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ABSTRACT 

We propose a parallax barrier stereoscopic display 
based on a high-speed viewpoint tracking and projection  
to reduce the crosstalk. We also employ a pixelwise 
image warping method to improve the allowable 
maximum speed of viewpoint movement without any 
crosstalk. The developed system can achieve the frame 
rate of 500 fps and latency of 7-8 ms. This performance 
reduced the crosstalk drastically even when the viewpoint 
movement speed was roughly 2 m/s. 

 

1 INTRODUCTION 
The technology of glasses-free stereoscopic display 

has numerous applications and is employed in a variety 
of fields, such as entertainment and education. There are 
various known principles for such display; here, we focus 
on the stereoscopic method involving the use of a parallax 
barrier [1,2]. In a parallax barrier, different images are 
shown to each eye without the need for wearing three-
dimensional (3D) glasses; this enables the humans 
capable of perceiving a 3D image.  

However, crosstalk interference, which is the 
interference between each eye, is a common problem 
associated with 3D content visualization. The subject may 
see a combination of the image that is intended for one 
eye and a part of the image intended for the other eye, 
resulting in the total image appearing doubled or ghosting 
[3]. Crosstalk is also an essential factor for determining 
the performance of the glasses-free stereoscopic display. 
It should ideally be less than 5% [4,5]. However, it is 
difficult to meet such requirement when the observer 
moves his viewpoint to the display dynamically. 

On the other hand, such a viewing style with dynamic 
viewpoint movement is expected to be important for the 
immersive experiences such as projection-type virtual 
reality displays, augmented game or any other similar 
applications [4,6,7].  

It is possible to reduce the crosstalk in such dynamic 
situation by integrating a viewpoint-tracking system into 
the parallax barrier device [8,9]. The viewpoint-tracking 
system enables us to obtain the position information for 
the eyes in real-time and thus calculate the relative 
position of the eyes with respect to the display; the 
information obtained is used to warp the image presented  

 
Fig. 1 Parallax barrier model 

 
on the display so that even a moving viewer can always 
see the correct image, without experiencing any crosstalk. 
However, this solution is still difficult to achieve 0% 
crosstalk especially when the viewpoint moves fast 
[10,11]. The first reason is the system latency from the 
viewpoint movement to the display. If the system latency 
becomes large, the crosstalk occurs easily even when the 
viewpoint moves slowly [12].  

As the second reason, we also focus on the image 
warping method. In some related papers, a simple 
warping method is used [13,14]. In this method, when the 
correct image and the incorrect image are observed the 
same amount, replace the pixels of the left eye image and 
the right eye image. However, this method limits the 
allowable viewpoint movement speed for the small 
crosstalk.  

To overcome such limitations, we propose a parallax 
barrier stereoscopic display achieving low system latency 
for the view-dependent image control. This system is 
realized by our high-speed tracking, high-speed 
projection and high-speed image generation.  In addition, 
we also use a pixel-wise-based image warping method to 
improve the allowable maximum speed of viewpoint 
movement for the small crosstalk. 

 

2 PROPOSAL 

2.1 System Latency Analysis 
This section describes the relationship between the 

allowable viewpoint movement speed and the system 
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Fig. 2 Relation between viewpoint movement speed 

 and required system processing latency   
 
latency. Fig. 1 shows the configuration to derive the 
relationship. In this figure, the yellow and blue lines 
denote the lines of sight of the left eye and right eye, 
respectively. The human eye can see the image 
displayed on the screen through the slits on the parallax 
barrier. When the viewpoint starts to move to the right, 
and the left eye reaches the position of the red dotted line, 
the previous image for the right eye will be seen by the 
left eye from next moment. Therefore, crosstalk will occur. 
Based on this reason, the upper limit of the required 
system latency  for each frame can be determined from 
the moving distance  and the viewpoint movement 
speed  ( ). 

Fig. 2 shows the relationship between the viewpoint 
movement speed  and the required system latency  
which is based on pixel-wise-based image warping 
method described in next section. The distance between 
viewpoint and barrier  is 800 mm. The distance between 
screen and barrier  is 30 mm. The width of the slit in the 
barrier is 1.2mm and the pixel width is about 0.3mm. In 
particular, if the slit width becomes small, allowable speed 
can become large [15]. However, it sacrifices the 
resolution and brightness. Therefore, we keep it large in 
this calculation as much as possible.  

As shown in Fig. 2, crosstalk does not occur when the 
system latency  is below the blue line. It is evident that 
the faster the viewpoint moves; the shorter is the time 
required by the system processing latency. For example, 
in a recent research, a high-speed projector-camera 
system was developed [16]; the latency was 8 ms. If we 
were to use such a system and require the absence of 
crosstalk, the acceptable maximum speed of viewpoint 
movement can be 2 m/s. 

 

2.2 Image Warping Method 
Fig. 3 shows a comparison between employed pixel- 

 
Fig. 3 Comparison of the image warping method 

 
wise-based method and the simple method described in 
Section 1. When the viewer moves the viewpoint to the 
left, the simple method replaces pixel 1 with pixel 5. As an 
extra pixel, pixel 5 induces no problems when the 
viewpoint moves slowly; however, when the viewpoint 
moves fast enough, the extra pixel will make the crosstalk 
happen since the moving distance of viewpoint for each 
frame increases and the pixel 5 will be easily included in 
the visible range of the other eye. 

In contrast, the pixel-wise-based method controls each 
pixel accurately, based on the eye position obtained by 
viewpoint-tracking and the relative position of the screen. 
Compared to the simple method, it should neither 
produce extra pixels nor miss pixels; thus, it can reduce 
the crosstalk by 10%-15%. Therefore, it is expected that 
pixelwise-based method will increase the allowable 
viewpoint speed to avoid the crosstalk.  It should also 
handle viewpoint movement for in-depth direction and be 
less crosstalk than the simple method. 

 

2.3 System Configuration 
Our system consists of a high-speed projector-camera 

system controlled by a computer. Fig. 4 shows the 
developed system. In our system, we used a projector 
with 1024 × 768 pixels at 1000 fps and a camera with 720 
× 520 pixels at 500 fps. We also used Xeon E5-2687W as 

 
Fig. 4 Experimental environment 
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Fig. 6 Experimental result: Upper part comprises left-eye images and lower part comprises right-eye images 

 
the CPU and QuadroREG M5000 GPU. The measured 
latency was 7–8 ms including 2 ms viewpoint tracking 
latency, 2 ms projection latency and 3–4 ms image 
generation latency. The parallax barrier was 
manufactured using acrylic print. To efficiently 
accomplish viewpoint-tracking with low latency, the 
marker was attached to the eye position. In the future, we 
intend to use high-speed facial landmark detection to 
replace the marker tracking method [17]. The distance 
between the human subject and the screen was 800 mm. 
The high-speed projector projects the image onto the rear 
screen from the opposite side. The projection size was 
300 mm×225 mm.  

The functioning of the system can be described as 
follows: First, the camera obtains the eye position by 
using high-speed viewpoint-tracking. Next, the 
coordinates of the eye position are transformed from the 
camera coordinate system to the world coordinate system; 
this enables real-time estimation of the relative position of 
the eyes with respect to the parallax barrier required to 
create two pixel-wise images, one for the left eye and the 
other for the right eye. Finally, we mix these two binocular 
images into one image and finally display it on the rear 
screen using the high-speed projector.  
 

3 EXPERIMENTS 

3.1 Simulations  
Fig. 5 shows the simulation results to the crosstalk of  

 

 
Fig. 5 Simulation results  

the proposed method based on the system described in 
the Section 2.3 with the conventional system based on 
60fps viewpoint tracking, 120fps display refresh rate and 
simple image warping method. The upper part comprises 
proposed method and the lower part comprises the 
conventional system. From the left, each column 
represents the observed images at the viewpoint 
movement speed of 1.0 m/s, 1.5 m/s and 2.0 m/s. 
Consequently, for the conventional method, when the 
viewpoint movement speed was approximately 1 m/s, the 
crosstalk was already faintly visible and the crosstalk was 
approximately 5%. When the moving speed increased to 
1.5 m/s, the crosstalk was 15% and very clearly visible. 
The binocular stereo was also seriously affected. 

Further increase of the viewpoint moving speed to 
2 m/s revealed the crosstalk that occurred in more than 
half of the entire image, with a complete collapse of the 
stereo vision. In contrast, in our proposed method, we did 
not observe any crosstalk for viewpoint movement 
speeds of 1 m/s, 1.5 m/s, and 2 m/s. The crosstalk was 
always 0%.  

 

3.2 Experiments Using the Developed System  
Fig. 6 shows the results using the developed system. 

We created the stereoscopic image in which the viewer 
could see three virtual cubes standing on the platform. 
The two front cubes were placed side by side at a certain 
distance in the horizontal direction. Another cube was 
located directly behind the right front cube. In Fig. 6, the 
viewpoint movement speed was about 2.0 m/s. The time 
interval between two adjacent images in horizontal 
direction was about 20ms. The viewer was moving to the 
right and the four columns represented the viewer’s 
different places.  

The cube in the back was always further to the right in 
the right-eye image than in the left-eye image. In addition, 
the left side of the front cube of left-eye image was always 
larger than the part in the right-eye image. We didn’t see 
any combination of left-eye and right-eye image. Also, 
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there wasn’t any doubled or ghosting image appeared in 
our experiment. Therefore, the stereo vision was 
achieved without any crosstalk although the viewpoint 
moved very fast. 

 

4 CONCLUSIONS 
We proposed a parallax barrier stereoscopic display 

based on high-speed viewpoint-tracking and high-speed 
projection; a pixel-wise-based image warping method to 
improve the allowable maximum speed of viewpoint 
movement was also employed. The proposed system can 
reduce the crosstalk to 0% even when the viewer moving 
speed reaches approximately 2 m/s. The proposed 
solution can significantly improve system performance by 
providing dynamic, immersive experiences such as 
projection-type virtual reality displays, high-speed sports 
motion-sensing games, and similar applications.  

In the future, display resolution, which is also a 
significant drawback in the case of conventional systems, 
must be thoroughly investigated. We also think that it is 
important to develop a large-scale display for the 
applications mentioned above. The findings of the 
present study are expected to improve the performance 
of glasses-free stereoscopic displays. 
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