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This dissertation aims to address the challenges of sharing experiences over

time and space by leveraging the combination of VR/MR and 3D reconstruc-

tion technology. The Transformed Social Interaction theory inspired the design

and evaluation of three transformations that enable novel experience-sharing

methods for 3D reconstructed experiences.

The Time Transformation in ReliveInVR allows users to capture and re-

live their VR experience in VR with time-machine-like controls. Study results

suggest its potential to enhance sharing of VR experiences across time and

space, emphasizing the importance of incorporating such transformations in

experience-sharing tools.

ReliveReality uses the Time and Representation Transformations to recon-

struct physical world experiences in 3D and offer obfuscated, blurred versions

of highly detailed reconstructed experiences to weak ties, addressing privacy

concerns. Study results demonstrate the potential of the Time and Representa-

tion Transformations to make sharing of reconstructed experiences more acces-

sible and secure, improving the sense of immersion and social presence.

The MRTransformer offers different Behavioral Transformations to facilitate

remote mixed reality (MR) collaboration, preserving nonverbal cues by trans-

forming remote users’ avatars in incongruent spaces. Study results indicate that

the MRTransformer’s ability to see remote objects and change the placement of



collaboration areas and remote collaborator’s avatars made it easier for partici-

pants to solve issues across different spaces.

Through the design, development, and evaluation of these prototypes

with different transformations, this dissertation demonstrates the potential of

VR/MR and 3D reconstruction technology to transform how we share experi-

ences over time and distance. These transformations enable new methods of

sharing experiences, enhance the sense of presence and co-presence between re-

mote participants, and improve the quality of shared experiences overall. These

findings have important implications for developing technologies and applica-

tions that aim to facilitate remote collaboration, social interaction, and experi-

ence sharing.
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CHAPTER 1

INTRODUCTION

People often share their experiences in order to bring entertaining content to

others, strengthen social connections, or simply for the self-ful�llment of shar-

ing [159]. These shared experiences can be the social experiences that people

create and share synchronously in the same space or the personal experiences

that people had at different places before. They can also take place in the phys-

ical world or the virtual world. Advancements in technology, particularly in

Virtual Reality(VR)/Mixed Reality(MR), have opened up new opportunities for

people to share their experiences.

VR and MR technologies offer innovative approaches to experience-sharing,

such as Social VR and remote MR collaborations, enabling people to connect

and interact across different spaces and times. Recent advancements in com-

puter vision and 3D reconstruction technology have revolutionized the possi-

bilities for reconstructing real-world experiences in 3D. Researchers have pro-

posed techniques for generating avatars for users, capturing 3D human move-

ments, and reconstructing 3D environments using off-the-shelf hardware such

as VR controllers, depth cameras [21, 118, 117], or even just RGB cameras

[144, 7, 85]. As a result, our physical world experiences can be reconstructed

and shared in virtual worlds, blurring the boundaries between virtuality and

reality.

Previous research has focused on using VR/MR and 3D reconstruction tech-

nology to enhance communication and shared experiences. However, there

has been limited attention given to developing tools for sharing past experi-

ences and those that took place in different locations. To address these gaps,

1



Figure 1.1: The Shared Experience Time/Space Matrix categorizes shared
experiences into four distinct groups based on the time and
space in which they occur.

I propose a Shared Experience Time/Space Matrix that classi�es shared expe-

riences based on when and where they occurred. This matrix includes four

categories: Same Space, Present; Same Space, Past; Different Spaces, Present; and

Different Spaces, Past. By using this matrix, we can better understand the unique

challenges and opportunities associated with each category of shared experi-

ence and develop more effective tools for sharing them.

1.1 Shared Experience Time/Space Matrix

Inspired by the canonical CSCW matrix [42, 75, 127] used to categorize collabo-

rative systems, I classify shared experiences into four different categories based

on their occurrence in time and space. Occurrence in space refers to where the
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shared experiences take place, including both physical and virtual spaces, and

is divided into Same Space and Different Spaces. Occurrence in time refers to

when the shared experiences occur and is divided into Present and Past. Thus,

shared experiences can be classi�ed into four categories: Same Space, Present;

Same Space, Past; Different Space, Present; and Different Space, Past. Figure 1.1

demonstrates the prior VR/AR research supporting experience sharing in each

category.

1.1.1 Synchronous Social Interaction in VR - Same Space,

Present

One typical example for shared experiences that occurs in the same space at the

same time (Same Space, Present) is synchronous social interaction in VR. Collab-

orative or Social Virtual Reality (VR) enables multiple users to interact with one

another through VR head-mounted displays in collaborative virtual environ-

ments and creates new opportunities for online social interactions and sharing

experiences. Researchers have coupled VR and 3D capture and reconstruction

technology to explore different techniques to support synchronous social inter-

actions in VR.

For instance, tracking and reconstructing users' head and hands movements

enables avatar-mediated collaboration in VR. Avatars can provide awareness of

a collaborator's interaction context by representing physical states, such as lo-

cation, pose, movement, or hand gestures. Previous research shows that adding

a representation of the user's body can improve collaboration in shared AR and

VR experiences. They increase Social Presence, enable people to use natural
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non-verbal communication cues, and support shared interaction with the vir-

tual content in the space [152, 178, 165].

In addition, the capability to situate a user in a 3D reconstructed environ-

ment is a key component of how immersive technology brings collaborative

settings closer to face-to-face collaboration [20, 37]. Collaborative systems like

RemoteFusion [5], OpenIMPRESS [86], and BeThere [154] use this capability to

immerse remote experts in a 3D reconstruction of the local task environment,

enabling them to move around the space independently like they would in the

real world. These reconstructions have been shown to improve spatial aware-

ness and social presence among remote experts while allowing for greater free-

dom of movement and independence of perspective [11, 91].

1.1.2 Asynchronous Collaboration in VR - Past, Same Space

Prior studies on collaborative virtual environments (CVEs) have suggested

capture and later replay of reconstructed interactions (e.g., speech, body lan-

guage, and scene manipulations) as an effective medium for supporting time-

distributed collaborators to discuss and review 3D experiences in an immer-

sive, expressive, and asynchronous way. While the creation, preservation, and

later consumption of information in VR have been considered in existing re-

search, the asynchronous combination of these actions has seldom been consid-

ered [32]. V-Mail [71] and MASSIVE-3 [63] are the most relevant approaches

where the capture and replay of rich, multi-modal interactions were applied for

asynchronous communication. With advancements in computer vision based

on 3D cameras, researchers have demonstrated successful capture and replay of
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reality, effectively making reality ”asynchronous” [48].

While previous research has mainly focused on shared experiences falling

under the Same Space, Present and Same Space, Past categories, there is a re-

search gap in exploring shared experiences that fall under the Different Space,

Present and Different Space, Past categories. These categories could pose

unique challenges, such as reconstruction and sharing of personal experiences

and communication barriers from incongruent environments, which require

further investigation.

1.1.3 Sharing Past Experiences - Different Spaces, Past

When people want to share their past experiences with others, they often use

photos or videos to help convey their memories. This type of sharing falls under

the Different Space, Past category since the physical space and time in which the

experience occurred are different from the present. In this case, sharing typically

is done as a social act to reminisce about one's experiences [35, 52]. In addition to

photos, people share videos to enjoy an experience together [123], or to support

conversation [114]. As an alternative to watching videos independently, other

work has developed systems to allow co-watching traditional videos [107, 153,

57, 158] or 360-degree videos [160, 119].

However, one major challenge with this type of sharing is that photos and

videos may not fully capture the essence of the experience or convey the emo-

tional impact. In addition, the shared content may not provide a comprehensive

view of the environment, which may lead to misunderstandings or misinter-

pretations. To address these challenges, 3D reconstruction and virtual environ-

5



ments can be used to create immersive and interactive experiences that allow

individuals to explore and interact with the environment in a more realistic way.

By using 3D reconstruction to recreate the physical space and virtual environ-

ments to simulate the experience, individuals can better understand and engage

with the shared experience, even if they were not present in the original space

and time.

While VR/MR and 3D reconstruction technology offer promising ways to

share experiences across different spaces and times, addressing challenges re-

lated to accuracy and completeness of the 3D reconstruction, ethical considera-

tions, and privacy concerns requires further research.

1.1.4 Room-scale Remote MR collaboration - Different Spaces,

Present

One example of a shared experience in this category is remote mixed reality

(MR) collaboration, where users in different physical locations can collaborate

in a shared MR environment. Advances in MR have enabled 3D avatar-based re-

mote collaboration, in which a local user can interact with a remote user through

a virtual avatar that represents the remote user, as if they were in the same space.

However, unlike virtual reality (VR) that brings people to the same collab-

orative virtual environment, remote MR collaboration faces the challenge of

aligning the virtual and physical spaces in a way that makes sense for all partic-

ipants. If the virtual and physical spaces are not properly aligned, participants

may have dif�culty navigating the environment and coordinating their actions
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with one another. Moreover, if the remote spaces have different sizes and furni-

ture arrangements, directly applying a user's motion to an avatar makes com-

munication ambiguous and error-prone. To address this challenge, current re-

mote MR collaboration tools such as Spatial [3] or Microsoft Mesh [4] support re-

mote MR collaboration in a user-de�ned area. Recent research has investigated

3D environment reconstruction techniques to align and merge incongruent re-

mote workspaces for a shared virtual environment [33, 156]. However, these

methods are limited to a sub-space, and a signi�cant research gap remains in

facilitating synchronous room-scale experience sharing in dissimilar spaces and

effectively reconstructing and representing past experiences in a collaborative

virtual environment.

1.2 Transforming 3D Reconstructed Experiences

With rapid advancements in computer vision and 3D reconstruction technol-

ogy, people can now capture and share their experiences, including avatars,

movements, and environments, in 3D or even in VR. Unlike sharing photos or

videos, where users can only view the recorded experience from the perspec-

tive where the camera was placed, 3D reconstructed experiences allow people

to move around and view them from different angles. Despite the many poten-

tial bene�ts of combining VR/MR and 3D reconstructed experiences, sharing

these experiences also raises privacy concerns and other critical, yet unexplored

research questions.

Virtual Reality (VR) opens up new possibilities by allowing virtual social

interactions to diverge from behavior in the physical world, which can change
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the nature of social interaction in collaborative virtual environments. Bailenson

et al. [12] introduced the concept of transformed social interaction based on the

idea of decoupling users' rendered behavior from their actual physical behavior

in virtual collaborative environments. Such a system can improve communica-

tion, for example, by directing a speaker's attention to multiple listeners [16]

or altering a user's avatar behavior to mimic the nonverbal behavior of others,

known as the Chameleon Effect [89].

Inspired by the Transformed Social Interaction theory, this dissertation ex-

plores various transformations that enhance reconstructed experiences to better

support the sharing of people's experiences.

1.3 Contributions

The primary objective of my dissertation research is to explore how VR/MR

and 3D reconstruction technologies can be utilized to enhance the sharing of

experiences over time and space. After identifying two critical research gaps in

sharing of past experiences and synchronous MR experiences that occur in dis-

similar spaces, my research involves designing transformations that enhance re-

constructed experiences in order to facilitate more effective and engaging shar-

ing of these experiences.

Throughout this dissertation, I showcase three types of transformations:

Time, Representation, and Behavioral transformations, that aim to address these

research gaps. I design and evaluate proof-of-concept prototypes for each trans-

formation, and the design and evaluation of these prototypes are the main con-

tributions of this dissertation.
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• Presenting Time Transformation with ReliveInVR prototype that allows

people to capture and relive their recorded VR experience in VR socially

with time-machine-like controls.

• Conducting a user study to understand the experience of people when

they share their VR experiences remotely, comparing ReliveInVR with

other current sharing tools.

• Designing ReliveReality which utilizes 3D reconstruction techniques and

Time Transformation to reconstruct physical world experiences in 3D with

an RGB camera and relive them in social virtual environments, improving

immersion and social presence for a more satisfying shared experience.

• Introducing Representation Transformation to mitigate privacy concerns

of sharing 3D reconstructed experiences, by offering obfuscated versions

of highly detailed reconstructed experiences to weak ties, making sharing

more accessible and secure.

• Presenting the design and evaluation of MRTransformer (i.e., Behavioral

Transformation), a novel technique that enables synchronous room-scale

Mixed Reality remote collaboration between participants in incongruent

physical spaces.

• Describing a user study that investigates the feasibility of MRTransformer

and the impact of both the transformed avatar behavior and occlusion

awareness on people's experience of social presence and collaboration ex-

periences.
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1.4 Dissertation Overview

We now outline the structure of the remainder of this dissertation.

Chapter 2 - Background : In this chapter, I review related literature on 3D

reconstruction techniques, collaboration in AR/VR, Transformed Social Inter-

actions, as well as present a theoretical framework combining three theories

including Self-presentation theory, Behavioral Theory of Privacy, and Trans-

formed Social Interaction. The knowledge of this chapter informs the main body

of the research presented below.

Chapter 3 - ReliveInVR: Socially Reliving Virtual Reality Experiences

When Separated: This chapter describes the �rst type of transformation, Time

Transformation and presents the design and evaluation of ReliveInVR, which

allows multiple users to immerse themselves in the relived VR experience to-

gether and independently view the experience from any perspective.

Chapter 4 - Shared Realities: Avatar Identi�cation and Privacy Concerns

in Reconstructed Experiences : Motivated by the promising results of the Re-

liveInVR study, in addition to capturing and reliving virtual experiences, this

chapter aims to present the ReliveReality prototype that allows people to re-

construct their “physical world” experiences in 3D with only a RGB camera

and share them in social VR environments. I also introduce the Representation

Transformation for mitigating privacy concerns.

Chapter 5 - MRTransformer: Transforming Avatar Non-verbal Behavior

for Remote MR Collaboration in Incongruent Spaces : This chapter presents

the Behavior Transformations and describes the design and evaluation of MR-
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Transformer, a novel technique enabling synchronous Mixed Reality remote col-

laboration between participants in incongruent physical spaces.

Chapter 6 - Conclusions : This chapter concludes this dissertation by re�ect-

ing on the design journey, implementation and evaluation of these projects. We

discuss the issues and limitations of this work and suggest new opportunities

for future research on supporting sharing experience across time and spaces.
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CHAPTER 2

BACKGROUND

In this chapter, I �rst discuss the development and advancement of research

efforts in reconstructing physical-world experiences in 3D. Next, I summarize

the prior work on collaboration and general multi-user interaction in VR/MR.

Then I describe the Transformed Social Interaction theory and summarized the

several transformations in prior work as well as identify their current limita-

tions and challenges. Finally, I propose a Adaptive Transformation framework,

a theoretic framework to help researchers design transformations that transform

3D reconstructed experiences to satisfy people's needs of self-presentation and

privacy-preserving when sharing them.

2.1 Bridging the Physical World and Virtual World

Research in human–computer interaction and computer vision seeks to bridge

the gap between the physical and the virtual world. Recent advances in 3D

scanning technology have enabled the highly detailed capture and generation

of 3D models including small objects, humans, and the physical environments.

Volumetric capturing and performance capture of humans in 3D are active ar-

eas of research in the computer vision and machine learning communities over

the last few years. There is a large body of work on of�ine and real-time multi-

view capturing systems with multiple RGB or RGB-D cameras [124]. Recently,

deep learning methods have brought revolutionary advances in computer vi-

sion and machine learning. Without the need of depth cameras or professional

multi-camera rigs, people now can even capture and reconstruct their real-life
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experiences in 3D with standard RGB cameras [126, 176].

Reconstructing 3D Human Avatars

3D human reconstruction has been explored for several decades in the �eld of

computer vision and computer graphics. Accurate methods based on stereo or

fusion have been proposed using various types of sensors [117, 149, 135, 21],

and several applications have become popular in sports, medicine and enter-

tainment (e.g., movies, games, AR/VR experiences). However, these setups

require multi-camera rigs or RGB-D cameras. Recently, rapid progress in deep

neural networks has made full 3D human reconstruction with detailed geom-

etry and appearance possible, whether using a few images [143, 70, 144] or a

video sequence [8, 7, 131].

3D Human Pose Estimation from Videos

Motion capture from monocular video offers many advantages, such as simple

setup, low cost, and a non-intrusive capture process. While 3D human pose

estimation from videos is highly challenging due to depth ambiguities and oc-

clusions, signi�cant progress has been achieved in recent years by data-driven

learning-based approaches. Due to the availability of video datasets associated

with ground truth motion capture data (e.g., Human3.6M [72] and HumanEva

[151]), some methods (Mehta et al. [112, 111]) trained end-to-end models to ex-

tract the poses directly from the image pixels. However, they do not perform

well on in-the wild datasets like 3DPW [164] and MPI-INF-3DHP [36]. Another

family of 3D pose estimators [36, 132, 125] uses a two-stage approach to “lift”
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off-the-shelf 2D keypoints [28, 47, 27] into 3D joint locations either by regres-

sion [30, 109] or model �tting [22]. A parallel line of research aims at jointly

recovering human shape and pose [78, 173, 85].

3D Environment Reconstruction

In recent years, the three-dimensional (3D) reconstruction of semantically rich

and geometrically accurate indoor environments has emerged as a signi�cant

and challenging task. Most of the current indoor 3D models acquisition tech-

nologies are based on LiDAR [46], Kinect depth cameras [118], or image-based

approaches such as robot simultaneous localization and mapping (SLAM) [6]

or photogrammetry [113]. A comprehensive review of all state-of-the-art tech-

niques for the 3D reconstruction of indoor environments is outside the scope of

our paper but has been well reported in [79].

2.2 Synchronous and Asynchronous interactions in VR/MR

For discussing collaboration and general multi-user interaction in VR/MR, we

will coarsely follow the CSCW Time-Space Matrix [42, 75, 127], which contains

the two orthogonal dimensions place and time (each either same or different).

2.2.1 Synchronous Interaction

Social Virtual Reality (VR) invites multiple users to join a collaborative virtual

environment, which creates new opportunities for remote synchronous com-

14



munication. Social VR has attracted a large stream of research exploring its po-

tential for creating innovative communication approaches, supporting remote

experience sharing and collaboration in diverse scienti�c, artistic, informational

and educational domains. [39, 141].

Several previous systems were designed for synchronous collaboration in

MR [93, 130, 172]. An early example of a synchronous—co-located MR inter-

face is Shared space by Billinghurst et al. [19] with which two AR users could

interact with the same virtual content in the same physical space. ShareVR [64]

allowed two users to interact synchronously but asymmetrically in the same VE,

with one user experiencing it in VR and the other via projection mapping. One

Reality [136] combined various display technologies (hand-held AR displays,

HMDs) to seamlessly transition between physical and virtual interaction while

collaborating in a shared physical space. In Slice of Light [62], realities of differ-

ent co-located VR users were spatially separated, such that one of the VR users

(e.g., with a teacher role) could physically walk in and out of the realities of the

other VR users (e.g., student roles).

2.2.2 Asynchronous Interaction

A common basis for asynchronous systems is the ability to record and play back

users' actions. Recording and replaying within a 3D environment have been ex-

plored in games such as Starcraft II and Toribash. Galvane et al. [56] and XR

studio [116] provided pre-visualization tools and virtual production techniques

to support �lm-making and live immersive streaming instructions for VR and

MR, respectively. Vreal is a plugin for VR games that allowed users to record
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and store their VR content. Earlier work such as “Just follow me” [174] have

explored recording and replaying of 3D virtual avatars. The Virtual Mail sys-

tem [71] supported recording an avatar's gestures and audio together with the

surrounding environment. vAcademia [115] allowed users to record and share

their presentations in a 3D virtual environment. “Who put that there?” [98] al-

lowed for temporal navigation within a spatial recording to track the position

and location of various virtual objects. Furthermore, Lopez et al. [102] pre-

sented research on recording and (immersive) playback of VR sessions. Knierim

et al. [84] present a system that visually slows down time for the user and then

speeds up time again to catch up with reality. Lilija et al. [99] presented an ap-

proach that allows to use spatial information to navigate immersive animations.

Using similar recording and playback capabilities (and/or the ability to anno-

tate physical objects [73]), researchers previously demonstrated the potential of

asynchronous collaboration in MR. Chow et al. [32] presented a VR system that

enables recording of messages that include audio together with deictic gestures

(e.g., to point to virtual objects) within a purely virtual space so that it can be

played back at a later point by a collaborator. Systems for authoring MR in-

structions use similar concepts [69, 167]. Most related are systems that record

instructions ad-hoc without any post production. For example, Lee et al. [92]

enabled users to record �rst-person videos and create spatial cues so as to be

played back by a different AR user in the same space but at a different time.

Fender et al. [48] presented AsyncReality system that volumetrically captures

physical events and allows immersed users to experience those events in an

asynchronous yet causally-accurate manner
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2.3 Transformed Social Interaction Theory

Bailenson et al. [12] presented the concept of transformed social interaction

based on the idea of decoupling users' rendered behavior from their actual

physical behavior in virtual collaborative environments. The concept of trans-

formed social interaction [12] has demonstrated that strategic decoupling of ren-

dered forms and behaviors from the actual ones in the physical world creates

unique opportunities to augment social interactions in a positive way For exam-

ple, all teachers try to pay equal attention to their students, since teacher gaze

can foster student engagement. Unfortunately, a teacher cannot gaze at each

student a majority of the time. But, by transforming gaze, each student can per-

ceive the teacher as gazing at him or her more than 50% of the time, as each

student has the scene rendered differently than all other students [16].

2.3.1 Transformed Avatar Apperance

Dramatic and subtle changes to appearances or behaviors can be made to our

avatars for social advantage. For example, a digital avatar could incorporate

20% or 40% of someone else's face. Studies have shown that both behavioral

[15] and visual mimicry [13] can make a person more persuasive. Changes in

digital self-representation can also be used to modify a person's own attitudes

and behaviors. For example, users in tall avatars became more aggressive in a

negotiation task than users in short avatars [177]. And users placed in avatars

of an elderly person held fewer negative stereotypes of the elderly in general.
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2.3.2 Transformed Avatar Movements for Remote Collabota-

tion

Previous research has examined various “transformations” in which avatars can

be transformed to improve communication. Roth explored hybrid and aug-

mented gaze [138], augmented mimicry [139], as well as visual transformations

of social phenomena in multiuser VR that lead to increased social presence [137].

Piumsomboon et al. [129] increase the social presence and task performance by

modifying the position, scale, and body pose of a remote user's avatar to ensure

that her/his gestures are always inside the local user's �eld of view.

Hoppe et al. [68] use user-speci�c transformations of virtual objects and

avatars to provide a shared point of view. Their system reduces mental load and

increases task performance compared to an unmodi�ed CVE. Sousa et al. [155]

mirror the worker's representation and the 3D workspace to provide two users

facing each other with an identical point of view. They found that especially

instructors bene�t from the shared perspective regarding task performance and

user preference as less coordinate system conversions are needed. Gaze and

deictic gestures are critical for non-verbal communication, especially in 3D col-

laboration that involves object interaction. Researchers developed several ap-

proaches [82, 80, 171, 74, 179] that retarget the user's gaze and deictic gestures

to the space with dissimilar objects and user arrangements. Prior work on trans-

formed avatar movements inspired us to develop a technique, MRTransformer,

that segments the incongruent spaces into customizable local-remote Interac-

tion Zone pairs and computes the transformation that transformed the avatars

to preserve the semantics of the remote user's movement.
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2.4 Adaptive Transformations Framework

2.4.1 The Presentation of Self and Impression Management

Self-presentation refers to tactics used to convey a desired impression by con-

trolling the disclosure of one's information [59]. Goffman conceptualized self-

presentation in terms of dramaturgical performance. Speci�cally, he used the

metaphor of an actor performing a role in a play in order to explain how indi-

viduals communicate or express messages to an audience. Individuals are con-

stantly and actively engaged in performing a role, the self, and this performance

is put on for the outside world, the audience, which interprets the meaning asso-

ciated with this performance. Either correctly or incorrectly, the audience makes

an attempt to interpret the messages the actor generates, through their perfor-

mance, and come to an understanding of who the performer is.

The concept of self-presentation is of key importance in the context of shar-

ing experiences online, as users share information about themselves with other

users. They are building their social identity through the use of written and vi-

sual communication [31]. Users gain peer acceptance through self-presentation

that helps to build relationships with other individuals[10]. Thus, they may uti-

lize strategies of self-presentations to only disclose information which sustains

a positive portrayal of the user. On a similar level, users may be more likely to

hide or obscure content that would negatively impact this idealized portrayal.

For example, if someone is on the job market, they may decide to solely post

information that portrays the self in a certain way (e.g., professional, kind, re-

sponsible), while hiding tagged photos of themselves in compromising situa-

tions. Similarly, a college student who is post-breakup may post only happy
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pictures to purposefully convey a happy self, even if that is not the case. Both

of these examples related to Goffman's notions of signs and symbols to portray

and idealized self.

2.4.2 Self-presentation in Sharing Reconstructed Experiences

Goffman's dramaturgy metaphor can be applied to the sharing 3D recon-

structed experience” as well. We can view the relived experience as a perfor-

mance where the reconstructed avatar is the actor and the reconstructed 3D

environment is the staging of the performance and think about manipulating

self-presentation in reconstructed experience in terms of altering on appear-

ance, setting and manner of a performance. Goffman describes appearance

as the way one thinks about and manipulates visible attributes of the self to

cultivate a particular impression. The setting, in keeping with Goffman's dra-

maturgical metaphor, is analogous to the staging of a performance. The recon-

structed physical environment can be considered as the “setting” in the context

of reliving a reconstructed experience. Manner refers to the ways in which the

actor/self behaves or carries himself to cultivate a particular impression (e.g.,

facial expressions, mannerisms, accents). These attributes, when viewed by the

audience, become cues that are interpreted to form an impression People select

and craft physical environments that re�ect and reinforce who they are. If peo-

ple capture and reconstruct their experiences in 3D, those cues in the physical

environments will also be captured and shown in the reconstructed physical

environments. When they share their reconstructed experience to others, re-

cipients can move around and view information in the reconstructed physical

environments to form impressions of what the sharers of those reconstructed
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experiences are like as shown in the previous sections. Thus, in order to satisfy

the needs of impression management in the relived experience, we should ex-

plore and design techniques that allow sharers (i.e. actors) manage a speci�c

desired impression by altering the cues and information in the reconstructed

physical environment.

2.4.3 The Behavioral Theory of Privacy

Privacy is a multifaceted concept and researchers from different disciplines,

including philosophy, law, communication, social psychology, and Human-

Computer Interaction (HCI) have proposed various theories, such as Communi-

cation Privacy Management Theory (CPM) [128], Contextual Integrity (CI) [120]

and Behavioral Theory of Privacy [25] to study privacy from various perspec-

tives.

In social VR experiences, avatars or shared 3D content that contain rich vi-

sual information (e.g. photorealistic avatars and personal 3D content) are likely

to cause privacy issues when presented or shared with others. To better address

the privacy issues, we look into the behavioral theory of privacy [26], which has

been shown to be particularly useful in the context of sharing photos [96, 97].

The behavioral theory of privacy focuses on two key elements that in�uence

privacy – information content, and information recipient. Adjusting either re-

cipient or content would affect privacy as shown in the lower part of Figure

2.1. Focusing on these two elements helps us to highlight the needs of differ-

ent transformations for different viewers and content when people share their

experiences.
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2.4.4 Privacy Concerns in Sharing 3D Reconstructed Experi-

ences

Sharing 3D reconstructed experience allow people to move around and relive

the experience socially. However, giving viewers the freedom to explore could

raise critical yet unexplored privacy concerns that current privacy research on

photos and videos fails to address.

For instance, people may move closer to view the details of other individuals

and contents which only appear relatively small in the background of original

photos or videos. In addition, the freedom of movement and the �delity of

recreated 3d contents might affect people's privacy concerns and sharing deci-

sions. Besides, there may also be instances where a person doesn't wish to be

identi�able by the avatar that looks like the physical self. For example, in some

cases, people may want to conceal the identity of themselves but preserve some

of their properties such as facial expression, gender, and skin color (e.g., docu-

menting an user study while providing participants with anonymity). In other

situations, one may want a �lter that reveals the identity but conceals other

properties (e.g., to obscure an embarrassing facial expression).

In addition, the current photos and videos processing techniques can only

help users to edit the photos/videos to be the idealized presentation but can't

be directly utilized for 3D reconstructed experience. Therefore, it's critical to

investigate how to design techniques to allow users to craft their presentations

depending on factors such as the audience or setting.
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Figure 2.1: Adaptive Transformations framework combining three theo-
ries including Self-presentation theory, Behavioral Theory of
Privacy, and Transformed Social Interaction.

2.4.5 Adaptive Transformations based on Sharing Content and

Audience

Transforming social interactions has been a key promise of virtual reality. By

changing the relationship between the physical self and avatar representation in

collaborative virtual environments, self representation can be manipulated, sen-

sory capabilities can be extended, and temporal/spatial contexts can be trans-

formed. As Goffman's work suggests, self-presentation depends on the audi-

ence. Adaptive transformation framework (Figure 2.1) suggest that users can

have multiple self-presentations for different audiences when sharing the same

3D reconstructed experiences, for example, a professional appearance for work

colleagues and a more casual, playful appearance for friends and family. This
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aligns with other suggesting that users prefer different types of avatar appear-

ances for different contexts [51, 180]

Reconstructed avatars and environments may raise privacy concerns since

they are rich with information about people's identities, personalities, values,

and even lifestyles [61, 60, 62]. This is particularly relevant as consumer virtual

reality platforms move toward embodying users and environments at increas-

ing levels of detail using scanned information from users' actual bodies and

environments. Through applying adaptive transformation, users will be able

to vary the level of abstractions of their avatars or shared 3D objects based on

viewer-sharer social relationships. For example, when sharing 3D reconstructed

experience, users can be represented as their 3D scanned avatars to their families

and cartoon-ish avatars to their friends for hiding some identity details about

themselves. They can even be represented as avatars with different genders for

strangers. Besides, when users share sensitive 3D content, they can design the

transformation so that only certain people can see the actual 3D content and

hide it or represent it as a generic 3d object for other people.
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CHAPTER 3

AGAIN, TOGETHER: SOCIALLY RELIVING VIRTUAL REALITY

EXPERIENCES WHEN SEPARATED

Figure 3.1: Three prototypes for sharing virtual reality experiences over
distance: (1) Co-watching 360-degrees videos on desktop; (2)
Co-watching 360-degrees videos in VR; (3) ReliveInVR: fully
recreating the experience to relive it socially.

The �rst transformation presented in this dissertation is the Time Transfor-

mation , which introduces a new method for remotely sharing past virtual re-

ality (VR) experiences in a time-machine-like manner. Sharing VR experiences

over distance typically involves recording the experience from a single point of

view and later co-watching the recorded videos. However, this approach lim-

its the experience to the perspective from which it was recorded. As noted in

Chapter 2's Transformed Social Interaction theory [12], VR can enable unique

experiences by modifying how spatial and temporal distance are experienced.

To address these limitations, the Time Transformation was developed, and a

proof-of-concept prototype called ReliveInVR was implemented. Unlike shar-

ing photos or videos, ReliveInVR allows multiple users to immerse themselves

in the relived experience together and independently view the experience from

any perspective. Users can also apply different ”Time Transformations” to the
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recorded 3D experiences, enabling features like play, pause, fast-forward, and

rewind for sharing speci�c moments of the recorded experience.

This chapter details the design and evaluation of ReliveInVR. To explore

the potentials and challenges of ReliveInVR, a 1x3 within-subject study with 26

dyads was conducted to compare ReliveInVR with (1) co-watching 360-degree

videos on desktop and (2) co-watching 360-degree videos in VR. Figure 3.1

shows images from each condition. Results suggest that participants reported

higher levels of immersion and social presence in ReliveInVR. Additionally, par-

ticipants using ReliveInVR better understood the shared experience, discovered

unnoticed things together, and found the sharing experience more ful�lling.

This study has important design implications for sharing VR experiences over

time and space.

3.1 Prototypes and VR archery game

3.1.1 VR archery game

To provide participants with VR experiences to share in our study, we designed

an archery game where the participants played using Oculus Rift CV1 headsets

and Touch controllers. In the VR archery game, participants performed multiple

different movements (nocking an arrow, drawing the bow, aiming, etc.) which

utilizes the tracking ability of VR devices and also made the experience more

engaging and worthy of sharing. This task also worked for users with different

skill levels since they could move closer to shoot the target.
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Basic interactions in the archery game

Figure 3.2: The basic interactions in the archery game; (1) picking up a
bow, (2) grabbing an arrow, releasing an arrow, and (3) teleport-
ing. ReliveInVR provides controls such as play, pause, seek to
certain time stamp (4).

In the archery game, the player uses a bow and arrow to try to hit targets in

the shape of a brightly glowing pot. (Figure 3.2). Players can ”teleport” through

the VR environment to navigate and get close to a target.

Environments and surprising events

In order that each participant in a pair has a unique experience to share, each

participant experienced the same game (in terms of mechanics and points) but

in different environments with different events. We designed two islands for

the archery adventure. One island has the feel of an old city-center with build-

ings, and the other island has a white mansion and a castle. We designed three

shooting areas on each island where the player can �nd three targets. Thus, the

participant can share the experience of one shooting area in one experiment con-

dition. For each shooting area, we also incorporated a surprising event worthy
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