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Abstract — Depth-enhanced integral three-dimensional (3D) imaging using different optical path
lengths by using a polarization selective mirror pair or mirror barrier array is proposed. In the proposed
approach, the enhancement of image depth is achieved by repositioning two types of elemental image
planes, thus effectively two central depth planes are obtained. One of the two implementation methods
makes use of the two-arm structure that has different optical path lengths and polarization-selective
mirrors. The other utilizes the mirror barrier array. The primary advantage of the method with polari-
zation devices is that we can observe 3D images that maintain some level of viewing resolution with
a large depth difference without any mechanical moving part. The mirror barrier array has the advan-
tage of the compact thickness. We demonstrated and verified our proposals experimentally.
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1 Introduction
Integral imaging (InIm) has attracted much attention
recently due to its outstanding advantages over other three-
dimensional (3D) display technologies.1–3 First of all, InIm
is an autostereoscopic method, which means that it does not
require any special viewing aids to see 3D images. In addi-
tion, InIm provides continuous viewpoints within specific
viewing angle. Unlike the conventional stereoscopic method
based on a lenticular lens, it also has full parallax along both
the horizontal and vertical directions. The major drawback
of InIm in early times was the limitation of implementing
dynamic 3D images. The use of passive devices as recording
and displaying media prevented integrating 3D images in
real time. With the rapid development of active devices,
CCDs (charge coupled devices) and flat-panel displays have
substituted for the film recently, and subsequently real-time
implementation of 3D displays based on InIm became pos-
sible. The configuration of the real-time InIm is shown in
Fig. 1. However, there still remain several problems,
including pseudoscopic images, limitation of viewing angle,
and resolution degradation, that should be overcome. Con-
tinuous studies have been performed to improve such prob-
lems.4–10

Along with those problems mentioned above, the limi-
tation of image depth is another main bottleneck of integral
imaging. The objective of InIm is to display a 3D object that
has some thickness along the depth direction. Hence, the
effort to increase the image depth for the display of 3D
objects is indispensable. The limitation of image depth
should be considered with the limitation of viewing resolu-
tion of the integrated image. In InIm, the quality of the
reconstructed image is best at the central depth plane (the
focused image plane where the center of an object is posi-
tioned), and it becomes worse at the marginal planes (the

defocused end planes out of the central depth plane). Con-
sequently, there exists a finite depth range within which
some level of viewing resolution is maintained. Figure 2(a)
shows the geometry of the limited depth range. The main
cause that degrades the resolution at a position out of the
central depth plane is image blurring (or smearing) as the
graphs in Fig. 2(b) illustrate. As the image plane gets more
defocused, the intensity profile spreads more along the lat-
eral direction. This can also be thought as a problem caused
by limited depth of focus in each elemental lens. Detailed
theoretical analysis on the depth-limitation and resolution
degradation is given in Ref. 11.

Because the implementable depth is an important
issue in InIm, a major part of research on InIm was how to
enhance the depth limitation. As a result of such efforts,
many schemes that showed impressive enhancement on the
depth limitation were proposed. One of early works is to
change the gap between the display panel and the lens array
by moving the lens array on the motorized stage in the
direction perpendicular to the display panel.12 Then the
location of the central depth plane can be changed to express
wider range in the direction perpendicular to the display
panel. However, this method demands high-speed move-
ment of the lens array, and it raises the problem of system
reliability. Multiple central depth planes also can be obtained
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FIGURE 1 — Basic concept of InIm.
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by adopting two InIm systems.13 The gaps of each system
are set to different values, so each system has a different
central depth plane. Two systems are combined with a beam
splitter, and then two different central depth planes gener-
ated by each system can be implemented simultaneously.
However, aligning the system is very difficult and the size of
the system becomes very bulky. Another scheme is to use a
uniaxial crystal plate and an LCD shutter to produce triple
central depth planes.14 The problems of this scheme are the
demand of a very fast device and the limited quality of inte-
grated images.

In this paper, we propose a novel technique to increase
the range of image depth in integral 3D imaging systems by
use of different optical path lengths with polarization-selec-
tive mirrors or the mirror barrier array. The proposed
scheme with polarization-selective mirrors is based on the
scheme of double display devices, but the structure is rela-
tively compact because we require only one lens array and
one display device. The scheme with the mirror barrier
array is more compact but it demands mechanical motion.
For simplicity, it is assumed that the elemental images are
generated by computer graphics, not by pickup process. The
enhancement of image depth is achieved by repositioning
two types of elemental image planes simultaneously by

adopting additional structure to the conventional scheme,
thus effectively two central depth planes are obtained. The
proposed system makes use of a two-arm structure that has
polarization-selective mirrors or the mirror barrier array to
utilize different optical path lengths. The configuration of
the proposed system with the polarization-selective mirrors
is shown in Fig. 3.

2 System configuration of two-arm structure
using polarization-selective mirror pair
Basically, we utilized multiplexed image planes that have
different central depth planes so that we could increase the
image-depth range. The input field that contains the infor-
mation of elemental images is illuminated from the polariza-
tion-multiplexed display device. The polarization- multiplexed
display, which displays multiplexed signals in synchroniza-
tion with the polarization switching, is a commercially avail-
able product because it is widely used in the field of
stereoscopic displays.

The input beam is relayed through a relay lens and
divided into two beams by a beam splitter. Then each beam
is reflected by mirrors, recombined by a beam splitter, and
passes through a lens array. The noticeable point here is that
beams in two arms undergo different path lengths due to the
unequal distances between the mirrors and the beam split-
ter. We can control the distances arbitrarily for our pur-

FIGURE 3 — System configuration of the proposed scheme. (a) Utilizing
RII and VII, (b) utilizing only RII.

FIGURE 2 — Depth limitation of InIm. (a) Geometry of the limited depth
range. (b) The image blurring (or smearing) at the central or marginal
depth plane.
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poses. Another distinct feature of this system is that we use
polarization-selective mirrors which reflect a particularly
polarized beam selectively. Hence, if each mirror in two
arms reflects only horizontal or vertical polarization selec-
tively, for example, and if the polarization switcher provides
both horizontal and vertical polarizations with time multi-
plexing, the beams that are reflected by the mirrors in the
two  arms  contain polarization components that are
orthogonal to each other. These polarized beams form
images of relay lens at different positions because the opti-
cal path lengths in two arms are different. In this scheme,
the optical path lengths in two arms are controlled by adjust-
ing the distances d1 and d2 (see Fig. 3) so that the relation,
g1 – g2 = 2(d1 – d2), is satisfied, i.e., the distance difference
between g1 and g2 corresponds to the double of the differ-
ence between d1 and d2. Subsequently, the gap between the
lens array and elemental images is different for each polar-
ized beam. This leads to the creation of two central depth
planes according to the corresponding gaps. Moreover, if we
adjust the distances d1 and d2 properly, the position of the
integrated images can be controlled. So both the real inte-
gral imaging (RII) and virtual integral imaging (VII) can be
applicable in this scheme. If we adjust the distance between
the lens array and the display panel to be larger than the
focal length of the elemental lenses, the central depth plane
is located in front of the lens array. In this case, the inte-
grated image can be reconstructed as a real image in front
of the lens array as shown in Fig. 4(a) and it is called
RII.11,12 On the other hand, if the distance between the lens
array and the display panel is shorter than the focal length,
the hypothetical central depth plane is formed behind the
lens array. In this case, the integrated image is reconstructed
as the virtual image as shown in Fig. 4(b), and it is called
VII.11,12 For example, if we adjust the distance d1 and d2 so
that the focal length of elemental lenses is shorter than g1
and longer than g2 as in Fig. 3(a), the real (Object 1) and
virtual (Object 2) images are reconstructed in front of and
behind the lens array, respectively. As a result, the observer
can see 3D real and virtual images with large depth differ-
ence simultaneously if we assume that the polarization
switching is fast enough to prevent image flickering. If we
adjust the distance d1 and d2 so that the focal length of an
elemental lens is shorter than g1 and g2 (g2 is larger than g1)
as in Fig. 3(b), two real images (Object A and Object B) are
reconstructed in front of the lens array. In this case, the
image depth of Object A is greater than that of Object B.
Although the depth difference between the Object A and

Object B is reduced than the case of Fig. 3(a), the range of
image depth is still much increased because we have two
central depth planes for both objects. Similarly, if we adjust
the distances d1 and d2 so that both arms operate in the VII
mode, then virtual images with different depths are simul-
taneously obtainable.

3 Experimental results for the two-arm structure
Of course, in our proposal, the simultaneous implementa-
tion of both real images or that of both virtual images is also
possible through a proper control of distances d1 and d2.
However, to fully utilize the feeling of depth difference, we
demonstrated the feasibility of the scheme in Fig. 3(a)
experimentally, and thus realized simultaneous display of
real and virtual images. The target image depths of real and
virtual images were 70 and –70 mm from the lens array,
respectively. (The minus sign denotes that the integrated
image plane is located behind the lens array.)

FIGURE 4 — (a) Real and (b) virtual integrated images.

FIGURE 5 — Experimental setup for the two-arm structure.

TABLE 1 — Specifications of the equipments used in the experiment.
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The values of g1 and g2 for these locations of central
depth planes correspond to 52 and 21 mm, respectively. The
characteristics of the used lens array are presented in Table
1. As we can see from the figure, if the gap changes due to
the path length difference in two arms by a few centimeters,
both real and virtual images can be displayed, i.e., the image
depth difference can be selected by controlling the differ-
ence in the gaps. For example, the gap difference of 31 mm
leads to the image position difference of 140 mm in the fig-
ure. Figure 5 shows the implemented system following the
specifications discussed above.

Figures 6(a) and (b) show computer-generated ele-
mental images for real and virtual objects, respectively.
These two types of elemental image arrays are displayed on
a flat-panel cathode-ray-tube (CRT) display (pixel pitch:
0.36 mm) and encoded by one of the two orthogonal polari-
zations after passing through the polarization shutter screen
(polarization switcher). The stereoscopic field rate that rep-
resents the polarization switching speed is 120 Hz, which is
a flicker-free frequency. The polarization states of both
polarization switcher and polarization-selective mirrors are
linear – the horizontal and the vertical polarizations. Then,
polarization-multiplexed elemental image arrays are reposi-
tioned through a Fresnel lens with a focal length of 170 mm,
which plays a role of relaying the elemental images from the
display to the position around the lens array. Both mirrors in
two arms are attached to translation stages controlled by
micrometers, and the distance difference between d1 and d2

was set to 15.5 mm in order to obtain a gap difference of 31
mm. The lens array used in this experiment consists of
13 × 13 square elemental lenses that have a pitch of 5 mm
and a focal length of 30 mm. Figure 7 shows integrated
images that are observed from different viewing directions.
As the figure shows, we could successfully reconstruct real
and virtual images with depth difference of 140 mm at once.
The horizontal parallax can be seen (the shape and relative
separation in the captured two images are slightly different
according to the viewing position). Unfortunately, the
amount of parallax is not so much in our preliminary experi-
ments because the viewing range is restricted into a small
region. This is because the viewing angle of this system is
small (less than 3° in one side) due to the fact that the used
lens array has a large f-number (it is well known that the
viewing angle in InIm is inversely proportional to the f-
number of elemental lenses11). However, we expect that
larger amount of parallax can be achieved if we adopt a lens
array with a smaller f-number.

4 Mirror barrier array
The principles of the proposed method based on the mirror
barrier array are shown in Fig. 8. The mirror barrier array is
composed of many elemental mirrors that are located
between lens array and the display panel and each elemental
mirror is laid to separate each column of elemental lenses.
Initially, elemental mirrors are perpendicular to the lens
array as shown in Fig. 8(a), so the observer in a certain view-
ing angle cannot realize the existence of mirrors. In that
state, the elemental images are integrated by the lens array
at the central depth plane 1 whose location is determined
simply by the gap g between the lens array and the display
panel. Then the mirrors (both-sides reflection mirrors)
change their poses to make an angle of 45° with the lens
array as shown in Fig. 8(b). In that state, the elemental
images displayed by the display panel are reflected between
adjacent mirrors, and they go through increased optical path
length. Then the central depth plane 2 is formed at a differ-
ent location from that of the central depth plane 1 of the
initial state. Its location d2 is determined by the optical path
length made by adding the gap g (between the lens array
and the display panel) and the pitch of the elemental lens ϕ
that is pertinent to the path length difference made by
reflections between mirrors. By switching between these
two states rapidly, we can obtain two central depth planes
simultaneously. Considering the simple lens law, the loca-
tion of the central depth plane is inversely proportional to
the optical path length that the elemental image goes
through before it meets the lens array. Therefore the initial
state of the mirror barrier array generates the central depth
plane farther from the lens array than the state where mir-
rors are inclined does. Each state takes charge of a certain
expressible thickness of the integrated image, so we should
design the various optical parameters of the system to cas-
cade each expressible thickness properly.

FIGURE 6 — Elemental images for the experiment. (a) For RII and (b)
VII.

FIGURE 7 — Experimental results.
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We performed the experiments to display the inte-
grated images around two central depth planes with the sys-
tem assembled based on the proposed method described
above. In the experiment, we used the mirror barrier array
whose states can be changed manually to verify that the in-
tegrated images are formed around two central depth
planes. Each elemental mirror that composes the mirror
barrier array has the length of 14 mm in the horizontal di-
rection, 130 mm in the vertical direction, and a thickness of
2 mm. The dimensions of the elemental mirror had been

determined to correspond to the other components, espe-
cially the lens array. The lens array is composed of 13 ele-
mental lenses in both of the horizontal and vertical
directions. The pitch of the elemental mirror ϕ is 10 mm,
and the focal length is 22 mm. Considering the state 2 of the
mirror barrier array, the length of the elemental mirror in
the horizontal direction should be √2ϕ as the elemental mir-
rors are inclined with an angle of 45° in that state. However,
the exact value is an irrational number, so we determined
that as 14 mm. There exist some errors in the range of 2–3
mm in the dimension of the elemental mirrors and such
errors do not affect the results of the experiment signifi-
cantly. The gap g was determined to be 25 mm, so the dis-
tance d1 of the target central depth plane 1 in the state 1
from the lens array becomes 183 mm. Then the effective
gap between the lens array and the display panel in the state
2 becomes g + ϕ, or 35 mm, forming the target central depth
plane 2 at the location of 59 mm from the lens array. There-
fore, the display panel in the state 1 should display the ele-
mental images that are integrated around the central depth
plane 1, and the elemental images of the integrated image
around the central depth plane 2 should be displayed in the
state 2. These two elemental images are displayed on the
LCD with the pixel pitch of 0.31 mm in the horizontal
direction and 0.32 mm in the vertical direction. All the ele-

FIGURE 9 — Integrated images displayed out of the central depth plane.
(a) Image at 183 mm and central depth plane at 59 mm. (b) Image at 59
mm and central depth plane at 183 mm.

FIGURE 8 — System configuration of the proposed scheme. (a) Perpendicular-mirror state (State 1). (b) Tilted-mirror state (State 2).
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mental images used in the experiments are generated by the
computer graphics.

We performed a preliminary experiment for the com-
parison of the conventional and the proposed scheme as
shown in Figs. 9(a) and (b). The experiment shows how the
quality of the integrated image degrades when the inte-
grated image is located out of the central depth plane. In
Fig. 9(a), the integrated image is located at 183 mm from
the lens array and the gap g is set to 35 mm to locate the
central depth plane at 59 mm distance from the lens array.
As shown in the figure, the slightly different images of the
apple are repeated to degrade the quality of the integrated
image severely. In Fig. 9(b), the integrated image is located
at 59 mm distance from the lens array and the gap is set to
25 mm to locate the central depth plane at 183 mm. In this
case, the parts of the integrated image were cut and the
entire shape was distorted severely. These results mean that
if the central depth plane is formed at 59 mm distance from
the lens array to obtain the good quality of the integrated
image located around there, the integrated image around
183 mm will be distorted like the image shown in Fig. 9(a),
and in the opposite case, the integrated image around 59
mm will be like the image in Fig. 9(b). Therefore, the InIm
3D display system that provides only one central depth
plane cannot express the depth region wide enough to
include the integrated images around both 59 and 183 mm
simultaneously.

Figure 10 shows the experimental results obtained by
the InIm 3D display system using the proposed mirror bar-
rier array. In Fig. 10(a), the system is set to the state 1, so
the integrated image is expressed at the same location as the
central depth plane 1, 183 mm from the lens array as
explained before. In Fig. 10(b), the system is changed to the
state 2, and both the integrated image and the central depth
plane are located at 59 mm distant from the lens array. The
vertical black lines shown in the experimental results come
from the thickness of the elemental mirrors, and those can
be eliminated if we adopt the elemental mirrors that are
sufficiently thin. These results show that InIm 3D display
system adopting the mirror barrier array can display the
integrated images of good quality around both 59 and 183
mm by changing the state of the mirror barrier array with
the fixed gap g of 25 mm. Therefore, if we change two states
of the mirror barrier array rapidly, the central depth plane 1
and 2 can be expressed simultaneously and the expressible

region of the InIm 3D display system will be extended over
an amount of 124 mm in the direction perpendicular to the
lens array.

5 Discussions and conclusions
The primary advantage of our proposed method with the
polarization devices is that we can observe 3D images that
maintain some level of viewing resolution with a large depth
difference without any mechanical moving parts. And the
other scheme, utilizing a mirror barrier array, had the
advantage of the compact thickness. These systems have
more compact structure compared to the scheme using dou-
ble display devices and a lens array or the scheme that uses
a uniaxial crystal plate. In the scheme using polarization
devices, real-virtual or real-real (virtual-virtual) 3D images
with a large depth difference can be displayed simultane-
ously by adjusting the distance difference from a beam split-
ter to a mirror in each arm. Furthermore, the brightness of
real and virtual images is similar because two beams in both
arms are transmitted and reflected equally. Although the
light loss due to the polarization transmission and relay
optics is a bottleneck to limit the usefulness, this proposal
can be an attractive solution to overcome the problem of
depth-limitation in 3D display based on InIm. In the
scheme using a mirror barrier array, the large expressible
depth range had been obtained by controlling whether the
reflection between neighboring mirrors occurs or not.
Although the mechanical motion can be a drawback of this
scheme, its compact thickness is very attractive.
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