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In this paper, we propose a 3D display method combining a pickup process using axially recorded 

multiple images and an integral imaging display process. First, we extract the color and depth information 

of 3D objects for displaying 3D images from axially recorded multiple 2D images. Next, using the extracted 

depth map and color images, elemental images are computationally synthesized based on a ray mapping 

model between 3D space and an elemental image plane. Finally, we display 3D images optically by an 

integral imaging system with a lenslet array. To show the usefulness of the proposed system, we carry 

out optical experiments for 3D objects and present the experimental results.
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I. INTRODUCTION

Integral imaging (II) has been actively researched as 

one of the next-generation 3D display techniques [1-9]. 

This is due to full parallax, continuous viewing points and 

full-color 3D images. II has simple structure of both 

pickup and display schemes compared to other glass-free 

3D displays. It uses a lenslet array to capture and display 

3D information. That is, a 3D object is recorded through 

a lenslet array. Here the recorded images are called 

elemental images. And, the 3D images are formed by 

integrating the rays from 2D elemental images by use of 

a lenslet array. 

Recently, several 3D imaging methods have been studied 

to extract high-resolution 3D information in a 3D scene. 

Among them, an axially distributed image sensing (ADS) 

method [10-14] has been proposed. In this method, a 

single camera is translated along its optical axis and then 

longitudinal perspective information is obtained for a 3D 

scene. Compared with the other 3D imaging techniques, it 

can provide simple structure such as single movement and 

high resolution elemental images. Therefore, it can be 

used to extract a high-resolution depth map in the practical 

environment.

In this paper, we propose a 3D display method combining 

the pickup process using axially recorded multiple images 

and the integral imaging display process. First, we extract 

the color and depth information of 3D objects for displaying 

3D images from axially recorded multiple 2D images. Next, 

using the extracted depth map and color images, elemental 

images are computationally synthesized based on a ray mapping 

model between 3D space and the elemental image plane. 

Finally, we display 3D images optically by an integral imaging 

system with a lenslet array. We perform the preliminary 

experiment and present the experimental results.

II. 3D INTEGRAL IMAGING DISPLAY USING 

AXIALLY RECORDED MULTIPLE 2D IMAGES

In this section, we present a 3D integral imaging display 

system using axially recorded multiple 2D images as shown 

in Fig. 1. It is consisted of four processes: the ADS 

pickup process, depth extraction process, computationally 

elemental image synthesis process, and integral imaging 

display process. 

2.1. ADS Pickup Process 

Figure 2 illustrates the ADS pickup stage. Multiple 2D 
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FIG. 1. Procedure of the proposed 3D display method.

FIG. 2. Pickup process to obtain axially recorded multiple images.

FIG. 3. Ray model for recording of 3D object point.

FIG. 4. (a) Ray relation at the original position of 3D object point

(b) Ray relation at the different position.

images with slightly different perspectives are recorded by 

translating the single camera along its optical axis [10]. 

The focal length of the imaging lens is g. When the 

camera moves along the z axis (its optical axis), multiple 

2D images with different perspectives are captured (e.g. 

first camera position is z1 and last camera position is zN 

where z1<zN). Then, N images can be recorded by shifting 

the camera N-1 times. The separation distance between 

two adjacent cameras is ∆z in Fig. 2. Thus, the i-th 

camera position can be calculated by zi=z1+(i-1)∆z from 

the object where z1 is the distance between the origin 

(z=0) and the first image sensor. Therefore, each recorded 

2D image has a different magnification ratio. That is, the 

2D image with the smallest magnification ratio can be 

obtained when i=1 because the camera position is farthest 

from the 3D object. This magnification ratio difference 

between recorded 2D images is useful to estimate or 

extract depth information of the 3D object.

2.2. Depth Extraction using Profilometry

In this section, we explain the point-based depth extraction 

method using the profilometry for axially recorded multiple 

images. The basic principle of our depth extraction method 

is to find the depth information of 3D objects using 

statistical variance of intensity of integrated rays generated 

from all the recorded multiple images. That is, rays from 

a 3D object point are recorded into the different images 

according to the camera position as shown in Fig. 3. The 

corresponding pixel of the 3D object point in each camera 

is recorded with the same intensity level. When we 

reconstruct the integrated rays at the original position of 

the 3D object point as shown in Fig. 4(a), all intensities 

of rays become the same. On the other hand, rays have 

different intensities when the estimation position is not 

equal to the original position of the 3D object point as shown 

in Fig. 4(b). Based on this principle, we can estimate the 

depth information using the statistical variance of intensity 

distribution of integrated rays. However, it does not consider 

spatial variation of pixel intensity in the local area around 

the 3D object point. Thus, it may increase the noise which 

is caused by point-wise depth fluctuation in the extracted 

depth map.

Let us estimate the reconstruction point with (x, y, Z). 

Then, we can find the corresponding pixel for each 

camera and obtain its intensity value. The position of each 

corresponding pixel is different according to the distance 

between the reconstruction point and the image sensor. Let 

the local coordinates and the intensity of the corresponding 
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FIG. 5. Ray mapping for elemental image generation.

pixel on the i-th image sensor be denoted by (ξ i, η i) and 

Ii(ξ i, η i, zi), respectively. Here, zi is the position of the 

i-th image sensor from the origin (z=0). As shown in Fig. 3, 

we can see that ξ i=-gx/(Z-zi-g) and hi=-gy/(Z-zi-g). And, 

(ξ i, η i) is varied according to Z. To find whether the 

reconstruction point is 3D object point or not, the statistical 

variance of the intensity values for all cameras is used. 

First, we average the intensities of all corresponding pixels 

at the reconstruction point (x, y, Z). It is calculated by the 

following:
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From Eq. (2), it is seen that the variance metric D is 

varied according to the Z distance. Finding the local 

minimum of variance metric D, the 3D object point can 

be estimated. This can be formulated as

)Z,y,x(D)y,x(ẑ min  arg= (3)

Finally, when the local minimum variance metric is 

found, the intensity value of the 3D object point can be 

obtained using the mean value as described in the 

following equation:
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To obtain the final depth map and the color image of 

the 3D object, the depth estimation process is repeated for 

all x, y and Z. Here, the depth search range of Z may be 

determined by the system performance due to the heavy 

computation load in the large search range.

2.3. Generation Process of Elemental Images

Now, we present the generation process of elemental 

images for the 3D display from the calculated depth map 

and color image. The generation process of elemental 

images based on the geometry of pixel mapping between 

3D object points and the elemental images plane through 

the lenslet array (in fact, virtual pinhole array) is shown 

in Fig. 5. The rays from the 3D object point pass through 

the center of each lenslet (virtual pinhole) and then they 

are recorded into the corresponding pixels in the elemental 

image plane. The pixel coordinates for the recorded pixels 

in each elemental image are given by
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where )y,x('ẑ is the rescaled version of )y,x(ẑ in Eq. 

(3) by scale change of the 3D images in the display 

space, f is the focal length of the lenslet and Pk,h and Pk,v 

are the horizontal and vertical position of the k-th lenslet, 

respectively. For all pixels, the final elemental images can 

be calculated by iteration of the pixel mapping process. 

2.4. Display of 3D Images in DPII System

In a typical II system, depth-priority integral imaging 

(DPII) and resolution-priority integral imaging (RPII) can 

be classified by the gap between the lenslet array and the 

display panel, g [4, 5]. In DPII, g is the same as the focal 

length of lenslet ( f ). Since displayed or reconstructed 

voxel size is equal to the lenslet size in DPII, the lateral 

resolution is low. However, the large depth can be provided 

because the depth of focus of the lenslet in DPII is large 

and 3D image can be displayed in real and virtual image 

fields simultaneously. On the other hand, g is not equal to 

the focal length of the lenslet in RPII. Since the voxel 

size is small enough in RPII, high lateral resolution can 

be provided. However, a 3D image has shallow depth 

because the depth of focus of the lenslet in RPII is small. 

In this paper, we use the DPII system for display to 

provide the large depth of the 3D object.

Figure 6 illustrates the DPII system setup to display 3D 

images using computationally synthesized elemental images 

from axially recorded multiple images. The elemental 

images are focused at the focal plane of the lenslet array 

by passing through the projector to implement the DPII 

system. Then, 3D images are displayed in free space by 

displaying the elemental images through the lenslet array. 

We capture 3D images at different viewpoints to prove 

that the DPII system can provide the full parallax of 3D 

objects.
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FIG. 6. Optical integral imaging display with large depth.

FIG. 7. (a) Experimental setup (b) 1st recorded elemental image, 

(c) 41th recorded elemental image.

FIG. 8. (a) Extracted color image (b) Extracted depth map. (c) 

Generated elemental images.

FIG. 9. Experimental result (a) Left view (-8 deg). (b) Right view 

(8 deg).

III. EXPERIMENTS AND RESULTS 

To demonstrate the proposed scheme, we performed 

preliminary experiments. Figure 7 shows the entire experimental 

system setup including the ADS process and the DPII 

display process. First, the 3D object is composed of two 

toys: ‘car’ and ‘sign board’ as shown in Fig. 7. They have 

different shapes and colors. They are located at 300 mm 

and 530 mm from the image sensor, respectively. In the 

ADS pickup process, the objects should be located out of 

the optical axis due to the low perspective collection of 

3D objects near the optical axis. Therefore, two toys are 

located at approximately 80 mm from the optical axis. 

Their size is approximately 40 mm×30 mm. We record 

multiple 2D images by moving the single image sensor 

along its optical axis. We use a Nikon camera (D70) 

whose pixels are 2184(H)×1426(V). The imaging lens with 

focal length f=50 mm is used in this experiments. The 

camera is translated with ∆z=5 mm increments for a total 

of K=41 elemental images and a total displacement 

distance is 200 mm. Two recorded 2D images (1st image 

and 41th image) are shown in Fig. 7(b) and (c).

For the synthesis of elemental images, we extract the 

depth map and color image using the depth extraction 

process (i.e. profilometry) as described in Chapter 2.2. 

The depth search range of Z was from 200 mm to 600 

mm with the step of 10 mm. The extracted color image 

and depth map are shown in Fig. 8. Their resolution is 

640(H)×480(V). 

Then, the extracted depth map and color image are used 

to synthesize the elemental images for the DPII display as 

explained in Fig. 5. 3D object points are located within 

20 mm(H) to 20 mm(V). To fit the depth range between 

real 3D objects and displayed 3D images, we used the 

rescale process [4]. That is, we relocated the ‘car’ object 

at 30mm and the ‘sign’ object at -20mm in the display 

space. In addition, the depth inversion was applied to avoid 

the pseudoscopic image problem in the integral imaging 

display. The computationally modeled lenslet array has 

45(H)×45(V) lenslets and each elemental image is mapped 

with 20(H)×20(V) pixels through a single lenslet. Thus, 

we synthesize an elemental image array of 900(H)×900(V) 

pixels as shown in Fig. 8(c).

Finally, we carried out the optical experiments to display 

3D images using the synthesized elemental image array in 

the DPII as shown in Fig. 8(c). In the experimental setup 

as shown in Fig. 6, the elemental images are displayed 

through a projector. The lenslet array has 45(H)×45(V) 

lenslets whose focal length and diameter are 3 mm and 

1.08 mm, respectively. The size of reconstructed images is 

approximately 5 mm. The ‘car’ image is observed at z = 

30 mm (real image) and the ‘sign board’ image is 

observed at z= -20 mm (virtual image). Figure 9 shows 

experimental results of displayed 3D images. The measured 

viewing angle is approximately 16°. It is shown that we 

can observe the 3D images correctly through both real and 

virtual fields in the DPII system.
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IV. CONCLUSION

In conclusion, a novel integral imaging display method 

has been proposed using axially recorded multiple images. 

The proposed method extracts 3D information based on 

the statistical variance of rays from a 3D object point. 

With the extracted 3D information of objects, the elemental 

images are computationally synthesized based on a ray 

mapping model between 3D space and an elemental image 

plane. We can display 3D images optically in the depth- 

priority integral imaging system with lenslet array. The 

experimental results show that the proposed method can 

display 3D images using the elemental images synthesized 

from axially recorded multiple 2D images.

ACKNOWLEDGMENT

This work was supported in part by the IT R&D program 

of MKE/KEIT. [10041682, Development of high-definition 

3D image processing technologies using advanced integral 

imaging with improved depth range] and this research was 

supported in part by Basic Science Research Program through 

the National Research Foundation of Korea (NRF) funded 

by the Ministry of Education, Science and Technology (NRF- 

2012R1A1A2001153)

REFERENCES

1. G. Lippmann, “La photographie integrale,” C. R. Acad. 

Sci. 146, 446-451 (1908).

2. A. Stern and B. Javidi, “Three-dimensional image sensing, 

visualization, and processing using integral imaging,” Proc. 

IEEE 94, 591-607 (2006).

3. J.-H. Park, K. Hong, and B. Lee, “Recent progress in three- 

dimensional information processing based on integral imaging,” 

Appl. Opt. 48, H77–H94 (2009).

4. D.-H. Shin, S.-H. Lee, and E.-S. Kim, “Optical display of 

ture 3D objects in depth-priority integral imaging using an 

active sensor,” Opt. Commun. 275, 330-334 (2007).

5. J.-S. Jang and B. Javidi, “Improved viewing resolution of 

three-dimensional integral imaging by use of nonstationary 

micro-optics,” Opt. Lett. 27, 324-326 (2002).

6. F. Okano, H. Hoshino, J. Arai, and I. Yuyama, “Real-time 

pickup method for a three-dimensional image based on integral 

photography,” Appl. Opt. 36, 1598-1603 (1997).

7. S. Yeom, Y.-H. Woo, and W.-W. Beak, “Distance extraction 

by means of photon-counting passive sensing combined with 

integral imaging,” J. Opt. Soc. Korea 15, 357-361 (2011).

8. S.-c. Kim, C.-K. Kim, and E.-S. Kim, “Depth-of-focus and 

resolution-enhanced three-dimensional integral imaging with 

non-uniform lenslets and intermediate-view reconstruction 

technique,” 3D Research 2, 6 (2011).

9. G. Li, K.-C. Kwon, G.-H. Shin, J.-S. Jeong, K.-H. Yoo, 

and N. Kim, “Simplified integral imaging pickup method 

for real objects using a depth camera,” J. Opt. Soc. Korea 

16, 381-385 (2012). 

10. R. Schulein, M. DaneshPanah, and B. Javidi, “3D imaging 

with axially distributed sensing,” Opt. Lett. 34, 2012-2014 

(2009).

11. X. Xiao and B. Javidi, “Axially distributed sensing for 

three-dimensional imaging with unknown sensor positions,” 

Opt. Lett. 36, 1086-1088 (2011).

12. D. Shin and B. Javidi, “3D visualization of partially occluded 

objects using axially distributed sensing,” J. Disp. Technol. 

7, 223-225 (2011).

13. D. Shin and B. Javidi, “Visualization of 3D objects in scattering 

medium using axially distributed sensing,” J. Disp. Technol. 

8, 317-320 (2012).

14. S.-P. Hong, D. Shin, B.-G. Lee, and E.-S. Kim, “Depth 

extraction of 3D objects using axially distributed image 

sensing,” Opt. Express 20, 23044-23052 (2012).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


