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DEPTH AND LATERAL SIZE CONTROL OF 
THREE-DIMENSIONAL IMAGES IN PROJECTION 

INTEGRAL IMAGING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. provisional 
application 60/706,281 ?led on Aug. 8, 2005, Which is 
incorporated herein in its entirety by reference. 

BACKGROUND OF THE INVENTION 

[0002] Most 3D display techniques developed to date are 
stereoscopic. A stereoscopic system may be realiZed that 
may display large images With high resolution, hoWever 
stereoscopic techniques may require supplementary glasses 
to evoke 3-D visual effects. Additionally, stereoscopic tech 
niques may provide observers With horiZontal parallax and 
a small number of vieWpoints. Observation of stereoscopic 
images may also cause visual fatigue due to convergence 
accommodation con?ict. 

[0003] Convergence-accommodation con?ict may be 
avoided by a true 3-D image formation in space With full 
parallax and continuous vieWing points. Holography is one 
Way to form 3-D images in space, but recording full-color 
holograms for an outdoor scene may be dif?cult. For 
example, When computer- generated holograms are prepared, 
a large amount of computation time and capacity may be 
required to obtain proper gratings. Because coherent light is 
often used in holography, speckle may also occur. 

[0004] To produce true 3-D images in space With inco 
herent light using tWo-dimensional (2-D) display devices, 
techniques based on ray optics have also been studied. One 
technique may be referred to as integral imaging (II). 

[0005] In II, 3-D images may be formed by crossing the 
rays coming from 2-D elemental images using a lenslet 
array. Each microlens in a lenslet array may act as a 
directional pixel in a pinhole fashion. The pinholes create 
directional vieWs Which When vieWed With tWo eyes for 
example, appear as a 3D image in space. II may provide 
observers With true 3-D images With full parallax and 
continuous vieWing points. HoWever, the vieWing angle, 
depth-of-focus, and resolution of 3-D images may be lim 
ited. 

[0006] In addition, 3-D images produced in direct camera 
pickup II are pseudoscopic (depth-reversed) images, and 
thus may make II systems more complex and thus more 
impractical. 

[0007] Advancements in the art are needed to increase 
vieWing angles and improve image quality. Also needed are 
Ways to display, images of large objects that are far from the 
pickup device. Additionally needed advancements include 
the ability to project 3-D images to a large display screen. 

BRIEF DESCRIPTION OF THE INVENTION 

[0008] A method disclosed herein relates to a method of 
displaying three-dimensional images. The method compris 
ing, projecting integral images to a display device, and 
displaying three-dimensional images With the display 
device. 
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[0009] Further disclosed herein is a method that relates to 
controlling the depth of 3-D images When recording and 
displaying 3-D images. The method comprising, magnifying 
elemental images during pickup, projecting the magni?ed 
elemental images via an optics relay to a display device, and 
displaying 3-D images Within the depth-of-focus of the 
display device While maintaining lateral image siZes. 

[0010] Further disclosed herein is a method that relates to 
controlling the depth of 3-D images When recording and 
displaying 3-D images With planar pickup and planar display 
devices. The method comprising, positioning an optical 
path-length-equaliZing (OPLE) lens adjacent to a planar 
lenslet array, projecting 3-D images via an optics relay to a 
planar display device, and displaying 3-D images Within the 
depth-of-focus of the display device. 

[0011] Further disclosed herein is a method that relates to 
recording and displaying 3-D images. The method compris 
ing, generating elemental images With a micro-lenslet array, 
increasing disparity of elemental images With an optical 
path-length-equaliZing (OPLE) lens, recording the elemen 
tal images on an imaging sensor of a recording device. The 
method further comprising, projecting 3-D images through 
an optical relay to a display device, and displaying the 3-D 
images Within the depth-of-focus of the display device. 

[0012] Further disclosed herein is an apparatus for dis 
playing orthoscopic 3-D images. The apparatus comprising, 
a projector for projecting integral images, and a micro 
convex-mirror array for displaying the projected images. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Embodiments Will noW be described, by Way of 
example only, With reference to the accompanying draWings 
Which are meant to be exemplary, not limiting, and Wherein 
like elements are numbered alike in several Figures, in 
Which: 

[0014] FIGS. 1a, 1b, and 1c are side vieWs of an integral 
imaging (II) arrangements using planar devices; 

[0015] FIGS. 2a, 2b, and 2c are side vieWs ofa projection 
integral imaging (PII) arrangements using planar devices; 

[0016] FIGS. 3a, 3b, 3c, 3d, 3e, and 3fare side vieWs of 
non-linear depth control arrangements using curved devices; 

[0017] FIGS. 4a and 4b are side vieWs of modi?ed pick up 
systems; 

[0018] FIGS. 5a, 5b, and 50 show divergent projection 
methods; 
[0019] FIG. 6a shoWs examples of objects to be imaged; 

[0020] FIG. 6b shoWs a modi?ed pick up lens system 
attached to a digital camera; 

[0021] FIG. 7 shoWs a top vieW of optical set up for 3D 
image display Which includes a micro-convex mirror array; 

[0022] FIGS. 8a, 8b, 8c and 8d shoW center parts of 
elemental images; 

[0023] FIG. 9 shoWs reconstructed orthoscopic virtual 3-D 
images When an optical path-length-equaliZing (OPLE) lens 
Was not used; and 

[0024] FIG. 10 shoWs reconstructed orthoscopic virtual 
3-D images When an OPLE lens Was used. 
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DETAILED DESCRIPTION 

[0025] Methods and devices to control the depth and 
lateral siZe of reconstructed 3-D images are disclosed. These 
methods and devices may be used With a novel “Projection” 
Integral Imaging (PII) system for example. 

[0026] One described technique alloWs pick up of large 
3-D objects that may be far aWay, and also alloWs the display 
of their demagni?ed 3-D images Within the depth-of-focus 
of II systems. It is shoWn that curved pickup devices (i.e., a 
curved 2-D image sensor and a curved lenslet array) or 
curved display devices or both may be used for this purpose. 
When the lenslets in the curved array have a Zooming 
capability, a linear depth control is additionally possible. 

[0027] TWo exemplary methods are discussed beloW alone 
and also When they are used together. In experiments to 
demonstrate the feasibility of our method, planar pickup 
devices may be used (lenslet array, sensor, and display). An 
additional large aperture negative lens, also referred to 
herein as an optical path-length-equaliZing (OPLE) lens, is 
placed in contact With the pickup lenslet array. 

[0028] It should be noted that in this disclosure the term 
“recording” is used interchangeably With “pickup” and the 
term “reconstruction” is used interchangeably With “dis 
play.” 

RevieW of Integral Imaging 

[0029] Conventional Integral Imaging (CII) 

[0030] In CII, planar lenslet arrays With positive focal 
lengths have been used as depicted in FIG. 1. 

[0031] As depicted in FIG. 1(a), a set of elemental images 
1 of a 3-D object 2 (i.e., direction and intensity information 
of the spatially sampled rays coming from the object) may 
be obtained by use of a lenslet array 3 and a 2-D image 
sensor 4 such as a charged coupled device (CCD) or a 
complementary metal oxide semiconductor (CMOS) image 
sensor. As depicted in FIG. 1(b), to reconstruct a 3-D image 
7 of the object 2, the set of 2-D elemental images 1 may be 
displayed in front of a lenslet array 3 using a 2-D display 
panel 5, such as a liquid crystal display (LCD) panel. 

[0032] Further, With reference to FIGS. 1a and 1b, in one 
example, the lenslet array 3 With focal length f may be 
positioned at Z=0, and the display panel at Z=—g. From the 
Gauss lens laW: 

1 1 1 (1) 

it is shoWn that the gap distance g should be Lif](Li—f)Egr, 
Where it may be assumed that 3-D real images 7 are formed 
around Z=Li. The rays coming from elemental images con 
verge to form a 3-D real image through the lenslet array 3. 
The reconstructed 3-D image may be a pseudoscopic (depth 
reversed) real image 7 of the object 2. To convert the 
pseudoscopic image to an orthoscopic image, a process to 
rotate every elemental image by 180 degrees around its oWn 
center optic axis may be used. The orthoscopic image 
becomes a virtual image 8 by this P/O conversion process. 
Also, as shoWn in FIG. 10, When the 3-D virtual image 8 is 
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formed around Z=—Li, the gap distance g should be Lif 
J")Egv for optimal focusing from Eq. (1). 

(Li+ 

[0033] Projection Integral Imaging (PII) 

[0034] Projection integral imaging (PII) is the novel sub 
ject of this invention. In other Words, the inventors Were the 
?rst to invent projection integral imaging (PII). 

[0035] As shoWn in FIG. 2a, in PII, the process to obtain 
elemental images is not substantially different from that in 
CII. HoWever, elemental images may be projected through 
relay optics 10 onto a lenslet array 3 as depicted in FIGS. 
2(a) and (b). A micro-convex/concave-mirror array 11, 21 as 
a projection screen may be used, as depicted in FIGS. 2(c) 
and (d). When a lenslet array 3 With a positive focal length 
is used or a micro-concave-mirror array 11 is used, the 
in-focus plane of projected elemental images 12 may be 
positioned at Z=—gr, as depicted in FIGS. 2(a) and (c). If 
P/O-conver‘ted elemental images are used to display 3-D 
orthoscopic virtual images 8, Which are formed around 
Z=—Li, the in-focus plane of projected elemental images 12 
should be positioned at Z=—gV. 

[0036] When a lenslet array With a negative focal length 9 
is used or a micro-convex-mirror array 21, 3-D orthoscopic 
virtual images 8 may be displayed Without the P/O conver 
sion. For example, suppose that 3-D images 8 are formed 
around Z=—Li and the focal length of the lenslet array 9 (or 
the micro-convex-mirror array 21) is —f. Then, the gap 
distance g becomes Lif](f—Li)E—gr from Eq. (1). Thus the 
in-focus plane of projected elemental images 12 may be 
positioned at Z=+gr, as depicted in FIGS. 2(b) and (d). On 
the other hand, When 3-D real images 7 are displayed around 
Z=Li, the in-focus plane of projected elemental images 12 
may be positioned at Z=+gv. Because Li>>f in both PII and 
CII, grzgvzf. 

[0037] Advantages of PII Over CII 

[0038] PII alloWs for the folloWing because of the use of 
a micro-convex-mirror array as a projection screen: 

[0039] First, vieWing angle is enhanced. In II, the full 
vieWing angle 11) is limited and determined approximately by 
2><arctan[0.5/(f/#)], Where f/# is the f number of the lenslet, 
When the ?ll factor of the lenslet array is close to l. 

[0040] Also, it is easier to make diffraction-limited (or 
aberration-free) convex mirrors With a small f/# than it is to 
make similar lenslets. A convex mirror element may have an 
f/# smaller than 1. For example, if f/#=0.5, the vieWing 
angle 11) becomes 90 degrees, Which is acceptable for many 
practical applications. 

[0041] Second, the P/O conversion is unnecessary, if a 
positive lenslet array is used for direct camera pickup. 

[0042] Third, it is easy to realiZe 3-D movies With large 
screens even if a small siZe of display panels or ?lm is used. 
This is because the display panel and the screen are sepa 
rated, and thus the siZe of elemental images that are pro 
jected onto the screen can be controlled easily by use of the 
relay optics. 

[0043] Forth, ?ipping-free observations of 3-D images are 
possible even if optical barriers are not used. This is because 
each elemental image can be projected only onto its corre 
sponding micro-convex mirror. 
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[0044] Fifth, it is easy to implement spatial multiplexing 
or temporal multiplexing or both in PII. To display 3-D 
images With high-resolution and large depth-of-focus, the 
number of pixels in the entire set of elemental images should 
be suf?ciently large. Because display panels that are cur 
rently available or near future cannot meet such requirement, 
spatial multiplexing or temporal multiplexing or both may 
be needed to display the entire set of high-resolution 
elemental images. 

[0045] In the experiments beloW, PII Was used using a 
micro-convex-mirror array screen. However, this disclosure 
is not limited only to use of the structures used in these 
exemplary embodiments and experiments beloW. 

[0046] Longitudinal Depth Control of 3-D Images 

[0047] 3-D images reconstructed in II systems may have 
limited depth-of-focus 6. It has been shoWn that 6 cannot be 
larger than l/(kpz) Where 7» is the display Wavelength and p 
is the resolution of reconstructed 3-D images. p is de?ned as 
the inverse of the reconstructed image spot siZe. In PII, 3-D 
images With high resolution can be reconstructed only near 
the projection screen of micro-convex-mirror arrays (or the 
display lenslet array). Thus the depth-of-focus 6 should be 
measured from the projection screen. 

[0048] Suppose that one is trying to pickup an object 
positioned beyond the depth-of-focus range. Speci?cally, 
the front surface of the object, Whose longitudinal thickness 
is T, is positioned at Z=ZO>6. When the focal lengths of the 
pickup lenslets and the micro-convex-mirrors in the projec 
tion screen are equal in magnitude, a 3-D image is recon 
structed either at Z=ZO for real image display or at Z=—ZO for 
virtual image display. Thus, in this example, a focused 3-D 
image cannot be displayed because the image position is 
beyond the range of depth-of-focus. Therefore, control of 
the depth (and thus position) of the reconstructed 3-D 
integral images to be displayed is needed so that it can be 
reconstructed near the screen, i.e., Within the depth-of-focus. 

[0049] Linear Depth Control by Zooming the Elemental 
Images 

[0050] If the focal length of the pickup lenslet array fp is 
longer than that of the display micro-convex-mirror array fd, 
the longitudinal scale of reconstructed image space is 
reduced linearly by a factor of fd/fpsr While the lateral scale 
does not change. So if (ZO+T)r<6, the 3-D reconstructed 
image is Well focused. 

[0051] One solution to pickup objects at various longitu 
dinal positions and display their images Within the depth 
of-focus of II systems, therefore, is to use a pickup lenslet 
array With a variable focal length fp or an array of micro 
Zoom lenses. If fp is increased by a factor of 0t, every 
elemental image is also magni?ed by that factor, according 
to geometrical optics. Therefore, digital Zoom-in can be 
used, even if fp is ?xed. In other Words, by digitally 
magnifying every elemental images in a computer by a 
factor of 0t, r can be changed as 

fd (2) 
afp ' 
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[0052] Then, an orthoscopic virtual image is reconstructed 
at Z=—rZO for the object positioned at Z=ZO in the pickup 
process. 

[0053] Digital Zoom-in may degrade the resolution of 
elemental images. When ZOQOO and the object is very large, 
a nonlinear depth control method may be used. 

[0054] Nonlinear Depth Control using Curved Pickup 
Devices 

[0055] For a large object that is far aWay, elemental 
images are almost identical because parallax of the object is 
small for neighboring pickup lenslets. When such elemental 
images are displayed in the II system, the reconstructed 
image may be seriously blurred and not easily seen. A 
curved pickup devices (e.g., a curved lenslet array 17 and a 
curved 2-D image sensor 18) With a radius of curvature R 
may be used, and then 3-D images may be reconstructed 
using planar display devices as depicted in FIGS. 3(a) and 
(b), respectively. Similarly, planar pickup devices (e.g., a 
planar image sensor 14 and a planar lenslet array 16) and 
curved display devices (e.g., a curved display panel 19 and 
a curved lenslet array 20) may be used as depicted in FIGS. 
3(0) and (d), respectively. The folloWing sign convention is 
used: R>0, When the center of the curvature is positioned at 
the same side of the object (observer 6) in the pickup 
(display) process; and R<0 When it is positioned at the 
opposite side. 

[0056] The use of a negatively curved pickup lenslet array 
increases disparity of neighboring elemental images. This is 
because pickup directions of the lenslets in a curved array 
are not parallel and thus their ?elds of vieW are more 
separated than those for a planar array. Such elemental 
images may also be obtained if the object of a reduced siZe 
near the pickup lenslet array is picked up. Therefore, When 
elemental images With increased disparity are displayed on 
a planar display screen (a micro-convex-mirror array), an 
integral image With a reduced siZe is reconstructed near the 
screen. By controlling R, 3-D images of large objects that 
are far aWay can be displayed Within the depth-of-focus of 
the II system. 

[0057] The effect of depth and siZe reduction using the 
negatively curved pickup lenslet array can be analyZed by 
introducing a hypothetical thin lens With a negative focal 
length —Rp, Which is in contact With the planar pickup lenslet 
array 16, as depicted in FIG. 3(e). This is because ray 
propagation behaviors for the tWo setups in FIGS. 3(a) and 
3(e), and those in FIGS. 3(d) and 30’) are the same, respec 
tively. We call this lens an optical path-length-equaliZing 
(OPLE) lens 15. When tWo thin lenses With focal length f1 
and f2 are in contact, the effective focal length becomes 
f1 f2/ (f1+f2). To get complete equivalence betWeen the tWo 
setups, the focal length of the lenslet array 16 that is in 
contact With the OPLE lens 15 should be fpe=Rpfp/(Rp+fp), 
Where fp is the focal length of the curved pickup lenslets 17. 
In general, Rp>>fp and thus fpezfp. Therefore, instead of 
using the curved pickup lenslet array 17 With a radius of 
curvature —Rp and a focal length fp, and a curved image 
sensor 18 in the analysis, a planar lenslet array 16 With a 
focal length fpe may be used, a ?at image sensor 14, and the 
pickup OPLE lens 15 With a focal length —Rp. 

[0058] The OPLE lens 15 ?rst produces images of objects, 
and then the images are actually picked up by the planar 
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pickup devices 14, 16 to produce elemental images With 
increased disparity. For an object positioned at Z=ZO(>0) ,the 
OPLE lens 15 produces its image according to Eq. (1) at 

Rpzo (3) 
Zi 

Rp + 10 
Z: 

[0059] As ZO varies from O0 to 0, Zi changes from R13 to 0. 
The elemental images With increased disparity are projected 
onto a planar micro-convex-mirror array screen, a virtual 
image is reconstructed at Z=—Zi if fd=fp. Therefore, Rp 
should be shorter than the depth-of-focus of the II system. 
Lateral magni?cation of the OPLE lens is given by Zi/Zo(<l) 
according to geometrical optics. 

[0060] As shoWn in FIG. 3(d), the effect of depth and siZe 
reduction can also be achieved by use of negatively curved 
display devices 19, 20. Suppose that curved display devices 
19, 20 With a radius of curvature —R01 are used, While 
elemental images are obtained by use of planar pickup 
devices 14, 16. As before, a hypothetical display OPLE lens 
15 is introduced to planar display devices (e.g., planar 
lenslet array 16 and planar display panel 22). Then, an 
orthoscopic virtual image of the object is reconstructed at 

[0061] for the object positioned at Z=ZO(>0) in the pickup 
process, if fd=fp. 

[0062] Combination of Linear and Nonlinear Depth Con 
trol Methods 

[0063] In general, both linear and nonlinear depth control 
methods may be used together. For an object positioned at 
Z=ZO, the position of the reconstructed image can be pre 
dicted from the equivalent planar pickup 14, 16 and display 
22, 16 devices With OPLE lenses. The pickup OPLE lens 
produces an image of the object at Z=Zi Where Zi is given in 
Eq. (3). From this image, elemental images With increased 
disparity are obtained and then they are digitally Zoomed-in. 
Then, the planar display lenslet array 16 produces an inter 
mediate reconstructed image at Z=—rZi Where r is given in 
Eq. (2). Because of the display OPLE lens 15, from the 
Gauss lens laW the ?nal reconstructed image is obtained at 
Z=—Zr Where 

[0064] As ZO varies from O0 to 0, Zr changes from rRpRd/ 
(rRp+Rd) to 0. 

[0065] Other System Factors that In?uence 3-D Image 
Depth and SiZe 

[0066] The use of a Modi?ed Pickup System 

[0067] Because the physical siZe of the 2-D image sensor 
14 is smaller than that of the pickup lenslet array 3, a 
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modi?ed pickup system is usually used as depicted in FIG. 
4(a). Here, elemental images formed by a planar lenslet 
array 3 are detected through a camera lens 25 With a large 
f/#. The use of such a camera lens 25 and the planar pickup 
lenslet array 3 produces the effect of a negatively curved 
pickup lenslet array, because disparity of elemental images 
increases. This effect is taken into account, by considering 
the modi?ed pickup system as a curved pickup system With 
a curved lenslet array Whose radius of curvature is —RC. RC 
equals approximately the distance betWeen the planar pickup 
lenslet array and the camera lens. 

[0068] Therefore, if elemental images are detected 
through a camera lens 25 When a curved pickup lenslet array 
26 is used With the radius of curvature Rp as depicted in FIG. 
4(b), the actual radius of curvature of the pickup lenslet 
array 26 is considered to be 

[0069] This is treated in this experiment as the equivalent 
of planar pickup devices (14, 16) With tWo OPLE lenses (27, 
28). In this case, We replace Rp with RP6 in Eq. (5). 

[0070] Diverging Projection of Elemental Images 

[0071] As depicted in FIG. 5(a), When elemental images 
are projected onto a lenslet array 3 screen, the projection 
beam angle 6 (e.g., in the aZimuthal direction) may not be 
negligible. In this case, the effect of negatively curved 
display devices naturally exists even if planar display 
devices are used. Suppose that the horizontal siZe of the 
overall projected elemental images on the screen is S. Then, 
one can consider the planar display devices as curved 
display devices With a radius of curvature —RSz—S/6 if the 
aperture siZe of the relay optics is much smaller than S. In 
fact, RS is approximately equal to the distance betWeen the 
planar projection screen and the relay optics. 

[0072] Suppose that such a diverging projection system is 
used in a negatively curved lenslet array 30 With the radius 
of curvature —R(,1 as depicted in FIG. 5(1)) or in a negatively 
curved micro-convex-mirror array 31 as in FIG. 5(0). The 
actual radius of curvature of the display screen in the 
non-diverging system is: 

e 

[0073] In this case, one Would have to replace Rd1 With Rd6 
in Eq. (5). 

[0074] Experiments 
[0075] System Description 
[0076] The object to be imaged is composed of a small 
cacti 35 and a large building 36 as shoWn in FIG. 6(a). The 
distance betWeen the pickup lenslet array and the cacti 35 is 
approximately 20 cm and that betWeen the pickup lenslet 
array and the building is approximately 70 m. Because 
curved pickup devices Were not available for this experi 
ment, elemental images Were obtained by use of a planar 
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2-D image sensor and a planar lenslet array in contact With 
a large-aperture negative lens as an OPLE lens. The focal 
length and the diameter of the negative lens are 33 cm (=Rp) 
and 7 cm, respectively. The planar pickup lenslet array used 
is made from acrylic, and has 53x53 plano-convex lenslets. 
Each lenslet element is square-shaped and has a uniform 
base siZe of 1.09 mm><l.09 mm, With less than 7.6 pm 
separating the lenslet elements. The focal length of the 
lenslets is approximately 3 mm (=fp). A total of 48x36 
elemental images are used in the experiments. 

[0077] A digital camera 37 With 4500x3000 CMOS pixels 
Was used for the 2-D image sensor. The camera pickup 
system 37 is shoWn in FIG. 6(b). In this modi?ed pickup 
system, R320 cm. From Eq. (6), Rpe=RC=20 cm, When the 
OPLE lens is not used; and Rpe=l2.5 cm, When the OPLE 
lens is used. 

[0078] The linear depth reduction method Was also used in 
combination With the nonlinear method. To avoid resolution 
degradation caused by digital Zoom-in, the resolution of the 
Zoom-in elemental images Was kept higher than that of the 
LCD projector. Four different ot’s are used: (x1=l, (x2=l.5, 
(x3=2, and (x4=2.5. A planar micro-convex-mirror array for 
the projection screen Was obtained by coating the convex 
surface of a lenslet array that is identical to the pickup lenslet 
array. Light intensity re?ectance of the screen is more than 
90%. The focal length of each micro-convex mirror is 0.75 
mm (=fd) in magnitude. Because fp=3 mm, linear depth 
squeezing rates are rl=%, r2=1/6, r3=1/s, and r4=1/1o from Eq. 
(2) for (x1, (x2, . . . , (x4, respectively. 

[0079] The setup for 3-D image reconstruction is depicted 
in FIG. 7. A color LCD projector 40 that has 3 (red, green, 
and blue) panels Was used for elemental image projection. 
Each panel has 1024x768 square pixels With a pixel pitch of 
18 um. Each elemental image has approximately 21x21 
pixels on average. Magni?cation of the relay optics 41 is 2.9. 
The diverging angle of the projection beam 11 is approxi 
mately 6 degrees in the aZimuthal direction. The effect of 
curved display devices slightly exists. The distance betWeen 
the screen and the relay optics is approximately 48 cm. 
Because S=52.3 mm, R550 mm. From Eq. (7), Rde=50 cm, 
because Rd=OO in the experiments. 

[0080] The position of cacti 35 is denoted by ZOC(=20 cm) 
and that of the building 36 by ZOb(=70 m). For different r’s 
and Rp’s, one can estimate the position of the reconstructed 
image for the cacti Z=—Zrc and that for the building Z=—Zrb 
from Eq. (5). They are illustrated in Table 1. 

TABLE 1 

Estimated Positions of Reconstructed Images“ 

R; (cm) 20 12.5 

r /4 /6 /s /10 /4 /6 /s /10 

1,,(0111) .38 .61 .22 .98 .85 .25 .94 .76 
Zrb (cm) .53 .12 .37 .92 .94 .00 .51 .22 

3Other parameters: Rde = 50 cm; Z0c = 20 cm; and Zob = 70 m. 

[0081] Experimental Results 

[0082] Center parts of elemental images that Were 
obtained Without the OPLE lens and those obtained With the 
OPLE lens are shoWn in FIGS. 8(a) and 8(b), respectively. 
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When (X=2.5, digitally Zoomed-in elemental images for 
those in FIGS. 8(a) and 8(b) are illustrated in FIGS. 8(c) and 
8(d), respectively. One can see that the OPLE lens increases 
disparity betWeen neighboring elemental images. 

[0083] When elemental images are projected onto the 
planar micro-convex-mirror array, 3-D orthoscopic virtual 
images are reconstructed. The measured vieWing angle Was 
60~70 degrees, Which agrees Well With the predicted value. 
To observers Who move beyond the vieWing angle range, the 
entire reconstructed image disappears. Higher-order recon 
structed images Were hardly observed for a Well-aligned 
system. Left, center, and right vieWs of reconstructed 3-D 
images for different depth control parameters are illustrated 
in FIGS. 9 and 10. The observed positions of the recon 
structed images agree qualitatively With the estimated posi 
tions given in Table 1. Comparing the images shoWn in 
FIGS. 9 and 10, one can see that smaller 3-D images are 
reconstructed for shorter Rpe. As r decreases, reconstructed 
3-D images squeeZe further in the longitudinal direction and 
thus disparity betWeen left and right vieWs reduces. The 
lateral siZe of reconstructed 3-D images is independent of r. 
Reconstructed 3-D images at deeper positions are more 
blurred because the depth-of-focus of the PH system is 
limited, Which is estimated to be 5 cm approximately. 

[0084] Binocular parallax is the most effective depth cue 
for vieWing medium distances. In general, our depth control 
method degrades solidity of reconstructed 3-D images 
because it squeeZes their longitudinal depth more exces 
sively than the lateral siZe for distant objects. HoWever, 
human vision also uses other depth cues, and binocular 
parallax may not be so effective for vieWing long distances. 
Therefore, our nonlinear position control method can be 
ef?ciently used for large-scale 3-D display system With 
limited depth-of-focus. Nevertheless, efforts to enhance the 
depth-of-focus of II systems should be pursued. 

[0085] In conclusion, at least a method, apparatus and 
system to control depth and lateral siZe of reconstructed 3-D 
images in II have been presented, in Which a curved pickup 
lenslet array or a curved micro-convex-mirror (display len 
slet) array or both may be used. When lenslets in the curved 
array have a Zooming capability, a linear depth control is 
additionally possible. Using both control methods, it has 
been shoWn that large objects in far distances can be 
reconstructed ef?ciently by the II system With limited depth 
of-focus. This control Will be useful for realiZation of 3-D 
television, video, and movie based on II. 

[0086] Some embodiments of the invention have the fol 
loWing advantages: imaging is performed With direct pickup 
to create true 3-D image formations With full parallax and 
continuous vieWing points With incoherent light using tWo 
dimensional display devices resulting in orthoscopic images 
With Wide vieWing angles, large depth of focus and high 
resolution. Additional advantages include the ability to 
project 3-D images to a large display screen. 

[0087] One of ordinary skill in the art can appreciate that 
a computer or other client or server device can be deployed 
as part of a computer netWork, or in a distributed computing 
environment. In this regard, the methods and apparatus 
described above and/or claimed herein pertain to any com 
puter system having any number of memory or storage units, 
and any number of applications and processes occurring 
across any number of storage units or volumes, Which may 
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be used in connection With the methods and apparatus 
described above and/ or claimed herein. Thus, the same may 
apply to an environment With server computers and client 
computers deployed in a network environment or distributed 
computing environment, having remote or local storage. The 
methods and apparatus described above and/or claimed 
herein may also be applied to standalone computing devices, 
having programming language functionality, interpretation 
and execution capabilities for generating, receiving and 
transmitting information in connection With remote or local 
services. 

[0088] The methods and apparatus described above and/or 
claimed herein is operational With numerous other general 
purpose or special purpose computing system environments 
or con?gurations. Examples of Well knoWn computing sys 
tems, environments, and/or con?gurations that may be suit 
able for use With the methods and apparatus described above 
and/or claimed herein include, but are not limited to, per 
sonal computers, server computers, hand-held or laptop 
devices, multiprocessor systems, microprocessor-based sys 
tems, netWork PCs, minicomputers, mainframe computers, 
distributed computing environments that include any of the 
above systems or devices. 

[0089] The methods described above and/or claimed 
herein may be described in the general context of computer 
executable instructions, such as program modules, being 
executed by a computer. Program modules typically include 
routines, programs, objects, components, data structures, 
etc. that perform particular tasks or implement particular 
abstract data types. Thus, the methods and apparatus 
described above and/or claimed herein may also be practiced 
in distributed computing environments such as betWeen 
different units Where tasks are performed by remote pro 
cessing devices that are linked through a communications 
netWork or other data transmission medium. In a typical 
distributed computing environment, program modules and 
routines or data may be located in both local and remote 
computer storage media including memory storage devices. 
Distributed computing facilitates sharing of computer 
resources and services by direct exchange betWeen comput 
ing devices and systems. These resources and services may 
include the exchange of information, cache storage, and disk 
storage for ?les. Distributed computing takes advantage of 
netWork connectivity, alloWing clients to leverage their 
collective poWer to bene?t the entire enterprise. In this 
regard, a variety of devices may have applications, objects 
or resources that may utiliZe the methods and apparatus 
described above and/or claimed herein. 

[0090] Computer programs implementing the method 
described above Will commonly be distributed to users on a 
distribution medium such as a CD-ROM. The program could 
be copied to a hard disk or a similar intermediate storage 
medium. When the programs are to be run, they Will be 
loaded either from their distribution medium or their inter 
mediate storage medium into the execution memory of the 
computer, thus con?guring a computer to act in accordance 
With the methods and apparatus described above. 

[0091] The term “computer-readable medium” encom 
passes all distribution and storage media, memory of a 
computer, and any other medium or device capable of 
storing for reading by a computer a computer program 
implementing the method described above. 

Feb. 8, 2007 

[0092] Thus, the various techniques described herein may 
be implemented in connection With hardWare or softWare or, 
Where appropriate, With a combination of both. Thus, the 
methods and apparatus described above and/or claimed 
herein, or certain aspects or portions thereof, may take the 
form of program code or instructions embodied in tangible 
media, such as ?oppy diskettes, CD-ROMs, hard drives, or 
any other machine-readable storage medium, Wherein, When 
the program code is loaded into and executed by a machine, 
such as a computer, the machine becomes an apparatus for 
practicing the methods and apparatus of described above 
and/or claimed herein. In the case of program code execu 
tion on programmable computers, the computing device Will 
generally include a processor, a storage medium readable by 
the processor, Which may include volatile and non-volatile 
memory and/ or storage elements, at least one input device, 
and at least one output device. One or more programs that 
may utiliZe the techniques of the methods and apparatus 
described above and/or claimed herein, e.g., through the use 
of a data processing, may be implemented in a high level 
procedural or object oriented programming language to 
communicate With a computer system. HoWever, the pro 
gram(s) can be implemented in assembly or machine lan 
guage, if desired. In any case, the language may be a 
compiled or interpreted language, and combined With hard 
Ware implementations. 

[0093] The methods and apparatus described above and/or 
claimed herein may also be practiced via communications 
embodied in the form of program code that is transmitted 
over some transmission medium, such as over electrical 
Wiring or cabling, through ?ber optics, or via any other form 
of transmission, Wherein, When the program code is received 
and loaded into and executed by a machine, such as an 
EPROM, a gate array, a programmable logic device (PLD), 
a client computer, or a receiving machine having the signal 
processing capabilities as described in exemplary embodi 
ments above becomes an apparatus for practicing the 
method described above and/or claimed herein. When 
implemented on a general-purpose processor, the program 
code combines With the processor to provide a unique 
apparatus that operates to invoke the functionality of the 
methods and apparatus described above and/or claimed 
herein. Further, any storage techniques used in connection 
With the methods and apparatus described above and/or 
claimed herein may invariably be a combination of hardWare 
and softWare. 

[0094] The operations and methods described herein may 
be capable of or con?gured to be or otherWise adapted to be 
performed in or by the disclosed or described structures. 

[0095] While the methods and apparatus described above 
and/or claimed herein have been described in connection 
With the preferred embodiments and the ?gures, it is to be 
understood that other similar embodiments may be used or 
modi?cations and additions may be made to the described 
embodiment for performing the same function of the meth 
ods and apparatus described above and/or claimed herein 
Without deviating therefrom. Furthermore, it should be 
emphasiZed that a variety of computer platforms, including 
handheld device operating systems and other application 
speci?c operating systems are contemplated, especially 
given the number of Wireless netWorked devices in use. 

[0096] While the description above refers to particular 
embodiments, it Will be understood that many modi?cations 



US 2007/0030543 A1 

may be made Without departing from the spirit thereof. The 
accompanying claims are intended to cover such modi?ca 
tions as Would fall Within the true scope and spirit of the 
present invention. 

What is claimed is: 
1. A method of displaying three-dimensional images, the 

method comprising: 

projecting integral images to a display device; and 

displaying three-dimensional images With the display 
device. 

2. The method of claim 1, further comprising: 

relaying the images from a projector to the display device 
through relay optics. 

3. The method of claim 2, further comprising: 

converting pseudoscopic images to orthoscopic images 
With a lenslet array. 

4. The method of claim 3, further comprising: 

focusing orthoscopic images With a lenslet array With a 
positive focal length. 

5. The method of claim 2, further comprising: 

focusing orthoscopic images With a lenslet array With a 
negative focal length. 

6. The method of claim 2, further comprising: 

converting pseudoscopic images to orthoscopic images 
With a micro-concave-mirror array. 

7. The method of claim 6, further comprising: 

focusing orthoscopic images With a micro-concave-mirror 
array. 

8. The method of claim 2, further comprising: 

focusing orthoscopic images With a micro-convex-mirror 
array. 

9. The method of claim 8, further comprising: 

increasing a vieWing angle by using the micro-convex 
mirror array as a display screen. 

10. The method of claim 8, further comprising: 

diverging the projected images With the relay optics to a 
large micro-convex-mirror array. 

11. The method of claim 8, further comprising: 

projecting each elemental image to a unique micro 
convex mirror. 

12. The method of claim 8, further comprising: 

multiplexing the projected images temporally. 
13. The method of claim 8, further comprising: 

multiplexing the projected images spatially. 
14. The method of claim 8, further comprising: 

multiplexing the projected images both temporally and 
spatially. 

15. The method of claim 1, Wherein the display device is 
planar. 

16. A method of controlling the depth of 3-D images When 
recording and displaying 3-D images, comprising: 

magnifying elemental images during pickup; 

projecting the magni?ed elemental images via an optics 
relay to a display device; and 
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displaying 3-D images Within the depth-of-focus of the 
display device; While maintaining lateral image siZes. 

17. The method of claim 16, Wherein the magnifying is 
performed digitally. 

18. A method of controlling the depth of 3-D images When 
recording and displaying 3-D images With planar pickup and 
planar display devices, comprising: 

positioning an optical path-length-equaliZing (OPLE) lens 
adjacent to a planar lenslet array; 

projecting 3-D images via an optics relay to a planar 
display device; and 

displaying 3-D images Within the depth-of-focus of the 
display device. 

19. The method of claim 18, further comprising: 

positioning the OPLE lens adjacent to a planar lenslet 
array of a planar pickup device during pickup. 

20. The method of claim 18, further comprising: 

positioning the OPLE lens adjacent to a planar lenslet 
array of a planar display device during display. 

21. The method of claim 18, further comprising: 

magnifying elemental images during pickup. 
22. A method of recording and displaying 3-D images, 

comprising: 
generating elemental images With a micro-lenslet array; 

increasing disparity of elemental images With an optical 
path-length-equaliZing (OPLE) lens; 

recording the elemental images on an imaging sensor of 
a recording device; 

projecting 3-D images through an optical relay to a 
display device; and 

displaying the 3-D images Within the depth-of-focus of 
the display device. 

23. The method of claim 22, further comprising: 

controlling images depth linearly; by 
digitally magnifying elemental images; and 

unaltering the lateral siZe of images. 
24. An apparatus for displaying orthoscopic 3-D images, 

comprising: 
a projector for projecting integral images; and 

a micro-convex-mirror array for displaying the projected 
images. 

25. The apparatus of claim 24, further comprising: 

relay optics for relaying the projected integral images 
therethrough to the micro-convex-mirror array. 

26. The apparatus of claim 24, Wherein the projector is a 
tWo-dimensional (2-D) projector. 

27. The apparatus of claim 24, further comprising: 

a planar micro-convex-mirror array for displaying the 
projected images. 

28. The apparatus of claim 24, further comprising: 

a curved micro-convex-mirror array for displaying the 
projected images. 

* * * * * 


