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a b s t r a c t

In this paper, we propose an occlusion removal technique for improved recognition of 3D objects that are
partially occluded in computational integral imaging (CII). In the reconstruction process of a 3D object
which is partially occluded by other objects, occlusion degrades the resolution of reconstructed 3D
images and thus this affects negatively the recognition of a 3D object in CII. To overcome this problem,
we introduce a method to eliminate occluding objects in elemental image array (EIA) and the proposed
method is applied to 3D object recognition by use of CII. To our best knowledge, this is the first time to
remove occlusion in CII. In our method, we apply the elemental image to sub-image (ES) transform to EIA
obtained by a pickup process and those sub-images are employed for occlusion removal. After the trans-
formation, we correlate those sub-images with a reference sub-image to locate occluding objects and
then we eliminate the objects. The inverse ES transform provides a modified EIA. Actually, the modified
EIA is considered to be an EIA without the object that occludes the object to be reconstructed. This can
provide a substantial gain in terms of the image quality of 3D objects and in terms of recognition perfor-
mance. To verify the usefulness of the proposed technique, some experimental results are carried out and
the results are presented.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Integral imaging is a promising technique for three-dimensional
(3D) imaging. Integral imaging is able to work with the incoherent
light and does not require the help of special viewing glasses [1–7].
From the proposal of integral imaging in 1908, it has raised a great
attention to researchers because integral imaging is considered to
be a promising technology to provide the observing images with
the full parallax and the continuous viewing points. A general inte-
gral imaging system consists of two processes: pickup and recon-
struction. In the pickup process, light rays emanating from 3D
objects are captured by a lenslet array. The light rays passing
through each lenslet are recorded by using a 2D image sensor such
as the charged-coupled device (CCD). The captured images are con-
sidered to be a set (or array) of demagnified 2D images because
each of them contains the different perspective information about
the 3D objects. These demagnified 2D images are known as the ele-
mental image array (EIA). Reconstruction of 3D objects is a reverse
process of pickup by propagating the rays coming from EIA
through the same lenslet array. The reconstruction of 3D objects
can be done in two ways, either an optical way or a computational
way.
ll rights reserved.
For 3D visualization and recognition using InIm, computational
integral imaging (CII) systems have been introduced [8–18]. A CII
system is shown in Fig. 1a. It is composed of the optical pickup
and the volumetric computational reconstruction (VCR) based on
the pinhole-array model [10]. In optical pickup, 3D object is re-
corded as the EIA through a lenslet array. In the VCR process, the
EIA is digitally processed by use of a computer where 3D images
can be easily reconstructed at any reconstruction output plane
without optical devices.

Even though VCR provides the simple reconstruction of 3D ob-
jects using only a computer, there are some problems to be solved
including a poor visual quality by artifacts, high computation loads.
In order to improve the visual quality in VCR, several methods are
suggested. One is to use the moving array lenslet technique [12], in
which the sampling rate of the EIA can be increased by the rapid
moving of a lenslet array and the fast pickup of the EIA via time-
multiplexing. However, this method has some difficulties. It may
have a mismatch between the pickup lenslet array and the 2D im-
age sensor caused by fast mechanical movement of the lenslet ar-
ray. Also it requires the long multi-step pickup time to capture an
EIA. Another method is to reconstruct resolution-enhanced 3D
images using the intermediate-view reconstruction technique
[15]. With this technique, intermediate elemental images can be
digitally synthesized as many as required by using only a limited
number of picked-up EIA and from which resolution-enhanced
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Fig. 1. Conventional CII system for partially occluded 3D object recognition: (a) reference CII system; (b) target CII system.
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3D images can be reconstructed. Recently, another VCR method to
reconstruct resolution-enhanced 3D images using an image inter-
polation technique has been proposed [16].

As a good application of CII, the most noticeable study is how to
recognize a 3D object that is partially occluded in a given scene
[13,14]. The principle to recognize a partially occluded object is
to produce 3D volumetric reconstructed images and to correlate
them with original 3D object [13–15]. Thus, the recognition perfor-
mance is proportional to the quality of reconstructed 3D images in
VCR. To do so, the previous improved VCR methods can be used. In
partially occluded object recognition, however, the unknown
occlusion makes the resolution of reconstructed images degraded
seriously because it hides the 3D object to be recognized. This
problem cannot be solved by helping any modification of VCR.
Even if this is a main problem, there is no report to our best knowl-
edge in CII. To enhance the recognition performance of CII, the
reconstruction effect by occlusion should be considered.

In this paper, we propose an occlusion removal technique for
improved recognition using CII. In the reconstruction of a partially
occluded 3D object, unknown occlusion makes the resolution of
reconstructed images degraded seriously. Therefore, the proposed
technique introduces a technique to eliminate the unknown occlu-
sion in the EIA and to reconstruct 3D images computationally. To
eliminate occlusion, the input EIA is transformed into a sub-image
array by the elemental image to sub-image (ES) transform and a
central sub-image (CSI) is extracted for occlusion elimination.
The correlation between each sub-image of the target object and
the extracted CSI is performed. Through the correlation process,
we select the effective sub-images and generate a modified EIA.
Actually, the modified EIA is considered to be an EIA without the
object that occludes the object to be reconstructed. This can pro-
vide a substantial gain in terms of the image quality of 3D objects
and in terms of recognition performance. To verify the usefulness
of the proposed technique, some experimental results are carried
out and the results are presented.

2. Review of CII system for partially occluded 3D object
recognition

The principle of partially occluded 3D object recognition using
CII is that it is possible to obtain the reconstruction of the 3D
plane image of interest. That is, we can reconstruct the plane im-
age of the 3D object with reduced occlusion. The whole recogni-
tion system has two CII systems as shown in Fig. 1 [13]. One is
the reference CII system and the other is the target CII system.
Each system is composed of the pickup process and the VCR
process.

In the reference CII system as depicted in Fig. 1a, a 3D refer-
ence object is captured by a lenslet array and a CCD camera. This
pickup process produces an array of elemental images as a result.
Here we call the array of elemental images as the reference EIA
(elemental image array). Next the reference EIA is employed by
VCR to reconstruct a plane image at the distance zr where the
3D reference object is located. We call the plane image produced
from the reference EIA as the reference template or template.
The template is stored in a computer memory for pattern
matching.

In the target CII system as shown in Fig. 1b, an object partially
occluded by another object is recorded as another array of elemen-
tal images and this is called as the target EIA. Also, VCR produces
a plane image from the target EIA. Here, the location of the two
objects is unknown. This implies that VCR should produce lots of
plane images along the z-direction to locate the exact position of
the 3D reference object or the template.

The correlation process can be performed between the
plane images and the template. Thus the argument of the maxi-
mum of correlation coefficient can be used for the location of the
template.

3. Proposed technique for improved recognition of partially
occluded 3D object

3.1. Description of CII system using the proposed technique

The principle of the proposed CII system using an occlusion re-
moval technique is shown in Fig. 2. If our system is compared with
the conventional CII system, there are two additional processes
that are applied to the target EIA. The first process is to extract a
CSI using the ES transform, which is a digital process to convert
an EIA into a sub-image array. The second process is to generate
a modified EIA where the unknown occlusion is removed by the
proposed occlusion removal technique.



Fig. 2. Schematic diagram of the CII system using the occlusion removal technique: (a) reference CII system; (b) target CII system.

Fig. 3. Details of CII system using the proposed technique: (a) reference CII; (b) target CII.
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3.2. Extraction of CSI in the reference CII

Fig. 3 illustrates the details of the proposed CII system. In the
reference CII of Fig. 3a, it is commonly assumed that a 3D reference
object is placed at a known distance. The template is obtained from
the reference EIA using VCR. This process is the same as that of the
conventional system. Here we extract the additional feature from
the reference EIA for the occlusion removal. To do so, we use the
ES transform as shown in Fig. 4. The principle of the ES transform
is as follows. Suppose that all elemental images are represented as
E with sxlx � syly pixels. Here sx and sy are the number of pixels for
each elemental image and lx and ly are the number of elemental



Fig. 4. Conceptual model of ES transform: (a) EIA; (b) sub-image array.
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images in the x- and y-axis, respectively. Then a sub-image array is
calculated by

Si;jðm;nÞ ¼ Em;nði; jÞ ð1Þ

where i = 1, . . . ,sx, j = 1, . . . ,sy, m = 1, . . . , lx and n = 1, . . . , ly. This means
that a sub-image is a set of pixels that are located at same position
in each elemental image. For example, let us consider a 3 � 2 EIA
and each elemental image consists of 6 � 4 pixels. After the ES
transform using Eq. (1), the sub-image array becomes to be 6 � 4
sub-images whose size is 3 � 2, as shown in Fig. 4. This ES trans-
form has been used in some applications [18,19].

After the ES transform, we have the sub-image array and can
define the CSI (central sub-image) as

CSI ¼ Si¼sx=2;j¼sy=2 ð2Þ

And the CSI is used for a reference template for the proposed sys-
tem. The CSI is a portion of the sub-image in the center of a sub-im-
age array and its shape information is available because we already
know the reference EIA exactly. In other words, it is possible to sit-
uate a 3D reference object at a known background. The proposed
reference CII system uses a black background. This means that the
pixel value of the background is zero whereas that of the 3D refer-
ence object is nonzero. Consequently, we can easily define the
shape information of the CSI as

aði� i0; j� j0Þ ¼
1; CSIði; jÞ 6¼ 0;
0; CSIði; jÞ ¼ 0:

�
ð3Þ

Here, i ¼ i0; . . . ; i0 þ N � 1 and j ¼ j0; . . . ; j0 þM � 1, where the loca-
tion (i0, j0) is the coordinate of the upper-left corner of the smallest
box that has the target object in the CSI and the size of box is (N, M).
Also, we can extract the smallest box from the CSI and we can up-
date the CSI with the smallest box. This updating process of the CSI
is easily presented in the form
CSIði� i0; j� j0Þ ¼ CSIði; jÞ ð4Þ

Here, i ¼ i0; . . . ; i0 þ N � 1 and j ¼ j0; . . . ; j0 þM � 1. Largely, the
updated CSI is smaller than the CSI of Eq. (2) and this improves
the computation speed. Note that the CSI has a good feature that
provides the robustness on the shifting effect of an object because
it represents the center view of a 3D object. There are some exam-
ples in Fig. 5. According to the distance, the EIA is largely changed
but the associated sub-image array is not changed. This robustness
is very helpful for the recognition of objects.

3.3. Recognition in the target CII system

Now let us consider the proposed target CII system as shown in
Fig. 3b. Let us assume that the unknown occluding object O(xo, yo,
zo) and a target object are located at arbitrary distances zo and zr,
respectively. Then these objects are picked-up by using a CCD cam-
era as shown in Fig. 4b. This pickup process provides us a target
EIA. And then the target EIA is transformed into a sub-image array.
Each sub-image in the sub-image array is correlated with the CSI
from the proposed reference CII system. This correlation process
gives a set of correlation coefficients C(r,c) and it can be written as

Cðr; cÞ ¼
XN�1

i¼0

XM�1

j¼0

aði; jÞCSIði; jÞSðr þ i; c þ jÞ; ð5Þ

where a(i,j) is the shape information of the CSI, which is discussed
in previous chapter. The value M and N denote the row and column
size of the CSI, respectively. S denotes each sub-image. After corre-
lation process of (5), we have a set of correlation coefficients. And
then the arguments rm and cm of the maximum correlation coeffi-
cient Cmax is chosen as the position information of the target object
in each sub-image. Before moving on the next step, the value of Cmax

is compared with a threshold hth. If Cmax is greater than the



Fig. 5. Image characteristics according to the distance: (a) EIA; (b) sub-image array.

Fig. 6. Examples for sub-image selection. Here the operation � denotes the correlation process defined by Eq. (2).
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threshold, the sub-image is modified; otherwise, the sub-image is
set to be zero. Based on this, we can define a modified sub-image as

Smodðrm þ i; cm þ jÞ ¼
Sðrm þ i; cm þ jÞ aði; jÞ ¼ 1 and Cmax P hth;

0 otherwise:

�
ð6Þ

To facilitate understanding of the proposed correlation process,
we illustrate some examples in Fig. 6. Here we show three cases of
correlation between the CSI and sub-images. Fig. 6a shows the cor-
relation process between the CSI and a sub-image in case that the
target object is not occluded by another object in the sub-image.
Referring to (5) and (6), we have the visual results as depicted in
Fig. 6a. Fig. 6b shows the situation that the target object is slightly
occluded by the unknown occluding object. The case is that the
correlation peak is larger than the threshold hth, because the oc-
cluded area is small. In this case, the process defined in Eq. (6) is
still valid. Its visual result in Fig. 6b indicates that the unknown
occluding object is partially removed. Fig. 6c shows that the target
object is fully hidden by unknown occlusion. Thus the correlation
peak of this case is considered to be less than the threshold hth..
And thus the sub-image is discarded entirely. According to the re-
sults of Fig. 6, it is seen that removal of occlusion depends on the
threshold hth. As hth increases, the number of sub-images in the
sub-image array decreases and then some information of the target
object may be lost. Therefore, there is an optimal threshold for 3D
image reconstruction and this can be estimated by repeating the
computational process for different values.



Fig. 8. (a) EIA of 3D object; (b) sub-image array; (c) CSI.
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For all sub-images, the correlation process and modification
based on Eq. (6) can be performed. Actually, these processes give
us a modified sub-image array. The sub-image array is transformed
back to an EIA by the inverse ES transform. The EIA is a modified
version of the original EIA.

By using the newly modified EIA, plane images are recon-
structed by using VCR and are denoted by R(x, y, z) at the distance
z. The correlation process for object recognition can be performed
between these plane images and the template T(x, y, zr) from the
reference CII. Accordingly, we can obtain correlation results using
the following correlation operation as given by

Corrðx; y; zÞ ¼ Rðx; y; zÞ � Tðx; y; zrÞ ð7Þ

The correlation process is repeated for all plane images by varying
the distance z. Thus the argument of the maximum of correlation
coefficient can be used for the location of the template. In fact,
the image quality of the plane images from the occlusion-removed
EIA can superior to that of the plane images without occlusion
removing. Therefore, a recognition process using our technique
can provide a substantial gain in terms of image quality.

4. Experiments and results

To show the usefulness and objective evaluation of the pro-
posed technique, we carry out computational experiments on 3D
objects. The experimental structure is shown in Fig. 7. The target
object to be recognized is the image ‘house’. This is located at
zr = 48 mm. The ‘tree’ image is used as the unknown occluding ob-
ject located at zo = 12 mm from the lenslet array.

First, the target object is captured through a lenslet array in the
reference CII system as shown in Fig. 4a. Here the lenslet array con-
sists of 30 � 30 lenslets, and the lenslet diameter is 1.08 mm. With
the lenslet array, we obtained the EIA having the resolution of
900 � 900 pixels. The captured EIA was transformed into the asso-
ciated sub-image array and a CSI was extracted as described in Eq.
(4). And the shape information of Eq. (3) was extracted using the
selected CSI. Fig. 8a and b shows the EIA and the sub-image array
of the target object, respectively. In the sub-image array, the CSI
defined in this experiment is shown in Fig. 8c.

In the target CII system as shown in Fig. 3b, the target EIA
including the target object ‘house’ and the occluding object ‘tree’
was captured. The captured target EIA is shown in Fig. 9a. The
Fig. 7. Experime
EIA was transformed into the associated sub-image array using
Eq. (1). Fig. 9b shows the result of the sub-image array transformed
by the ES transform. Then, each of the sub-images was correlated
with the CSI and its shape information by using Eq. (5). Based on
the local correlation rule, as it is explained in Fig. 6, the area that
are well matched with the template for each sub-image is ex-
tracted to form the new sub-image array as shown in Fig. 9c when
hth = 0.95. This newly generated sub-image array is transformed
back into the modified EIA by means of the inverse ES transform
as shown in Fig. 9d.

By using this newly generated EIA, two plane images were
reconstructed at 12 mm and 48 mm by using VCR technique,
respectively. Fig. 10a shows the original image of the unknown
occlusion and Fig. 10b and c show the reconstructed images of
the conventional CII system and the proposed CII system using
the occlusion removal technique, respectively. Here we can see
that the ‘tree’ occlusion is largely removed in the proposed meth-
od. This shows that the proposed technique removes the occlusion
effectively. On the other hand, Fig. 11 shows the reconstructed
images of the target 3D object at the distance of 48 mm. In the con-
ventional system, the ‘house’ image shown in Fig. 11b is not clear
and it has low contrast because of the blurring effect caused by the
unknown occlusion. This is more clearly seen when the recon-
structed images are compared with the original image as shown
in Fig. 11a. However, we can see that the high contrast image
reconstructed from the CII system using the proposed technique
is obtained as shown in Fig. 11c. This may improve the correlation
performance.
nt structure.



Fig. 9. (a) EIA of target objects; (b) sub-image array of target objects; (c) modified sub-image array; (d) modified EIA.

Fig. 10. Reconstructed images of the unknown occlusion when z = 12 mm and hth = 0.95. (a) Original image; (b) conventional CII system; (C) CII system using the proposed
technique.

Fig. 11. Reconstructed images of the 3D object when z = 48 mm and hth = 0.95. (a) Original image; (b) Conventional CII system; (c) CII system using the proposed technique.

Fig. 12. Correlation coefficient according to the threshold level.
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To show the correlation performance of the proposed CII sys-
tem, we carried out the correlation between the original ‘house’
image and target plane images of ‘house’. Target plane image de-
pends on the selection of the effective sub-image in the target CII
system. The level of a correlation peak for selecting the effective
sub-images is an important parameter in this experiment. The cor-
relation coefficients are compared with the threshold hth. Fig. 12
shows the correlation coefficients according to the threshold level.
The best coefficient is approximately 0.87 when the threshold level
is 0.95. The correlation coefficient is 0.61 in the conventional sys-
tem. This result shows that the proposed method improves the cor-
relation performance by 42%.

Under the same conditions, we carried out the additional exper-
iments for the three test image set as shown in Fig. 13. To objec-



Fig. 13. (a) 3D objects for optical pickup; (b) EIA; (c) sub-image array.

Table 1
PSNR results for the four test image sets

Image set 1 2 3 4

Occlusion and object

Conventional method 21.38 23.88 22.67 18.22
Proposed method 29.29 (hth = 0.95) 24.49 (hth = 0.46) 24.91 (hth = 0.64) 24.34 (hth = 0.64)

Fig. 14. Images reconstructed from EIA picked-up by an optical device. (a) Conventional system; (b) proposed system.
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tively evaluate our experiments we also calculated the PSNRs for
all test image set. PSNR is defined as

PSNRðIo; IrÞ ¼ 10log10
2552

MSEðIo; IrÞ

 !
ð8Þ

where Io is an original image; and Ir is the reconstructed image from
VCR process. And mean squared error (MSE) is given by

MSE ¼ 1
XY

XX�1

x¼0

XY�1

y¼1

½Ioðx; yÞ � Irðx; yÞ�2 ð9Þ

where x and y are the pixel coordinates of images having X � Y
pixels.

The PSNR results for test image sets are shown in Table 1. Our
best results were calculated under the corresponding optimal
threshold hth for each test set. From results of Table 1, it is revealed
that the visual quality of images reconstructed from our method is
better that that from conventional method. We obtained the
improvement of average 4.22 dB in PSNR from these experiments.

Next, another experiment using an EIA of real 3D objects is car-
ried out. The real 3D objects, as shown in Fig. 13a, are composed of
two toys, ‘trees’ and ‘giraffe’. The ‘trees’ and ‘giraffe’ objects are
longitudinally located at z = 12 mm and z = 24 mm, respectively.
The lenslet array of 25 � 17 lenslets is located at z = 0 mm. Each
lenslet size is 1.08 mm and each elemental image is composed of
30 � 30 pixels. The captured EIA and the sub-image array are
shown in Fig. 13b and c, respectively. Fig. 14 shows the recon-
structed images at z = 24 mm for the both conventional system
and the proposed system, respectively. It must be noted here that
there is an improvement of visual quality between two recon-
structed images. In the result of the conventional method of Fig.
14a, we can see the intensity irregularities with a grid structure
cased by the square-shaped mapping of EIA. However, the pro-
posed occlusion removal technique provides a substantial gain in
terms of visual quality, as shown in Fig. 14b. This is due to elimi-
nating occlusion by the proposed technique.

5. Conclusions

In this paper, we have proposed an occlusion removal technique
for improved recognition of 3D objects that are occluded partially
in CII. We have introduced a technique to eliminate occluding
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objects in elemental image array and the proposed technique is ap-
plied to 3D object recognition by use of CII. To our best knowledge,
this is the first time to remove occlusion in CII. In our proposed
technique, we employed the ES transform to obtain an efficient
occlusion removal. And then we proposed a correlate process to
determine occluding pixels. This produces a modified EIA and it
is considered to be an EIA without occluding objects that occlude
the object to be reconstructed. This can provide a substantial gain
in terms of the image quality of 3D objects and in terms of recog-
nition performance. To obtain more improvement, we can combine
the proposed technique with the previous improved VCR method.
To show the usefulness of the proposed technique, we represented
some experiments and demonstrated the improvement of recogni-
tion performance. Therefore, we expect that the proposed tech-
nique will aid to improve the performance of recognition
systems using CII.
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