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ABSTRACT

In this study, we attempted GPU acceleration of an
algorithm to design a directional volumetric display. As a
result, the GPU implementation was up to 45 times faster
than the CPU implementation. We also confirmed that the
GPU implementation could cooperate with a person
tracking system in real-time.

1 INTRODUCTION

A volumetric display [1] can draw three-dimensional
(3D) images in real space. In previous studies [2-4], we
proposed an algorithm to design a directional volumetric
display shown in Fig. 1. Figure 1(a) shows an outward
appearance of the directional volumetric display using
threads and a projector. The directional volumetric display
can exhibit multiple directional images in different
designated directions as shown in Fig. 1(b) and 1(c).
However, we cannot observe these images from
undesignated directions. By taking advantage of this
characteristic,c we aim to develop an information
communication system which can track a person and
exhibit a directional image only to the person in real-time
as shown in Fig. 2.

To develop this information communication system, we
must compute each volume element (voxel) of the
directional volumetric display in real-time. However, the
algorithm to design the directional volumetric display is
computational heavy. This is because the algorithm
computes the 3D voxel values from pixel values of two-
dimensional images. Besides, an iteration process of the
algorithm to improve the image quality of exhibited images
increases processing time. Thus, there are some
limitations on image resolution, the number of iterations,
and the number of images for real-time processing.
Nevertheless, in the algorithm, each voxel value can be
computed independently. Therefore, we can accelerate
the algorithm by parallel computing using graphics
processing unit (GPU) [5]. In this study, we implement the
algorithm by using the GPU and accelerate the algorithm
to relax the limitations for real-time processing. To confirm
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Fig. 1 Directional volumetric display
using threads and a projector [2]
(a) outward appearance, (b) observation from front,
(c) observation from side.
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Fig. 2 Information communication system
which we aim to develop [2]

that the GPU implementation can process the algorithm
in real-time, we also fabricate the directional volumetric
display with a person tracking system.

2 METHODS

In this section, we describe the algorithm to design the
directional  volumetric display and the GPU
implementation of the algorithm.

2.1 Algorithm

Figure 3 shows a scheme of the algorithm to design
the directional volumetric display. Figure 3(a) shows a
relationship between images and voxels. An iteration
process to improve the image quality of exhibited images
is shown in Fig. 3(b). Two algorithms, multiplication
algorithm [2,3] and addition algorithm [4], to compute the
iteration process was proposed. The multiplication
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Fig. 3 Scheme of algorithm to design
directional volumetric display [3]
(a) relationship between images and voxels,
(b) iteration process to improve the image quality
of exhibited images.

L, v)"”

algorithm has a limitation on ideal images, whereas the
addition algorithm can record any ideal images. In this
study, we use the addition algorithm from a perspective of
practical use.

In the addition algorithm, the iteration process is
computed by Egs. (1)-(3).

V(X, Y Z)(k) = Z?Izl Ii(uilvi)(k) ) (1)
Pi(u,v)® = 2w V(x, z)®, (2)
Li(u, v)®D = L (uy,v)® (3)

+(1; (uy, v)® = Py(wy, v)®)

Here, k denotes the number of iterations, and N denotes
the number of the ideal images. In Eq. (1), the voxel values
V(x,y,2)® are determined by adding the pixel values of
the input images I; (u;, v;,)®. In Eq. (2), the pixel values of
the exhibited images P;(u;,v;)® are determined by
adding the voxel values along the exhibit axis (w;). In Eq.
(3), the pixel values of the input images are updated by
using the difference between the pixel values of the ideal
images I;(u;, v;,)® and the exhibited images. In Egs. (1)
and (2), every voxel value is used for computation;
therefore, the computational cost of the algorithm
becomes high.
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2.2 GPU implementation

We use NVIDIA GeForce 1050 and compute unified
device architecture (CUDA) for the GPU implementation.
The technical specifications of the NVIDIA GeForce
1050 are shown in Table 1. For parallel computing, each
GPU thread is assigned to each voxel or pixel. We use
Intel Core i5-6500 as a central processing unit (CPU).
The technical specifications of the Intel Core i5-6500 are
shown in Table 2.

To confirm the effectiveness of the GPU acceleration,
we compare processing time of a projection system
using the CPU implementation and the GPU
implementation for fabricating the directional volumetric
display using threads and a projector [6]. For the CPU
implementation, Microsoft Visual C++ and OpenMP are
used. For measuring the processing time, we use 24-bit
color images. Additionally, to confirm that the GPU
implementation can process the algorithm in real-time,
we fabricate the directional volumetric display using
threads and a projector with a person tracking system.
The directional volumetric display with a person tracking
system tracks a person and displays a directional image
only to the person in real-time.

Table 1 The technical specifications of

NVIDIA GeForce GTX 1050
GPU clack rate 1354 MHz
GPU cores 640 cores
Memory clock rate 3540 MHz
Global memory 2G GDDR5

Table 2 The technical specifications of
Intel Core i5-6500

3.20 GHz
4 cores / 4 threads

Base frequency
Cores / Threads

3 RESULTS

3.1 Processing time of projection system

First, we present results of the GPU acceleration. In
this study, we measured processing time with 1,5, and
10 iteration(s), because Structural Similarity (SSIM) [7]
values of the exhibited images were converged with 5 to
10 iterations as shown in Fig. 4. The processing time
comparison between the CPU implementation and the
GPU implementation with two and three ideal images are
shown in Table 3 and 4, respectively. As shown in Table
3 and 4, the GPU implementation was 24 times faster on
average and up to 45 times faster than the CPU
implementation. Figure 5 shows the processing time
using ideal images which consist of 64 x 64 pixels. As
shown in Fig. 5, we also confirmed that the GPU
implementation could process the algorithm in 30 fps
with up to five iterations and six ideal images which
consist of 64 x 64 pixels.
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Fig. 4 Convergence of SSIM values of
exhibited images accompanying
the number of iterations

Table 3 Processing time comparison between
the CPU and GPU implementation
with two ideal images

Number Processing time

esonton 0 mel ___ %
iterations CPU GPU

1 22.28 144  x1545

20x20 5 29.69 1.93 x1542

10 33.23 248  x13.41

39.78 145  x27.45

64x64 5 241.48 9.47 x25.49

10 499.52 16.89 x29.58

1 245.49 8.73  x28.13

128x128 5 2297.23 92.88 x24.73

10 4906.59 199.91 x24.54

Table 4 Processing time comparison between
the CPU and GPU implementation
with three ideal images

Number Processing time

esonion ! m] ___ S
iterations CPU GPU

1 30.24 1.52  x19.87

20%x20 5 37.13 216  x17.18

10 41.93 272 x15.43

72.01 1.58  x45.68

64x64 5 336.71 13.30 x25.32

10 709.79 25.68 x27.64

306.59 10.08 x30.41

128x128 5 2780.54 128.94 x21.56

10 5818.23 286.76 x20.29
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Fig. 5 Processing time using ideal images
which consist of 64 x 64 pixels

3.2 Directional volumetric display with a person
tracking system

We present observation results of the directional
volumetric display using threads and a projector with a
person tracking system. Figure 6 shows the observation
results of the directional volumetric display. In this study,
we used Fig. 6(a) and 6(b) as ideal image 1 and 2.
Exhibited image 1 was displayed in a fixed direction.
Exhibited image 2 was displayed in a direction of the
moving person. As a result, we confirmed that the
exhibited image 1 could be observed as shown in Fig.
6(c). At the same time, the exhibited image 2 could be
observed from moving visual points as shown in Fig. 6(d),
6(e), and 6(f). However, we could not observe any image
from undesignated angles as shown in Fig. 6(g).

4 CONCLUSIONS

In this study, we attempted the GPU acceleration of
the algorithm to design the directional volumetric display.
As a result, we confirmed that the GPU implementation
becomes up to 45 times faster than the CPU
implementation. We also confirmed that the GPU
implementation could process the algorithm in 30 fps
with up to five iterations and six ideal images which
consist of 64 x 64 pixels. Based on the results, it is noted
that the GPU acceleration relaxed the limitations on
image resolution, the number of iterations, and the
number of the ideal images for real-time processing

Also, we confirmed that the GPU implementation
could process the algorithm in real-time and cooperate
with a person tracking system. The directional volumetric
display with a person tracking system can display a
directional image only to the person. This characteristic
can be utilized as digital signage and media art. For
example, by displaying information in the language of
each observer, the directional volumetric display could
be utilized as multilingual signage. However, the
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Fig. 6 Observation results of directional
volumetric display using threads and a projector
with a person tracking system
(a) ideal image 1, (b) ideal image 2,

(c) observation of exhibited image 1 from fixed angle,
(d) observation of exhibited image 2
from moving visual point 1,

(e) observation of exhibited image 2
from moving visual point 2,

(f) observation of exhibited image 2
from moving visual point 3,

(g) observation from undesignated angle.

directional volumetric display we fabricated in this study
displayed images which consist of 20 x 20 pixels. To
utilize the directional volumetric display as practical
applications, we must develop a volumetric display which
can display high-resolution images.
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