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Abstract 
 

This paper describes transformations between elemental image arrays and a RGBD image for 
three-dimensional integral imaging and transmitting systems. Two transformations are 
introduced and analyzed in the proposed method. Normally, a RGBD image is utilized in 
efficient 3D data transmission although 3D imaging and display is restricted. Thus, a 
pixel-to-pixel mapping is required to obtain an elemental image array from a RGBD image. 
However, transformations and their analysis have little attention in computational integral 
imaging and transmission. Thus, in this paper, we introduce two different mapping methods 
that are called as the forward and backward mapping methods. Also, two mappings are 
analyzed and compared in terms of complexity and visual quality. In addition, a special 
condition, named as the hole-free condition in this paper, is proposed to understand the 
methods analytically. To verify our analysis, we carry out experiments for test images and the 
results indicate that the proposed methods and their analysis work in terms of the 
computational cost and visual quality. 
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1. Introduction 

Three-dimensional (3D) imaging and visualization techniques based on integral imaging 
have been paid increasing attention as various industries require 3D techniques in recent years. 
Thus lots of studies have been discussed in this literature [1-12]. Basically, integral imaging is 
a technique to record 3D objects and display 3D images in space using a lens array [1]. It can 
provide 3D display without eyeglasses and full parallax with color images. The nature of 
integral imaging can also be applied to various image systems such as depth extraction, noise 
elimination, 3D-TV systems [6-12]. 

A typical integral imaging system consists of two parts: pickup and display. The pickup 
part records 3D objects through a lens array, producing an elemental image array (EIA). The 
display part provides the auto-stereoscopic 3D display for 3D objects [2-4]. One of the 
important issues in integral imaging is how to obtain elemental images efficiently. Normally, 
pickup methods are classified into two categories: optical pickup and computational pickup. 
The existing optical pickup methods possibly employ a lens array, a camera array, or a moving 
camera [5-7]. The optical methods are usually used for real 3D objects. On the other hands, the 
computational pickup method is also known as computer-generated integral imaging (CGII), 
where elemental images are generated from 3D computer models [5-7]. This method is 
restrictively utilized for 3D computer objects. 

As another 3D imaging technique, a color image and corresponding depth image have 
been very actively discussed [13-19]. The image format employed in this technique is called as 
the 2D-plus-depth image or the RGBD image [13-16]. Literally, a RGBD image consists of a 
RGB color image and its depth map. In this paper, we use the term RGBD images for the 
depth-based images. The advantages of the RGBD images are that it is very efficient to deliver 
3D image data [13-15] and they are obtained from low-price devices such as Kinect [17]. Thus, 
this image format is currently used in the most practical 3D imaging, transmitting,  and display 
systems. In addition, the RGBD image is increasingly applied to 3D vision systems since some 
patterns are accurately detectable in the depth image [18-19].  

However, the technique using RGBD images has the disadvantage in terms of 
auto-stereoscopic three-dimensional display. Thus an additional process is required to render 
RGBD images for 3D display. This is called as the depth-image-based rendering (DIBR) 
[14-16]. On the other hand, the integral imaging technique requires the elemental image array 
for 3D image systems. Additionally, instead of compressing EIA data directly by use of a 
specific coding algorithm, transforming between EIA data and RGBD data is the first step in 
delivering EIA very efficiently. Autostereoscopic display is possible after recovering EIA data 
from RGBD data. This means that EIA data is for 3D display and RGBD data is for 3D coding. 
Therefore, a mapping method between a RGBD image and an elemental image array is 
required to view the RGBD image with auto-stereoscopic three-dimensional display and to use 
computational integral imaging systems. 

Recently, more attention has been paid to the conversion between elemental images and a 
RGBD image [12, 20-21]. An integral imaging technique using a camera moving off-axially 
provided a depth map and a color image and then used the RGBD image to generate an 
elemental image array for 3D visualization [12]. A RGBD sensor such as the Kinect sensor 
employed to obtain RGBD images which are used to be converted into an elemental image 
array [20-21]. Also similar studies on computer-generated integral imaging via RGBD images 
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have been discussed [22-23]. In addition, to generate depth maps under noisy environments, a 
general framework and machine learning-based framework have discussed to fuse noisy point 
clouds from multi-view images of the same object [24-25]. These techniques may be useful to 
genernate RGBD images. 

In this paper, we study the generation of elemental image array from a RGBD image and 
also introduce two mapping methods and their analysis. Generating EIA from a RGBD image 
requires a mapping method. We introduce two mapping models: one is a forward mapping and 
the other is backward mapping. These two mapping methods might have their own problems 
or advantages. Thus, there needs to be an analysis method to figure out which of mappings is 
efficient and in what cases they can lead to better performance. Those mappings and their 
analysis are not discussed yet in computational integral imaging although some existing 
systems had utilized a mapping method [12, 20-21]. Here, the contribution of this paper are 
that we define forward and backward mappings for conversion between a RGBD image and 
EIA with a set of whole optical parameters. Also we provides their analysis in terms of the 
processing time and visual quality of the reconstructed 3D images. According to this analysis, 
we can figure out which mapping method is more preferable to apply it to a certain 3D imaging 
system with a specific parameter set. To verify our methods and analysis, we carry out 
experiments with RGBD images in terms of the computational processing time and visual 
quality. 

 
 

 
(a)                                                 (b) 

Fig. 1. Geometry pixel mapping from a RGBD image to an elemental image array (a) backward 

mapping (b) forward mapping 
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2. Transformations between EIA and RGBD Image 
A pixel-to-pixel mapping method is required to convert a RGBD image into an elemental 
image array (EIA). The ray tracing model that uses a linear equation in 3D space is very useful 
to design a mapping method since it is very simple and accurate. Also, the ray tracing model 
can be implemented by two different mapping methods. In this paper, we define the two 
mapping methods: one is a backward mapping and the other is a forward mapping. In the 
backward mapping, a ray starting from a pixel in EIA reaches the corresponding pixel in a 
RGBD image. On the contrary, in the forward mapping, a ray coming from a pixel in a RGBD 
image is mapped into the corresponding pixel in EIA, passing through a pinhole. The ray 
diagrams of the backward and forward mapping methods are shown in Fig. 1(a) shows the 
backward mapping where the rays starting from an elemental image pass through the 
corresponding pinhole and then they reach the 3D object space. Here, the 3D object space is 
evaluated by the depth image. However, there is a need for a stopping criterion to determine 
where to stop the rays at the specific distance, as shown in Fig. 1(a). On the other hand, Fig. 
1(b) shows the forward mapping where the rays emanating from the RGBD image pass 
through a pinhole, arriving at a pixel in an elemental image. This mapping needs to be done for 
all pinholes to obtain an elemental image array. In this case, there is no need for a stopping 
criterion.  
 

Table 1. Variables in pixel-to-pixel mappings 
 

Variables Note Unit 

uk 
vk 
i 
j 

Coordinates of k-th elemental image in width 
Coordinates of k-th elemental image in height 
Coordinates of each object plane image in width 
Coordinates of each object plane image in height 

integer 
number 

Ns×Ns 
Ne×Ne 
Nk×Nk 
Np×Np 

Nd 

Number of pixels of elemental image array 
Number of pixels of each elemental image  
Number of elemental images 
Number of pixels of each object plane image 
Number of depth levels 

integer 
number 

Ls×Ls 
Lp×Lp 

PL 
PI 
g 
f 

Physical length of elemental image array 
Physical length of each object plane image 
Pitch of elemental lens  
Pitch of object pixel 
Gap between pinholes and CCD 
Focal length  

Meter 

 
 

To describe the two mapping methods theoretically, a set of physical variables is previously 
defined in Table 1. The variables represent the coordinates for elemental images and object 
plane images, some numbers for elemental images and object plane images, and physical 
information for a lens array and object planes. Then, the geometrical mapping relation 
between an elemental image array and the 3D object space for the backward mapping can be 
defined by  
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𝑖𝑖𝑙𝑙 =  𝑢𝑢𝑘𝑘𝑃𝑃𝐿𝐿(𝑢𝑢𝑘𝑘𝑃𝑃𝐼𝐼 − 𝑢𝑢𝑘𝑘𝑃𝑃𝐿𝐿) 𝑧𝑧(𝑙𝑙)
𝑔𝑔

,                                                 (1) 

𝑗𝑗𝑙𝑙 =  𝑣𝑣𝑘𝑘𝑃𝑃𝐿𝐿(𝑣𝑣𝑘𝑘𝑃𝑃𝐼𝐼 − 𝑣𝑣𝑘𝑘𝑃𝑃𝐿𝐿) 𝑧𝑧(𝑙𝑙)
𝑔𝑔

.                                                 (2) 

 
The pixel (uk,vk) of the k-th elemental image is mapped into the pixel (il, jl) of the reconstruction 
plane image for the depth (l). This means that every pixel of all elemental images is calculated 
from the equations. Thus, the elemental image array is generated without missing any pixel. 
On the other hand, the forward mapping can be presented by  

 
 𝑢𝑢𝑘𝑘 = 𝑖𝑖𝑃𝑃𝐿𝐿(𝑖𝑖𝑃𝑃𝐼𝐼 − 𝑖𝑖𝑃𝑃𝐿𝐿) 𝑔𝑔

𝑧𝑧(𝑖𝑖,𝑗𝑗)
 ,                                             (3) 

𝑣𝑣𝑘𝑘 = 𝑗𝑗𝑃𝑃𝐿𝐿(𝑗𝑗𝑃𝑃𝐼𝐼 − 𝑗𝑗𝑃𝑃𝐿𝐿) 𝑔𝑔
𝑧𝑧(𝑖𝑖,𝑗𝑗)

 .                                             (4) 

 
Here, the pixels (i, j) of the plane image with depth z(i, j) are mapped into corresponding pixels 
of the elemental images (uk, vk). There can exist missing pixels in the elemental image array 
although the whole pixels of the plane image with depth are employed. This missing pixels are 
called as holes [26]. Thus the forward mapping can require a post processing such as an image 
interpolation to fill out the holes. 

3. Analysis of Backward and Forward Mappings 

3.1 Complexity analysis 
Generally, the number of pixels in an elemental image array and that of pixels in each 
elemental image are very important parameters, rendering 3D images in an integral imaging 
system, since those numbers of pixels affect directly the cost of systems. Thus, the complexity 
analysis is important in the computer-generated integral imaging systems. First, let us consider 
a number of multiplication operations in (1) through (4). According to (1) through (4), it is 
seen that the number of the operations are the same, five multiplications, one division, and an 
addition. Next, let us define a basic mapping operation that is required for calculation of a 
pixel-to-pixel mapping; and it consists of two equations. In other words, a basic operation for 
the backward mapping is defined by the two equations (1) and (2). Moreover, a basic operation 
for the forward mapping is represented by (3) and (4). Here, it is seen that the two basic 
operations for the forward and backward are the same.  

In the backward mapping model as shown in Fig. 1(a), the number of the mapping 
operations to generate the whole elemental image array is calculated by a product of the 
number of the sensor (Ne

2×Nk
2) and the depth level (Nd). The total number (Cb) of mapping 

operations for the backward mapping is thus given by 
 

Cb= Ne
2 × Nk

2 × Nd.                                                       (5) 
 
In the forward mapping model, many rays coming from a pixel in a RGBD image, passing 
through the associated pinholes, are mapped into all elemental images independently. Thus, 
the total number of mapping operations (Cf) is evaluated by the product of the number of pixels 
(Np

2) of a RGBD image and the number (Nk
2) of pinholes. This is written by 

 
Cf =Np

2 × Nk
2.                                                          (6) 
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Here, let us denote the ratio of the backward and forward operations as R0. The ratio is 
represented by  
 

𝑅𝑅0 =  𝐶𝐶𝑏𝑏
𝐶𝐶𝑓𝑓

=  𝑁𝑁𝑒𝑒
2 ×𝑁𝑁𝑘𝑘2×𝑁𝑁𝑑𝑑
𝑁𝑁𝑝𝑝2×𝑁𝑁𝑘𝑘2

= 𝑁𝑁𝑒𝑒2 × 𝑁𝑁𝑑𝑑
𝑁𝑁𝑝𝑝2

.                                      (7) 

 
According to (7), it is seen that the common variable Nk

2 is canceled out. It means that the 
number of pinholes is regardless in comparison of the two mapping models. Using the ratio R0, 
we can select the effective model by considering the computational speed based on R0. The 
backward mapping model is superior to the forward mapping model if R0< 1, whereas the 
forward mapping is better than backward mapping if R0>1. For example, when R0 = 0.5, the 
generation speed of the forward mapping model is two times faster than that of the backward 
mapping model.  
 

3.2 Analysis of Considering Hole-Problem 
Compared with the backward mapping, the forward mapping can suffer from the holes. It is 
required to compare the two mappings without the hole problem. Thus, an analysis taking the 
hole-problem into account presents in this section to evaluate the two mappings more 
accurately. Fig. 2 shows the two mappings between an elemental image and an object plane in 
a RGBD image. The distance between the elemental image and its associated pinhole is g and 
the object plane is located at z from the pinhole. Let us denote the distance between two 
adjacent pixels as ∆s and the distance between two adjacent pixels in the object plane as ∆p, 
which are written by    
 

∆s = Ls/Ns,                                                              (8) 
 

∆p = Lp/Np.                                                             (9) 
 
 

 
(a) 
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(b) 

Fig. 2. Mappings between an elemental image and a RGBD image (a) backward (b) forward 
 
As shown in Fig. 2(a), in the backward mapping, every pixel in the given elemental image is 
associated with the object plane. Thus, no holes in the elemental image exist. On the other 
hand, in the forward mapping, the rays emanating from the object plane are mapped into a part 
of pixels in the given elemental image, as shown in Fig. 2(b). Thus, the holes can exit in the 
elemental image. However, the holes can disappear in some cases. For example, the holes can 
disappear in case that ∆p is much smaller than ∆s. Generally, it can be seen that the interval of 
the adjacent rays coming from the object plane less than ∆s. Here, the interval is evaluated by 
∆p/M, where M = z/g. In other words, the holes disappear in case that ∆p is less than ∆s × M. In 
this paper, we call this condition as the hole-free condition in the forward mapping, which is 
written by  

∆p ≤ ∆s × M = ∆s × z/g.                                                 (10) 
 
The hole-free condition tells that ∆p should be smaller than ∆s × M, thus the condition is 
directly affected by the magnification factor M. In other words, an object in a far distance has 
less holes than in a near distance, when generating an elemental image array in integral 
imaging. In addition, substituting (8) and (9) into (10) give us  
 

𝐿𝐿𝑝𝑝
𝑁𝑁𝑝𝑝

 ≤  𝑧𝑧
𝑔𝑔

 ×  𝐿𝐿𝑠𝑠
𝑁𝑁𝑠𝑠

.                                                      (11) 

 
The hole-free condition of (11) can provide the computational cost required for the forward 
mapping. As mentioned above, the variable Np is the most important parameter in comparison 
of the two mappings. Thus, it need to be rearranged based on Np. Rewriting (11) provides the 
hole-free condition as a form of  
 

𝑁𝑁𝑝𝑝 ≥  𝐿𝐿𝑝𝑝𝑁𝑁𝑠𝑠
𝐿𝐿𝑠𝑠𝑀𝑀

.                                                      (12) 
 
This means that Np needs to be greater than a critical number for the hole-free condition of the 
forward mapping. The critical point of Np can be written as Np=(LpNs)/(LsM).  
Furthermore, applying (12) into (7) provides a modified ratio of the backward and forward 
operations. The ratio is then represented by  
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𝑅𝑅0 =  𝐶𝐶𝑏𝑏
𝐶𝐶𝑓𝑓

= 𝑁𝑁𝑒𝑒2 × 𝑁𝑁𝑑𝑑
𝑁𝑁𝑝𝑝2

 , with  𝑁𝑁𝑝𝑝 ≥  𝐿𝐿𝑝𝑝𝑁𝑁𝑠𝑠
𝐿𝐿𝑠𝑠𝑀𝑀

.                                   (13) 

 
Similarly, as discussed about the ratio R0, the ratio R0 determines which is more effective 
between the two mappings. If the condition regarding Np holds additionally, then the forward 
mapping method reconstructs an elemental image array without holes.  
 

4. Experimental Results and Discussion 
 
Experiments are conducted to verify our analysis based on theoretical results discussed above. 
These experiments provide an experimental ratio to compare it with its theoretical ratio. To do 
so, we carry out two experiments regarding computational speed and the hole-free condition. 
The first experiment is performed based on the computational speed according to the several 
variables to choose an efficient mapping method. The second experiment is carried out in 
terms of the image quality with the holes. For our experiments, we generated RGBD images, 
as shown in Fig. 3(a)-(h) are a 2D test image and several kinds of depth maps, respectively. 
Here, a simple computer simulation using concatenating several planes generates the depth 
maps.  
 

 
(a)   (b)   (c)   (d) 

 
(e)    (f)    (g)    (h) 

 
Fig 3. Test RGBD image set (a) 2D image (b) depth image with one level (c) two levels (d) three levels 

(e) four levels (f) nine levels (g) sixteen levels (h) sixty four levels. 
 
 

4.1 Experiment regarding Processing Time  
The first experiment is to measure the computational cost according to some key variables of 
the two mapping method. The key variables are the number of pixels in each elemental image 
and that of pixels in an object plane image or RGBD image, denoted by Ne and Np, respectively. 
The length of EIA Ls and that of an object plane Lp are both set to 500 mm. The two mapping 
algorithms are written in the C-language running over a computer with a CPU of 3.40 GHz. 
The test images are shown in Fig. 3. The number of elemental images is set by Nk = 16. 
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Fig. 4 show the experimental result for the variable Ne. We set Ne= {16, 32, 64 128, 256}. 
The graph shows changes of the computational processing time for two mapping methods 
according to the variables Ne, Np, and Nd. From the result of Fig. 4, the computational 
processing time continues to increase as Ne increases in the backward mapping. In addition, it 
is seen that a large number of Nd can increase the processing time exponentially. On the other 
hand, the computational time is constant for the forward mapping, although adjusting Ne. In 
other word, the forward mapping only depends the number of pixels in an object plane, the size 
of a RGBD image Np. 

According to (7), the ratio is theoretically evaluated to be R0 = 1 for Ne=150, Nd=16, and 
Np=600. On the other hand, the experiment results in Fig. 4 show the computational time 
graphs for the two mapping methods,  including the two graphs of backward mapping with 
Ne=150, Nd=16 and forward mapping with Np=600. The crossing point of the two graphs 
means that the computational time is the same, in other word, R0 = 1. Also, it is seen that the 
point in Fig. 4 is located in case of Ne=158, Nd=16, and Np=600. Therefore, this result indicates 
the experimental result well matches the theoretical result. In addition, simply calculating (7) 
determines which mapping is more efficient for a given variables. 
 
 
 

 
Fig. 4. Processing time adjusting elemental image size 
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Fig. 5. Processing time adjusting RGBD image size 

 
 
Next, the processing time adjusting Np. is shown in Fig 5. Under the conditions of Ne = 48 and 
Np = {50, 200, 400, 600, 800}, the computational time of the two mapping methods are plotted 
in terms of Np and Nd. Here, it is seen that the forward mapping is directly related to the 
variable Np, not Ne and Nd. The crossing points for Np = 200 and 400 in Fig. 5 mean that the 
ratio R0 = 1 experimentally. And the theoretical ratios are both evaluated to be R0 = 0.9216. 
Thus, this experiment indicates that the theoretical and experimental ratios are almost the same. 
In addition, as Np increases (R0< 1), the forward mapping method requires more computational 
time. On the other hand, as Np decreases (R0> 1), the processing time for the backward 
mapping method increases. 
 

4.1 Experiment regarding Hole-Free Condition  
In this experiment, the hole-free condition is discussed in terms of the visual quality of the 
reconstructed integral images for both backward and forward mapping methods. The same test 
RGBD images shown in Fig. 3(e)-(f) are used to reconstruct elemental image arrays. The 
experimental conditions are followings: Nk=3, Ne=80, Lp = 500 mm, Ls =500 mm, from g = 20 
mm, The depth level are 4 and 9 with a step of 20 mm. Thus, it is set to be Ns = Nk , Ne= 384 and 
M = {0.5, 1, 1.5, 2.0} and {0.5, 1, …, 4.5}.  

The generated EIAs are shown in Fig. 6. The two EIAs in Fig. 6(a) and (b) are generated 
from the RGBD image in Fig. 2(e) by use of the two mapping methods, where Np is set to be 
200. It is seen that the EIA in Fig. 6(a) from the backward mapping has no holes whereas the 
EIA in Fig. 6(b) from forward mapping suffers from the holes. Interestingly, the elemental 
image in the upper side of Fig. 6(b) shows the holes, where the elemental image is located at 
M=1.0 and thus the critical point (LpNs)/(LsM)=240 is greater than 200, which means that the 
hole-free condition do not hold. On the other hand, the elemental image that is located at 
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M=2.0, in the lower side of Fig. 6 (b), shows no holes since the critical point (LpNs)/(LsM)=120 
is lower than 200, which means that the hole-free condition holds. 

For another example, two EIAs obtained from the backward and forward mappings are 
shown in Fig. 6(c) and (d), where the depth level is 9 and Np=800. Here, it is said that there are 
no holes since a large number of Np greater than the critical point guarantees the hole-free 
condition. Thus, two mapping methods can be considered in terms of image quality. However, 
the ratio R0 = 0.09 says that the forward mapping is much slower than the backward mapping. 
Therefore, in this case, the backward mapping is preferable.  

It should be noted that there may be black areas in Fig. 6(c) and (d) although the hole-free 
condition is satisfied. This is called as the disocclusion, not the holes. The disoccusion occurs 
when the rays pass through a gap between objects and reach the background. Here, in this 
experiment, the background is black. Moreover, this disocclusion appears in the backward and 
forward mapping method. Thus, a method of removing the disoccusion such as 
image-inpainting is beyond the topic of this paper.  
 

          
(a)                                                                       (b) 

 

           
(c)                                                                        (d) 

 
Fig. 6. CGII result using test image by point retracing rendering 
(a) Backward, Nd = 4, Np = 200 (b) Forward, Nd = 4, Np = 200 
(c) Backward, Nd = 9, Np = 800 (d) Forward, Nd = 9, Np = 800 

5. Conclusion 
Two transformations and their performance analyses between an elemental image array and a 
RGBD image have been proposed for three-dimensional computational integral imaging  
systems. In this paper, the forward and backward mapping methods have been introduced and 
analyzed theoretically and experimentally. Our analysis can determine which mapping method 
is more effective for a given condition. Moreover, in the forward mapping method, the 
hole-free condition has been defined so as to discuss the visual quality. Experimental results 
indicated that the theoretical analyses are confirmed by the experiments of this paper. 
Therefore, we expect that our analyses can be effectively applied to an efficient generation of 
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an elemental image array in the areas such as computer-generated integral imaging, especially 
for transmitting and displaying 3D data efficiently.  
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