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Abstract 

With the rapid growth of the virtual reality (VR) market, global corporations have shown 

great interest in VR, and VR content has now become familiar to general users. However, 

most users suffer from difficulties in using VR content due to motion sickness. In this regard, 

this paper examines the definition, causes, and solutions of VR motion sickness and 

proposes a test system to prevent motion sickness in HMD-based VR content production. 

The VR Motion Sickness Inspection System uses the VR 360-degree image as an input to 

calculate VR motion sickness-inducing factors that determine the VR sickness risk of the 

content. 
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1. Introduction 

Virtual reality (VR) content using head-mounted displays (HMDs) is being actively 

produced globally. VR is expanding its market not only in games and video contents but 

also in communications, electronics, and automobile industries. In addition, the formation 

of a market for the general public to produce films and games has led to the dissemination 

of massive amounts of contents. However, VR contents using HMD cause the users to go 

through various problems. Among them, motion sickness is considered to be the most 

serious problem. More than 60% of users who experience HMD-based VR for the first time 

feel motion sickness and perceive it as a very unpleasant experience [1]. 

For the HMD-based VR content market to continue to be successful, it is essential to 

prevent and solve motion sickness problems. 

Human factor studies have been conducted to deal with motion sickness even in 

conventional three-dimensional (3D) research. As both 3D and VR images are based on the 

stereo image, elements of HMD-based VR content that cause motion sickness can be 

summarized based on the 3D human factor. 

 In this paper, elements that cause HMD-based VR motion sickness are specified, and 

VR content is basically implemented with stereo 360-degree image as a source. Image 

processing technologies are used to examine the contents of various VR devices, and a 

system that can check and prevent the risks of motion sickness caused by the stereo 360-

degree image-based content is proposed. 
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2. Methods and Results 
 

2.1. Definition and Causes of VR Motion Sickness 

In general, a human perceives gravity, horizontal-vertical rotation, etc., through the 

vestibular system in the inner ear that consists of otolith organs and semicircular 

canals. It is a general theory that motion sickness is caused by a discrepancy between 

gravitational and rotational information coming from the vestibular organs and visual 

information received from the eyes, and there is also an opinion that tactile 

information felt in the soles of the feet affects the occurrence of motion sickness [2]. 

The typical symptoms of motion sickness include vomiting and nausea due to the 

discrepancy between the direction of motion and that of gaze that people perceive 

when they see the interior of the automobile or aircraft while the actual body is 

moving [3]. 

There are two types of situations in which motion sickness occurs. First, visual 

information received through the eyes is insufficient while the sensory information of 

the vestibular organs changes. A case of car sickness is an example [4]. Second, there 

is a case where the change in sensory impulses that the vestibular organs convey i s 

insufficient while the visual information changes. For example, a player is moving 

quickly in the VR content with HMD worn [5]. In this case, the visual information 

continues to change, but the player is sitting or standing still, which causes a 

discrepancy in information. 

Likewise, the motion sickness that occurs when the user experiences VR content 

while wearing HMD is referred to as VR motion sickness, and it has emerged as the 

most difficult problem in VR market activation and content production.  

 

2.2. General Solutions for VR Motion Sickness 

As described above, the cause of VR motion sickness is the discrepancy that occurs when 

the visual information changes, but the sensory information of the vestibular organs does 

not change. There are two possible approaches to solve this problem. The first is to slow 

down the sense that enters the vestibular organs. The second is to match the visual 

information with the sensory information about equilibrium (the sense of balance). 

The first approach is widely used in dealing with car sickness, and it is a method to 

reduce the sensation by paralyzing the vestibular system through the use of ear patches or 

medications. When used in the form of a drug for slowing down the senses of the vestibular 

system before the use of an HMD device, it can lower the incidence of motion sickness. 

However, this method is considered to be only a temporary solution because of a sense of 

rejection and the fear of side effects. 

The second approach can be largely divided into three methods. They are the methods 

that forcibly change or alleviate the senses so that visual sensation can match sensory 

sensation as closely as possible. 

 The first method is to inject information into a visual organ at the right time. It is 

the most widely used method in the current VR market. When the user changes the 

field of vision through head rotation while wearing the HMD, the matching screen 

is displayed without a delay. However, owing to hardware limitations, a latency of 

approximately 20 ms occurs between the user’s head rotation and the change in the 

field of vision, based on a mid-range or high-end device, which serves the cause of 

motion sickness. Ultimately, a latency of 0 ms is required to prevent the occurrence 

of motion sickness. Graphic technology companies such as AMD and Nvidia are 

currently focusing on the development of a VR SDK, but the advancement of HMD 

device hardware seems to be the most plausible solution to the problem. 
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 The second method is to inject information into a vestibular organ at the right time. 

Although there are few cases, the method has been continuously studied. Galvanic 

vestibular stimulation is a typical example of this method in which current flows 

through the vestibular organ to stimulate the sensation of the vestibular system and 

breaks the balance of the target in the desired direction. In the case of VR content, 

it is used in such a way as to stimulate the vestibular organs, forcibly break the 

physical balance of the player, and resolve the discrepancy. Samsung developed the 

Entrim 4D Project using this technology, but the project was abandoned for some 

reason. 

 The third method is to change or minimize the width of visual information to enable 

a prediction and prevent a discrepancy between two sources of information. This 

method is about the matter of content planning and know-how, and thus it depends 

entirely on the ability of the planner. When unpredictable situations occur while the 

user is viewing VR content, the severity of motion sickness increases [6][7]. For 

example, when the player character moves excessively to the side or the back owing 

to a sudden shock, rapid changes in visual information can cause a discrepancy 

between the visual information and the sensory information of the vestibular organs, 

resulting in severe motion sickness. 

 

3. Proposed System 
 

3.1. Necessity of System 

In the preceding sections, we examined the methods to prevent VR motion sickness. 

Ultimately, it is predicted that most VR motion sickness will disappear if hardware evolves 

to ensure that latency is lowered toward 0 ms, resolution increases to 8 K, and frame rates 

to 90–120 fps [8]. However, since expectations and demands for the VR market are 

spreading and increasing rapidly, much time is required to satisfy the ideal hardware. 

Therefore, there is a need to devise a system that can minimize VR motion sickness in 

terms of planning and software. However, a failure to determine which elements of the 

content, other than the above hardware aspects, cause VR motion sickness forces a content 

producer to depend on the experience of the planner or the developer. In addition, the 

current VR motion sickness control program has a disadvantage in that it is not only costly 

and time-consuming to make an experiment but also has insufficient objectivity because it 

is only a measure to determine the risk of motion sickness by integrating the subjective 

dizziness of the contents through the subjects. 

 

3.2. System Overview 

The proposed system is designed to derive and warn of the risk of VR motion sickness 

by using VR stereo 360-degree image as a source, regardless of which HMD device the VR 

development environment is based on. 

 

 

Figure 1. VR Motion Sickness Test System Overview 
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The system calculates the risk of each element that causes VR motion sickness based on 

the image processing technology by inputting a VR stereo 360-degree image of content 

which is subject to testing the risk of VR motion sickness. If there is an element with a risk 

level above a certain value, the system reports the frame, the area where the problem 

occurred, and the elements that caused the motion sickness to a user. Through the process, 

the user can know whether there is a possibility of a specific time or area of the content 

causing VR motion sickness. Lastly, the system calculates the details of the problematic 

frame and the average risk of the entire image and then generates a report on the risk of VR 

motion sickness. 

 

3.3. Elements that Cause VR Motion Sickness 

To develop the proposed system, it is necessary to determine which phenomenon is 

responsible for causing motion sickness in VR content. The proposed system seeks to verify 

and calculate the risk by listing the elements that can be tested, based on the image 

processing technology, among factors inducing VR motion sickness that have not as yet 

been fully verified. 

Table 1 lists the elements that cause VR motion sickness that are considered in the 

proposed system. 

Table 1. Elements that cause VR Motion Sickness 

Causes of motion sickness Detailed descriptions 

Excessive size of disparity 

(absolute) 

The disparity of objects in the image is too large or 

too small 

Excessive size of disparity 

(relative) 

The disparity of objects in the image becomes too 

large or suddenly shrinks in a short period of time 

Rapid movement of objects Bulky main objects move quickly 

Rapid movement of camera 

viewpoint 
The change of camera viewpoint is excessively fast 

Repeated frequent movements 

of camera 

Camera shaking phenomenon 

Camera shakes repeatedly and frequently when a 

car runs on a road 

Sudden movements of camera 

to the side and rear 

Camera moves suddenly to the side-rear, not 

forward 

 

3.4. Disparity-map Acquisition 

Among the elements that cause VR motion sickness, binocular disparity should be 

calculated from left eye-right eye images. In this case, a method for calculating a 

depth-map is very important in motion sickness testing since the reliability level of 

the disparity value is determined according to the accuracy of the depth-map [9]. 

In this paper, the depth-map was acquired using SGBM block matching algorithm, 

and the accuracy was improved by edge-based hole filling post-processing. The list 

of disparity-related elements that cause motion sickness in Table 1 is obtained from 

the acquired disparity values. 
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(1) 𝐄(𝐃) = ∑ (𝑪(𝒑, 𝑫𝒑) +  ∑ 𝑷𝟏𝑰[| 𝑫𝒑 −  𝑫𝒒 |  =  𝟏]

𝒒 ∈𝑵𝒑

+  ∑ 𝑷𝟐𝑰[| 𝑫𝒑 −  𝑫𝒒 |  >  𝟏]

𝒒 ∈𝑵𝒑

)

𝒑

 

 

(1) is the SGBM algorithm. This algorithm aims to minimize the following global energy 

function E for disparity image D. 

With P2≥P1, where E(D) is the energy for the disparity image, D is p, and q represents 

indices for pixels in the image, Np is the neighborhood of the pixel p. The function C(p, 

Dp) is the cost of pixel matching with disparity in Dp. The parameter P1 is the penalty 

passed by the user for a change in disparity values of 1 between neighboring pixels. The 

parameter P2 is the penalty passed by the user for a change in disparity values greater than 

1 between neighboring pixels. I[x] is the function which returns 1 if the argument is true 

and 0 otherwise [10]. 

The minimized function produces a perfect disparity map with smoothing governed by 

parameters P1 and P2; however, minimizing the function for a two-dimensional (2D) image 

space is an NP-complete problem. The semi-global matching function approximates the 2D 

minimization by performing multiple one-dimensional (1D), or linear, minimizations [11]. 

The matching function aggregates costs on multiple paths which converge on the pixel 

under examination. Cost is computed for the disparity range specified by the minimum 

disparity and number of disparities parameters. By default, the matching algorithm 

aggregates costs for five directions [12]. You can set the full dynamic programming 

parameter to try to force the algorithm to aggregate costs for eight directions. 

 

 

Figure 2. Disparity Map Acquisition Process 
(a) : Left-Right Stereo Image 
(b) : Before-After Hole Filling 

3.5. Image Correction According to 360-degree Image Features 

VR environments provide images with a 360-degree field of view for the user’s 

immersion, and the images of sphere shape enhance the presence by changing the direction 

of the user’s field of view with the camera viewpoint centered. 

However, since the plane image is needed to acquire the aforementioned disparity map, 

a 360-degree image cannot be used in this case. To solve this problem, we use a 360-degree 

panoramic image with a plane structure, rather than a sphere-type 360-degree image. 
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Figure 3. 360-degree Panorama Image 

However, the 360-degree panoramic image has a noise problem that occurs in the 

disparity map acquisition step because there is a distortion in the image. To solve this 

problem, this study seeks to obtain a plane image without distortion by projecting the 

panoramic image onto a cube panorama with a distortion-free image in six directions. The 

obtained cubic image is inserted into the disparity map acquisition algorithm for each of the 

six directions, and each disparity map is acquired and merged to generate the final disparity 

map. 

 

 

Figure 4. Converted Cubic Image 

3.6. System Configuration 

The proposed 360-degree image-based VR motion sickness test system measures the risk 

of VR motion sickness content in the following form. 

The system receives the threshold of elements that cause VR motion sickness and a 360-

degree stereo image sequence as input from the user; it then calculates the motion sickness 

factor values for each frame from the start frame of the image sequence. If a motion sickness 

factor with a value higher than the threshold is found in the frame being examined, the 

system reports the information about the frame, goes to the next frame, and repeats the 
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process. When checking the risk of motion sickness for each frame, the system examines 

the risk level of each factor in parallel based on the image processing. After all frames in 

the sequence are inspected, the final report is created, and the system is shut down. 

The system user modifies the risk level of the motion sickness content by referring to the 

problematic frame-specific report and the final report. 

 

 

Figure 5. System Flowchart 

4. Conclusion 

Virtual reality is expanding its market day by day. HMD devices, starting with 

Oculus, are diversifying with the expansion of the mobile market, and various 

contents are being released accordingly. In this regard, this study sought to devise a 

system based on VR 360-degree stereo image to solve the big problem of motion 

sickness, regardless of various content environments. The use of the proposed system 

is expected to greatly improve the completeness of contents by preventing elements 

that can potentially cause motion sickness in VR content production. 

Since few studies have been conducted regarding the field of VR motion sickness, 

content-related elements have not yet been fully verified except in regard to the 

hardware issue. For future research, there is a need for a clinical experiment to verify 

the elements that cause motion sickness considered in this paper and add other causes 

to improve the completeness of the research report. 
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