far integrated spaces
in accordance of the locations of environmental objects, we expect that the APSD dynamics can
be much improved by employing fast-switching LC modes like optically-compensated bend modes
[14]. In this case, a stacked LC structure should be considered to give the wavelength-insensitive
polarization switching ability to the APSD [15].

3.3 Analysis of Viewing Parameters

Although there are various studies about the viewing characteristics of the conventional integral
floating display, the restriction from the finite aperture of the floating lens for the formation of the
viewing region has not been analyzed yet [16], [17]. In this section, we analyze the formation of
the viewing region of the proposed system using a floating lens (GP lens) with a finite aperture.
Based on Eq. (1), the viewing angle and the formation of the viewing zone depend on the location
of the observer. Thus, we added a parameter D which means the distance from the GP lens to
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Fig. 6. Viewing parameters of the proposed system when the GP lens acts like (a) a convex lens with
+fgp, and (b) a concave lens with —fgp.

the observer to analyze the viewing angle. Figure 6 shows the formation of the viewing region and
corresponded viewing angle when the 1! and the 2" integrated spaces are reconstructed. From
the geometry shown in Fig. 6(a) and 6(b), the lateral size y.sgp Of the observation plane and the
viewing angle of 6.3, can be derived as follows.

Sgp — |
y:thp = SGP - Dd—imP (2)
+igp
(Y«
GiIGP =2 tan 1 ( ZSP) (3)
1 SGP
FoVgs =2 tan D (4)
min | Sgp, D (/ D—d
FoV.,, =2tan™" { [Sr (;E’)GP/ ifep)]} (5)

Then, we can expect that the viewing angles of the 15! and 2™ integrated spaces (6,p and
0_sgp) Will be about 6° and 20° if D = 350 mm + 250 mm = 600 mm as presented at Fig. 4. Due
to the finite aperture size Sgp of the GP lens, the viewing angle of the farther integrated space (1
integrated space) will be narrower than that of closer one. In addition, the maximum field of view
(FoV) of the proposed system (FoVy;) is derived as Eq. (4) from D and Sgp and has a value of
2.34° for our experimental setup. We can also calculate the FoV of each integrated space (FoV.tgp)
to be 0.72° and 1.05° using Eq. (5) with the experimental parameters given at Table 1. The 1
integrated space is designed to be a smaller FoV than 2" one since it is located at farther position
and a smaller size. The use of operator ‘min[]’ to choose lesser value is for preventing a result
that the calculated FoV of integrated space exceeds the maximum FoV of the system. As denoted
in the egs. (3) and (5), the aperture size Sgp is a main factor to restrict the viewing angle and
the FoV of integrated spaces. Thus, we designed the integrated spaces to have a FoV of around
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Fig. 7. Verification of accommodation (Visualization 1), and motion parallax of dual volumetric spaces
with a focus of capturing device at (a) the 15t object (Visualization 2), (b) the 2™ object (Visualization 3),
and (c) comparison of different motion parallaxes of the nearer integrated space at the leftmost/rightmost
views.

1°in order to enlarge the viewing angle under that restriction. With the small FoV conditions above,
we could observe the floating depth volume images within the viewing angles of 6° and 20° for the
nearer and farther integrated spaces as shown in Fig. 6 despite the small Sgp condition employed
in our experiment. Though we admit that the viewing angles and the FoVs of our experimental
demonstration are not satisfactory yet despite the effort above, we expect that they will be improved
if a GP lens with a larger aperture (Sgp) is implemented for consumer applications.

3.4 Experimental Results and Verification of Integrated Space Locations

The experimental verification has been conducted by checking two 3D cues of accommodation and
motion parallax. Atfirst, Visualization 1 shows the change of accommodation cue while changing the
focus of capturing device with a lens of 50 mm f/2.5. In the supplement, when the focus of capturing
device is at the 15! object (toy car) and 2" object (dodecahedron), AR images in corresponding
integrated spaces are also shown clearly. In the contrary, the object and AR image outside of the
depth of focus of the capturing device is shown blurred together. Thus, we can confirm that the
cue of accommodation supports that the location of each volumetric space (green die & red die) is
matched with that of the corresponding real object (toy car & dodecahedron), respectively.

The next verification is based on the motion parallaxes. In Fig. 7(a), the 15 object (toy car)
and the AR image (green die) in the 15t volumetric space show the same motion parallaxes with
viewing angle of 6° as expected. The 2" object (dodecahedron) and the AR image (red die) in
the 2" volumetric space also show the same motion parallax with viewing angle of 20° as shown
in Fig. 7(b). Therefore, it can be confirmed that dual integrated spaces are properly realized as
designed and the depth range of the integral floating display is much improved than the previous
proposals [18]. The 2" verification is also presented in Visualization 2 and 3 with different focuses
of capturing device. For demonstrating full color floating volume images, the chromatic aberration
property of the employed GP lens should be essentially considered first [11], [19]. In addition, each
color (R/G/B) pixels can be integrated at slightly different depths in order to be combined altogether
after floated by a GP lens with pre-consideration on a chromatic aberration of a GP lens, which will
be a subject of a further research.

Besides, there is a crosstalk between the integrated spaces from the wavelength-dependent
focusing efficiency of the GP lens used in our experimental demonstration [11]. This artifact causes
a light leakage to undesignated integrated space and will result a ghost image to degrade the
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contrast of 3D images, as shown in the red color image volume of Fig. 7(b) [20]. In order to resolve
this issue, the implementation of an achromatic GP lens and locating the integrated spaces farther
from the LCD panel are expected to be helpful.

4. Conclusion

In this paper, an augmented-reality (AR) device which presents virtual volumetric images to switch-
able integrated spaces is proposed and demonstrated. Using the optically anisotropic property of
the GP lens, the locations of the AR images with the polarization modulation between RHCP and
LHCP can be time-sequentially switched between dual integrated spaces. The experimental results
show that the depth range of the volumetric AR images can be increased 160 mm with the adoption
of the bi-focal integral floating display. The proposed method is expected to be used for various AR
applications owing to its compact form factor and absence of mechanical movement.
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