
論文 / 著書情報
Article / Book Information

題目(和文)

Title(English) A Study of 360-Degree I/O System by Integrating Spherical Display with
Omnidirectional Camera For Panoramic Video Communication

著者(和文) LiZhengQing

Author(English) Zhengqing Li

出典(和文)  学位:博士(工学),
 学位授与機関:東京工業大学,
 報告番号:甲第11621号,
 授与年月日:2020年9月25日,
 学位の種別:課程博士,
 審査員:小池 英樹,德永 健伸,篠田 浩一,下坂 正倫,伊藤 勇太

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第11621号,
 Conferred date:2020/9/25,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


Doctor Thesis

A Study of 360-Degree I/O System by Integrating
Spherical Display with Omnidirectional Camera

For Panoramic Video Communication

Tokyo Institute of Technology

School of Computing

Department of Computer Science

Name : Zhengqing Li

Main Supervisor : Professor Hideki Koike

Submission Date : July 2020



Abstract
This research challenged one of the long-standing issues of video communication sys-

tems, that is, the narrow camera field of view. With the advancement of omnidirectional

panoramic technology, the omnidirectional camera, which can provide a 360° field of

view, has become increasingly popular in the last few years. Previous research indicated

that one-way video communication systems with a wider field of view improve task ef-

ficiency. Therefore, this research proposes to utilize omnidirectional cameras in a sym-

metrical video communication system. By proposing novel 360° I/O systems, named

OmniEyeball, this research studies how a new camera-display configuration supports

symmetrical video communication and remote collaboration.

In the first part of this study, an experiment was conducted based on two conditions: an

omnidirectional camera with a hemispherical display (OmniEyeball system) and an om-

nidirectional camera with a horizontally placed 2D flat display. Under these conditions,

the study analyzed how the display types affected video communication and remote col-

laboration. The results show that participants marginally preferred the spherical display

to the 2D flat display. The results also present the advantages and disadvantages of each

display. The findings from the study of OmniEyeball contribute to the understanding of

how to design a 360° I/O system for remote collaboration that captures and shows a 360°

panoramic view of a remote site.

However, the OmniEyeball system still had several issues, e.g., the invisibility of the

hemisphere at the opposite side of a user caused the inconvenience of observing the

remote environment. To solve these issues, the second part of this thesis introduces

OmniEyeball2 system. This novel symmetric full 360° video communication system

incorporates an omnidirectional camera, a full spherical display, and several visual or in-

teractive techniques. An experiment indicates that the OmniEyeball2 system effectively

reduces the inconvenience of observing the remote environment and increases the remote

space awareness and user’s gaze awareness to support remote collaboration. The study



also discusses the takeaways, limitations, and application areas in the OmniEyeball2 sys-

tem, which help improve the system.

In the third part, the thesis proposes a novel collaboration tool named OmniEyebal-

lVR, an asymmetric cooperation application of the OmniEyeball project that supports

communication and collaboration between a VR user (occupant) and multiple non-VR

users (designers) across the virtual and physical platform. OmniEyeballVR allows de-

signer(s) to explore the VR space from any point of view using two view modes: a 360°

first-person mode and a third-person mode. Besides, a shared gaze awareness cue is

provided to enhance further communication between the occupant and the designer(s).

Finally, the system has a face window feature that allows designer(s) to share their facial

expressions and upper body view with the occupant to exchange and express informa-

tion using nonverbal cues. A user study was conducted to evaluate the OmniEyeballVR,

comparing three conditions: (1) first-person mode with the face window, (2) first-person

mode with a solid window, and (3) third-person mode with the face window. The results

show that the first-person mode with the face window required significantly less mental

effort, and provided better spatial presence, usability, and understanding of the partner’s

focus.

Finally, the thesis summarizes its contributions and discusses design implications and

directions for future research of the 360° video communication system.
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Chapter 1

Introduction

1.1 Background

1.1.1 Limitation of Video Communication Systems

A long-standing problem with video communication systems was the limitation of the

field-of-view. Such an issue caused by narrow field-of-view of a video camera has been

discussed since the early studies of video communication systems [21] [24].

Previous researchers pointed out that the narrow field-of-view limits peripheral aware-

ness of activities in a remote scene and often makes remote activities unnoticed. For

example, Fish et al. pointed out that reciprocity between participants such as “if you can

see someone else, they can see you” [21] was not maintained in their VideoWindow sys-

tem. To challenge this issue, Gaver et al. proposed to use multiple cameras and monitors

to cover a wider range in a collaboration space. However, they found that “the neces-

sity of switching among views increased the difficulty of establishing the relations among

them and negotiating a mutual orientation towards the task [24].”

In their subsequent study, Gaver et al. [25] tested the effect of a remote-controlled

camera while it revealed various problems due to unavoidable features of mechanical

systems in control. Then, as a future direction, they suggested employing fisheye view

image [26]. Recently, Luff et al. [47] have conducted an experiment using multiple

telepresence robots. However, they also suffered from the narrow field-of-view problem

and suggested employing panoramic technology.



1.1. BACKGROUND 2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.1.2 Omnidirectional Panoramic Technology

The panorama, as one of the most popular image types, has existed for hundreds of

years. A panorama is any wide-angle view or representation of physical space, whether

in painting, photography, film, or a three-dimensional model.

The 360° panoramic image is the widest type of panorama. A 360° panoramic image

that incorporates a full 180° vertical viewing angle, as well as a 360° horizontal viewing

angle, can present all the visual information of one viewpoint in space. All the visual

information of four directions, top, and bottom, is included in the 360° panoramic image.

Moreover, nowadays, due to the unique panoramic feature of omnidirectional view, the

360° panoramic image is becoming more and more popular in the fields of photography

and virtual reality.

Figure 1.1: The Theta series 360° cameras produced by RICOH

With the development of 360° technology, one of the recent trends in digital cameras is

omnidirectional cameras. Recently, more than ten different omnidirectional cameras have

been released within five years, such as the Ricoh Theta series 1 (Figure 1.1) or Insta360

cameras 2 (Figure 1.2), etc. These kinds of cameras consist of one or two fisheye lenses.

The camera with one fisheye lens, which can cover 360° in the horizontal direction, has

a field of view from 180° to 240°, while the one with two fisheye lenses can directly

capture an image of 180×360 degrees field of view.

Unlike traditional cameras, such new cameras can capture panoramic images in one

1https://theta360.com
2https://www.insta360.com
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Figure 1.2: Samples of Omnidirectional cameras produced by Insta360.

shot, which provides up to 360° field-of-view. Such technologies seem to open new pos-

sibilities to solve the problem of a narrow field-of-view. For example, Johnson et al.

[38] compared three kinds of the field-of-view video feed from a telepresence robot, nar-

row (45°), wide-angle (180°), and panoramic (360°), and their results showed that wider

views supported better task efficiency and fewer collisions. However, the panoramic

field-of-view increased the visual image’s complexity and required a higher cognitive

load than a narrower field-of-view.

1.2 Research Motivation

Based on the above background, it is interested in knowing whether these issues of in-

creased complexity, workload, and asymmetricity of communication could be improved

by using a more proper 360° panoramic camera-display configuration (Figure 1.3).

Figure 1.3: The motivation of this research is to propose a new camera-display configu-

ration.
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1.2.1 Evolution of I/O Devices for Video Communication

Figure 1.4: Some representative graphics I/O terminal forms.

The combination of image input and output devices, i.e., camera-display configuration,

has made significant progress for a long time. Many decades ago, computers and digital

cameras were quite huge and heavy that no one tried to combine them. With the devel-

opment of digital devices, the first low-cost webcam, Trojan Room coffee pot [71], was

small enough to be used with personal computers in 1991. Meanwhile, 2D monitors were

also getting smaller and lighter. Within three decades, more and more digital I/O devices

support video communication. Such as laptops, smartphones, or tablets, combined the

2D display with small embedded cameras as image input and output, see Figure 1.4.

Due to the development of panoramic technology, attempts have been found to com-

bine 360° cameras with existing display devices. For example, Darling VR Smartphone
3 is the world’s first smartphone released in 2017, which directly used a build-in 360°

panoramic camera (See Figure 1.5 left).

Furthermore, Insta360 tried to implement the panoramic video communication by con-

necting the Insta360 Air 4 with a laptop, see Figure 1.5 right. The equirectangular format

image is directly shown on the 2D display of a laptop, which causes are several issues

of this configuration. Although the camera is 360° panoramic, the display is not. The

equirectangular format on the 2D display provides a very bad sense of space, which

3https://techlog360.com/first-smartphone-built-360-degree-vr-camera/
4https://www.insta360.com/product/insta360-air
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Figure 1.5: Left: Darling VR Smartphone, World’s first smartphone with built-in 360°

camera. Right: A panoramic video communication setup by using an Insta360Air 360°

camera with a laptop.

seems to indicate that the 2D display may not be the perfect match of a 360° camera.

1.2.2 Spherical Display Systems

Current popular displays for 360° contents (Figure 1.6) such as the virtual reality head-

mounted display (VR HMD) 5, the cylinder-shaped display, the panoramic dome or cave

display, present some issues when used for video communication. For example, the VR

HMD covers most of a user’s face, hindering facial expressions, which are important in

communication [66]. Besides, if users on both sides wear HMDs, it will not be possible

for them to view both actual environments. Also, wearing HMD for a long time and walk

around may cause physical and eye fatigue. Immersive projection technologies such as a

panoramic dome display [3] [23], cave display [16] [17] [28], or twister display [72] [73]

confine users inside their space which limit user’s interactions with the real environment.

In addition, the cylinder-shaped display [87] [88] creates a severe distortion on the top

and bottom sides.

An alternative solution may be to use a spherical display. The sphere, as a typical geo-

metric object, is used in lots of designs. Researchers have been proposing new spherical

5https://www.vive.com/
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Figure 1.6: Currently how we watch 360-degree panoramic images or videos: VR HMD

- HTC Vive (upper left), Dome display (upper right), Cave display (lower left), Twister

rotating display (lower right)
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display systems for many years. For example, Organic user interfaces [35] created by

Holman et al., is the first spherical multitouch display. Moreover, the Sphere [4] pro-

posed by Benko et al. also attracted much attention from the research field. Due to the

feature of spherical shape, spherical displays may be a perfect match for 360° panoramic

cameras, which could naturally display the 360° images and reduce observers’ cognitive

load.

1.2.3 Novel 360-Degree I/O Device for Video Communication

Therefore, the motivation of this research is to develop a new 360° I/O device that

captures 360° panoramic images as well as displays it intuitively. The proposed device

combines omnidirectional cameras with a spherical display system. It can capture a 360°

live video stream, send the data via the wireless connection, and display the 360° live

video feed on its spherical surface. Since the video communication system utilizes this

360° I/O Device, it can exchange the image of the whole environment around the devices.

Therefore users are not constrained by the camera position or display orientation, i.e.,

users can position themselves anywhere around the device. This new I/O device for 360°

images may bring users more interactive possibilities in daily life.

1.3 Organization

The organization of this thesis is as follows:

Chapter 1: In this introductory section, the background, as well as the motivation of

the research, have been presented.

Chapter 2: The related works section includes two parts: The video communication

systems and the 360° graphic displays.

Chapter 3: The research proposal, methods, prototype (OEBP) of the OmniEyeball

system is introduced.

Chapter 4: The OmniEyeball system (OEB) is introduced. Then, a user study about

the impact of display shapes on 360° video communication is presented.
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Chapter 5: Based on the previous user study’s findings, an improved system, Om-

niEyeball2 (OEB2), is introduced. An experiment is then presented to study how its

interactive features support symmetric 360° video communication.

Chapter 6: An application tool of OmniEyeball project, named as OmniEyeballVR, is

introduced. It works as a collaborative, 360° video communication tool for VR.

Chapter 7: This section discusses the contribution of the research as well as research

findings, insights, design implication, and future works.

Chapter 8: This section summarized the whole research.
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Chapter 2

Related Work

2.1 Effect of Field-of-view in Video Communication

Figure 2.1: The VideoWindow teleconferencing system [21] proposed by Fish et al..

Problems caused by the narrow field of view of a video camera have been discussed

since early studies on video communication systems [21] [22] [24] [39]. Fish et al.

pointed out that reciprocity between participants such as “if you can see someone else,

they can see you” [21] was not maintained in their VideoWindow system (Figure 2.1).

For example, when a participant stands outside the field of view of a camera used in

a video conference, he or she can see the remote participants, but they cannot see him

or her. These researchers further suggested that they needed new ideas for design as

well as the placement of cameras and monitors. To challenge this issue, Gaver et al.
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Figure 2.2: One is not enough [25]: the MTV set-up by Gaver et al..

proposed using multiple cameras and monitors to cover a wider range in a collaboration

space. However, they found that “the necessity of switching among views increased the

difficulty of establishing the relations among them and negotiating a mutual orientation

towards the task [25] (Figure 2.2).”

Figure 2.3: Virtual Window [26] proposed by Gaver et al..

In their subsequent study, Gaver et al. [26] tested the effect of a remote-controlled

camera that was expected to overcome the limitation of a narrow field of view (Figure

2.3). However, the system revealed various problems due to the unavoidable features of

mechanical systems concerning control delay, accuracy, and noise. Then, as a future di-
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Figure 2.4: The Tobi system used in Show Objects [47].

rection, they suggested employing fisheye view imaging. Recently, Luff et al. [47] have

conducted an experiment using multiple telepresence robots, Tobi1 (Figure 2.4). How-

ever, they also suffered from the narrow field-of-view problem and suggested employing

spherical images.

Figure 2.5: Can You See Me Now? [38].

To investigate how the different fields of view affect remote collaboration, Johnson et

al. compared the performance of three field-of-view angles (narrow (45°), wide-angle

(180°), and panoramic (360°)) of a camera on a telepresence robot [38], see Figure 2.5.

The results of these experiments indicated that a wider field of view supported better

task efficiency. However, these researchers also pointed out that users felt more diffi-

culty in perceiving a panoramic view, suggesting the need for further exploration of user

interfaces for a panoramic video communication system. Even though there are some

other studies that have explored the use of a 360° panoramic video system. JackIn Head
1https://www.revolverobotics.com/
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Figure 2.6: JackIn Head [41] proposed by Kasahara et al..

Figure 2.7: ScalableBody [53] proposed by Mutsuda et al..

(Figure 2.6) proposed by Kasahara et al. [41] is a wearable camera that can shoot and

transmit 360° surroundings, and provide remote collaboration support by transmitting a

stabilized video to a remote user wearing an HMD. ScalableBody [53] (Figure 2.7) is a

telepresence robot supporting socially acceptable interactions and human augmentation

through vertical actuation. Tang et al.[74] created a system for observing the image of a

remote 360° camera with a tablet terminal, see Figure 2.8. Lee et al. [44] combined the

360° camera with VR-HMD to improve the remote collaboration (Figure 2.9).

However, the issue for these systems is that their system configurations were asym-

metrical. In other words, users at a local site could see the 360° panoramic video that

captured the remote site but not vice versa—the video configuration did not allow equal
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Figure 2.8: Collaboration with 360° Videochat: Challenges and Opportunities. [74]

Figure 2.9: SharedSphere [44] proposed by Lee et al..

contribution from both local and remote sites.

Meanwhile, some studies have already proposed video communication systems that

enable the exchange of wide field-of-view images symmetrically. CamBlend [58] [59]

was designed as a symmetrical video conferencing system that integrates wide field of

view(180°) images with high-precision in-context views (Figure 2.10). The system re-

quires a camera and large display placed on one side of the wall in the room, which almost

covers the whole room. However, the wall that the camera and the display are mounted

becomes the blind zone of the system. t-Room [85] [86] (Figure 2.11) is a room-size

video communication system that consists of multiple screens, cameras, and tables and

enables the exchange of panoramic images of the two rooms on either side over a dis-

tance. The system creates an illusion of merging two geographically separate rooms.

However, the shared area in the t-Room is constrained to the area close to the screen
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Figure 2.10: CamBlend system [58] proposed by Norris et al..

surfaces. Therefore, it is still challenging to realize a symmetrical video communication

system that enables the exchange of spherical images over a distance.

Furthermore, compared to t-Room and CamBlend, the proposed 360° system in this

thesis is much more flexible in that it can be placed anywhere in the existing work envi-

ronment and enables sharing the whole space and objects around the terminal.

2.2 Spherical Image Display System

As suggested by Gaver et al. [26] and Liccope et al. [47], it is interested in using

spherical images (360° panoramic images) for video communication. This section briefly

reviews the technologies related to spherical images. One of the recent trends in digital

(video) cameras is the omnidirectional camera. Although this technology has been ex-

plored for a relatively long time, recent advancement in digital technology has resulted

in high-definition omnidirectional panoramic cameras affordable to general consumers.

Various display methods have been proposed to view such spherical images. One

approach is to use an ordinary 2D flat display. For example, the whole spherical image
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Figure 2.11: t-Room system [86] proposed by Yamashita et al..

can be shown by distorting the image into a circular shape or, to reduce the distortion,

by showing part of the image and allowing users to control the viewing orientation using

cursor keys or a pointing device (QuickTime VR or Application of Ricoh Theta 2).

Figure 2.12: GEO-COSMOS [51], the world’s first full color spherical display, in Japan.

2https://theta360.com/en/about/application/



2.2. SPHERICAL IMAGE DISPLAY SYSTEM 16
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Instead of using an ordinary 2D flat display, there are some alternative methods, such

as using an HMD or a mobile terminal. Another advanced method is to use a spherical

display. GEO-COSMOS [51] (Figure 2.12) is the world’s first full color spherical display.

However, because its diameter is 6m and it weighs 13-tons, it is not suitable for ordinary

users. With the advance of projection technologies, however, several smaller spherical

displays have been prototyped [7] [9] [14] [15] [42] [70] [79] [80] [81] [82] [84] and are

even commercially available now 3, see Figure 2.13.

Figure 2.13: PufferSphere touch spherical display.

Sphere [4] (Figure 2.14), Spheree [20] are 360° spherical displays. They enable users

to interact with the spherical display and allow viewers to explore different perspectives

of the display. To project through 360 degrees, these systems have a projector under or

beside the spherical display.

Vortex [40], Magic Crystal Ball [11], and The Object Inside[5] are spherical display

systems that allow the users to see virtual objects/scenes appearing inside a glass sphere.

Users can control the display by touching it. They did not consider to show 360° image

on the spherical display.

Pan et al. [61] [62] and Oyekoya et al. [60] researched the usage of avatars for per-

forming remote tasks on spherical displays. They researched how accurate local people

can recognize the gaze direction of a remote avatar appearing in the spherical display.

3https://pufferfishdisplays.com
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Figure 2.14: Sphere [4] proposed by Benko et al..

Figure 2.15: Comparing Flat and Spherical Displays in a Trust Scenario in Avatar-

Mediated Interaction. [62]

They also compared when avatars appear inside a spherical display and a 2D flat display,

people are willing to trust which avatar, as shown in Figure 2.15.

Miyafuji et al. [55] [69] presented a sphere-shaped interactive display system, named

Qoom shown in Figure 2.16 , as a new input and output device of the future. Unlike

existing sphere-shaped displays, Qoom has perfect sphere shape, like a ball, which can be

rotated, thrown, or even kicked. It is the first spherical display that is movable, touchable,

and also allowed to be thrown or even kicked. The application called Pano Ball in Qoom

can enable users to see the 360° live stream of another space in Qoom. However, it is also

one-way communication, just like the application in Sphere[4]. The difference between

Qoom and this work is that the OmniEyeball concentrates on the integration of spherical

display and omnidirectional camera and its application on panoramic videoconferencing.

To overcome the problem of a narrow camera field of view, it is interested in using
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Figure 2.16: The Qoom system [69] proposed by Miyafuji et al..

spherical images for video communication. To the best of my knowledge, despite the

availability of spherical cameras and displays, no studies have been conducted to explore

how the spherical display technologies can support symmetrical video communication.

Especially, it is important to explore its usability issue of such a system.
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Chapter 3

Research Proposal - OmniEyeball

Based on the above background and related work, it is interested in knowing whether

these issues of increased complexity, workload, and asymmetricity of communication

could be improved by using a more proper 360° panoramic camera-display configuration.

3.1 Research Approach

This research aims to build the new 360° I/O device or system integrating spherical

display with omnidirectional cameras, as shown in the Figure 3.1, and discover how it

supports the panoramic video communication.

Therefore, the research will proceed as follows:

3.1.1 Implementation of the 360° I/O System

Basic functions of the 360° I/O device

This new 360° I/O device can capture a 360° panoramic live stream as well as display

it. To achieve that, omnidirectional panoramic cameras or lens are embedded into the

spherical display. Each camera or lens can cover a 180° field of view or even more than

that. Then, two cameras or lens can capture the whole space. The purpose of this device

is to enable a 360° panoramic image as input and output. To enable remote panoramic

video communication, it should be possible to do a panoramic live stream through a wire

or wireless connection. The panoramic live stream can be seen directly projected onto

the spherical display itself.
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Figure 3.1: The blueprint of the proposed 360° I/O device.

Implementation of the Spherical Display

Based on the current cutting-edge implementation of spherical displays, high-quality

spherical displays are mainly divided into two types: External projector type and Built-in

projector type.

1. External projector type: Taking Qoom [69] as an example, this type of spherical

display mainly relies on one or several external projectors placed in space to project

a 360° image on a spherical screen through projection mapping.

2. Built-in projector type: Taking Sphere [4] and FTVR [18] as examples, this type

of spherical display mainly relies on the built-in one or several projectors under a

spherical screen, and through the image correction of the optical lens, the image

projected by the projector is displayed.
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Interactive features of the 360° I/O System

Besides the hardware implementation, it is also essential to implement the software of

the 360° I/O system, such as image processing and image converting approaches for 360°

live streaming videos.

Furthermore, it is interesting to explore the interactive features(such as gestures input

or touch manipulation) suitable for the proposed system to make it perform better in

supporting panoramic video communication.

3.1.2 Design OmniEyeball Prototype

The first prototype system is implemented based on the spherical display of the external

projector type. To create the new 360° I/O spherical device which can capture 360°

panoramic image and display it, a 360° panoramic camera is embedded into an External

projector type spherical display system, as shown in Figure 3.2. The device is named

as OmniEyeball (OEB) because the embedded camera looks like an eye on the device,

which has a sphere shape. It can capture 360° panoramic images and also display a

spherical image. It can do a panoramic live stream through a wireless connection. The

real-time panoramic image can be seen directly projected onto the spherical display itself

with dynamic spherical projection mapping.

Prototype Overview

The spherical device consists of one rubber ball embedded with one PIXPRO SP360

4K digital camera on the pole. The SP360 camera is equipped with a fisheye lens that

can cover 360° in the horizontal direction has a 235° field of view. Therefore, most

of the surrounding environment of the spherical device can be covered by this SP360

camera with a limited blind zone. The proposed system streams live video to the PC,

then integrates a dynamic spherical projection mapping technology and motion tracking

system to project the live stream image onto its spherical display. Therefore, the device

seems like a spherical mirror.
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Figure 3.2: The OmniEyeball (OEB) prototype system proposed in 2016 [46].

The live stream received from the SP360 4K camera has a 1280×720 resolution with

15fps when connected to the PC by WiFi. The format of the image is fisheye motion-

JPEG. In order to integrate the SP360 4K camera’s live stream into the system, the raw

image is transferred into an equirectangular format by using a fragment shader in the

graphic system. This shader does camera calibration to convert the fisheye image to a

square image with high quality and low cost.

Dynamic Spherical mapping

The dynamic spherical mapping of the OmniEyeball prototype is based on technology

from one previous work [55]. It can make a 360° projection to moving balls in real-

time. The positional relationship between the ball and projectors can be calculated by

transforming projector positions in the real world to the camera coordinate system. A

motion tracking system is built by consisting of 6 motion tracking cameras to track the

position of the moving ball. By combining three-dimensional ball positions from the mo-

tion tracking system, the system generates the projection images corresponding to each
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Figure 3.3: Diagram of dynamic spherical projection mapping.

projector’s position.

Figure 3.3 shows the diagram of spherical mapping. The PC computes the different

virtual desktop images based on the position of the ball and projectors from the motion

tracking system. Then, these images are projected by corresponding projectors from

different directions to cover the whole area of the ball according to the ball’s position

and orientation. To put real-time projection into practice, this system overlays images

without optimizing the overlapping parts.

Panoramic Video Communication Application

Figure 3.4 shows a practical video communication application. This application allows

users in different places to do video communication with a 360° panoramic image by

arranging two spherical devices in different places, such as conference rooms. Each

spherical device will use its embedded cameras to capture the surrounding environment,

and the image data will be projected onto the other spherical device by the system.

The OmniEyeball prototype is designed to improve remote conference meetings based
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Figure 3.4: Diagram of 360° panoramic video communication.

on its panoramic and movable features. It will be efficient for users to just carry our

spherical device to view every detail in the other place and simultaneously show relevant

information in their surrounding environment.

Limitations and Discussion

Due to the projection mapping approach, the proposed OmniEyeball prototype (OEBP)

encountered several limitations that restrict its possibilities for further user study.

1. Glare Problem: There is strong glare appearing when the projectors are emitting

light toward the omnidirectional cameras. As for a 360° device, it is unavoidable

that the omnidirectional cameras capture the projectors. The glare will affect the

brightness, color, and sharpness of the area near the projectors

2. Occlusion: Since the projectors are located outside of the OEBP, there is no doubt

that when people walk around the OEBP. People will block the projection. Even

though this problem can be reduced by increasing the number of projectors or put

the projectors between the OEBP and people, it still happens when people touch

the display.
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3. Overlapping Area: Using multiple projectors to do projection mapping in the same

area will cause an overlapping problem. The image on the overlapping area is a

composition of multiple projections. Therefore, the image inside this area is always

in a mess. Usually, a double ghost image will be seen. Using only two projectors

can reduce this problem while lowering the quality of the image in the boundary.

4. Darkness Environment: Projection mapping performs best when the environment

is dark. However, the goal of the OEBP is to improve the video communication

experience, so keeping the room dark is quite impossible.

Because of the limitations mentioned above, the formal devices introduced in the fol-

lowing chapters are all designed based on the Built-in projector type spherical display.

3.1.3 Evaluation of the 360° I/O System for Video Communication

The user study in this research is mainly divided into two parts:

Comparison between Spherical Displays with Other Types of Displays

The first user study is to compare 360° I/O devices between equipped with spherical

displays or other possible types of displays. Using two types of symmetrical panoramic

video communication systems, an experiment is conducted to explore the possibility

of using omnidirectional cameras for video communication and remote collaboration.

Specifically, it is interested in the impact of display types on 360° panoramic video com-

munication. Therefore, the key questions of this study are shown as follows:

1. How do users perceive the video images differently between the 2D flat display

and the spherical display?

2. Is the spherical display a suitable choice for a 360° I/O system in video communi-

cation?
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Evaluation of Interactive Features of the 360° I/O System

The second user study explores how the proposed 360° I/O device and its interac-

tive features support remote collaboration by improving the awareness of remote sites.

Through the user study, it is planned to evaluate the system usability, user experience,

affordance, the mental effort of the proposed system.

3.1.4 Exploration for Applications of 360° I/O System

Besides the video communication application, it is interesting to explore more possible

application scenarios for the proposed 360° I/O system. For example, VR, AR, MR

fields have received significant attention from the academic community. Due to the high

correlation between 360° panoramic images and VR, it becomes quite valuable to explore

whether the proposed system has a landing possibility in related scenes in the VR field.
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Chapter 4

OmniEyeball: A Hemispherical 360°

I/O System to Study Impact of Display

Shapes on Video Communication

4.1 Preface

One goal of this study is to explore the possibility of using a symmetric 360° video

communication system in remote collaboration. Meanwhile, it is important to investigate

how the shape of the displays affects remote collaboration involving a real physical en-

vironment. Especially, it is essential to explore the usability issue. Therefore, the study

introduced in this chapter conducts user study about remote collaboration to compare two

display methods: 2D flat displays and spherical displays.

The findings contribute to the understanding of how to design an environment for re-

mote collaboration and to capture and display a 360° image of a remote site.

4.2 System Implementation of OmniEyeball

4.2.1 Hardware Overview

The panoramic video device used for the experiment is created by integrating the om-

nidirectional camera with a physical display, which could be a spherical display or a 2D

flat display. For example, the re-designed OmniEyeball (OEB) integrated the World-
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Figure 4.1: Diagram of the 360° panoramic video communication. The input of the

system is from the Kodak camera. The output is either shown on the remote spherical

display or the remote 2D flat display (Left: OmniEyeball version; Right: 2D display

version).

Eye spherical display with the Kodak PIXPRO SP360 4K camera to create the spherical

panoramic video system, shown in Figure 4.1. The Kodak omnidirectional camera is put

on the top of the WorldEye display. The WorldEye display is a hemispherical display sold

by Gakken Sta:Ful Co with a display resolution of 480×480. By showing a round im-

age in the WorldEye display, it can directly map the round image onto its hemispherical

screen. The Kodak camera is equipped with a fisheye lens which covers a 235° field-

of-view. It compresses the 235° space into a fisheye image by equidistant projection.
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Figure 4.2: The diagram of the panoramic video communication system. Persons B and

C are standing across from each other.

The Kodak camera can output a live video stream with 1440×1440 resolution with 5fps

over a USB connection. Then the system receives the live video stream from the Kodak

camera and converts the resolution to 480×480 for data transmission.

For the 2D flat display type, a DELL 24 inch display was employed. To minimize the

difference between the two types of displays, the PPI (pixels per inch) were set to be the

same to achieve the same display effect under both conditions. Otherwise, audio/video

transmission was employed with the same technologies.

4.2.2 Software Overview

For panoramic video communication, two identical panoramic video terminals were in-

terconnected in different rooms via LAN (local area network). To be more specific, a live

video stream captured by the local omnidirectional camera is transformed to 480×480

pixels by downsampling. The live stream is then transferred to the remote counterpart

terminal using TCP/IP protocol and displayed on the remote hemispherical or 2D flat

display. The audio transmission was based on Skype. The FPS of the whole system can

be maintained as 5, and the communication delay is controlled under 1 second.

This omnidirectional communication system requires careful directional calibration to

enable one-to-one communication between two environments. As shown in the bottom
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of Figure 4.2, the orientations of cameras and spherical displays should be appropriately

configured in a way that if a local person stands across from a remote person (in the

display) at one end, the remote person should stand across from the local person at the

other end. In the Figure, C stands across from B (in the display) at one end, then B should

stand across from C at the other end.

4.2.3 Reversed Space

The system design proposed above invited one phenomenon, which is named as “re-

versed space.” Assume that there are two rooms with the same arrangement, and the

four walls are marked as wall north, east, south, and west, corresponding to the actual

directions (Figure 4.3). These two rooms are connected by 360° video communication

systems located in the center of the rooms. Therefore, the 360° image of room 1 is shown

in the display in room 2 (which is the circular image in the center of room 2). When the

actual wall N and wall S of room 2 face toward the images of walls N and S of room 1

in the display, the image position of walls E and W are reversed. Therefore, as shown by

the red arrow, the wall E in room 2 faces toward the image of the wall W in room 1.

The reversed space is an inherent phenomenon in the symmetric 360° video commu-

nication, no matter using the spherical display or 2D flat display in the proposed system.

The reason behind this phenomenon is due to the mapping method of 360° spherical im-

ages. Let us assume a 360° camera captures a 360° spherical image of a space where the

eight directions (North, East, South, West, Northeast, Northwest, Southeast, Southwest)

are marked (Figure 4.4 A). The captured 360° image in equirectangular format is shown

in Figure 4.4 B. There are two ways to map the 360° spherical image to a sphere, which

is either on the outside surface or the inside surface of the sphere.

Mapping the 360° image on the outside surface of the sphere is usually used for the

spherical display or the cylindrical display. Users naturally see 360° spherical images

from the outside of the sphere (Figure 4.4 C). In such a method, the left-right direction

is not flipped, which is similar to the way that users observe the remote space by using
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Figure 4.3: The top view diagram of the reversed space phenomenon.

a conventional teleconference system, e.g., Skype. Therefore, this method is named as

“teleconference metaphor”. However, mapping the 360° image on the outside surface

of the sphere makes the spatial configuration in the spherical images different from the

spatial configuration in the original space (i.e., the difference between Figure 4.4 C and

Figure 4.4 A), which triggers the reversed space.

The other mapping method is to map the 360° image on the inside surface of the sphere,

which is usually used for the VR HMD or the dome display so that users naturally look

around 360° spherical images from the inside of the sphere (Figure 4.4 D). Although this

mapping method does not cause the reversed space (i.e., no spatial difference between

Figure 4.4 D and Figure 4.4 A), however, since the proposed system (e.g., spherical

display and 2D display) requires users to observe from the outside of the sphere, utilizing

this mapping method for the spherical display leads to a flipped left-right direction effect.

That is, all the objects, including texts and pictures, are horizontally flipped in the images,

which seems like a mirrored effect. Therefore, this mapping method is called as “mirror

metaphor”.
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Figure 4.4: Two different mapping methods of the 360° spherical images and the reason

behind the reversed space.
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Due to two reasons, the decision was made to choose the teleconference metaphor in-

stead of the mirror metaphor for the proposed system. First, the mirror metaphor results

in flipped texts and pictures, which is unacceptable in the experiment that required the

participants to match geographically distributed patterns (pictures) through video com-

munication. Second, the directional expression related to left and right in the video com-

munication might be complicated to understand in the mirror metaphor, because users do

not see mirrored images in regular teleconference configuration.

4.3 Experiment

Using two types of symmetrical panoramic video communication systems, an exper-

iment was conducted to explore the possibility of using omnidirectional cameras for re-

mote collaboration. Specifically, it is interested in the impact of display types on 360°

panoramic video communication. Therefore, the key questions of this study are shown

as follows:

1. How do users perceive the video images differently between the 2D flat display

and the spherical display?

2. How does the display type affect participants’ actions during remote collaboration

in a real physical environment?

4.3.1 Method

The research is based on a four-people remote collaboration because panoramic video

communication can support group-to-group remote communication. To study the fea-

tures of a 360° field of view, a pattern-matching task was designed that required the

participants to walk around the video communication system.
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Figure 4.5: The 360° panoramic video communication systems. Two geographically

separated rooms are connected by two different types of 360° panoramic video commu-

nication systems, a combination of omnidirectional camera and a spherical (left column)

or a horizontally placed 2D flat display (right column).
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Figure 4.6: The physical layout of both two rooms.

4.3.2 Conditions

The experiment compared the 360° panoramic video communication efficacy using

two conditions: the first with a hemispherical camera and a hemispherical display (spher-

ical display condition) and the second with a hemispherical camera and a horizontally

placed 2D flat display (2D flat display condition)(see Figure 4.5). For this experiment,

the study employed OEB technology (spherical display condition) because it is the only

existing system that enables synchronous communication in a real physical environment.

However, its apparent drawback is that one should walk around the terminal to observe

the whole hemispherical image. Therefore, a system that employs a 2D flat display is

designed. Normally, a 2D flat display is configured vertically. In the experiment, how-

ever, such configuration disabled the participants who happened to be behind the display

to see the image.

Therefore, for equivalent visibility from all the participants standing anywhere in the

room, the display is placed horizontally. The intention is not to prove one is better than

the other. Instead, the study aims to investigate how symmetrical video communication

in a real physical environment can be supported by two possible technologies and arrive

at the pros and cons of each technology.
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Figure 4.7: The real environment of the room when using the spherical display or the 2D

flat display.
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Figure 4.8: The detailed information of the 40 participants.

4.3.3 Apparatus

The experiment used two mutually isolated rooms equipped with the identical display

systems (either two spherical displays or two 2D flat displays) (Figure 4.6 and 4.7). There

were four panels (representing four walls) and one table in each room. The table was set

up in the middle, and the distances between the table and four panels were the same.

The two rooms were connected by the panoramic video communication system using a

gigabit network. The displays were located at the same height for both conditions.

4.3.4 Participants

Ten groups of four participants (40 people in total) were recruited for this experiment.

The average age of the participants was 23.5 years old. Of these participants, 21 were

students in the department of computer science, and 29 had used video communication

applications in their daily life. No participant had prior experience with panoramic video
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communication systems. The detailed information of the participants can be checked in

Figure 4.8.

4.3.5 Task

Each task consists of four participants, with two participants located in one room. One

room was provided with a set of 28 geometric pattern figures; each figure was printed on

a sheet of paper, as shown in Figure 4.9. These figures were put up on four panels (seven

figures on each panel) in the room. In the other room, an identical set of figures were

put up at different positions on the four panels. The participants were asked to match all

the figures collaboratively across the rooms. Time was measured during the task, and all

participants were asked to finish the task as quickly and correctly as possible. If needed,

they could take off the figures from the panels freely to show them to the remote partners

or to just rearrange the figures. Scotch tapes were used on the back of the figures whereby

the figures could easily be placed back on the panels.

The design of the collaborative task is affected by [38] [47] and [59], in that it requires

participants to move around in a shared space and show objects to remote participants,

identify remote objects, refer to remote objects, and ask the remote participants to ma-

nipulate remote objects. Although it may not be naturalistic, the task was designed to

incorporate as many of these actions as possible.

The experiment was based on a within-participants design. Participants conducted the

task in two rounds, once in the spherical display condition and once in the 2D flat display

condition. Therefore, two different sets of figures (round set and rectangular set) were

prepared whereby the same figures would not be used for two rounds of tasks. In addition,

the two different sets of figures were used for the two conditions in alternation; thus, the

difference of difficulty between the two sets did not affect the results of the experiment.

Each group had to complete two rounds of tasks. To minimize the learning effect, half

of the groups used the spherical display in the first round and used the 2D flat display in

the second round, whereas the other half did it in the opposite order.
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Figure 4.9: Two sets of patterns used in the task.

4.3.6 Procedure

1. Preparation: To begin with, participants were given a brief introduction to the ex-

periment and panoramic video communication system; they were then introduced

to each other and split into two groups; after which, they did a practice round with

six figures. After the practice, the correctness of their answers was checked, and

they were given 2 min to discuss how to complete the task more efficiently in the

main experiment.

2. Main experiment: Five of the ten groups started with panoramic video communi-

cation using the spherical display, and the other five groups began using the 2D

flat display. They were asked to match all the 28 different figures with the corre-

sponding figures in the other room. Stickers and pens were prepared on the table

whereby the participants could number the figures by writing the number on the

sticker and sticking it on the figure. When they finished all the figures for the first

round, participants were asked to complete a short questionnaire concerning their

thoughts about the condition in the first round. Then the display was replaced by

the other type, and the figures were also changed to the other set. Next, participants

were asked to carry out the second round of the task with the same rules. When
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they finished the task, participants completed another short questionnaire about the

current condition.

3. Debriefing: After finishing two rounds of the task, participants filled in a final

questionnaire about their opinions and comments on the two conditions and their

overall impressions of panoramic video communication.

4.3.7 Measures

The study employed objective and subjective measures to examine task efficiency and

users’ perception of video images during the remote task. Each session was videotaped

for post-analysis.

Objective Measures

The study evaluated the collaborative efficiency based on completion time (the time

it took the participants to complete the task) and completion accuracy (the number of

correct pairs/total pairs).

Subjective Measures

The study conducted a post-task questionnaire consisting of five questions per con-

dition (10 in total), designed on a 5-point scale (1 = Strongly Disagree to 5 = Strongly

Agree) to measure participants’ feelings after using the panoramic video communica-

tion systems with two different displays. It was expected that most of the variance in

the answers of the questionnaire could be explained by four sets of correlated questions,

which are “Visual Cognition”, “Presence”, “Perceived Workload” and “Communication

Difficulty”, respectively. The detailed questions are listed in Figure 4.10.

In addition, “Compatibility” – a measure of the participants’ feeling concerning which

display is more suitable for the 360° video communication system, was evaluated by

two questions shown in Figure 4.10. The participants could answer these questions by

choosing from “Spherical display”, “2D flat display” or “Same”.
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Figure 4.10: Seven questions in the questionnaire.
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An additional free-response question investigated the features, including the pros and

cons of both displays. Question contributing to this measure was: Please write down the

advantages and disadvantages of each display, which are found in this experiment. The

participants’ qualitative comments for the free-response question were used to sum up

the pros and cons of the two displays, which might also help to support the results of the

above questions.

4.4 Results

To find answers to the research questions given above, quantitative and qualitative anal-

yses were conducted on the experimental data. Firstly, the study analyzed collaboration

efficiency and then analyzed the questionnaire results to see how the display types affect

user perception. Finally, participant comments and video recordings were analyzed to

see how the two display types affected remote collaboration.

4.4.1 Collaboration Efficiency

The average task completion time was 485.6s (SD = 71.65) with the spherical dis-

play and 513.6s (SD = 124.29) with the 2D flat display. The Wilcoxon signed-rank test

showed no significant difference between the two conditions (Z = −.7139, p = .4752).

As for the completion accuracy, the average task completion accuracies were .9892

(SD = .0339) and .9928 (SD = .0226), respectively. The Wilcoxon signed-rank test

showed no significant difference between the two conditions (Z =−.0743, p = .9407).

The results of the questionnaires, because the Kolmogorov-Smirnov test showed a

significant difference between the distributions of the two sample sets, the analysis was

by a Wilcoxon matched-pairs test.



4.4. RESULTS 43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 4.11: Mean scores of questions from Q1 to Q5. “*” and “**” denote significant

difference at p < 0.05 level and < 0.01 level. The error bars depict the standard deviation.

For the scores of Q1-Q3, the higher the better. For the scores of Q4-Q5, the lower the

better.
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4.4.2 Questionnaire Results

As shown in Figure 4.11, the results of the questionnaires were analyzed using

Wilcoxon signed-rank test with the display condition as the factor.

1. Visual Cognition – The average scores of Q1 were 3.73 for the spherical dis-

play and 3.33 for the 2D flat display; also, a significant difference (Z = 2.0296,

p = .0424) was found between the two conditions. According to the results, the

participants seemed to feel that the spherical display images were easier to recog-

nize than the images shown in the 2D flat display.

2. Presence – The average scores of Q2 were 2.78 for the spherical display and

2.13 for the 2D flat display, and there was a significant difference (Z = 2.5098,

p = .0121). The average scores of Q3 were 3.23 for the spherical display, 2.75 for

the 2D flat display and there was a significant difference (Z = 2.1059, p = .0352).

Overall, it seems that the spherical display provided a stronger feeling of telepres-

ence than the 2D flat display.

3. Perceived Workload – The average scores of Q4 was 2.45 for the spherical dis-

play and 2.88 for the 2D flat display, and a significant difference (Z = −2.2141,

p = .0268) was found between the two conditions. The results indicate that the

participants felt more fatigued when using the 2D flat display.

4. Communication Difficulty – The average scores of Q5 were 1.95 for the spherical

display and 2.50 for the 2D flat display. A significant difference was found be-

tween the two conditions (Z = −3.0918, p = .0019). The results indicate that the

participants found it more difficult to have one-to-one conversations when using

the 2D flat display than when the spherical display was used.

5. Compatibility – According to the results of Q6, 60% of the participants thought

that the spherical display is better for displaying the 360° panoramic image. The

results of Q7 indicate that the 2D flat display is equally fast and easy to use as the

spherical display is to search within the display, as shown in Figure 4.12.
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Figure 4.12: The statistical results of Q6 and Q7.

4.4.3 Findings from Participants’ Comments

Participants’ comments were obtained from the free-response question in the question-

naire. In Figure 4.13, the spherical display’s advantages and disadvantages are summa-

rized with the corresponding number of participants.

Opinions about the 2D flat display were also gained from the results of the free-

response question. The advantages and disadvantages of the 2D flat display are sum-

marized in Figure 4.14 with the corresponding number of participants.

4.4.4 Findings from Observational Analysis

In addition, distinctive scenes were found in the video recordings of the experiment.

For example, sometimes, participants directly communicated when standing on different

sides, which was not common in the experiment. Furthermore, participants seemed to

have difficulties showing an object (i.e., a sheet of paper with printed images) to remote

partners in the 2D flat display condition because of camera occlusion.

Communication when Standing on Different or Opposite Sides

In the experiments, four participants were always split into two groups for parallel

working to increase efficiency. Most of the time, participants stood across from their

remote partner or at least on the same side, which gives them a more natural feeling of

communication. By standing across from each other, participants were not only visible
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Figure 4.13: The pros and cons of using the spherical display in the panoramic video

communication.
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Figure 4.14: The pros and cons of using the 2D flat display in the panoramic video

communication.
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Figure 4.15: Communication when standing on opposite sides: The local participant

directly puts the image on the opposite side to show it to the invisible remote partner (a).

By seeing the inverted image, the local participant directly talked to the remote partner

who was standing on the opposite side (b).

to each other during the conversation in the spherical display or 2D flat display condition,

but they could also avoid seeing an inverted figure or object. However, some distinctive

scenes that observed were that participants communicated when standing on opposite

sides, which means that person A in the local room was standing on one side of the sys-

tem, while person A’s remote partner in the remote room was standing on the opposite

side of the remote system. In the 2D flat display condition, this positioning represents

the fact that the remote partner’s image was inverted from the local A’s point of view.

However, in the spherical display condition, this means that the image of the remote

partner was on the opposite side and was thus invisible to the local A. Three out of 10

groups were found to be engaged in this type of communications (four times in total) in

the spherical display condition. Because the remote partner was invisible, the conversa-

tion seemed to mainly rely on voice communication. As an extreme case, there was one

occurrence of a participant directly showing an image to an invisible remote partner, as

shown in Figure 4.15(a).

On the other hand, such conversations were observed more frequently in the 2D flat

display condition (19 times in seven groups ). As shown in Figure 4.15(b), the person

holding a figure was talking to the remote partner who was also holding a figure. Al-
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Figure 4.16: The camera occlusion issue was observed in the 2D flat display condition

(a)(b)(c). But in the spherical display condition, this issue was not found and participants

could naturally show figures (d).

though the remote partner’s image was inverted from the local person’s point of view,

the 2D flat display seemed to help facilitate this type of conversation because the remote

partner was visible. In addition, it was observed that when such scenes occurred in the 2D

condition, the four participants usually paused the parallel one-to-one communications

and communicated together.

Difficulties of Showing Objects with 2D Flat Display

Other distinctive behaviors were observed in the 2D flat display condition. The partic-

ipants encountered the camera occlusion issue when showing the figures to their remote

partners. As shown in Figure 4.16 (a)(b)(c), participants tried to place the figures exactly

on top of the 2D flat display to show it. However, the image was blocked by the camera

on the remote side because the object located on the top of the Kodak camera will be
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captured and shown at the center of the image. Four out of 10 groups were observed to

suffer from this issue when only using the 2D flat display. Normally showing the image

at the side of the 2D flat display could solve the occlusion issue. However, in the free-

response question, two participants indicated that “They had to look down to the 2D flat

display, while showing the objects at the side of the display instead of above the display

made them feel inconsistent.” In the spherical display condition, this issue was not found

and participants could naturally show figures, as shown in Figure 4.16(d). The occlu-

sion issue of the 2D flat display was caused by the unusual configuration of the 2D flat

display’s video system. If the omnidirectional camera becomes much smaller or users

get more used to this system, it might not be a serious issue. However, as mentioned by

a participant,“it is not intuitive to look down on the 2D flat display, while showing the

objects at the side of the display.”

4.5 Discussion

The results of the objective measures, including completion time and accuracy, showed

there was no significant difference in collaboration efficiency between the two conditions.

Meanwhile, based on the questionnaire results, the results of six out of seven questions

showed that the spherical display was significantly better than the 2D flat display, indicat-

ing that the spherical display was slightly preferred over the 2D flat display as a whole.

Below, the potential reasons for this result are discussed by focusing on other factors, for

example, visual perception, awareness, perceived workload, and affordance.

4.5.1 Visual Perception, Awareness, and Perceived Workload

It was found that the 2D flat display enabled the participants to see everything in one

view but increased their cognitive load because of image distortion and the necessity for

mental rotation. The spherical display could only show half of the environment at once

but provided a better visual cognition, sense of space, and consistency and coherency of

the two distant spaces.
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Such findings are supported by the questionnaire results and comments from the partic-

ipants. The results of Q1 showed that the spherical display provided users a better visual

cognition, which is supported by the participants’ comments such as “The spherical dis-

play has less distortion and stronger three-dimensional sense” or “The 2D flat display

has severe distortion”. Besides the easiness to recognize the images displayed on the

screen, participants also mentioned that “The spherical display provides a better sense

of space, distance, and directional relation” and “The sense of distance and space is bad

in 2D flat display condition”, which might explain the results of the questions related to

the presence (Q2 and Q3). Overall, these results indicate that the images displayed on

the spherical display enabled the recognition of spatial relationships more intuitively and

brought a better feeling of telepresence. It suspects that such a good sense of space, direc-

tion, and telepresence helped generate the consistency and coherency of the two distant

spaces.

On the other hand, the advantage of the 2D flat display was mainly reflected by the fact

that users could see the whole 360° images at a glance, which presents several merits. For

instance, some participants mentioned that “They could quickly locate remote partners or

obvious objects by seeing the whole 360° image.”

However, seeing 360° images in one view might also give rise to discomfort when

using the 2D flat display. The results of Q4 indicated that the use of the 2D flat display

resulted in the users feeling more fatigued. One explanation might lie in what nine par-

ticipants indicated that “They always have to lower head, which is tiring when using the

2D flat display”. Another reason might be due to overloaded visual information. Johnson

et al. [38] indicated that 360° panoramic images were found to be more challenging to

use than a 180° interface, which they believed supported the theory that a wider field of

view requires higher amounts of cognitive processing to synthesize the larger quantity of

visual information provided. In such a case, the participants thought that using the 2D flat

display made them feel more fatigued because the 360° panoramic images include more

visual information that adds to the cognitive processing burden. “Sometime, it is hard

to tell which remote partner is talking to you” was conveyed by four participants. This



4.5. DISCUSSION 52
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

was an issue caused by overloaded visual information. Furthermore, two participants

also mentioned that “Figures shown on the other side are inverted. If users want to see

it clearly, walking is still needed”. In fact, there were some instances where participants

chose not to move around but observed the inverted figure, which might cause the mental

rotation process. On the other hand, in the spherical display condition, participants did

think likewise because the opposite side of the spherical display was invisible and they

could only see half of the 360° image. But some participants expressed that “it provided

them a more private conversation environment because they would not be distracted by

the opposite half of the 360° image”; thus, they could concentrate on the communication

without distraction. In addition, 10 participants commented that “The spherical display is

natural to be seen. They just have to lower head a little bit to see the screen”. These fac-

tors might help the participants to lower the perceived workload when using the spherical

display.

Moreover, it seems that restricting the visual space (i.e., showing only half of the space)

gives the spherical display more advantages concerning awareness of remote communi-

cation. Luff et al. [49] proposed an issue about the ecology of video communication, and

they noted that the local person might not be able to make out where the remote person is

looking during the video communication, particularly when the field of view is wide. It

was found that the same issue occurred in the symmetrical 360° video communication as

the participants could see the whole remote space in the 2D flat display condition. How-

ever, the issue may be resolved by using the spherical display. Indeed, three participants

commented that “When using the spherical display, they can better be aware of the space

range where the remote partner is able to see, which helps to understand what they are

saying.” As an example, the girl in Figure 4.15(a) did not see her remote partner who

was standing on the opposite side, looking for her. However, she could directly show the

image to the opposite side because she was aware of the space range in which her remote

partner was able to see. As for the 2D display condition, one participant wrote that “he

had no idea where the remote partner was looking at in the 2D flat display condition.”
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4.5.2 Affordances of Displays

The scenes arising from the camera occlusion might indicate that the upward orien-

tation of the 2D flat display affords participants to hold objects right above the display.

The spherical display affords participants to hold objects in front of their chest naturally.

The 2D flat display requires participants to look down to see the display, which is quite

unnatural for the participants when they are showing objects. A similar issue was also

reported by Licoppe et al. [47]. The spherical display does not have such issues.

In addition, it was observed that participants in the 2D condition communicated a little

more as a group (with four people) than parallel one-to-one communication, compared

with the communication pattern in the spherical display condition. it suspects that such

findings might indicate that the spherical display better affords one-to-one conversation,

whereas the 2D flat display better affords many-to-many communication. This point is

also supported by eight participants’ comments, “The spherical display brings a better

feeling of private one-to-one conversation”. Moreover, the results of Q5 showed that it

was easier to talk to a specific remote partner when using the spherical display.

4.5.3 Proper Real-World Scenarios

Comments about the 360° panoramic video communication were obtained from par-

ticipants. They thought that “The 360° video communication is not able to protect their

privacy during video communication with families or friends in daily life since the whole

room is shown to the remote side”. But they did agree that “The 360° field-of-view shows

much more information than regular video communication and they felt a better sense of

the space, directional relation and telepresence of the remote side.” Participants indicated

that “The 360° video communication may be helpful in the video conference since there

are multiple users on both sides to use the system”. I agree with this opinion and believe

that the 360° video communication may also help to improve the collaborative efficiency

of the remote collaboration tasks when users need to have comprehensive information

about the remote side.



4.5. DISCUSSION 54
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Based on the objective results, the type of displays did not significantly change the

collaborative efficiency. However, the questionnaire results showed that the spherical

display was given a slight edge. Also, the participants felt that the spherical display’s

images had less distortion and provided a better sense of space and direction. As a result,

they appeared to perceive less workload when using the spherical display. Therefore, the

spherical display is proposed as a more proper display for 360° video communication,

particularly for group-to-group collaboration that requires showing and seeing real-world

objects.

As a realistic scenario, recent discussion rooms tend to use a whole wall or multi-

ple walls in a room as whiteboards. A company like Smart Wall Paint is proposing to

transform any smooth surface in a room into a write-on wipe-off surface. With the ad-

vancement of video technologies, researchers have been envisioning the use of most of

the surfaces in a room as video displays. In such a room, participants inevitably walk

around in the room to use all the available surfaces, and refer to, manipulate, and discuss

the objects and drawings in the room. These trends strengthen the necessity for video

communication systems to support collaboration between such rooms by solving the nar-

row field-of-view problem. I believe that remotely connecting such two discussion rooms

through symmetrical 360° video communication may improve the remote communica-

tion efficiency.

4.5.4 Impact of the Reversed Space

Although the system design choice for the experiment caused the reversed space phe-

nomenon, according to the observation and user interviews, it seems that the participants

were unaware of this phenomenon. Instead, since the teleconference metaphor was cho-

sen for the proposed system, the participants could see the images of the remote site in a

familiar way, and also they could use the directional expressions like “on your left/right”

or “on your left/right hand side” naturally. In fact, seven groups out of ten used such

directional expressions. If the mirror metaphor was chosen, the participants might have
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difficulty matching the patterns and explaining directions.

In summary, although the 360° image mapping method that used caused the reversed

space phenomenon, it enabled to show the texts and images(patterns) properly. The

method also allowed the users to use familiar directional expressions in the 360° video

communication.

However, the reversed space phenomenon may become an issue in some cases. The

reason why the participants were not affected by the reversed space in the experiment

might be that the remote collaboration task did not require participants to match spatial

arrangement between two spaces. For example, if an application is arranged to arrange

the furniture of two rooms in the same layout, the reversed space may become an issue

and cause trouble. Therefore, it supposes that the metaphor should be chosen based on

the specific use scenario. The teleconference metaphor is more proper to be used when

showing objects with texts or figures are needed, or the cues of the left-right directions

are often used. On the other hand, the mirror metaphor without the reversed space issue

may be useful in cases in which users need to have a sense of spacial directions about the

remote site.

4.6 Limitations and Solutions

One of the limitations of the proposed system was that the OEB only supported hemi-

spherical live video streams. It was occasionally observed instances where a local partic-

ipant disappeared from the field of view of the camera when he or she bent down to put

the image on the lower part of the wall. In such cases, a remote partner had to pause his

or her talk and wait for the local participant to come back into the field of view. It was

interesting to see that even a hemispherical field of view was not wide enough to cover

all the possibilities of the participants’ bodies’ spatial positions during the interaction.

To solve this problem, a full-spherical version of the panoramic video communication

system was planned.

Another limitation was that the frame rate of the current live stream is limited to 5fps
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due to the transmission speed of the omnidirectional camera that used. Although no one

complained about the slow frame rate in the pilot test interview, some tasks may require

a higher frame rate. Therefore, it is future work to improve the frame rate of the system.

Furthermore, a possible research topic is to use a shape-changeable display [77] to

utilize the advantages of both display types.

4.7 Summary

In this chapter, a 360° hemispherical video communication system, named as OEB,

was proposed to explore the possibilities in assisting symmetrical remote collaboration.

One of the research interests was how the display shape, the 2D flat display, or the spher-

ical display affects the remote collaboration.

The experimental results showed that both systems (OEB and the 2D display version

device) enabled two pairs of people to communicate over the distance simultaneously

from anywhere around the devices. However, subjective results indicated that participants

preferred the OEB over the 2D display version. This could possibly be due to better

image quality (less distortion) and a better sense of three-dimensional space, directional

relation, and telepresence.

The study also exposed the shortages of the OEB system. The participants commented

that they had to walk around to check the other side of the display in the spherical display

condition. It may be better to add an alternative way to allow users to see the other side

of the spherical display without walking around. The solution to such issues is expected

in the continued study.



57
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chapter 5

OmniEyeball2: A Full Spherical Inter-

active I/O System For Symmetric 360°

Video Communication

5.1 Preface

One of the systems that have the potential to support such collaboration is OmniEye-

ball (OEB), which was presented in the previous chapter. OEB is a hemispherical dis-

play equipped with an omnidirectional camera. By placing an OEB terminal at each

distributed site and mutually sending the whole 360° video images of each environment

around the terminal, the system enables bidirectional video communication. Although

the study showed that OEB is effective in supporting object-centered collaboration, they

also reported the drawbacks of the system. For instance, the display only covered the

upper hemispherical view, leaving the lower hemispherical view invisible.

Meanwhile, it is reported that spherical display suffered from the issue of the invisible

hemisphere, as shown in Figure 5.2. According to their results, the invisibility problem

sometimes led to inefficient collaboration, for example:

1. Users often had to walk around the spherical display to get the overall picture of

the remote space.

2. Sometimes, users lost sight of their remote partners.
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Figure 5.1: The OmniEyeball2 system which integrates an omnidirectional camera with

a full spherical display (left), and its symmetric 360° panoramic video communication

application (right).
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Figure 5.2: The issue of the invisible hemisphere in 360° video communication. a) The

local OmniEyeball2 is surrounded by four people. b) From any viewpoint in the remote

site, only one or two people can be seen at once.

According to Luff et al., these are essential features that must be equipped in video

communication systems for object-centered collaboration [50]. And the problem of in-

visibility, especially not being able to see the opposite side of the sphere, is inherent in

the spherical display. Solving this issue is essential to support symmetric 360° video

collaboration.

Recently, researchers used a novel interface design to address the problems of 360°

video [13] [56]. This chapter investigates how the novel interactive features support

users’ interaction with 360° video image and address the issues of invisibility in video

communication. Although there have been some existing studies that proposed various

interaction techniques for spherical displays or 360° video image [4] [30], this is the first

to explore the design of user interface when a spherical display is employed to show 360°

video image in symmetric video collaboration.

5.2 Improvement Proposal

To address these issues, the study proposes a novel video communication system, Om-

niEyeball2 (Figure 4.5), an improvement of OEB. OmniEyeball2 (OEB2) mainly obtains

four new features:
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1. Sharing the lower half of the environment. While the spherical display of

OEB only covered the upper hemispherical view, OEB2 covers a full spherical

panorama. This allows the users to share an awareness of the lower half of the

environment.

2. Providing convenient access to any side of the sphere. A mechanism that allows

users to rotate the spherical display physically was added to the OEB2. This mech-

anism allows the users to see the focused view of any side of the display by simply

rotating the sphere.

3. Supporting a 360° overview. A bird’s eye view segment is added at the top of the

spherical display, which supports the awareness of the opposite side of the spherical

display. This design allows the users to simultaneously monitor the overview and

the regular view of the remote site.

4. Supporting focused view and gaze awareness. When a user touches an image

in this bird’s eye view segment, a full-size image of the touched region (“focused

view”) appears so that the user can quickly view any region of the remote space

[10]. Additionally, a user can share his/her focused view with the remote partner

by a long press of the region.

5.3 System Implementation of OmniEyeball2

This section presents how the system of OEB2 is designed to resolve the issues intro-

duced by the use of the spherical display.

5.3.1 Full 360° System: Sharing the Lower Half of the Space

To support a 360° full-spherical view, the OEB2 system is created by integrating the

Ricoh Theta V 1 with the Glomal350 spherical display 2. As shown in Figure 5.1, the
1https://theta360.com/
2http://glomal.jp
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Figure 5.3: The graphic system takes the equirectangular live streaming video(left) as

an input, remaps and resizes it onto an azimuthal equidistant projection image(right) for

projecting to the spherical display.

Ricoh Theta V is attached at the top of the spherical display. The Ricoh Theta V is an

omnidirectional camera equipped with two fisheye lenses, which can provide an omnidi-

rectional panoramic live streaming video with 1920×960 pixels over a USB connection.

The display part is based on the Glomal350 spherical display from Shibuya Optical

CO., LTD. The Glomal350 spherical display uses a wide-angle lens to project a rounded

image from its Casio projector onto a spherical surface (�350mm). The bottom of the

spherical surface is occupied for the connecting parts, making the displayable portion of

the sphere at around 300° vertically and 360° horizontally.

The image format obtained from the omnidirectional camera is an equirectangular

format. For projecting to the spherical display, the image needs to be converted from

equirectangular format to azimuthal round map format, shown in Figure 5.3. The conver-

sion is shown in Figure 5.4. For an equirectangular image, if the height is treated to be the

radius of the round map and the width is treated to be from 0 to 2Π. Then, given a pixel

P′(x′,y′) in a round map, it is easy to compute its position P(x,y) in the equirectangular
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Figure 5.4: How to convert a point P’s position from equirectangular map to round map.

image. The color of P in the equirectangular image will be assigned to the pixel P′ in the

round map.

θ = x/y

x′ = r+ y× sinθ

y′ = r+ y× cosθ

The projector can output images with 1024×768 pixels. However, the visible part of

the projected image is limited to a circle with a diameter of 768 pixels. The final display

quality is also affected by the setting of the projector as well as the ambient light.

5.3.2 360° Video Communication Application

Two OEB2 terminals and two PCs are arranged in two different places to set up the

360° panoramic video communication. As shown in Figure 5.5, each OEB2’s camera

captures its surrounding environment and streams the live video to the local PC. Then, the

two live streaming videos are transferred to a PC server, which equips with an NVIDIA
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Figure 5.5: The diagram of the 360° video communication based on OEB2.

Geforce 1080 card (12GB memory). The PCs are connected by 1Gbps LAN (local area

network) through TCP/IP protocol. Once the server receives the input, the face and touch

detectors process the live streaming videos and provide the detected data to the graphics

system. Then, the graphics system generates the live output videos, remap and resize

it onto an azimuthal equidistant projection image for projecting to the OEB2’s display.

Finally, the server transfers the live output videos back to two OEB2 terminals for display.

The frame rate of the whole system is 10 fps on average.

The frame rate of the whole OEB2 system (10 fps on average) is mainly affected by

the vision-based sensing techniques used in the OEB2 system, which will be introduced

in the following sections. Therefore, regardless the influence of the sensing technique to
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Figure 5.6: The theoretical required bandwidths for different configurations of OEB sys-

tem.

the system’s frame rate, the 360° panoramic video transmission can easily achieve 30fps.

Since the data transmission is not the goal of this research, the current data transmission

method used in the OEB2 system is a simple approach based on TCP/IP protocol im-

plemented by OpenCV. Due to the 1Gbps LAN connection, the connection bandwidths

did not become the bottleneck of the system’s frame rate. Furthermore, by referencing

the configurations of the current popular video communication platform, such as Zoom

or Skype, the upload and download required bandwidths for the OEB system to achieve

30fps video communication can be predicted and shown in Figure 5.6. With the rapid

development of technology in the field of video transmission and compression, it is ex-

pected that a 4K version of OmniEyeball implemented in the future.

Calibration of Orientations

After the video communication connection is established, a careful orientational cali-

bration is needed to enable face-to-face communication as well as to calculate azimuth of

faces and touches between two sites correctly. For example, the orientations of cameras

and spherical displays should be configured appropriately, either in physical or digital

way, to achieve the face-to-face status, which means that if person A stands across from

person B (shown in the display) at one site, A’s image should stand across from B at the
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other site.

5.3.3 Physical Rotation: Providing Convenient Access to Any Side

of the Sphere

Although OEB2 can show the whole 360° image on its spherical display at once, users

can only view half of the image due to the issue of the invisible hemisphere. Therefore, It

is expected that an image rotation function might be necessary for OEB2. One straight-

forward but intuitive solution is to enable physical rotation. For this purpose, a rotating

platform is built which is similar to a Lazy Susan and mounted the spherical display on

it. The rotating platform allows users to see the other sides of OEB2 by rotating the

spherical surface intuitively (Figure 5.7).

Through this function, not only can users view other sides of the OEB2’s display, but

also the camera on the top of OEB2 will synchronously rotate with the display. This

function can keep the video communication system in face-to-face status, that is, if a user

physically rotates OEB2 to check one direction of the remote environment, the image of

this user on the remote OEB2 will synchronously be rotated to face that direction in the

remote site. Thanks to the synchronization, the standpoint locations and orientations of a

user can be continuously shared over distance.

5.3.4 OmniBar: Supporting A 360° Overview

The OmniBar is a 360° ring-shaped image bar displayed on the top of OEB2’s display

(Figure 5.9b) to provide a bird’s eye view, which supports the awareness of the opposite

side of the spherical display. It also works as a natural touch interface to enable intu-

itive observing the remote environment (Quick View). To implement the OmniBar, a

segmentation design is made of the system and also enabled the face and touch detection.
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(a)

(b)

(c)

(d)

Figure 5.7: The Physical Rotation feature of OmniEyeball2
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Figure 5.8: The 360° image captured by OEB2 is segmented into three image areas.

Segmentation Design

The image fed to the software system is a live streaming video captured by Ricoh

Theta V in an equirectangular format, with a resolution of 1920×960 pixels, 30fps. The

input image is divided into three image areas, “top area”, “main area” and “touch area”

(Figure 5.8). When OEB2 is placed in a room, the image of the ceiling always takes up

around the top third area of the input image, which is named the top area. Moreover,

the most bottom area of the input image constantly shows the distorted image of OEB2’s

display itself. Since it would be used for detecting a user touches OEB2 surface, named

as the touch area. The remaining middle area is named the main area, containing the

most useful visual information.

Design of OmniBar

Since the original image at the top area was always showing the ceiling of the room,

which was useless visual information at most times, so an idea was out to use this area as a

user interface for a user. Therefore, it replaced the image of the ceiling with the OmniBar

to provide a bird’s eye view for the user. As shown in Figure 5.9a, the OmniBar is made

by cropping the main area of the input image and duplicating it in the horizontal direction

to create an image of 720° field of view. Therefore, no matter where a user stands around
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Figure 5.9: a) The OmniBar is created by duplicating the main area of image input in the

horizontal direction. b) The OmniBar projected on the top of OEB2. c) The Location bar

can show the position of the current viewpoint in the OmniBar.
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OEB2, the user can see the 360° field of view overview of the remote site in half of the

OmniBar area. Similar to showing an equirectangular 360° image on the 2D display, the

OmniBar is not suitable for expressing the directional and spatial sense. However, it is

expected that the OmniBar is a good visual support for users to perceive the remote site’s

overview and be aware of the activities there.

The feature also proposes the Location bar, which is a green bar shown in Figure 5.9c.

It indicates where the user’s current point of view is located in the OmniBar.

5.3.5 User Detection

Sensing technology is an essential part of the OEB2 system. Unlike traditional inter-

active terminal devices, OEB2 systems that can support 360° panoramic display need to

rely on user detection technology to obtain the user’s relative orientation to the device in

order to provide a proper interactive interface. The 360° camera equipped on the top of

OEB2 becomes a natural 360° sensing device. By referencing to the latest user detection

technology and considering the trade-off between detection performance and real-time,

the OEB2 system can mainly adopt the following two RGB vision-based solutions:

1. AR marker detection.

2. Vision-based face detection.

AR marker solutions, such as QR code detection, can provide high accuracy and real-

time performance for detecting the user position. However, this solution requires the user

to wear the AR marker, which may be inconvenient in some scenes. Therefore, the OEB2

applied the vision-based user face detection.

The face detection is kept activated in the OEB2’s software system. It utilized deep

learning (DL) based face detecting function in the Dlib C++ library [43] to detect faces

that are appearing in the live streaming video. While using OEB2, users have to keep

away from OEB2 for a distance (usually longer than 0.5m) to naturally view the display,

which leads to a condition that the faces of users mostly only appear in the “main area” of
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the input image. Therefore, to save the computation cost of the system, the face detector

is configured to only process the “main area” of the input image.

However, running DL-based face detection algorithms in real-time can consume a

tremendous amount of computational power. Even with an Nvidia GeForce GTX 1080

graphics card, It is nearly impossible to do face detection in a 360-degree panoramic in-

put in real-time. Meanwhile, the pixel size of a 360° 1080p omnidirectional panoramic

image input is huge. Decreasing the resolution of the image input can speed up face

detection. However, it may bring problems with detecting a user’s face at a distance.

To solve this issue, a quick object tracking method is applied to support the DL-based

face detector. The final face detection method used in the OEB2 is a combination of

DL-based face detection and quick object tracking. The specific process is:

1. For the 1st frame, the DL-based face detection detects the positions of all faces

appearing in the main area of the 1st frame from 360° image input.

2. For the 2nd frame, the object tracker takes the positions and bounding boxes of

faces from the 1st frame as input and then detects the positions of faces in the 2nd

frame.

3. For the 3rd-9th frame, the object tracker updates the positions of faces based on a

quick object tracking method.

4. For the 10th frame, the DL-based face detection is activated again to detect the

positions of all faces appearing in the main area of the 10th frame from 360° image

input.

Following the strategy described above, the customized face detection method can de-

tect faces from the 360° 1080p omnidirectional panoramic image input in real-time. The

positions of the detected faces are used to implement the proposed features in OmniBar,

which require the relative position between users and OEB2.



5.3. SYSTEM IMPLEMENTATION OF OMNIEYEBALL2 71
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 5.10: The overview of touch detection. a) A finger is touching the top area of

OEB2. b) Image input of OEB2. The fingertip is captured inside the touch area. c) The

RGB image of the touch area. The red point shows the position of a detected fingertip.

d) Binarized image of the touch area after extracting the skin color.

5.3.6 Touch Detection

In addition to user detection, touch detection is also an important sensing function of

the OEB2 system. By referencing to the latest touch detection technology on spherical

display, the OEB2 system can mainly adopt the following three solutions:

1. Infrared light multi-touch sensing solution.

2. DL-based hand detection.

3. Skin-color-based touch detecion.

The infrared light multi-touch sensing method is a popular touch detection solution for

the spherical display. Several research [4] or commercial product 3 of spherical display

3https://pufferfishdisplays.com
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utilized this approach. A simplified version of infrared light touch detection was imple-

mented in the OEB system and used for the pilot test. Unfortunately, the same approach

can not be applied to the OEB2 system due to the hardware structure of the Glomal350

spherical display, which does not have enough space for the beam splitter, that is an

essential part for infrared light touch sensing.

Therefore, the solutions left are all vision-based touch detection methods. Although

the 360° camera equipped on the top of OEB2 is a natural 360° sensing device, the high

resolution and wide field-of-view become challenges for the DL-based touch detection.

Running a DL-based hand detection on input with 1080P resolution can generate high

computation cost to the OEB2 system. Considering the DL-based face detection which

already takes a certain degree of the computation power form the OEB2 system, the

touch detection approach must be light-weight enough to reach the real-time running of

the whole system. Therefore, the skin-color-based touch detection is applied in the OEB2

system, and it is found that the OEB2 hardware configuration can naturally support skin-

color-based touch detection well.

As shown in Figure 5.10b, the touch area located at the bottom of the input image is

always displaying the spherical display itself. It is because the camera has a 360° field of

view, which can capture the whole space, including the display surface under it. Since the

relative positions of the camera and display are fixed, the touch area constantly takes up

˜17.3% area of the input image. The image of the display surface captured by the camera

is found to turn greenish and bluish from its real color, which may be caused by optic

reason or false color. Therefore the position of finger color can be stably detected from

the touch area by using general skin color detection (Figure 5.10c and 5.10d). Based on

this special condition of OEB2, touch detection is proposed by using image processing

to detect the fingertip appearing in the touch area (Figure 5.10a). If the detected fingertip

appears in the touch area for more than ˜1s (determined by testing experience), it is

detected as a touch. The location of the fingertip, which is calculated by the pixels near

the lowest point of the finger contour, is recorded.

However, during the pilot test, it was found that the touch detection method was quite
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sensitive to the red color appearing in the OmniBar. Some pure red objects appearing

in the OmniBar can not be turned to a bluish or greenish color, which may be wrongly

detected as skin color. To solve this issue, I applied a simple trick to improve the touch

detection more robust. Since the finger area (Figure 5.10c and 5.10d) always connected

with the top boundary of the touch area, I removed the detected areas which are not

connected with the top edge, since they can not be a finger. By using this simple solution,

the detection is found to be more robust.

5.3.7 Quick View: Supporting Focused View & Gaze Awareness

Although the OEB2 already has the Physical Rotation function, while being physi-

cally rotated, the image shown in the remote display synchronously rotates with the local

OEB2, which may disturb the remote user. It is believed it is essential to provide an

additional rotation function that lets local users quickly check other sides of the image

without distracting other local or remote users. Therefore, a digital way is designed to

allow users see the different sides of the OEB2 by utilizing the OmniBar as an interactive

interface, shown in Figure 5.11abcd.

Based on this feature, users can glance at any direction’s image by touching on the

OmniBar. The feature can display around 120° image of the touched direction as an

independent focused window toward the user. Furthermore, users can swipe their fingers

on the OmniBar as if they were digitally rotating the display to check any side of OEB2.

This feature will not distract remote users or other local users standing on the opposite

side, so they can still view the original 360°image.

Also, there is a subsequent gaze sharing function of the Quick View. By swiping on the

OmniBar, a user can use the Quick View to observe the remote environment. Once he/she

stops the finger for a long press, then, a Quick View sharing window will be activated

in the remote site. As shown in Figure 5.11ef, by long press on a region displayed in

the OmniBar, the image of the touched area will be cropped and shown as a small PIP

window above the touching user’s head shown in the remote OEB2 (Figure 5.11ef). This
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feature allows a user to share his/her focused view with the remote partner. It is designed

that the long press as the key to activation. Otherwise, the vertiginous sharing window

may become an excessive distraction to the remote partner.

The feature also has feedback designed for the sharing window by turning the white

border of the Quick View window to red (Figure 5.11g).

5.4 Experiment

An experiment was conducted to study how the proposed features address the invisi-

bility issues, improve the system’s usability, and affect distant collaboration by enhanc-

ing the awareness of remote sites. It was also interested in studying how each of these

features impacted the users’ understanding and perception of the remote environment.

Through the user study, it is planned to answer the following questions:

1. How the proposed features address the issue of the invisible hemisphere or improve

the usability of the system in a collaborative task?

2. How the proposed features affect the users’ understanding of the remote environ-

ment? How the users use each feature differently?

5.4.1 Conditions

The study compared two conditions: 1) the plain OEB2 condition, and 2) the interac-

tive OEB2 condition. In both conditions, there is 360° video communication using two

OEB2s set up on each site. The former condition used plain OEB2 without the proposed

features, i.e., the OmniBar, Physical Rotation, and Quick View. Note that the capability

of plain OEB2 is a full-sphere version of the OEB proposed in chapter 4. On the other

hand, all the proposed features were enabled in the interactive OEB2 condition.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.11: The features of OEB2, the OmniGlobe is a nickname of OEB2. abcd) Quick

View. ef) Quick View sharing window. g) The feedback when the Quick View sharing

window is activated. h)when the Quick View sharing window is NOT activated.
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(a) (b)

Figure 5.12: The object arrangement map used in the arranging task.

5.4.2 Task Overview

Inspired by the tasks employed by Norris et al. [59], the study designed a similar re-

mote collaborative finding task between two rooms. In addition, a collaborative arranging

task is designed. Both of these tasks are essential elements of distant collaboration us-

ing real objects, such as distant war room collaboration. Each task consisted of two

participants, with one participant located in one room. The finding task provided each

participant with several object images and asked them to find the actual objects placed

in the two rooms collaboratively. The arranging task provided each participant with an

object arrangement map (Figure 5.12), which showed how they had to arrange the objects

found during the finding task. Because all the objects were in the remote room, each par-

ticipant had to ask the remote partner to carry and place each object. The task is designed

as a two-way task, which means that each participant had to ask his/her partner to find

objects and arrange them in the partner’s room.

The experiment took a within-subjects design, that is, participants engaged in the set of

tasks in both two conditions, once in the plain OEB2 condition and once in the interactive

OEB2 condition. Two different sets of objects were prepared and placed in different

places of the rooms so that the participants would not use the same objects in the two
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tasks. To minimize the learning effect, two task sets, two object sets, and the order of

conditions were counter-balanced.

5.4.3 Participants

Twenty-four university students (21 to 29 years old, 17 males and seven females) were

recruited from the Tokyo Institute of Technology, which constituted 12 pairs. The par-

ticipants were recruited no matter they came as individuals or pairs. As a result, six

pairs of participants knew their partners before the experiment. All participants had not

experienced the proposed system before. Also, all participants received 1,000 Yen com-

pensation for participating in the study. The detailed information of the participants can

be checked in Figure 5.13

5.4.4 Environment

As shown in Figure 5.14, it used two mutually isolated rooms connected by the iden-

tical OEB2 video communication systems. The two rooms were arranged with different

pieces of furniture, and they were decorated differently so that one emulated a research

laboratory and the other emulated a living room. In this way, the participants had to fig-

ure out the remote environment by communicating with their partners through OEB2. It

enabled audio communication between two rooms using two Apple iPads.

5.4.5 Task Procedure

The study first spent about five minutes to introduce the system to the participants.

Then, it formed pairs and provided each participant with three images, each printed with

a different object (six objects in total). The participants were asked to engage in a practice

session where each pair worked on collaborative finding and arranging tasks using those

images. The whole experiment took more than 1 hour, including the interviews. Since

it was afraid that the participants would be too tired before the 2nd round of tasks, the

study is decided to have the practice session only once. The interactive OEB2 was used
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Figure 5.13: The detailed information of the Twenty-four participants.
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(a)

(b)

Figure 5.14: The real environment of the two rooms in the experiment.
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Figure 5.15: One set of images showing 10 objects used in the experiment.

in the practice session so that participants can understand the basic mechanism of OEB2

and get familiar with the new features. However, it explained the participants about the

availability of features of OEB2 well before each condition. Participants engaged in this

practice session for ten minutes. If the participants finished the task in less than ten

minutes, they were asked to practice using the features for the rest of the time.

In the main session, the participants were asked to do the same tasks with different im-

ages/objects. However, to make the task slightly difficult, each participant was provided

with five object images. Four actual objects were located in the remote room, while one

was non-existent. Therefore, two participants had to collaboratively find a total of eight

objects out of ten printed objects (Figure 5.15). During the following collaborative ar-

rangement task, the participants were asked to arrange all eight objects in the room as

instructed in the object arrangement map.

After the participants finished two tasks in one of the conditions, participants were

asked to complete a short post-task questionnaire, which asked about their impressions

of the system and the collaboration they have just had. The participants were then asked

to proceed to the second round with the other condition and answer to the same post-task

questionnaire. Finally, the participants were interviewed about their different experiences

of collaboration between the two conditions.
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Figure 5.16: Eight questions in the questionnaire designed on a 6-point scale (1 =

Strongly Disagree to 6 = Strongly Agree).

5.4.6 Measures

Objective Measures

It evaluated the efficiency based on task completion time (the time it took for the partic-

ipants to complete the task). Furthermore, since it was interested in whether the proposed

features changed the ways participants accessed the opposite side of the sphere, it ana-

lyzed the video recordings of the experiment and measured the time that the participants

walked around during the tasks. The study also measured the frequency of interactive

features (Physical Rotation or Quick View) used in the experiment.

Subjective Measures

After each round, the participants answered a post-task questionnaire, which consisted

of eight questions (Figure 5.16). The participants answered the questions in a 6-point
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scale (1 = strongly disagree, 3 = possibly disagree, 4 = possibly agree to 6 = strongly

agree).

5.5 Results

5.5.1 Objective Results

In the experiment, the mean completion time was 636s (SD = 121.1) with the plain

condition and 638s (SD = 153.1) with the interactive condition. The Wilcoxon signed-

rank test showed no significant difference between the two conditions (Z = -.08, p =

.9375). By analyzing the video data, it also calculated the average time that the partic-

ipants walked around during the task. The mean walking time was 269s (SD = 111.1)

in the plain condition and 205s (SD = 84.6) in the interactive condition. The Wilcoxon

signed-rank test showed there is a significant difference between the two conditions (Z =

3.24, p = .0012).

The interactive feature usage analysis showed that out of 24 participants, 18 used both

Physical Rotation and Quick View, 5 used only Physical Rotation, and 1 used only Quick

View. On average, they used Physical Rotation 7.8 times and Quick View 3.6 times. The

Wilcoxon signed-rank test showed a significant difference between the two features (Z =

2.30, p = .0213), indicating that the participants preferred Physical Rotation more than

Quick View.

5.5.2 Questionnaire Results

As shown in Figure 5.17, questionnaire responses were analyzed using the Wilcoxon

signed-rank test. The mean scores, as well as p-value, are presented in the chart. Results

show that the interactive OEB2 was more preferred in seven of eight questions (signifi-

cant differences were found).
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(a)

(b)

Figure 5.17: Mean scores of questions from Q1 to Q8. “*” and “**” denote significant

difference at p < 0.05 level and < 0.01 level. The error bars depict the standard deviation.



5.6. DISCUSSION 84
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.5.3 Interview Results

While the questionnaire results indicated that the participants generally found the

added features useful, four participants commented that they preferred the plain OEB2

because the display was not rotatable, which was simpler to understand the fixed direc-

tional relationship between the two sites. On the other hand, 20 participants indicated

that they preferred using the interactive OEB2 in the task because it is easier and more

convenient to use when checking for the remote objects and space.

The study also gathered different opinions for two rotating features. 12 participants

indicated that they preferred Physical Rotation since it is intuitive. On the contrary, six

participants expressed that they preferred the Quick View more.

5.6 Discussion

5.6.1 Fundamental Advantages of OEB2

During the finding task, searching for objects mainly relied on local participants. In

other words, the participants mostly searched for objects in their own environment and

did not search for objects in the remote site very often. However, since OEB2 allowed

the participants to view the whole remote space, some instances were observed in which

a remote participant found a local object faster than the local participant and tried to

explain the location through the system.

One interesting strategy observed was that one participant placed all the objects he

found around OEB2 so that the remote participant could check if he got the right objects

(Figure 5.18). With conventional video communication systems, users always have to

mind the field of camera view and how it is seen by a remote participant [47]. It infers that

360° video and the spherical display shape provided the participants the feeling of sharing

everything around the table, which supports the local participant’s casual placement of

the objects. Furthermore, thanks to the omnidirectional camera, all the objects were

successfully captured and shown on the other OEB2 at the remote site. It seems that this
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Figure 5.18: The participant placed the objects casually around OEB2 for checking.

instance indicates that OEB2, which supports a 360° full-spherical view, affords casual

visual interaction that utilizes the whole 360° environment.

5.6.2 Comparison between Two Conditions

The results of the task completion time did not show a significant difference between

the two conditions. However, subjective measures and other qualitative data showed that

the participants had different feelings about the two conditions. The following sections

present several interesting scenes extracted from the video data and discuss the potential

reasons for these results.

5.6.3 Perceived Workload

Based on the objective results, it is found that most of the participants used the new

features, especially Physical Rotation, and Quick View, when searching for the objects

in the remote space or when checking if the objects were arranged in the correct places

(Figure 5.19 (right)). However, in the plain condition, they had to walk around the OEB2

(Figure 5.19 (left)). These scenes support the result of Q8 in the questionnaire as well

as the significant difference in the average walking time between the two conditions.

17 participants clearly expressed that the interactive features (Physical Rotation or Quick
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Figure 5.19: L) Participants had to walk around in the plain condition. R) Participants

used the proposed feature to replace walking.

View) reduced their physical workload, e.g., “The interactive OEB2 was easy to use when

checking the found objects or the correctness of the arranging places because I do not

have to always walk around.” It seems that the proposed features (Physical Rotation or

Quick View) are easy and convenient to use when checking for the remote objects and

space.

5.6.4 Affordance

Figure 5.20: The participants unconsciously tried to use the disabled Physical Rotation

in the plain condition.
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The interview data showed that most of the participants thought the Physical Rotation

as an intuitive design. As shown in Figure 5.20, although the scenes happened in the plain

condition, which means that the participants were not allowed to use the Physical Rota-

tion. It is observed that two participants unconsciously tried to use the disabled Physical

Rotation to check the correctness of the arranged object. Although they were reminded

not to use the feature immediately, these findings seem to prove that the Physical Rota-

tion feature is quite intuitive and it may afford the user to use it to check the other sides

of OEB2. According to the observation results, most of the participants used Physical

Rotation and were well adapted to it in the interactive condition.

5.6.5 Effect of OmniBar on Remote Space Awareness

Some instances were observed that the participants used the OmniBar effectively. Usu-

ally, the participants observed the main area of OEB2 to observe the remote participants,

remote objects, and their positions because the image quality is much better there com-

pare to the OmniBar area. For example, in Figure 5.21a, the participant was watching the

main area to observe that the remote partner took the object as he asked. Then, as he told

the partner to place the object on the right side of a sofa, he looked down at the arranging

guide sheet (Figure 5.21b). While he was reading the guide, the partner moved to the

sofa and disappeared from his sight. When he looked up the main area again, he found

that the partner had disappeared, so he started to rotate the OEB2 physically. However,

he soon was aware that he could see the partner in the OmniBar area, stopped turning

the OEB2, and made sure that the object was placed correctly (Figure 5.21c). After this

scene, the participant looked at the main area again and started to ask the partner to find

the next object. As this example shows, OmniBar was effective in quickly figure out the

latest status of the remote site, especially when the local participant could not find his/her

partner or objects in the main area.

The findings above are also consistent with the results of Q1. Furthermore, nine par-

ticipants indicated that it helped them to observe and understand the remote space. As
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Figure 5.21: a) b) c) An example that the participant observed the OmniBar area effec-

tively. d) The participant lost her remote partner.

an example, one participant commented that “he usually checked the OmniBar before

movement. Through the OmniBar, he can quickly know which region the remote partner

was searching, and then he could help to search on the other regions on the OEB2.”

In the case of the plain OEB2 condition, a pair of participants tend to converge to a

certain position to stand when talking with each other. For instance, although they need

to move around the room to find objects and arrange them in the room, they always came

back to a certain position when they needed to have conversations. However, when the

participant walked away from the OEB2 and came back to talk with his/her partner, there

were some cases that a participant could not find his/her partner in the OEB2 (Figure

5.21d). This kind of experience might be the reason for the result of Q6.
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Figure 5.22: The limitation about the showing direction of the Quick View sharing win-

dow.

5.6.6 Supporting Gaze Awareness

Visibility of Quick View Sharing Window

The Quick View sharing window can be used to share the user’s focused view with the

remote partner. However, it is found that this feature did not always work as expected.

For example, as shown in Figure 5.22, the remote participant in OEB2 was trying to use

the Quick View to indicate the location to arrange an object. However, since the Quick

View sharing window appeared above the remote participant’s head, which was shown

on the opposite side of the local participant, the local participant could not see it. This

incident happened because the remote participant did not notice that his image’s facing

direction was not facing towards the local participant.

Pseudo Gaze Leading Effect

Even though the Quick View sharing window was not used very often, the results of

the Q3 and Q5 indicate that, for leading the remote participant’s attention to a region, the

interactive OEB2 was better than the plain OEB2. From the video observation, it seemed
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that the ability to share the gaze awareness over distance relied more on the Physical

Rotation. In fact, Ten participants expressed that they thought the Physical Rotation

contributes to indicating a region, e.g., “Not only could I indicate a remote region through

my facing direction, but also I could guide my remote partner’s attention to a local region

by rotating the OEB2.” This effect is named as “pseudo gaze leading effect” and found

that there are two kinds, remote gaze leading effect, and local gaze leading effect.

The remote gaze leading effect was observed when a local participant rotated OEB2

to find specific objects or regions in the remote site. In this instance, since the local

participant’s face displayed in the remote site also oriented toward the direction that the

local participant was seeing, the remote participant could figure out the gaze direction of

the local participant, and then the remote participant naturally followed the direction.

Meanwhile, around half of the participants said that they could guide the remote part-

ner’s attention to a specific local region simply by physically rotating the OEB2 to make

the remote partner’s face orient toward that region. Meanwhile, this action brought the

target region right in front of the remote partner, so the remote partner could be easily

led to see that region. This effect is named as local gaze leading effect. This effect was

surprising because, although the researcher did not anticipate this strategy, participants

could naturally use it and soon get used to it.

5.6.7 Design Implications

Based on the results, the takeaways are summarized in twofold:

1. The analysis of feature frequency indicates that the participants preferred Physical

Rotation more than Quick View. In fact, 12 participants said that they preferred

Physical Rotation, e.g., “I think Physical Rotation is quite intuitive. It made me

feel like I was moving around in the remote room.” These points may indicate that

the spherical display affords Physical Rotation rather than touch interaction. This

observation suggests that designers of spherical display interface should consider

tangible interaction methods such as Physical Rotation.



5.7. LIMITATIONS 91
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2. Many studies (e.g.[83]) have been trying to utilize remote gaze awareness func-

tions. Pseudo gaze leading effect indicates that a video communication system

should provide users an intuitive way to lead a remote partner’s gaze to the in-

tended orientation and present the user’s gaze orientation to the remote partner.

Utilizing symmetric spherical displays with physical rotation is one of the effec-

tive solutions. Even without using the spherical display, it suggests designers of

360° video communication system implement both remote and local gaze leading

effects in their systems.

5.6.8 Possible Application Scenarios

The task was designed to reflect the daily activities, such as finding objects or giving

suggestions for arranging objects. Seven participants commented that “they would like

to use the 360° video communication system with their families or lover when they are

living in different places.” Among them, three participants mentioned that “it is good

to use this system to help the child or aged person who is living alone in the house.”

Also, five participants commented that “the system supports the remote collaboration of

spatial decoration. Through the system, they could easily understand the remote space

and give suggestions for arranging the room.” Furthermore, previous studies [50] [59]

demonstrated a new remote meeting environment that merges distributed rooms and al-

lows participants to move around. It is believed OEB2 can be used for such a scenario.

Typically, I envision its contribution to a more complex remote collaboration scenario,

i.e., distributed war room collaboration [52] where various physical objects are scattered

in the environment. Since OEB2 is quite flexible, it can fit in a varied environment of the

collaborative war room.

5.7 Limitations

The proposed system and user study also have some limitations.
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5.7.1 Limitations of the User Study

The user study has two limitations. First, it recruited only 12 pairs of participants. It

needs more participants to get more solid results. Second, it used only interactive OEB2

for the practice session, which may slightly affect the participants’ perceptions of the two

conditions in the experiment.

5.7.2 Insufficient Resolution

Ten participants reported that the resolution of the OmniBar is low. As an interactive

interface and also supporting a 360° overview, a higher resolution may enhance its effect.

5.7.3 Conflict between Physical Rotation and Quick View Use

Figure 5.23: The Physical Rotation disturbs the use of the Quick View.

During the experiment, a few cases were observed that a remote participant physically

rotate OEB2 while a local participant was touching OmniBar. For example, in Figure

5.23, the local participant was using the Quick View by touching the OmniBar. However,
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the remote participant was also physically rotating the remote OEB2 at the same time.

Because Physical Rotation on the remote site rotated the images of both the main area

and the OmniBar area of the local OEB2, the local participant had difficulty in using the

Quick View feature since the OmniBar was rotating. This indicates that it is needed to

find a way to avoid the conflict between Physical Rotation and Quick View use.

5.8 Improvement Suggestions

This section proposes some future works to improve the limitations of OEB2.

5.8.1 OmniEyeball4K

It seemed that the low image resolution diminished the effect of OmniBar as well as the

whole system. The visual quality of the current system is mainly limited by the resolution

of the Glomal350 spherical display. Because the camera already can provide HD image,

my collegues and I are considering to replace the spherical display with those that have

higher 4K resolution to create the next generation of the OmniEyeball.

5.8.2 OmniBar

As described as one of the system’s limitations, there is a possible conflict when a user

uses Physical Rotation on one side, and another user uses Quick View on the other side

simultaneously. Although it is seen only a few cases during the formal experiment, it is

anticipated that there will be more chances of this conflict if multiple users in each site

conduct actual tasks in a more casual manner. Therefore, to avoid this kind of conflict, I

plan to make the OmniBar area not rotate no matter the local or the remote user physically

rotates the OEB2. For this purpose, it can incorporate a rotary encoder to measure the

physical rotating angle of OEB2.
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5.8.3 Quick View

There are two possible areas regarding the improvement of Quick View. The first area

is for a local site (a participant who points at an object or a spatial region). Although

the remote referencing feature was used, several participants commented that it is hard to

find the object they wanted to reference in the OmniBar because the OmniBar area was

small, and its image resolution was low. Meanwhile, the study recorded a few instances

that the participants directly pointed at the object in the main area of the OEB2 when

he/she wanted to refer to the object. As Jones et al. revealed [39], participants in video

communication cannot help such gestures even though the gestures cannot be seen by the

remote participants. Therefore, it seems that it is better to allow users to use the Remote

Referencing feature by touching not only the OmniBar area but also the main area. For

this purpose, it is better to implement the full-sphere touch detection capability using the

technologies developed by Benko et al. [4].

The second area for improvement is for the remote site (a participant who should

see/manipulate the object specified by the local participant). As described in the “Visi-

bility of Quick View Sharing Window” section, the visibility of the Quick View sharing

window should be improved. In the current implementation, the referencing window

always popped up above the user’s head. Instead, by detecting the user’s remote part-

ner’s face position, I am planning to make the window pop up toward the direction of the

remote partner.

5.8.4 360° Audio Support

The sound is important for video communication. Considering the shape of OEB, it

appears that circular microphone and speaker arrays [37] may be suitable. For intuitive

audio interaction, the directivity of 360° sound has to match the 360° video. For in-

stances, voice from the opposite side of a user’s view point should be attenuated. We are

also interested in deeply combining the 360° sound with video for new interactions.
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5.9 Summary

This chapter introduced a symmetric full 360° video communication system, OEB2,

which has four novel features to support remote observing and increased shared aware-

ness. Based on the evaluation of the comparative experiments, the four features were

effective in reducing the inconvenience mainly caused by the partial invisibility of the

spherical display. The results also indicate how the proposed features supported the re-

mote space awareness and gazed leading intuitively and effectively.

One shortage of the study is that the experiment is not designed for multiple users

(more than two people on each side). As a future plan, it is meaningful to extend the cur-

rent user interface to allow multiple users to participate at each site and conduct a qual-

itative user study by asking two groups of participants to accomplish quasi-naturalistic

tasks [34] using the extended OEB2 system. Such studies are expected to give the 360°

research community a more in-depth understanding of how the 360° video communica-

tion can support remote multi-party collaboration.
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Chapter 6

OmniEyeballVR: A Collaborative 360°

Video Communication Application for

VR

6.1 Background and Motivation

In recent years, VR technology has continued to develop rapidly. In addition to popular

immersive gaming experiences, VR also has possibilities in many other application areas

such as design, education, and content creation, where sharing VR experiences with oth-

ers is desirable. However, a highly immersive VR experience usually requires wearing

a Head-Mounted Display (HMD) which blocks the view of the surrounding real world,

making it difficult for the VR user to communicate with the people around them outside

the VR environment.

Researchers have worked on systems that allow VR users (occupants) to communicate

and collaborate with others in the physical world (designers) [6] [33]. For example, with

CollaVR [57] and On the Shoulder of the Giant [65], the collaborators wear an HMD

in order to share the scene and collaborate in the VR space. However, those systems

had difficulties in allowing the designers to access physical objects or content in their

real environment. For example, designers might need to view plans or make notes in the

physical space while cooperating with the VR occupant.

Ibayashi et al. [36] and An et al. [1] demonstrated the usefulness of using an asym-
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Figure 6.1: The DollhouseVR system [36] proposed by Ibayashi et al..

Figure 6.2: The new design workflow [1] proposed by An et al..



6.1. BACKGROUND AND MOTIVATION 98
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

metric collaboration system for VR and non-VR users working together on architectural

or car interior design tasks. In these examples, the occupant in the VR space can share

the virtual world and cooperate with other designers in the physical world through a

2D display which shows the VR scene. In FrontFace [12] and FaceDisplay [31], touch

screens were added to the VR occupant’s HMD to facilitate casual collaboration between

designers and the occupant through touch interaction. However, none of those systems

could provide equivalent visual information to the designers in the physical world. For

example, the designer could not observe the VR space from a different perspective, as

the shared view is restricted to the field of view of the occupant or a static viewing per-

spective.

Compared to this prior work, this work propose to use an interactive spherical display

that can introduce new possibilities for collaborative design. Spherical displays have pre-

viously been used by researchers as a cooperation platform [2] [18] [19] [20] [32] [89], or

communication terminal for sharing the VR or 360° content between collaborators in the

same physical environment. Compared to some of the other similar platforms (e.g., Dome

Display [3]), these systems can be better integrated into a physical environment, such as

an office or design lab. This chapter presents OmniEyeballVR, which is a novel tool for

collaboration between VR occupants and designers in the physical environment that uses

the OmniEyeball2 (OEB2 presented in last chapter), as a terminal in the physical world

(see Figure 1), therefore the OmniEyeball in this chapter stands for OEB2 (chapter5) in-

stead of OEB (chapter4). A user study was conducted to evaluate the system and report

significant results from comparing three design alternatives of the OmniEyeballVR. The

main contributions and novelty of the presented work include:

6.1.1 Contribution

The main contributions of the OmniEyeballVR include:

1. A novel collaboration system that allows a VR occupant to cooperate with design-

ers in the physical environment while also allowing the designers to share their
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Figure 6.3: The CollaVR system [57] proposed by Nguyen et al..

facial expressions and gestures with the occupant. The occupant and designers can

share their gaze and visual cues with each other to enhance the communication

between the cooperators.

2. It allows designers to easily access the content in the VR space by actively con-

trolling the view perspective to watch it from any direction without wearing a VR

HMD. Designers can also access both the VR space and the physical world simul-

taneously.

3. The first user study that explores the benefits and implications of integrating a 360°

spherical I/O device into a Mixed Reality (MR) collaboration system.



6.2. RELATED WORK 100
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.2 Related Work

6.2.1 Collaborative VR/MR Systems

VR/MR collaboration systems that allow VR users (occupants) to communicate and

cooperate with others in the physical world (designers) are getting more and more pop-

ular. A local non-VR user can share his/her surroundings with a VR user to collaborate

together. This allows the VR user to provide non-verbal communication cues such as

view awareness [45], 3D virtual avatar [64], or ray pointer [76] to a local non-VR user.

For instance, CollaVR [57] and On the Shoulder of the Giant [65] enable users to wear

HMDs to share the scene and collaborate in the MR space. As a result, the systems

can enhance the collaborative experience and task performance between VR users and

non-VR users [63]. However, these systems could only be useful in particular design

scenarios, such as a co-review of 360° videos, as they require the VR user to wear an

HMD in order to see the shared information.

Another kind of system integrated a 2D display on the surfaces of the HMD. For exam-

ple, FrontFace [12] and FaceDisplay [31] allowed casual collaboration between designers

and the occupant by adding touch screens to the VR occupant’s HMD.

Systems have also been designed to support asymmetric collaboration between VR

and non-VR users. For instance, DollhouseVR [36] provided the designers with a top-

down static viewing perspective of the VR environment through a horizontally placed 2D

display. The work proposed by An et al. [1] focused more on the haptic feedback during

the VR cooperation design. All non-VR users could view the VR world through the field

of view of the VR occupant. However, none of the display technologies in those systems

can provide symmetric visual information to the designers, so they will not be able to

observe the VR space from a different perspective.
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6.2.2 Communication Systems with Spherical Display

With advances in technology, sharing a 360° scene has become popular due to the

amount of content that can be shared at once. This allows a user to be immersed in a

remote environment by connecting with a 360 camera [44] [53] [74]. Besides HMDs

or 2D monitors, several other display methods have been explored for enabling users to

observe VR or 360° content, e.g., panoramic dome [3] or CAVE [29] displays. However,

dome and CAVE displays confine users inside their spaces, which support low flexibility

and prevent users from interacting with the real environment.

In summary, there has been little previous work on using spherical displays for remote

collaboration. Therefore, one of the innovations of our researches is that it is the first that

connects a VR user with observers gathered around a spherical display. Furthermore, by

utilizing the spherical display technology, it is interesting in if the proposed system can

support multiple designer users and provide symmetric information (VR scene and phys-

ical world) while allowing them to stay in the physical environment. In the next section,

more detail will be introduced about the prototype system that have been developed.

6.3 System Overview of OmniEyeballVR

6.3.1 Hardware

The OmniEyeballVR (OEBVR) system consists of two parts: the occupant side that

uses a VR HMD (HTC Vive) and the designer side that has an OmniEyeball2 terminal

(OEB2, chapter 5).

Therefore, the term “OmniEyeball” in this chapter represents the OEB2 terminal,

which is made from a spherical display (Glomal350 [27]) with a 360° camera (Ricoh

Theta V [67]) mounted on the top (see Figure 6.4). The Ricoh Theta V is an omnidi-

rectional camera equipped with two fisheye lenses, which provides an equirectangular

panoramic live streaming video with 1920 × 960 pixels over a USB connection. The

Glomal350 spherical display uses a wide-angle lens to project a round image from its
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Figure 6.4: The system hardware overview of OEB2 terminal.
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Casio projector onto a spherical surface (�350mm). The bottom of the spherical sur-

face is reserved for the connecting parts, making the displayable portion of the sphere at

around 300° vertically and 360° horizontally. Although the projector can output images

with 1024× 768 pixels, the actual visible part of the projected image is limited to a circle

with a diameter of 768 pixels. In addition, a rotating platform is used as the base for the

spherical display to allow designers to check other sides of the OmniEyeball by spin-

ning the spherical surface when the space is difficult for the designers to move around

physically.

6.3.2 Software

The VR HMD and the OmniEyeball are connected through a software developed in the

Unity 3D (2018.4.14f1) game engine. To naturally show the 360° image on the spherical

display, a graphic transforming shader is implemented to map the pixels from a skybox

format to an azimuthal equidistant projection format. Since the visual information of the

input image is a 360° content, the remapped image can be naturally projected onto the

spherical display. Due to the display specification, the OmniEyeballVR system streams

a live video with 1024 × 768 pixel resolution to the OmniEyeball side and with 1080

× 1200 pixel resolution (standard resolution of HTC Vive) to the VR HMD side. The

OmniEyeballVR requires the position of each designer user relative to the OmniEyeball.

To achieve that, a QR marker is attached to the chest of each designer and tracked by the

system to determine the position of the designer. The frame rate of the whole system can

be maintained at 20 fps on average. Also, the rotation interaction has a latency of 0.2s.

6.4 Features

The OmniEyeballVR system has two view modes: a 360° first-person mode and a

third-person mode. In general, the 360° first-person mode allows the designer to see the

VR space of the occupant from a panoramic view at a standard eye-level, whereas the

third-person mode allows the designer to see it from a higher point of view. Two view



6.4. FEATURES 104
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 6.5: The OmniEyeballVR enables VR users (occupant) to communicate and co-

operate with others on the physical world (designer).
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Figure 6.6: Viewing VR Space in the 360° first-person mode from different viewpoints.

modes allow the designers to observe the VR space from free viewpoints and directions.

On top of viewing the VR space, both view modes allow designers to share their gaze and

face with the occupant and also be aware of the occupant’s visual cue. The remaining

sections will describe each of these features in detail.

6.4.1 360° First-person Mode

Viewing VR Space on the OmniEyeball

In this view mode, the 360° surroundings of the occupant are shared with the designers.

This is achieved by configuring a virtual 360° camera at the head position of the occu-

pant and streaming the live 360° video onto the OmniEyeball’s spherical display (Figure

6.6). This allows the designers to understand the close surroundings of the occupant by

seeing the VR space through the 360° first-person view of the occupant. Furthermore,

the designers can also change the viewpoint of the VR space by either physically rotating

the OmniEyeball in any direction they prefer, or walking around it.
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Figure 6.7: In both first-person and third-person mode, the red translucent frame repre-

sents the field of view of the occupant. The occupant is shown as a virtual avatar in the

third-person mode.

Shared Gaze on the OmniEyeball

Inspired by CollaVR [57], the system renders a red translucent frame that represents

the field of view of the occupant on the OmniEyeball (see Figure 6.7). This allows

the designers to quickly understand the current point-of-interest of the occupant, thus

improving the collaborative performance between the users [45]. Furthermore, the red

translucent frame updates synchronously as the occupant changes his/her view direction.

6.4.2 Third-person Mode

Viewing VR Space on the OmniEyeball

In this view mode, the content in the VR space is shared from a third-person perspec-

tive of the designer, similar to a fish-tank VR display [18]. This allows the designers

to better understand the virtual position of the occupant for tasks requiring spatial un-
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Figure 6.8: In the third-person mode, the designers can rotate or walks around the Om-

niEyeball in order to observe the VR space at a different direction.

derstanding. To achieve this, a 3D avatar is used to represent the virtual position of the

occupant. Then, a virtual camera with a 90° field-of-view (FOV) is attached away from

the 3D avatar in the VR space. This captures a live video of the surroundings, including

the occupant from a third-person perspective and streams as an independent sector win-

dow on the OmniEyeball facing towards each individual designer (Figure 6.7 right). To

promote the spatial relationship of the independent sector window, the OmniEyeballVR

measures the direction of the window and the virtual camera according to the direction

of the designer relative to the OmniEyeball, so that the third-person view image can be

shown in the correct direction. Meanwhile, a graphic shader is implemented to transform

the rectangular format image captured by the virtual camera to a fan-shaped format, in

order to show on the OmniEyeball without significant distortion. Similar to the 360° first-

person mode, the designers can also rotate or walk around the OmniEyeball in order to

observe the VR space in a different direction (Figure 6.8). Through the spherical display,

multiple designers can observe the VR space from their preferred perspective without

interrupting each other.

Shared Gaze on the OmniEyeball

The occupant is displayed at the center of the OmniEyeball as a virtual avatar (low poly

character) in the third-person mode. To maintain consistency, a similar red translucent
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frame that refers to the view direction of the occupant in the VR space is used (Figure

6.7). The red translucent frame will rotate accordingly on the OmniEyeball to show the

designers where the occupant is looking at when the occupant changes the view direction.

6.4.3 Face Window in the VR Space

The red translucent frame indicates the view direction of the occupant to the designer,

but it does not support the opposite way, so the occupant will not be able to see or un-

derstand the view direction of the designer. To overcome this, the system integrates face

windows in the VR space, which are image patches that show the occupant the viewpoints

of the designers around the OmniEyeball (Figure 6.9).

Figure 6.9: The face windows of designers shown in the VR space.

A QR marker is attached to the chest of each designer to allow the system to detect the

position of designers. Then, the 360° camera on the OmniEyeball tracks each individual

designer, crops the 360 camera image to their faces with upper bodies and renders this

as an image patch in the VR space. The position of the image patch is determined by

the position of the designer relative to the OmniEyeball (Figure 6.11 left). For example,

when a designer is looking at the OmniEyeball, the face window of the designer will be

displayed in the corresponding direction in the VR space.

Although the direction is decided, the precise position of the face window is not unique.

During the design process, there were three optional positions for the face window. They

are represented in the Figure 6.10 respectively. For example, suppose that when a de-
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Figure 6.10: Face Window optional positions during the design process.

signer looks at a tree in the VR world displayed on OmniEyeball (Figure 6.10 left),

FaceWindow’s relative position in the VR world can have the following three designs

(Figure 6.10 right).

1. Position One of the face window is designed to be positioned backward from the

top of the observed object. The altitude and rotation of the face window is opti-

mized so that the designer’s gaze in the window appears to be looking down at the

object.

2. Position Two is designed close to the VR occupant. In order not to block the gaze

of the occupant, the face window is positioned downward in front of the occupant.

3. Position Three is designed at the position where is the opposite side of the observed

object to the VR occupant.

A pilot test was conducted to compare the three optional positions and decide the final

configuration of the face window. The pilot test results showed that Position Three is

not convenient since the VR occupant always has to look back to check which direction

the designer is looking at. As for Position Two, some reviews said that it’s not very
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Figure 6.11: Left: Based on the position of the face window in the VR space, the occupant

can know which direction the designer is looking at. Middle: the face window is also

displayed on the OmniEyeball as visual feedback to the designer. Right: Through the

face window, designers can use body gestures to express information, such as pointing to

a direction by hand.

convenient to look down often to see the face window. Meanwhile, the image of the

designer in the face window is hard to be seen.

In the end, Position Three was chosen as the location configuration for the face win-

dow. The altitude and rotation of the face window are carefully set as if the face inside

is looking downwards in the given direction of the VR space from above. In addition

to its use as a view indicator, the face window also enables face-to-face communication

between the occupant and the designers. One benefit is that designers can use body ges-

tures to express information, such as pointing to a direction by hand (Figure 6.11 right).

Meanwhile, the face window is also displayed on the OmniEyeball as visual feedback so

the designers can know how they appear in the VR space (Figure 6.11 middle).
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6.5 Experiment

Based on the OmniEyeballVR system, an experimen was conducted to explore how

people are likely to use the OmniEyeball terminal and its different features in a collabo-

ration task. The study planned to answer the following questions:

1. What is the difference between using OmniEyeball in the first-person mode, and

the third-person mode in terms of user interaction and performance?

2. How could the face window feature be used to support collaboration between the

two sides?

6.5.1 Method

Based on the characteristics of OmniEyeballVR, this study designed a collaborative

VR task for two people. In this task, the designers receive a document with additional

information, and they need to guide the occupants to complete the task according to the

instructions on the document.

6.5.2 Participants

Twelve participants (in six pairs) were recruited for this experiment, including ten

males and two females. The average age was 25 years old (SD=2.6227). Among them,

two participants had never used a VR device before, seven participants had used VR

devices a few times per year, while the rest used VR more frequently.

6.5.3 Task

The task required the two participants to collaborate, one being on the occupant side

and the other on the designer side. In the VR scene, 24 objects were placed around the

occupant, divided into two rows, surrounding the occupant in a circle with a 30-degree

interval between each column of objects (see Figure 6.12a). Among the 24 objects, there
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Figure 6.12: (a) The experiment VR scene for the task. The image patch represents

the position of face window. (b) The first-person mode with the solid window (1PSW)

condition. (c) The first-person mode with the face window (1PFW) condition. (d) The

third-person mode with the face window (3PFW) condition.

were 12 cubes and 12 spheres in 6 different colors. The shape and color of the objects

were the same in each column. The designer was given an instruction note with de-

scription information (such as “red sphere top”, or “blue cube bottom”) that described

a target object in the VR space. The designer needed to indicate the listed objects to

the VR occupant one by one. In the actual use case, many design objects are abstract

and cannot be described by verbal cues, so the designer was restricted not to use verbal

cues to prompt color, shape (sphere or cube), or elevation (top and bottom) to convey

information. Other than that, no any other restrictions was placed on this task. After the

occupant has identified the target object, they call out the target object to confirm with the

designer (by describing the color, shape, and elevation). At this time, the designer could

confirm whether it is correct. If it is correct, the designer moved to the next target object

instruction. Otherwise, the instruction was given again on the current target object.

6.5.4 Conditions

The study compared performance with the OmniEyeballVR system between the three

configurations. In the first condition, the system is configured in the 360° first-person

mode with the face window (Figure 6.12c). In the second condition, the system is also

configured in the 360° first-person mode, but with a white solid window. The solid win-
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dow, like the face window, adjusts its position in the VR space according to the relative

position between the designer and the OmniEyeball. The only difference is that there is

no live video of the designer side shown in the solid window (Figure 6.12a).

In the 3rd condition, the OmniEyeballVR system is configured in the third-person

mode with the face window (Figure 6.12d). The face window is similar to the one in the

first condition, which means that it looks almost the same in the VR occupant’s view.

However, the visual feedback of face windows is shown differently due to the viewpoint

of the third-person mode.

6.5.5 Procedure

The experiment first began with a pair of participants who went through a brief intro-

duction to the OmniEyeballVR system and the details of the experiment task. Then, the

participants were asked to fill out a pre-experiment questionnaire for collecting demo-

graphic information.

In the task, one of the two participants was randomly assigned to become a designer

and the other as a VR occupant. The designer participant was asked to sit near the Om-

niEyeball and was given an instruction note which showed the task targets. The VR

occupant was asked to wear the VR HMD and sit at a distance of 1m away from the

designer so that they could verbally communicate with each other.

The study was a within-group design with each pair of participants trying all three con-

ditions. The order of conditions, as well as task targets, was counterbalanced between

the six groups of participants. The first condition began when the two participants were

ready. In each condition, two participants were required to find 12 target objects. The first

four were used in a practice session, and the last eight were the formal tasks. In the prac-

tice session, participants were allowed to talk to each other freely, as well as developing

strategies without being restricted by verbal cues. The participants were video-recorded

throughout the task process for later analysis. After completing the task, participants

were asked to fill the per-condition questionnaire, which included the Single Ease Ques-



6.6. RESULTS 114
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

tion (SEQ) [68], the Spatial Presence Questionnaire (SPQ) [78], the Subjective Mental

Effort Questionnaire (MEQ) [90] and the System Usability Scale (SUS) [8]. Then, the

experiment was continued with the next condition. Once all three conditions were com-

pleted, participants were asked to complete an additional post-experiment questionnaire

exploring their preference for each of the conditions.

After that, the participants’ roles were switched, and similar task procedures and ques-

tionnaires were repeated. Overall, the entire experiment took about one hour for each

pair.

6.6 Results

This section reports the study results with statistical analyses and summarise qual-

itative feedback collected from the participants (n = 12) among the three conditions:

1st-person solid window (1PSW) condition, 1st-person face window (1PFW) condition

and 3rd-person face window (3PFW) condition. Considering the relationship between

the three conditions, the study utilizes a pairwise comparison of the three conditions.

Since both were in 1st-person mode, the analysis use the Wilcoxon Signed Rank tests

(α = 0.05) to compare the two conditions of 1PSW condition and 1PFW condition in or-

der to observe the effect of the face window on experiments and participants. Meanwhile,

since both conditions had the face window feature, the analysis applied the Wilcoxon

Signed Rank tests to compare the two conditions of 1PFW and 3PFW to discuss how

the view modes on the OmniEyeball affected the evaluation of the system. Furthermore,

the study compares the user’s perception between the two roles (designer and occupant)

toward the OmniEyeballVR system.

6.6.1 User Performance

To evaluate the performance, the study recorded the correct rate of occupant’s first an-

swer. The average correct answer rates were 0.812 (SD = 1.931, 1PSW condition), 0.989

(SD = 0.289, 1PFW condition) and 1.000 (SD = 0, 3PFW condition). A significant differ-
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Figure 6.13: Subjective ratings on user experience (*: significant effect).

ence was found between 1PSW and 1PFW (Z =−2.219, p = .026), while no significant

difference between 3PFW and 1PFW (Z = 1.000, p = .317).

6.6.2 User Experience

The results from SEQ [68] and custom rating items are shown in Figure 6.13. All of

the rating items were answered on a 7-point Likert scale (SEQ 1: very difficult – 7: very

easy; All other items - 1: strongly disagree – 7: strongly agree).

1PFW vs 1PSW: On the designer side, the results showed that using the 1PFW mode to
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finish the task was significantly easier than the 1PSW mode (Z = 2.963, p= .003). It also

showed that the 1PFW mode provides a significantly better enjoyment of the experience

(Z = 2.392, p = .017) as well as better focus on the task activities (Z = 2.414, p = .016).

On the occupant side, the results showed that using the 1PFW mode was also significantly

easier than the 1PSW mode (Z = 2.949, p = .003). It also showed that the 1PFW mode

provides a significantly better understanding of partner’s focus (Z = 2.687, p = .007) as

well as a better focus on the task activities (Z = 2.46, p = .014).

1PFW vs 3PFW: On the designer side, it was found that using the 1PFW mode was

significantly easier than the 3PFW mode (Z = 2.687, p = .007). It was also found that

the 1PFW mode provided a significantly better understanding of the partner’s focus (Z =

2.265, p = .024), better enjoyment of the experience (Z = 2.831, p = .005) as well as

better focus on the task activities (Z = 2.46, p = .014). On the other hand, no significant

differences were found on the occupant side.

Figure 6.14: Results of Spatial Presence questionnaire (left) and MEQ (right). (*: signif-

icant effect)
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6.6.3 Spatial Presence

1PFW vs 1PSW: The spatial presence was evaluated by answering the question “I felt

like the partner and I was in the same space.” with a 5-point Likert scale (1: strongly

disagree – 5: strongly agree), used in a previous work. As shown in Figure 6.14 (left), it

was found that the participants felt a significantly stronger spatial presence in the 1PFW

condition on both sides. (designer side: Z = 2.333, p = .02; occupant side: Z = 2.232,

p = .026)

1PFW vs 3PFW: On the designer side, it was found that using the 1PFW mode pro-

vided a significantly stronger spatial presence (Z = 2.599, p = .009). While on the occu-

pant side, the results reported no significant difference.

6.6.4 Mental Effort

1PFW vs 1PSW: The results from MEQ [90] are shown in Figure 6.14 (right). Signifi-

cant differences were found on both sides. (designer side: Z = 2.965, p = .003; occupant

side: Z = 2.943, p = .003), which shows that the participants felt that it took less mental

effort to use the 1PFW mode.

1PFW vs 3PFW: On the designer side, it was found that using the 1PFW resulted in

less mental effort (Z = 2.814, p = .005). While on the occupant side, no significant

difference was found in the results.

6.6.5 System Usability

1PFW vs 1PSW: In terms of SUS [8], it was found significant differences on both sides

(see Figure 6.15). (designer side: Z = 3.062, p = .002; occupant side: Z = 2.909, p =

.004), which shows that the participants thought the system usability was significantly

better in the 1PFW mode.

1PFW vs 3PFW: On the designer side, it was found that using the 1PFW resulted in

better system usability (Z = 3.066, p = .002). While on the occupant side, the results

reported no significant difference.
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Figure 6.15: Results of System Usability Scale Questionnaire.

6.6.6 Post-experiment Results

Figure 6.16: User preference between 1PSW, 1PFW, 3PFW conditions, based on the

three questions against the number of participants (*: statistically significant).

Four custom ranking questions were included in the post-experiment questionnaire

in order to access the participant’s choice of preferences and subjective ratings on both

sides. Figure 6.16 shows their preferences based on three aspects (1) Confident at giv-

ing/receiving instruction, (2) Understanding a partner’s instruction/task, and (3) Com-

pleting the task. Participants were asked to select for a condition as their best preferred

condition in each of the question. Overall, participants on both sides had a huge favor

towards the 1PFW across all aspects. However, using 3PFW was also preferred for a
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minority of participants in the occupant side. A Friedman test indicated that there were

significant differences in ranking between the three conditions for all questions except

Understanding a partner’s instruction/task on the designer side. (Designer- Confident at

giving/receiving instruction: χ2(11) = 6.00, p = .050 and Completing the task: χ2(11) =

8.33, p = .004; Occupant- Confident at giving/receiving instruction: χ2(11) = 9.50, p =

.009, Understanding partner’s instruction/task: χ2(11) = 6.50, p = .039, and Completing

the task: χ2(11) = 9.50, p = .009).

Figure 6.17: User preference-based ranking results on the designer side against the num-

ber of participants.

A separate question was also given to the participants to rank the conditions in the

order of their overall preferences, as illustrated in Figure 6.17 and 6.18. In general, the

majority of the participants on the designer side had selected the 1PFW as their top-

ranked condition while their preferences were split between the mid and the worst in the

3PFW and 1PSW conditions. On the occupant side, participants had a similar trend of

having the best ranking for 1PFW, but the majority of them also showed a strong sen-

timent towards the 1PSW being the worst preference. A Friedman test was conducted

in each role between the three conditions and the result found a significant difference in

both groups (Designer: χ2(11) = 6.50, p = .039; Occupant: χ2(11) = 6.00, p = .050).

Furthermore, post hoc tests using the Wilcoxon Signed-Rank test with Bonferroni cor-
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Figure 6.18: User preference-based ranking results on the occupant side.

rection (alpha = .0167) also showed that the participants in the designer side significantly

preferred the 1PFW over the 1PSW condition (Z = -2.443, p = .015). However, there was

no significant difference reported on the 1PFW against the 3PFW, and the 1PSW against

the 3PFW, and all of the compared pairs in the occupant side.

6.7 Discussion

The experimental results show that participants have different preferences for the three

conditions because of different reasons. In the following sections, the results are inter-

preted based on the characteristics of the face window as well as the differences between

the first-person and third-person modes, mainly supported by qualitative feedback from

the participants.

6.7.1 Face Window

By comparing the results of the 1PSW and 1PFW conditions, the study analyzed the

significance of the face window feature for the OmniEyeballVR system. In the 1PSW

condition, users found that it was not easy to inform their partner about the elevation



6.7. DISCUSSION 121
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

information. Although the designer could map the solid window directly above the tar-

get by facing the target object column, only three groups found strategies to inform the

occupant whether the target was the top one or the bottom one. Among them, one group

informed the top/bottom direction by turning clockwise or counterclockwise to the target

column. The other two groups inform top/bottom by placing the solid window offset

to the left or right of the target column. Therefore, the results in the correct rate were

affected by that, while the other three groups didn’t find a way to inform the top/bottom

information, so they had to guess either top or bottom in the first answer. While in the

1PFW condition, participants could use gestures or gaze to indicate the top/bottom target.

It is believed that in more complicated scenarios, the face window could convey more and

richer information through visual cues.

As for the subjective measures, the statistical analysis of the occupant’s side results

showed that the face window provided comparable user experience, usability, and with

its benefits, including less mental effort, a more substantial spatial presence, and a bet-

ter understanding of the partner’s focus. Such findings were supported by participant’s

comments, such as (P4) “I was able to see where my partner was looking as well as the

partner. So the task was easy.” (P3) “I could see the gesture of my partner”, and (P8)

“see partner’s face, not being alone in my world.”

6.7.2 Visual Feedback of Face Window

As for the results comparing between 1PSW and 1PFW of the designer’s side, since

both were in the first-person mode, the main difference between the two conditions was

reflected in the visual feedback window of the face window on OmniEyeball. Therefore,

the difference in the results could be due to the difference in the visual feedback design

to some extent. It seems that by showing a face window feedback on OmniEyeball,

the participants on the designer side had better confidence at giving instructions as they

showed a stronger spatial presence, better user experience, and a higher system usability

score. Some participants mentioned that (P3) “with face window, I can tell where and
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Figure 6.19: The participant(P12) used the visual feedback to correct his hand gesture

shown in the face window.

what I am looking at. I can also correct myself very quickly if my reflection is wrong”.

Similar comments were also given by P2, P9, P11, mentioning how the face window

could be used as an individual guide. Meanwhile, an interesting case was found during

the experiment with P11 and P12. When P12 (designer) gave a hint to P11 (occupant),

P12 accidentally put his gesture outside the FOV of the face window (Figure 6.19 (a)).

When he moved his gaze from the instruction note back to OmniEyeball (Figure 6.19

(b)), he found that his gestures were not in the face window, and quickly adjusted the

position of the gesture (Figure 6.19 (c)). Therefore, it seems that the visual feedback of

the face window allows a designer to reference their visual hints that are mirrored and

shown on the OmniEyeball in order to ensure their instructions are delivered to the VR

user appropriately.

6.7.3 First-person and Third-person Mode

The comparison between the results of 3PFW and 1PFW conditions helped to learn

how the participants perceived the first-person and third-person views differently. All of

the statistical analyses reported no significant differences between 3PFW and 1PFW on

the occupant side, which is because the face window and interfaces on the occupant side

are mostly the same between the two conditions. However, on the designer side, there is
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a significant difference in terms of the perception of participants between the two modes.

The results showed that the 1PFW provided less mental effort, better spatial presence,

understanding of the partner’s focus, user experience, and the usability of the system

compared to the 3PFW. In addition, participants (P12, P7) commented that the 1PFW

was very intuitive.

One hypothesis is that visual feedback of the face window is not clearly displayed in

the 3PFW condition due to the point of view (Figure 6.12d), which affected the partici-

pants’ perceptions of the spatial presence and user experience in 3PFW. The comparable

results of the post-experiment questionnaire seem to reveal that the first-person mode

received more preferences than the third-person mode on the designer side. From the

comments of the participants, some problems with 3PFW were found. For example, P5

and P9 believed that the current visual effect of the face window’s feedback on Om-

niEyeball prevented them from knowing how they were displayed in the VR space. On

the other hand, some participants said that the current 3PFW display resolution was too

low (P7, P4), and this will cause problems with visibility as they said that “the object I

have to focus is far away and smaller than in the other two conditions” (P4) and “it’s

hard to see and understand the FOV of the occupant.” (P6)

Some participants chose 3PFW as their best preference condition. For example, P3

and P9 commented that “The 3PFW allows me to see more things, which helps to check

the position of all the objects, so I can quickly find the target and give instructions to the

occupant.”

6.8 Limitations and Solutions

The study reports some limitations of the OmniEyeballVR. At present, there is no

function designed to assist VR occupants in finding the position of the face window in

VR space, so some participants indicated that once the face window disappeared out

of their field-of-view, it was tough to keep looking up to search for the face window

(P1, P10). Therefore, inspired by the Outside-In [48], it is interesting to implement a
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spatial navigation function of the face window in the occupant FOV, such as using a

small translucent face window.

Meanwhile, the current spatial position of the face window cannot be arbitrarily ad-

justed by the user. This is limited by OmniEyeballVR’s lack of robust spatial interaction

methods. The participant comments implied expectations for more interaction, such as

(P8, P9) “if there is an interactive way to control the vertical position of the face window,

or directly display the face window near the target object should provide better pointing

ability and efficiency.” Therefore, it is interesting in implementing a robust interactive

method for OmniEyeballVR in order to support spatial input.

Another limitation was the design of the experimental task. The current user study

suffered from a small number of samples (N=12) and the gender imbalance (10M, 2F).

Furthermore, the system was intended for a collaboration between a single occupant with

multiple designers on a design task. Yet, the experiment only investigated the communi-

cation and cooperation in a one-to-one configuration between an occupant and a designer.

The task was also focused on remote-expert instruction, which only explored in a limited

use case scenario. Therefore, it is interesting in investigating the system in a different

task configuration in order to evaluate for other applications.

6.9 Summary

This chapter presented OmniEyeballVR, which is a collaborative system using the

OmniEyeball (OEB2) terminal that allows a VR occupant and multiple designers to co-

operate across the virtual and physical worlds. This allows designers to easily view

physical assets and access the content in the VR space from any point of view. The sys-

tem also supports sharing gaze awareness cues, facial expressions, and body gestures to

enhance communication.

A user study was conducted to evaluate the system in three different conditions (1PSW,

1PFW, 3PFW) in a VR cooperation task where a designer gives instruction to a VR oc-

cupant to search for target objects. The results showed that participants mostly preferred
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the first-person view mode with the face window feature. It is quite intuitive to use, as

well as provides a good spatial presence, understanding of the partner’s focus and user

experience. The study also discussed the advantages and limitations of the third-person

mode, which helped to provide implications on how to improve such systems. It is ex-

pected that the contribution of the OmniEyeballVR will provide advice and guidelines

for future telecommunication and VR collaboration system designs.

There are further opportunities to address some of the current system’s limitations and

expand the interactive features to make OmniEyeballVR more effective for VR proto-

typing. Additionally, this work enables and points to the importance of user studies with

multiple participants simultaneously acting as designers/developers.



126
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chapter 7

Discussion

In this chapter, the insights and findings of systems and applications described in Chap-

ters four, five, and six (OEB, OEB2, and OEBVR) as well as the user study on them will

be summarized, analyzed, and discussed.

7.1 Research Goals

Following the research proposal, this research was proceeded based on the following

subject goals.

1. The combination of the spherical display with omnidirectional cameras is a suitable

choice for a 360° I/O system in panoramic video communication.

2. The invisible hemisphere issue found in the OEB experiment can be improved and

resolved with the right means and design of interaction features.

3. The proposed 360° I/O device terminal not only enables panoramic video com-

munication but also can bring possibilities to more potential scenarios about

panoramic content.
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7.2 Research Contributions

7.2.1 Insights and Findings

This research proposes 360° I/O systems combining omnidirectional cameras with a

spherical display and apply it to panoramic video communication scenarios. The validity

and usability of the system were verified through system implementation and user study.

Below, conclusions are depicted with the research goals of this study.

The combination of the spherical display with omnidirectional cameras is a suitable

choice for 360° I/O system in panoramic video communication

In this thesis, chapter 4 introduces the OEB, which combines a panoramic camera with

a hemispherical display. Chapter 5 presents the OEB2, which combines a panoramic

camera with a full-spherical display. User studies show that the combination of omni-

directional cameras with a spherical display works well in the 360° panoramic video

communication scenario.

In chapter 4, by comparing 2D flat display and hemispherical display, the main findings

show that a 2D flat display enables participants to see everything in one view but increases

cognitive load due to the image distortion and the necessity of mental rotation. The spher-

ical display can only show half of the environment at once but provides a better sense of

space and consistency/coherency of two distant spaces. As for the affordance, the up-

ward orientation of the 2D flat display affords participants to hold objects right above

the display. The spherical display affords participants to hold objects in front of their

chest naturally. The 2D flat display requires participants to look down to see the display,

which is quite unnatural for the participants when they are showing objects. A similar

issue was also reported by Licoppe et al. [47]. The spherical display does not have such

issues. The spherical display better affords one to one conversation (side-channel com-

munication) while the 2D flat display better affords many to many conversations (more

communications without standing face-to-face happened in the 2D condition). Although

the spherical display requires a participant to walk around to talk with a particular person
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or to see a particular object, such movement clearly indicates the participant’s point of

interest.

The findings of visual perception, affordance, side-channel communication, and user

preference show that the spherical display is more preferred than the 2D display and

implies it as a suitable choice for 360° panoramic video communication.

In chapter 5, the study of OEB2 further proved that the combination of a panoramic

camera with a full-spherical display could support one-to-one users to do video commu-

nication in a more complicated remote collaboration scene.

The invisible hemisphere issue found in the OEB experiment can be improved and

resolved with the right means and design of interaction features

The study of OEB reported the invisible hemisphere issue. To address this issue, the

OEB2 presents new hardware improvement as well as interactive features.

In chapter 5, the experimental results show that the features presented by OEB2 are

effective in resolving the invisible hemisphere issue, with three main contributions: (1)

Extension of the full-sphere field of view (2) OmniBar with segmentation design (3)

Physical Rotation.

1. By making OEB2 a full 360° I/O device, the participants could place any objects

at any places quite casually, which affords casual visual interaction that utilizes the

whole 360° environment in the video communication.

2. The OmniBar is a novel feature invented for OEB2. Its novelties are that 1) it

makes use of the wasted area of the OEB2 by repeating the full field of view twice,

participants can get the whole 360° view from any direction, and also 2) it’s a

natural touch interface to enable intuitive monitoring and referencing of the remote

environment.

3. The results showed that the invisible hemisphere issue was resolved by the Om-

niBar and mainly physical rotation, which caused less perceived workload in the
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remote collaboration. Furthermore, the analysis of the feature set indicated that the

participants preferred Physical Rotation more than OmniBar because of good af-

fordance and supporting better gaze awareness. It leads to a concluded implication

that more physical interaction should be supported for spherical display systems,

which is also mentioned in the user study of Qoom [69].

In chapter 6, the OEBVR system provides an additional solution to the invisible hemi-

sphere issue. By utilizing the VR fish-tank technology [18], the issue is naturally resolved

in the 3rd-person view mode. Therefore, it is interesting to find out that the invisible

hemisphere issue of the spherical display system can be addressed by the right means

and design of interaction.

The proposed 360° I/O device terminal not only enables panoramic video commu-

nication but also brings possibilities to more potential scenarios about panoramic

content

When there is only one application scenario for an interactive terminal device, it dra-

matically limits and reduces the sustainability of this terminal device, e.g., OmniEyeball

(including OEB and OEB2) can only be used as a device for video communication.

Fortunately, chapter 6 succeeds in portraying a new application scenario that makes

the OEB2 more than just a communication device that connects through two real spaces.

It also can be a communication device that connects through real and virtual spaces. As

a unique 360° I/O device, it provides a novel collaboration experience in VR and 360°

content prototyping that is never provided by the previous works. Its presentation also

hints at the possibilities that the combination of omnidirectional cameras with a spherical

display can bring new interactions in more areas.

7.2.2 Innovation

Besides the findings from the user study, the contributions of this research also come

from the novelties of the systems, which are shown as follows:
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1. The OEB supports the first study of how omnidirectional cameras support symmet-

ric 360° panoramic video communication and evaluate it in a collaboration setting.

2. The OEB2 is the first interactive system to combine a full-spherical display with

the omnidirectional camera. In addition, it is the first to design interactive func-

tions for such a 360° I/O device to support the symmetric 360° panoramic video

communication experience.

3. By utilizing spherical displays in a VR collaboration scene, the OEBVR is the first

collaboration tool to simultaneously provide a diversified viewpoint (active first-

person view and third-person view) as well as face-to-face communication in VR

collaboration prototyping.

7.3 Design Implication of 360° I/O Systems

7.3.1 The Synchronized Rotation to Support Gaze Awareness

The user study of OEB2 and VR shows that the physical rotation feature is an effective

design for a 360° I/O device. Not only does it effectively and intuitively resolve the

invisible hemisphere issue, but it also provides good gaze awareness [83] (Figure 7.1),

which is named as “Pseudo Gaze Leading Effect”. Pseudo gaze leading effect indicates

that a video communication system should provide users an intuitive way to lead a remote

partner’s gaze to the intended orientation and also presenting the user’s gaze orientation

to the remote partner. Utilizing symmetric spherical displays with physical rotation is

one of the effective solutions.

The reason the physical rotation feature proposed in this thesis is possible with the

Pseudo Gaze Leading Effect is because it is a synchronized rotation. That is, since the

camera and the spherical display are orientately bounded, the camera will also follow the

rotation synchronously when the user tries to rotate the spherical display. However, phys-

ical rotation proposed in this thesis has its limitations, e.g., physically rotating the whole

device may cause messy outside of the system. One possible solution is to implement the
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Figure 7.1: Attention from Afar [83] proposed by Xu et al..

rotation platform based on a better mechanical structure. If designers plan to implement

a similar physical rotation in the digital approach, the user can digitally rotate the display

by touching and swiping on the screen. The possible solution for the digital way may be

to use image processing to make the image of the remote display synchronically follow

the rotating input of the user.

7.3.2 Improvement for Reversed Space

Although the OmniEyeball is implemented based on the teleconference metaphor so

that the reversed space issue exists in these two systems. However, both the system’s

user study did not show this issue affected the system performance or user interaction.

In particular, OEB2’s experiment task includes an arrangement task that requires the

participant to understand the spatial orientation of the remote space and give instructions

based on the map and observed image. Nevertheless, participants gave no reports about

the reversed space issue.

The experimental results show that the reversed space issue is less likely to affect the

remote collaboration on panoramic video communication negatively. However, there is

no guarantee that it won’t appear in all the remote collaboration scenes. According to
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Figure 7.2: One solution to the reversed space issue.

Figure 7.3: DisplayBowl [54] proposed by Miyafuji et al..

chapter 4.3.3, the reversed space happens because the user observes from the outside

of a 360° spherical images. As shown in Figure 7.2, if a hemispherical display can be

designed as a bowl-shaped display so that users are able to observe the inside of the

spherical image even they are standing outside of the sphere, the reserved issue can be

resolved in this display setup.
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Fortunately, displays of this form have begun to appear in the latest studies. The Dis-

playBowl [54] proposed by Miyafuji et al. is designed for remote robot operation (see

Figure 7.3). Combining this type of display with a 360° camera may open up new possi-

bilities for panoramic video communication.

7.4 Limitations

In addition to the limitations for each of the three systems (OEB, OEB2 and OEBVR)

discussed in the respective chapters, several common limitations to 360° video I/O sys-

tems are discussed here.

7.4.1 Vertical Gaze Misalignment

Gaze misalignment is a common problem in video communication. It is caused by a

difference in the position of the camera and the display, causing a mismatch between the

direction of observation of the person in the video and the actual direction of observation

of that person. The OEB2 applies a Ricoh Theta camera standing at the top of the spher-

ical display. The vertical distance between the camera and display is not small, which

causes an unavoidable vertical gaze misalignment.

However, in the actual user experiments, few results showed that the vertical gaze

misalignment caused distress to user interaction and communication. This makes it rea-

sonable to believe that vertical gaze misalignment is not as important in the common

video-based remote collaboration.

At the same time, face feature point detection and semantic segmentation are becoming

more mature as the field of computer vision develops. If the vertical gaze misalignment

generates a negative impact on the 360° video communication in a particular scene, it is

possible to resolve this issue by correcting the gaze alignment using image processing

methods.
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7.4.2 Privacy Issue

Privacy protection has also been a common issue in video communication. Especially

when the field of view for video communication is expanded to 360°, the entire space

is transmitted unreservedly to the other side. It can render some of the user’s familiar

means of privacy protection ineffective, such as making the device’s front camera shoot

only primarily themselves.

Since the user study in this research focused primarily on remote collaboration, the pri-

vacy protection of users in daily use was not much explored. However, in the video com-

munication tool, which has been heavily used in the recent Covid-19 epidemic, available

methods are found that can be applied to 360° systems. That’s the background context

replacement. With the further development of computer vision and image processing, a

stable and efficient way of replacing backgrounds will be a simple but significant solution

to video communication’s privacy issues.

7.4.3 Limited Use Scenario

Cutting-edge technologies often encounter problems with restricted application sce-

narios. Usually, due to price, the devices used in cutting-edge technologies (such as

panoramic cameras) do not have a sufficient user base to achieve the interaction and ap-

plication revolution at the current point of time.

The proposed OmniEyeball (including OEB, OEB2) encountered a similar problem in

this study. Due to the lack of popularity of panoramic cameras, the current commercial

panoramic camera is basically only used for taking photos and videos. And in the first

half of the exploration of this study, it wasn’t easy to find any other application scenar-

ios other than video chat. This lack of an application scenario came to an end until a

combination of OmniEyeball and VR applications was discovered.

Therefore, for the similar 360° I/O devices, in addition to the interaction and functional

improvements needed for panoramic video communication application, researchers

should look more towards the VR and MR fields. It is believed that the ability of
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panoramic cameras to capture the entire space may open up more possibilities for VR

application. The relevant discussion is written in the next subsection.

7.4.4 Communications among Three Spaces

The OmniEyeball (including OEB, OEB2) applications and experiments in this thesis

are based on symmetric video communication between two spaces. Due to the limita-

tion of the number of OmniEyeball system terminals (only two terminals were imple-

mented), this thesis does not study and explore video communication among more than

three spaces. Therefore, the 360° video communication application connecting more than

three spaces is one of the limitations in this thesis.

For cases where more than three spaces are connected by video communication, the

configuration of such a system application can be designed based on the thesis’s experi-

ments and findings. The findings of this research imply that one OmniEyeball terminal

is a natural and intuitive representative of one remote space. Therefore, when using the

OmniEyeball system to connect three spaces, two OmniEyeball terminals can be set in

each space to represent two remote spaces respectively. In such a case, six OmniEye-

ball terminals are needed to enable the application for three spaces. Although the device

cost is high, such an application can tightly connect the three spaces, which may bring

benefits for specific remote collaboration scenarios.

7.5 A Vision for the Future

7.5.1 Commercial Prospects

As discussed in chapter 1, more digital I/O devices support video communication

within three decades. Such as laptops, smartphones, or tablets, combined the 2D display

with small embedded cameras together as image input and output. As 360° panoramic

cameras become more and more accepted and used by the general public, it is envisioned

that 360° image I/O terminal devices will also be available to the public.
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Figure 7.4: The Meeting Owl produced by Owl Labs.

Recently, some latest video conference cameras, such as Meeting Owl 1 (Figure 7.4)

or Kandao Meeting 2, embed 360° cameras to support 360° panoramic remote confer-

ence experience. However, in order to control costs and selling prices, these commercial

products have compromised on the display side. In order to adapt to the big monitors that

have been adapted in most meeting rooms, they improve some of the drawbacks of 360°

panoramic images displayed on a 2D screen with a proper 2D UI design.

The first is that because the camera and monitor are placed separately (the camera is

in the center of the conference table, while the monitor hangs on one side of the wall),

the user’s gaze will not be able to properly convey the message when making a video

communication this way. For example, when a user is looking at the remote partner, his

gaze appears to be looking not at the remote partner but to the side.

The second reason is that the 360° panoramic image actually contains very rich ori-

entation information. By combining with a 360° display (e.g., a spherical display), this

orientation information is possible to get a very intuitive expression and application, such

as the “Pseudo Gaze Leading Effect”. Therefore, to meet the needs of the increasingly

1https://www.owllabs.com/meeting-owl
2https://www.kandaovr.com/kandao-meeting/
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diverse applications of remote collaboration scenarios in the future, it is still quite impor-

tant to explore the possibility of a commercial combination of the 360° panoramic camera

with a 360° stereo display. The OEB2 presented in this research shows one possibility to

that future.

As this paper is being written, the world of 2020 is becoming different than ever be-

fore because of Covid-19. Remote-education, teleconferencing, and video communica-

tion applications are being diffusely used to increase social distance. In particular, two

teleconferencing software programs, Zoom and DingTalk, are widely used by schools

and companies. If the 360° I/O devices proposed in this paper could be easily adapted to

these popular video communication software, it would be very beneficial to the promo-

tion of 360° video devices. Currently, my colleagues and I are trying to implement APIs

for 360° video devices, so that the next generation of OmniEyeball can be easily used

through the Zoom/Skype connection.

7.5.2 Mobile 360° Video Communication Application

The previous subsection mainly discusses the prospects of a desktop-based 360°

panoramic video communication device; this subsection focuses on the mobile site and

discusses the mobile 360° video communication application. The main interaction de-

vices on mobile are still smartphones and smart tablets. Currently, there are already many

360° cameras that support wireless or port connection to the smartphone. Then, how can

the mobile smart devices plus 360° cameras support mobile 360° video communication

may become a good research topic.

Insta360 once proposed a 360° video chat application by utilizing their Insta360 Nano

S camera 3 with smartphones (Figure 7.5). However, their video chat application con-

figuration is uni-directional, which means that the 360° camera is only used at one side.

Therefore, it seems that there are several future research topics, to support symmetric

mobile 360° video communication by using mobile smart devices with 360° cameras,

3https://www.insta360.com/product/insta360-nanos
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Figure 7.5: The 360° video chat application enabled by Insta360 Nano S camera.

The first question is that since 360° video communication enables actively observing

any side of the remote space, how can a user know which side the remote person is

looking at? In the case of using the OmniEyeball system, the user can intuitively know

it by checking the gaze or facing direction of the remote person’s image on the spherical

display. However, since the mobile smart devices usually only equip a 2D display, this

will be an issue to solve.

The second question is that, by using the Pseudo gaze leading effect introduced in

OEB2, the OmniEyeball system user can easily guide the remote person to see any local

direction by physical rotation. In the case of conventional mobile video chat, the user

can guide the remote person by moving and rotating the smartphone because the back

camera of the smartphone can only capture in one direction. However, when combining a

smartphone with 360° cameras, the directionality of the 360° camera becomes confusing.

So I believe this may also become an issue to solve in mobile 360° video communication.
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Figure 7.6: DL-based computer vision with 5G cloud computing support new OmniEye-

ball.

7.5.3 Computer Vision with 5G Cloud Computing

The OmniEyeball, as an interactive device equipped with a 360° camera, is bound to

be tightly integrated with computer vision. Different from traditional hand-held smart-

devices, the OmniEyeball system needs a robust user detection method to provide a

proper user interface for multiple users. In the current version, only DL-based face detec-

tion is used. However, limited by the device’s computing power, current face detection

algorithms do not provide highly accurate real-time face detection. Besides, applying

gaze, hand, and pose detection may also support diversifying user interaction.

Enabling many vision-based algorithms will put a huge computational cost on local

devices. The latest 5G network with cloud computing technology may provide a solu-

tion to this situation. The 5G mobile network may provide 10Gbps data up/downloading

speed, which can transmit the high-resolution live streaming with low latency. In addi-

tion, since the live video must be transmitted to the cloud to be sent to the remote site,

utilizing cloud computing to process the vision-based algorithm seems quite reasonable.

Therefore, I believe the 5G technology with cloud computing can play an essential role

in the high-resolution 360° video communication (Figure 7.6).
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Figure 7.7: The 360Drops system proposed by Teo et al..

7.5.4 VR Communication Scenario

The OmniEyeballVR makes the OmniEyeball system more than just a communication

device that connects through two real spaces, and it also can be a communication device

used for the VR field. The implementation of the OmniEyeballVR application shows

the possibility to connects through real and virtual spaces. However, is there a possible

scenario where communication between the two virtual spaces needs to be implemented?

The 360Drops [75] proposed by Teo et al. showed that space could be represented

as a virtual sphere in VR (see Figure 7.7) for communication and collaboration. Then,

one conceivable scenario is that in the future, when two people in their respective virtual

spaces, if they want to just make video communication rather than meeting one virtual

space, could they do such video communication by using two virtual OmniEyeball? It

is expected that the insights and implications of this work can contribute to the research

about VR-to-VR communication.
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Chapter 8

Conclusion

This thesis introduced full 360° image I/O systems, OmniEyeball (including OEB,

OEB2), which combines an omnidirectional camera with a spherical display to support

the symmetric 360° panoramic video communication. The system overview is presented

in detail, which makes it solid reproducible. The experiment was conducted to prove

such 360° panoramic video communication can support multiple users for remote col-

laboration. Furthermore, a VR application tool named OmniEyeballVR was introduced,

which supports communication and cooperation in VR prototyping and design.

Chapter One introduces the background of video communication systems and exist-

ing issues, narrow field-of-view. Then, the research motivation of the proposed 360°

panoramic I/O system in this thesis is presented.

Chapter Two presents related works of the 360° video communication system, which

consists of two parts: video communication systems and spherical display systems. Then,

the existing limitations of the previous researches are listed.

Chapter Three explains the research proposal in detail, which presents how the pro-

posed system can solve the existing issue in video communication systems. Meanwhile,

a prototype system is introduced, which helps to confirm the implementation method for

the OmniEyeball system.

Chapter Four introduces the OmniEyeball system. It supports to explore the possibili-

ties of using 360° hemispherical video communication systems to assist symmetrical re-

mote collaboration. The experimental results showed that the proposed systems enabled

two pairs of people to communicate over the distance simultaneously from anywhere
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around the devices. However, subjective results indicated that participants preferred the

spherical display (the OmniEyeball condition) over the 2D flat display. This could possi-

bly be due to better image quality (less distortion) and a better sense of three-dimensional

space, directional relation, and telepresence.

Chapter Five firstly analyzes the limitations of the OmniEyeball system. Then, to ad-

dress these limitations, an improved symmetric full 360° video communication system,

OmniEyeball2, is presented. The OmniEyeball2 is designed to have four novel features

to support remote observing and increased shared awareness. Based on the evaluation

of the comparative experiments, the four features were effective in reducing the incon-

venience mainly caused by the partial invisibility of the spherical display. The results

also indicate how the proposed features supported the remote space awareness and gazed

leading intuitively and effectively.

Chapter Six presents an MR cooperation application of the whole OmniEyeball

project, named as OmniEyeballVR. It utilizes the OmniEyeball2 to allow a VR occu-

pant user and multiple designers to cooperate across the virtual and physical world. This

allows designers to easily view the physical assets and access the content in the VR space

from any point of view. The system also supports sharing gaze awareness cue, facial ex-

pression, and body gestures to enhance communication. A user study was conducted to

evaluate the system. The results showed that participants mostly preferred the first-person

view mode with face window feature as it is quite intuitive to use, as well as providing a

good spatial presence, understanding of the partner’s focus, and user experience.

Chapter Seven presents the insights and findings of systems and applications described

in Chapters four, five, and six (OmniEyeball, OmniEyeball2, and OmniEyeballVR). The

user studies on them are summarized, analyzed, and discussed. Furthermore, it discusses

how the findings and contribution of the whole OmniEyeball video communication sys-

tems (including OEB, OEB2), as well as its VR application, can provide advice and

guidelines for future telecommunication and VR collaboration system designs.

A conclusion graph of the whole thesis is shown in Figure 8.1.
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Figure 8.1: A conclusion graph of the whole thesis.
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