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Abstract. In this paper, digital magnification of three-dimensional
(38D) imaging, using an ABMA intermediate view reconstruction
(IVR) based on an adaptive block matching algorithm is proposed.
The number of the elemental images obtained from a one-step
pickup process can be computationally increased through the use of
the proposed IVR without the need for mechanical movement and a
long multistep pickup process. To show the feasibility of the pro-
posed magnified 3D imaging system, using test images of a car,
bottle, phone, and watch, it was shown that the proposed ABMA
algorithm improves the peak signal to noise ratio of reconstructed
intermediate images by as much as 5.16 dB on average in compari-
son with a conventional block and feature-based algorithm. © 2008
Society for Imaging Science and Technology.
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INTRODUCTION

Integral imaging (II), as originally proposed by Lippmann in
1908, has been researched actively as a promising technique
for next generation three-dimensional (3D) imaging and
displays."* In 11, 3D objects with full parallax and continu-
ous viewing points can be recorded and reconstructed. An-
other method involves the use of a moving array-lenslet
technique (MALT)’ to pickup many time-multiplexed el-
emental images instead of a modification of elemental im-
ages. Jang and Javidi reported that scaling can be accom-
plished by controlling the spatial ray sampling rate in the
pickup process of II. The use of MALT can provide the
uniform scaling of 3D objects between lateral and longitu-
dinal spatial coordinates. The display of 3D images is per-
formed with a stationary lenslet array. However, this requires
a multistep pickup process via the vibration of a lenslet array
in the pickup part. Therefore, mechanical movement and a
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long pickup time make it difficult to implement a scalable
real-time II system.

In this paper, a new scheme for magnified 3D images*
without mechanical movement or a long multistep pickup
process in a II system is proposed. In the proposed scheme,
the number of the elemental images obtained from a one-
step pickup process can be computationally increased using
intermediate view reconstruction (IVR).”” The IVR tech-
nique is now actively studied as a method to implement
practical true-view stereoscopic display systems without an
increase in the number of cameras used or image data to be
processed and transmitted. In the process of intermediate
view reconstruction, many matching algorithms (such as
block, pixel, and feature-based) are presently used for dis-
parity estimation. Generally, a block-based matching algo-
rithm (BMA) is known to have a fast execution time, but not
an accurate matching ability. The feature-based matching al-
gorithm (FMA) has the capability of accurate matching at
the edges of an object, but its overall execution time depends
greatly on the characteristics of the input image. In these
conventional disparity estimations, the matching window
size is fixed as a pixel or a block for given stereo input
images. For this reason, their processing time is excessively
long. However, this technique can be used more effectively
in practical applications if the matching window size is
adaptively selected according to the local characteristics of
the input stereo image pair. In this approach, pixel and
block-based matching algorithms are selectively and comple-
mentarily taken in each local area depending on the specific
characteristics of the input stereo image, which improves the
overall performance of the disparity matching. Here, image
complexity is characterized as the local gray levels of the
corresponding matching points between the stereo image
pairs. Additionally, these local gray levels are assigned as
feature values indicating image complexity at those points.
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Therefore, this paper proposes an adaptive block match-
ing algorithm (ABMA) for effective IVR. In the ABMA, the
pixel, block, and feature-based matching algorithms are se-
lectively and complementarily taken in each local area de-
pending on the specific characteristics of the input image.
This has the effect of improving the overall performance of
the disparity estimation. The proposed IVR makes it pos-
sible to synthesize the required number of intermediate el-
emental images digitally using only optically elemental im-
ages of a 3D object that had undergone a pickup process.
Essentially, elemental images from a one-step pickup cannot
sufficiently magnify 3D reconstructed images in a conven-
tional II system; hence, the proposed IVR is introduced here
to increase the number of elemental images. This has the
same effect as an increase in the spatial ray sampling rate
when MALT is used.

Accordingly, the proposed system can be used as a so-
lution for a real-time scalable II system without the need for
additional time for the pickup of a 3D object and mechani-
cal movement of a lenslet array. This is the first known use
of IVR in an optical II application.

MAGNIFIED 3D IMAGES BY ABMA-BASED IVR
Disparity Estimation

The BMA is used as a disparity estimation method in which,
once one of the stereo image pairs is divided by a block unit,
each block in the image (left image) undergoes a matching
process with the individual blocks of the other image (right
image) by means of a cost function.

Equation (1) shows the MAD function used for dispar-
ity estimation in this paper. In the equation, N,, N, denote
the size of the block, and I;(7,j) and Iz(i+k,j+1) indicate
the coordinates of the left image and the corresponding co-
ordinates of the right image, where k and [ are horizontal
and vertical disparity, respectively,

1 Nx Ny
MAD(,j) = —— >, 2 [I,(j) — I + kj+ D). (1)
*Vyi=1 j=1

First, the left image is divided by the block with
N, X N, pixels. For each block, the cost functions of Eq. (1)
are then calculated individually with the corresponding
block of the right image, as the block is shifting within a
given search range. Finally, a block that minimizes the cost
function is determined as a corresponding matching block
of the right image to the selected block of the left image, and
the position difference between the blocks in the right and
left images is assigned as a disparity vector.

Adaptive Block Matching Block Algorithm-Based
Disparity Estimation

Figure 1 shows an algorithm of the ABMA. It adaptively
determines the adaptive block size by the feature value® that
is compared with a predetermined threshold value. The fea-
ture values of the input stereo image that determine the
proper matching window size can be extracted from the in-
put stereo image pair. That is, by applying an edge detection
algorithm to the input stereo image pair, the edge informa-
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tion of this stereo image can be extracted. The extracted data
is discontinuous and is displayed according to the value of
the pixel brightness, depending on the characteristics of the
input stereo image pair.

In the ABMA, feature values that are extracted from an
input stereo image pair are normalized and the threshold
value is optionally set as several steps in the range of 0-1.
Correspondingly, an equal number of adaptive blocks with
different sizes can be selected. As shown in Eq. (2), six steps
of the threshold value (0.0, 0.2, 0.4, 0.6, 0.8, 1.0) and six
adaptive blocks sizes (32X 32, 16 X 16, 8 X8, 4X4, 2 X2,
1 X 1) were selected for this study, where n, and Th,, repre-
sent an integer in the range of (1=<#<6), and the threshold
value of the nth step, respectively, as

1 Ny,
—_— I(4,7) — Ipn(i + k,j+ 1
NxNyzjzzlh( ]) R( J )|

> threshold value (step[n]) = 267" X 257", (2)

When the feature values become smaller, a larger adap-
tive block size is used. The opposite is true when the feature
values become larger.

Regularized Disparity Estimation

Several regions in each image have similar disparity vectors;
however, in the matching process, though vertical vector
similarity exists, only the similarity in the horizontal direc-
tion is considered. Accordingly, considering the vertical vec-
tor similarity, it is possible to remove the false disparity vec-
tors. Therefore, in this paper, a disparity estimation
algorithm employing a regularization scheme based on
neighborhood averaging is used to alleviative the problems
of matching window overlapping and misallocation that oc-
cur with the conventional disparity estimation. Here, the
regularized pixel g(x,y) is defined by Eq. (3)

1
gloy) = > flij). (3)

(i) es

In this equation, M and S are the number and set of neigh-
borhood pixels (i Xj), respectively. In this paper, Eq. (4) is
used to preserve edge value in an edge region

1 1
J— " H ; If , o .) . <T.
glxy) = M(,-,%esf(l 1 10| o) M(,,%sf(’ )
flx,p); otherwise
(4)

If the difference between the regularized and original
pixel value f(x,y) is smaller than a predetermined threshold,
the original pixel value is replaced with the regularized value.
In addition, during a right image reconstruction process,
some occluded regions may exist in which one of the stereo
cameras visualizes while the other does not. As a disparity
vector is not allocated to this occluded region, the average
value of the disparities of nearby regions is assigned through
the process of disparity stability. If the viewpoint is not oc-
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0 = feature value
WHILE
IF (MAD(k.D)> ) 6{;1J 6{;1J
matching window_size = 2 02 x 2 v2
BREAK
ELSE
0=0+0.2

Figure 1. Flowchart of adaptive block matching algorithm.
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Figure 3. IEl calculated from the elemental images.
cluded at this stage, the disparity is defined as the distance
between the image points in both images. Equation (5)
shows the disparity in the horizontal direction and the rela-
tionship between the right image I, and the left image I

[ir} [il + DV (i), jl)] [DV(inz)]
Jr Ji 0

Intermediate View Reconstruction

The proposed intermediate view images are synthesized us-
ing an interpolation method with a weighted mean value of
the left and right images,” as shown in Figure 2. The dispar-
ity vectors of these regions are then replaced with the mean
values of the disparity vectors of the nearby regions by the
process of disparity regularization. Through this full process
of the proposed IVR algorithm, a more natural multiview
and stereoscopic 3D image can be synthesized.

The distance from the left to the right image plane is 1,
such that a €[0,1]. For example, @=0 represents the left
image and a=1 represents the right image, and the interval
values represent the intermediate view image
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Table 1. Comparison to calculate a PSNR.

PSNR[dB] of IEI

Method Car Botle Phone Watch
BMA 30.18 27.15 25.35 24.31
FMA 34.16 28.34 27.32 26.54
Proposed IVR 36.87 34.12 32.14 29.19
ﬁij = dL + dR = aaij + (]. - a)aij, (6)

L(i,j) = I (i + aaij»]') =IRi—(1- a)cAiij,j), (7)

where oAil-]- is the disparity value in the search range, I is the
intersection at which the disparity of the left image and the
right image cross, I; is the block of the left-side image, and
Iy is the block of right-side image corresponding to I;. As
shown in Fig. 2, due to the relationship expressed by Eq. (6),
usually point I;(i,j) of the intermediate view image plane

can be reconstructed from disparity vector (;ii]- of the left,
right, and distance a with Eq. (7). Moreover, in this paper,
intermediate views that are more natural can be recon-
structed using an interpolation scheme with a weighted av-
erage. Equation (8) shows the case of interpolation with a
weighted average by position « of the viewpoint

L(,) =(1—a)- I(i - élij(iaj)’j) +a-I(i— aij(i)j))j)‘ (8)

Magnification Using MALT and IVR

The interlaced elemental images picked up from MALT are
used for the magnification of the 3D integrated images.
However, mechanical movement and a long pickup time
prevent the implementation of a real-time system. To over-
come this problem, an IVR is employed to increase the
number of elemental images in a manner similar to the
function of MALI. This IVR is computationally imple-
mented with a computer, implying that no mechanical
movement of the lenslet array in the pickup part is necessary
and that a long pickup time does not occur.

The 3D object is picked up with the one-step process
and the picked up elemental images are then transmitted to
the display system. The display system is composed of an
image processing part and a projection II system part. The
former is used to generate intermediate elemental images
(IEI) using ABMA-based IVR for magnification of the 3D
images, and the latter is used to display 3D images to a
lenslet array screen. The elemental images from the one-step
pickup can be transmitted in real time because the proposed
system is composed of commercial pickup devices of the
type. In fact, the elemental images from the one-step pickup
are not sufficient for use in the magnification process of the
IT system. Therefore, ABMA-based IVR is used to increase
the number of elemental images.

It is important to note that the generation of interme-
diate elemental images takes place using IVR. It is assumed
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that the (i,j)th elemental image is represented by E; j(x,y),
where x and y are the pixel positions within the elemental
image. Here i=1,2,...,M and j=1,2,...,N. If IVR is ap-
plied to two neighboring elemental images, E;;(x,y) and
Ej1j(x,), it is possible to obtain the intermediate views for
various « values from Eq. (8). These are termed IEL In the
II system in this system, « is used as a magnification control
parameter. If 3D objects are magnified # times, « then has
n—1 different values with an interval of Aa=1/n. Figure 4
shows an example of calculating IEI for three different
values with Aaw=1/4. To obtain the entire range of IEL it is
necessary to perform ABMA-based IVR for all elemental
images in both the horizontal and vertical directions.

SIMULATIONS AND RESULTS

The elemental images were captured by a CCD camera
through a pickup lenslet array. The object was positioned
3 cm from the lenslet array. The lenslet array uses 50 X 50
lenslets, and each lenslet is mapped with 30X 30 pixels in
the CCD camera. The focal length and diameter of the
lenslet are 3 mm and 1.08 mm, respectively. To analyze the
image quality of the calculated IEL, some comparisons were
performed, as shown in Figure 3. Fig. 3(a) shows a compari-
son between neighboring elemental images horizontally. The
reference image is required to compare the quality of the IEL
Therefore, three neighboring elemental images are consid-
ered: E;(x,y), Eiz1j(x,y), and E;,; j(x,y). The IEI is calcu-
lated only between E; /(x,y) and E;;, j(x,y), and E;,; j(x,y) is
used as the reference image. In effect, E;, j(x,y) can be con-
sidered as the IEI optically obtained using the lenslet array.
The calculated IEI was compared with the reference image.
The average peak signal-to-noise ratio (PSNR) was found to
be 33.08 dB after repeating the procedure for all of the i and
j values. This shows that the calculated IEI can be used in
the II system without significant degradation in the recon-
structed 3D images. In contrast, a vertical comparison be-
tween neighboring elemental images is shown in Fig. 3(b).

The picked up elemental images are shown in Figure
4(a). They consist of 990 X 750 pixels. The enlarged elemen-
tal images for the tire of “car” are shown in Fig. 4(b). Here,
it is known that each elemental image has its own perspec-
tive of a 3D object. IVR was applied to these elemental im-
ages. Fig. 4 shows the IEI calculated from the elemental im-
ages of Fig. 3 using three different a values of (n=4): i, i,
and %.

Table I shows the PSNR of the intermediate view syn-
thesized by each algorithm for the images. It was found that
the proposed algorithm improves the PSNR by 6.69, 6.97,
6.79, and 4.88 dB over that of the BMA. Moreover, it also
improves the PSNR by 2.71, 5.78, 4.82, and 2.65 dB over
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Magnification by IVR

@ (b)

Figure 4. Experimental results for magnification: (a) the pickuped El: (b)
the magnified elemental images times by ABMA-based IVR.

that of the FMA for each of car, bottle, phone, and watch
images, respectively.

CONCLUSION

In this paper, digital magnification of 3D imaging by em-
ploying an ABMA-based IVR is proposed and experimen-
tally demonstrated. From a number of successful experi-
ments that centered on displaying scalable 3D reconstructed
images for real 3D objects, the feasibility of the proposed 11
system is shown. From the experimental results, it was found
that the proposed algorithm improves the PSNR by 6.69,
6.97, 6.79, and 4.88 dB over that of the BMA. It was also
found that it improves the PSNR by 2.71, 5.78, 4.82, and
2.65 dB over that of the FMA for the images of the car,
bottle, phone, and watch, respectively.
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