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The point light sources (PLSs) of integral imaging displays have a wide depth range; however, the resolution is very
low. We developed resolution-enhanced PLS displays using multiple light sources that create extra PLSs in the PLS
plane. Given aberrations in the lens arrays, the PLSs initially appeared on planes and at distances that differed from
the theoretical values. We thus determined the distances between adjacent light sources that compensated for the
aberrations. Experimentally, our method enhanced the resolution fourfold compared to that of a conventional PLS
display in both vertical and horizontal directions. Our approach allows facile compensation of lens array aberra-
tions and is applicable to 3D displays. ©2021Optical Society of America

https://doi.org/10.1364/AO.438873

1. INTRODUCTION

Among the various types of 3D displays [1,2], integral imag-
ing (INIM) displays have certain advantages that include full
parallax, natural depth perception, full color, continuous view-
ing, real-time adjustment [3,4], and a simple structure [5–8].
Disadvantages include a narrow viewing angle, low depth range,
and low resolution [9–13]. INIM point light source (PLS) dis-
plays have a wide depth range [5,14], but the resolution remains
low. Resolution depends on the distance between adjacent PLSs
[5]. In a conventional PLS display, this distance is equal to the
pitch PL of the elemental lens. For example, if the pitch is 1 mm,
the distance between PLSs is also 1 mm, which is very large
compared to that of 2D displays. The most important feature
of a PLS display is the wide depth range [5,14]. However, the
resolution of 3D PLS displays is poor. In this study, we aimed to
enhance the resolution.

Park et al . developed a 3D/2D convertible display [15]. An
additional lens array enhanced PLS resolution, and a polymer-
dispersed liquid crystal was used to switch between 3D and 2D
modes (PDLC on: 3D; PDLC off: 2D). The additional lens
array creates the first PLSs. Each elemental lens of the second
lens array creates two PLSs. There are twice as many PLSs as
a conventional PLS display; the resolution is thus enhanced
twofold.

Alam et al . used a scanning mirror and composite lens array
with nine Fresnel lenses [16]. A high-speed digital micromirror
reflected nine sets of directional elemental images (EIs) into the
composite lens. There were three times as many PLSs as for a
conventional PLS. The resolution was thus enhanced threefold
both vertically and horizontally. However, the mechanical
mirror required time for multiplexing.

Wang et al . introduced a new system without moving parts
[17]. Additional light sources created extra PLSs at the bound-
aries of two elemental lenses and the maximum resolution was
enhanced twofold. However, the additional PLSs did not pre-
cisely align with the boundaries because of the effect of Petzval
curvature [18–20].

Batbayar et al . the nine light sources used to enhance the
viewing angle 2.6 times [21]. Due to the aberration of the
elemental lens, the light fields overlap, so this method creates
duplicated images in some of the viewing fields.

Previous methods enhanced the parameters of the PLS dis-
play. However, those methods did not suggest compensating the
aberration. Here, we report what we believe, to the best of our
knowledge, is a new method to compensate for the aberration
of the elemental lens without moving parts. The resolution
is determined by the inverse of the distance between adjacent
PLSs, so we used additional light sources to reduce the distance
between adjacent PLSs. We changed the distances between light
sources to compensate for the lens array aberration. Our method
is simple and applicable for 3D displays.

2. NEW METHOD

A. PLS Display

The structure of a conventional PLS display is shown in
Fig. 1(a). The lens array consists of many small elemental
lenses. A light source is placed at the focal point of a collimating
lens; parallel light rays emerge from the other side and converge
at the focal points of elemental lenses on the PLS plane. The
distance between two adjacent PLSs corresponds to the pitch of
the elemental lens (PL ).
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Fig. 1. Principles of (a) a conventional PLS display and our method using (b) three light sources and (c) four light sources.

The resolution of a PLS display [5] is given by

R =
1

d
, (1)

where d is the distance between two adjacent PLSs. In Fig. 1(a),
d = PL , and the resolution of the conventional PLS display is
thus 1/PL . Equation (1) shows that the resolution and distance
between two PLSs are inversely related. If the distance between
two PLSs is reduced, the resolution is enhanced.

B. Our Method

We used additional light sources to reduce the distance between
adjacent PLSs, as shown in Figs. 1(b) and 1(c). Additional light
sources placed at various distances from the optical axis in the
focal plane of the collimating lens are focused at different points
in the focal plane of the lens array. This increases the number
of PLSs, and thus reduces the distance between adjacent PLSs.
We placed, for example, two additional light sources (S1 and S3)
at a distance l s from the optical axis of the collimating lens, as
shown Fig. 1(b). Those light sources create additional PLSs
in the PLS plane. Figure 1(b) shows that each elemental lens
creates three PLSs; the number of PLSs is thus threefold greater
than that of the conventional PLS display. The additional PLSs
reduce the distances between adjacent PLSs, and thus enhance
the resolution.

Figure 1(c) shows a configuration that enhances the res-
olution of a PLS display fourfold compared to that of a
conventional PLS display. We used four light sources (S1−S4) to
create additional PLSs in the PLS plane; the distance d between
adjacent PLSs is PL/4. In this case, the resolution of our new
display and the conventional display are 4/PL and 1/PL ,
respectively [Eq. (1)]; the former resolution is fourfold that of
the conventional display. Resolution is enhanced n-fold when
the number of light sources is increased n × n-fold in both the
vertical and horizontal directions. The most important parame-
ters are the distances between adjacent light sources, the location
of the spatial light modulator (SLM), the distances between
PLSs, and the elemental image (EI) points.

C. Parameters of the Method

First, the PLS distributions must be uniform. In other words,
the distances (d1−d3) between neighboring PLSs must be equal
in Fig. 2(a). The distance between adjacent PLSs depends on the

distance between the two light sources. Basic principles indicate
that a ray passing through the collimating and elemental lenses
does not change direction. In Figs. 2(b) and 2(c), we use this
principle to define the distance between two light sources as

lS =
f ′ · PL

n · f
, (2)

where f ′ is the focal length of the collimating lens, PL is the
pitch of the elemental lens, f is the length of the elemental lens,
and n is the -fold resolution enhancement (2, 3, 4, . . . ). If n is 3,
the resolution is threefold that of the conventional PLS display.

D. SLM Position

Rays from the light source that pass through the collimating
and lens arrays are modulated to EI points (h1−h5) displayed
on the SLM to create the 3D-integrated point PI , as shown in
Fig. 2(b). If the SLM is located on an overlapping PLS light field,
an unwanted IMIN point appears. Thus, the SLM is placed
on a plane on which PLS light fields do not overlap. There are
two possible configurations. The first (SLM1) is located at the
front of the PLS plane. The second (SLM2) is on the back of the
PLS plane, as shown in Fig. 2(a). Some SLM components are
not required when displaying the EIs in either configuration.
The unused region of SLM1 (on the front of the PLS plane) is
given by

h F =
PL

2n − 1
. (3)

The unused region of SLM2 (on the back of the PLS plane) is
given by

h B =
PL

2n + 2
. (4)

From Eqs. (3) and (4), h B is smaller than h F ; the SLM2
position is thus better than the SLM1 position. From Eqs. (3)
and (4), the unused region of the SLM is small when n is large.
We thus used the SLM2 position. Figure 2 shows the distance ds

of the SLM from the PLS plane, expressed as

dS =
f

n + 1
. (5)

The SLM lies closer to the PLS plane as the resolution
increases [Eq. (5)].
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Fig. 2. PLS light fields when (a) three and (b) four light sources are employed.

E. Elemental Images

We used the backward ray tracing method to create EIs. It is the
fastest and simplest method to calculate the distances from the
EI to the IMIM planes [22,23]. Geometrically, the position of
IMIM point PI is given by

y = dP + (dP − h)
l + dS

dS
, (6)

where h is the y axis coordinate of an EI point, l is the distance of
the IMIM point from the SLM, and dP is the PLS y axis coordi-
nate, given by

dP = PL

(
ceil

(
h
PL

)
−

2(n − k)+ 1

2n

)
, (7)

where k = 1 . . . n and ceil function is round toward positive
infinity. We determined the parameters of the proposed high-
resolution PLS display. However, we must determine some
parameters in the experiment because of the optical aberration
of the elemental lens.

F. Aberrations of the Elemental Lens

Our lens array has simple plano-convex lenses so optical aber-
ration is inevitable. The aberration of most concern is the
Petzval curvature [12,20]. Figure 3 shows a simulation result
in which two plane waves are focused on a plano-convex lens
with a focal length, diameter, and refractive index of 3 mm,
3 mm, and 1.85, respectively. For an ideal lens, both waves are
focused on the focal plane. If the lens is not ideal, the two waves
are focused on different planes. The second wave is focused at
point B 1z distant from the focal plane and 1y distant from
point A. This reduces the distance between two PLSs created by
a single elemental lens. Therefore, the PLS distribution becomes
nonuniform. Below, we change the distance ls between two light
sources to deal with this problem.

Δz
Δy

Focal plane

AB

f  f

Fig. 3. Plane waves focused on different planes.

3. EXPERIMENTAL RESULTS

We performed two experiments. In the first experiment, we
determined the distance between two light sources that com-
pensated for the elemental lens aberration. In the second
experiment, we enhanced the resolution three- and fourfold
compared to that of the conventional method. Table 1 shows the
system parameters.

Figure 4 shows the experimental setup of the display that
enhances the resolution fourfold. We soldered 17 surface-
mounted LEDs (SMLEDs) to the plate. The middle LED,
L1, was used only to adjust the optical setup. LS1–LS16 were
employed to increase the number of PLSs.

Table 1. Experimental Specification

Setup Parameter Value

SLM Pitch 0.036 mm (V)×

0.036 mm (H)

Resolution 1024× 768
Collimating lens Type Achromatic

Effective focal length 75 mm
Diameter 50 mm

Lens array Lens dimensions 1 mm× 1 mm
Focal length 3.3 mm

Light source Type Surface-mounted LED
(SMLED)

Color White
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Fig. 4. Experimental setup for the PLS display.

A. PLSs

When the resolution was threefold higher (n = 3) than the
conventional method, the distances between adjacent PLSs
were 7.57 mm [Eq. (2)] and 0.33 mm (PL/3). Nine 3× 3 light
sources were required to enhance resolution both horizon-
tally and vertically. Many PLS displays use fiber light sources,
but these are expensive, large and difficult to set up. Thus, we
employed SMLEDs, as follows:

• Prepare a base for the SMLEDs;
• Etch a plate; and
• Solder the SMLEDs to the plate.

We then checked the PLSs. With the camera focused on the
PLS plane, Figs. 5(a) and 5(b) show the PLSs of the conven-
tional method and our method, respectively. In Fig. 5(a), the
distance between adjacent PLSs is 1 mm because PL = 1 mm.
In Fig. 5(b), the number of PLSs is ninefold that of the con-
ventional method. However, the PLS distributions are not
uniform. For example, d1 is 0.28 mm while d2 is 0.43 mm; the
difference is attributable to lens array aberration, as discussed in
Section 2.F.

When the distance between adjacent PLS sources was PL/3,
we changed that distance and photographed the PLS plane.
In Fig. 5(c), the distance between adjacent PLSs is 0.33 mm
when the distance between two light sources is lS = 8.55 mm.

Experimentally, the PLS distributions were uniform. Thus,
the lens array aberrations were compensated when the distance
between light sources was 8.55 mm, and it was possible to create
3D images.

When the resolution was fourfold that of the conventional
method, the distances between adjacent PLSs were 5.68 mm
[Eq. (2)] and 0.25 mm (PL/4). Figures 6(a) and 6(b) show the
PLSs of the conventional and new methods, respectively. In
Fig. 6(a), the distance between adjacent PLSs is 1 mm because
PL = 1 mm. In Fig. 6(b), the number of PLSs is 16-fold higher
than for the conventional method. However, the PLS distri-
butions are not uniform. For example, d1 is 0.21 mm and d2

is 0.3 mm because of the lens array aberration discussed in
Section 2.F.

When the distance between adjacent PLS sources was PL/4,
we changed the distance between the two light sources and
photographed the PLS plane to measure the distance between
adjacent PLSs. As shown in Fig. 6(c), that distance was 0.25 mm
when the distance between two light sources was lS = 6.24 mm.
Experimentally, the PLS distributions were uniform. Thus,
lens array aberrations were compensated when the distance
between light sources was 6.24 mm and it was possible to create
3D images.

B. Our PLS Display

From Eq. (5), the SLM distance (dS value) from the PLS plane
is 0.825 mm and 0.66 mm when the resolution is enhanced
three- and fourfold, respectively. The SLM is located at the
back of the PLS plane [Fig. 2(b)]. The two objects “D” and “S”
are 20 and 10 mm, respectively, from the SLM, and the x axis
distance between them is 11 mm. We created two sets of EIs
using Eqs. (6) and (7), and displayed them on the SLM. We
photographed the two objects when the camera was focused
on the PLS plane and measured the distance between adjacent
PLSs. Figure 7(a) shows the result for the conventional PLS
display with one light source; it is difficult to identify “D” and
“S” because the resolution is low and the distance between
adjacent PLSs is d = 1 mm. From Eq. (1), the resolution of the
conventional PLS display is R = 1 mm−1.

(c)(b)(a)

Fig. 5. Photos of the PLS plane of (a) a conventional PLS display and the PLS planes when the distance between two light sources was (b) 7.57 mm
and (c) 8.55 mm for n = 3 (3× 3).
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(c)(b)(a)

Fig. 6. Photos of the PLS plane of (a) the conventional PLS display and the PLS planes when the distance between two light sources was
(b) 5.68 mm and (c) 6.24 mm for n = 4 (4× 4).

(c)(b)(a)

Fig. 7. Experimental results for (a) the conventional PLS display and our PLS displays with threefold (b) and fourfold (c) resolution enhancement.

Figure 7(b) shows the result when 3× 3 light sources are
employed; “D” and “S” are readily identified because of the
additional PLSs; the distance between adjacent PLSs is about
d = 0.32 mm. From Eq. (1), the resolution now becomes
R = 3.125 mm−1, which represents a threefold improvement
over the conventional method. Figure 7(c) shows the result
when 4× 4 light sources are employed; the distance between
adjacent PLSs is about d = 0.25 mm. From Eq. (1), the reso-
lution now becomes R= 4 mm−1, which represents a fourfold
improvement over the conventional method. However, some
distortion (inappropriate points) is apparent. The light fields
of SMLEDs are different. We cannot solder an SMLED with
the exact position and correct directions, so some PLSs have
not been captured on camera and some appear in unnecessary
positions.

4. CONCLUSION

This study presented high-resolution PLS displays. We used
3× 3 and 4× 4 light sources to enhance resolution three- and
fourfold, respectively. For n × n light sources, the resolution
is enhanced n-fold. The most significant limitation of the
INIM display is lens array aberration. We changed the distances

between light sources to compensate for this issue. Our simple,
inexpensive approach involves the addition of light sources to
the focal plane of the collimating lenses for 3D display capabil-
ity. We are currently working on the removal of inappropriate
points.
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