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I. INTRODUCTION

Depth-fused multilayer (DFM) type 3D display, which 

can present a natural 3D volume expression composed of 

voxels, is known to provide 3D images with less visual 

fatigue than the stereoscopic 3D display since it can provide 

more depth cues [1-3]. Due to the intrinsic advantage above, 

there have been various approaches to realize the DFM type 

3D display by stacking multiple display panels or screens 

[4-14] or applying other approaches [15-18] in order to 

form multi-layered images as shown in Fig. 1.

However, due to the seams and cracks which means the 
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FIG. 1. The occlusion and disocclusion regions in the multilayer type 3D display.
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occlusion and disocclusion areas between the layers [19, 

20], the depth expression seems to be discontinuous when 

the observer is at the left/right viewpoints. Though it is 

known that those regions can be reduced by increasing the 

number of layers, that solution may not be practical since 

it also requires a more complex system with higher-speed 

time-multiplexing and an increased number of 3D voxels 

data. Thus, it is necessary to analyze the optical properties 

of occlusion and disocclusion regions to realize a practical 

system without increasing physical layers. In this paper, we 

propose an improved sub-depth map generating algorithm 

that connects depths of the discrete multilayers by over-

drawing the cracks and seams to enhance the image quality 

of the multi-layered images.

II. METHODS

In order to apply the proposed scheme, we organize a 

DFM type 3D display system as shown in Fig. 2, which 

consists of a Liquid Crystal on Silicon (LCoS) projector, a 

single Digital Micromirror Device (DMD), multiple switch-

able-layer screens using Polymer Disperse Liquid Crystals 

(PDLCs), and relay optical components. Based on our 

previous study, the DMD which is the binary operating 

device and can adjust the intensity of the projected image 

by controlling the reflection timing of each pixel referring 

to its grayscale value is used as a depth decoder to project 

the 3D images to different PDLC planes. The order in 

which the system provides volumetric 3D images is as 

follows: Firstly, the color image is projected from the LCoS 

projector to the DMD. Secondly, the DMD temporally splits 

the original image into several sections using the sub-depth 

map data. In this step, the statues of the PDLC screens are 

synchronized with the DMD to make the segmented images 

show up on the designated screen. Finally, the multi-layered 

images are represented into the volumetric 3D image if the 

time-multiplexing system is operated with enough frequency 

to induce the afterimage effect.

Thus, the second step to distribute the original image to 

PDLCs is essential for natural depth expression. However, 

there is a gap between the sub-depth map that the DMD 

needs and the system structure, and the seams and cracks 

occur because the number of PDLC planes is less than the 

grayscale level of the initial depth map. Thus, we expanded 

the depth expression by synthesizing the depth locations of 

each layer to generate a series of sub-depth maps from the 

initial depth map. Figure 3 shows the process of converting 

an example of an initial depth map shown in Fig. 3(a) to 

the series of sub-depths shown in Fig. 3(d) throughout 

several steps. At first, the depth information in Fig. 3(a) is 

quantized and distributed to each layer so that the depth 

information in the nth sub-depth is projected to the nth 

layer. For example, the sub-depth information between the 

1st and 2nd layers is projected to the 1st layer, as shown in 

Fig. 3(b). Secondly, the depth information in nth sub-depth 

is also projected to the n + 1th layer, as shown in Fig. 

3(c). Thus, we can get two differently quantized pre-depth 

maps through these processes. Then, we can generate the 

sub-depth map by combining two pre-depth maps above to 

adjust the intensity ratio of each pre-depth map to express 

a gradual change of depth information, as shown in Fig. 

3(d). In addition, we should consider that the overdrawing 

of the pre-depth map does not completely represent the 

origin depth, and the intensity of the overlaid image may 

not be uniform as shown in the simple method in Fig. 3. 

Thus, the artifact regions where the intensity is not uniform 

as the overlaid images on each layer should be corrected.

FIG. 2. Conceptual diagram of the system configuration.
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In combining the results of Figs. 3(b) and 3(c), we applied 

the depth-fused effect when calculating the correction factor. 

The depth-fused effect is a kind of optical illusion that the 

depth of the 3D image is shown differently depending on 

the intensity ratio of the superimposed images [2, 11, 21, 

22]. In other words, it is possible to induce a continuous 

depth by controlling the luminances of two discrete depth 

planes. For that purpose, we provide brightness weights for 

each depth so that the partial images displayed on each 

layer follow the linear depth-weighted blending rule [11, 

22]. The correction factor using the rule can be derived as 

the following equations:
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Eq. (1) presents the linear depth-weighted blending rule. 

Where Is is the summation of intensities on each layer, In 

is the intensity on the near layer, If is the intensity of the 

far layer. Dn is the diopter value of the near layer, Df is 

the diopter value of the far layer, and Ds is the diopter 

value of the position indicated by the depth-weighted 

blending rule.
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Eq. (3) represents the correction factor to which the 

linear depth-weighted blending rule is applied as the 

condition of Eq. (2). where G is the values of grayscales 

representing the depth position of the perceived image of 

the initial depth map, D means the total depth range to be 

implemented in the system, and DL and DF are the diopter 

values of the last and the first layers, respectively. Besides, 

g is the grayscale value readjusted within each sub-depth 

range, Sn denotes for the nth sub-depth range, and I is the 

total intensity of the combined image. In means the intensity 

to be displayed in nth sub-depth map. Using Fig. 3(a) as 

an example, D, the range that the system can represent 3D 

images, is equal to the sum of each sub-depth. This means 

that the larger the value of G, the grayscale value of the 

initial depth map, the closer it is to the 1st layer, and the 

smaller it is, the closer it is to the last layer. However, if 

D is out of a certain value, the depth cannot be expressed. 

That is, the depth realization range of the 3D image is 

determined according to the range of D, and if the initial 

depth map is 8 bits, the depth information of the image is 

acquired at 256 levels. Since g is a grayscale value within 

each sub-depth divided by the initial depth map, this is 

also determined by the driving speed of the DMD used. 

Each sub-depth range can be expressed as 64 levels if the 

grayscale expression of the DMD is possible with 6 bits 

within the desired driving speed. The results in the above 

equations mean that the grayscale value of the initial depth 

map should be converted to a diopter value within the 

total depth range as a condition of the correction factor, 

and then the grayscale value should be readjusted for each 

sub-depth range. Also, the total intensity of the combined 

image should be uniform.

FIG. 3. The process of the proposed sub-depth map generating algorithm: (a) the initial depth map, (b) the 1st step of the pre-depth map 

(nth sub-depth to nth layer), (c) the 2nd step of the pre-depth map (nth sub-depth to n + 1th layer), and (d) sub-depth map by combining 

the results of the 1st and the 2nd steps according to depth-fused effect.
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III. EXPERIMENTAL RESULTS

To verify the above scheme, we realized an experimental 

demonstration to show a comparison of results before/after 

applying the proposed method. The pictures of the experi-

mental setup are shown in Fig. 4.

As shown in Fig. 4, the projection engine is composed 

of an LCoS projector (Sony VPL-HW55ES; 1920 × 1080, 

60 Hz) and a DMD (DLPDLR6500EVM; 1920 × 1080, 247 

Hz at 8 bit), 8 layers of switchable PDLCs controlled by 

a screen controller which is synchronized with the DMD, 

and relay optical components. The initial depth map has a 

FIG. 4. The system configuration for the experiment.

FIG. 5. Comparison of experimental results for depth expression: (a) the results of a simple method. (b) the results of the proposed 

method.
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depth resolution of 8 bits, and it is converted to 6 bit the 

sub-depth map regarding the frequency of DMD for synch-

ronization. For the above setup, the volume and frame rate 

of 3D images are 210 mm × 118 mm × 35 mm and 41 Hz, 

respectively.

Figure 5 shows a comparison of experimental results 

before/after applying the proposed scheme. Figure 5(a) is 

the basic case composed of 8 layers without the proposed 

algorithm. As shown in Fig. 5(a), the occlusion and disoc-

clusion regions occur even at a center view position. In 

contrast, Fig. 5(b) presents a result of adopting the proposed 

hole filling method with sub-depth maps, and it shows 

better uniformity with a blended depth expression.

The results in Fig. 6 with a 3D image show the effect 

of the proposed scheme more clearly. The basic scheme in 

Fig. 6(a) shows the result of severely degraded and visually 

apparent defects (the occlusion and the disocclusion regions) 

to provide a sliced-like image. In contrast, Fig. 6(b) shows 

a 3D image with a more natural and imitated expression 

of continuous depth by applying the proposed algorithm.

IV. CONCLUSION

The occlusion and disocclusion regions are an artificial 

effect between the boundary regions of each layer in multi-

layer 3D displays and appear as forms of seams and cracks. 

Though increasing the number of depth layers is an ideal 

solution, it may not be practical due to limited system 

resources. In this paper, we resolved the occlusion and 

disocclusion regions to provide an imitated expression of 

continuous depth without increasing the number of layers 

by using a hole-filling algorithm to generate sub-depth-maps 

to induce a depth-fused effect. However, in the proposed 

method, the increase in the range of the viewing direction 

may be changed by the sub-depth and the total depth range.
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