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Abstract

Traditionally, most Virtual Reality (VR) applications use a generic avatar model as

a digital representation of one’s own body that can provide a reference as a means

of localization and an interactive tool in the immersive virtual environment to users.

With the development of depth-sensing technology, RGB-D data can be used to perform

3D reconstruction, thereby providing a personalized self-representation to the user in

VR. However, this approach is not without its limitations; these include the following:

expensive equipment, setup time, and di�culty providing stimuli that are naturally

available in the real-world. The latter limitation, we believe this may diminish the VR

experience. One sense that is lost in VR is haptic feedback. While research is ongoing

to improve the ability to incorporate this sense in VR, many challenges remain to be

addressed to support such functionality robustly. This thesis looks to address some of

these limitations.

First, we present a video-based approach that can provide a realistic personalized

self-representation that allows users to see their own body easily and quickly. After

this method was developed, we conducted three user case studies to understand which

approach, model-based hand and video-based hand, is inherently more promising in VR.

In the �rst user case study, we used visual/haptic cue con
ict paradigm to quantitatively

compare participants’ inherent sense of trust in the visual representation of their hands

when a video-based vs model-based approach was used for the hand representation

during passive haptic interactions in a VR setting. This experiment found equivalently

stronger visual dominance in each of the hand representation conditions versus a control

condition of no visible hands suggesting equivalent potential promise in each of these

representational approaches. Furthermore, we also found a surprisingly small range of

imperceptibility of visual displacements of the hand locations coincident with bi-lateral

haptic feedback.

The second experiment focused on the use of model-based hands and assessed the im-

pact of the self-likeness of the model-based self-representation (using one’s own scanned

hand versus the scanned hand of someone else) on multiple measures of user satisfac-

tion and task performance in three di�erent types of tasks. We found that ratings of
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perceived visual realism were signi�cantly higher, overall, when participants used their

own scanned hand vs. the scanned hand of another participant, but we did not �nd

signi�cant di�erences in ratings of agency, ownership, presence, or functional realism.

In our last experiment, we focused on studying video-based hands and examined

the importance of applying realistic shading and shadows to the hand representation

when using the RGB-D data approach. We �rst investigated the in
uence of perceived-

correct vs incorrect hand brightness on the accuracy with which participants could

identify hand/surface contact at di�erent hand/surface distances. The results of this

study showed decrease accuracy of contact detection both under lower levels of scene

illumination and when there was a mismatch between the hand and scene brightness.

We then compared contact detection accuracy under three di�erent shadow conditions:

when the video-based hand did not cast a shadow, when the 2.5D mesh of the video

hand was used to cast a shadow, and when the video hand’s shadow was de�ned by

a concurrently tracked (but not visible) generic 3D hand model. Our result found a

signi�cant main e�ect of the distance from the hand to the surface on the likelihood of

contact perception, but no signi�cant e�ect of the shadow type.

In summary, this thesis examines the e�ects of multiple aspects of model-based

and video-based hand representations on multiple measures of user satisfaction and

performance in various VR tasks. The results that are presented in this thesis have the

potential to inform future applications that use a video-based or model-based approach

to represent users’ hands in VR.
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Chapter 1

Introduction

The de�nition of Virtual Reality is evolving rapidly in recent years. In 1992, Coates

de�ned the virtual reality as \An electronic simulations of environments experienced via

head-mounted eye goggles and wired clothing enabling the end-user to interact in realistic

three-dimensional situations." [1], and Greenbaum de�ned the virtual reality as \An

alternate world �lled with computer-generated images that respond to human movements.

These simulated environments are usually visited with the aid of an expensive data suit

which features stereo-phonic video goggles and �ber-optic data gloves."[2]. These VR

de�nitions de�ne VR more from the technical point of view, which emphasize on the

hardware including a computer, goggles, data glove, etc. However, with the development

of VR enabling technology, modern VR de�nitions focus more on the sensory experience

of human in the virtual environment rather than the VR enabling hardware [3]. For

instance virtual reality is de�ned as a computer-generated arti�cial 3D environment to

simulate one's physical presence in real life by providing multiple sensory stimuli (such

as sounds, visuals, haptics, etc.), and one's action could partially alter the state of the

virtual environment.

As can be seen from this recent de�nition, the human experience has become the

focal point rather than the technological components of VR. One metric that is often

used to measure this experience is presence. Presence is de�ned as a sense of being in

an environment. It describes not only one's surroundings but also one's perception of

these surroundings, which is a result of bottom-up and top-down mental processing [4].

Many perceptual factors contribute to the quality of presence in the immersive virtual
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environment. Nowadays, advanced and powerful VR hardware can provide a real-time

realistic, immersive virtual environment (IVE) combined with accurate auditory through

the use of advanced head-mounted display such as Oculus CV1, HTC Vive, to name a

couple. While these technological improvements in the �eld of VR have been remarkable

and bring rich visual and auditory experience to users, they tend to lack of virtual

representation or proper visual feedback of one's own body. If the user is unable to see

their own body or a virtual representation of their body, this could break the user's

sense of presence, thereby resulting in a poor VR experience.

Self-avatars representation, a digital representation of human which provide an im-

mediate position cue and body posture in an immersive virtual environment, which

can increase one's presence [5, 6, 7] and task performance [8, 9] in virtual environ-

ment. Furthermore, self-avatar representation can be bene�cial to communication in

VR social situations [10]. Also, self-avatar can improve spatial awareness. For example,

using self-avatar can improve distance judgment [11, 12]. These shreds of evidence show

that how a user may perceive and interact within the immersive virtual environment is

signi�cantly a�ected by how the self-avatar is represented.

1.1 Video-based Self-avatar

The personalized self-avatar representation can provide a visually faithful appearance

of ones own body, such as skin tone, current attire, etc., as well as accurate size of ones

own body. Until recently it would have been challenging to provide such high-�delity

personalized self-avatar to a user in IVE; nevertheless, with the advent of depth-sensing

devices such as Microsoft Kinect, Structure Sensor, etc. and with the aid of algorithms

this depiction of a self-avatar has started to become a possibility. However, these afore-

mentioned nascent technologies still face several challenges. First, 3D reconstruction

algorithms using depth-sensing devices are sensitive to body movement and may result

in low-quality model and texture. Second, such a method could be time-consuming to

acquire a satis�ed 3D model of human body or limbs due to the failure of recovering

tracking registration and color or texture artifact [13]. Lastly, such a method requires a

complicated lighting setup to acquire a uniform color and material information for the

3D model. In addition to these di�culties, acquiring a high-quality 3D model that is
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both believable and has robust body tracking is also an important but challenging task

[14]. In some studies, the �delity of self-avatar motion is somewhat more important

than the visual �delity of self-avatar appearance in terms of the sense of presence [9].

The tracking failure may hinder the interaction with the virtual environment, thereby

resulting in a break-in presence when the user notices these discrepancies [15]. Perhaps

for these listed reasons, full-body realistic self-avatar is not applied in most current VR

applications.

Unlike the indirect viewing representation of self avatar (e.g., scanned 3D model),

the direct viewing representation (e.g., video-feed) can provide accurate skin color and

body movement easier than the indirect viewing representation in real-time. Although

video-feed direct viewing approach usually does not require sophisticated hardware and

software setup, the avatar representation generated by such a method can not pro-

vide 3D information for the body or limbs. Following the direct viewing paradigm,

we demonstrate a novel video-based self-avatar implementation that uses a commercial

o�-the-shelf coded-light imaging system for the immersive virtual environment in this

thesis. Our method can overcome some limitations of direct viewing approach and has

several advantages. First of all, our method makes the foreground and background

segmentation easier. Foreground segmentation can be done by coating or wearing in-

frared absorbing material, and background segmentation can be done by manipulating

the depth threshold. Secondly, our method can provide the 3D information of the self-

avatar as well as high �delity appearance of the self-avatar by projecting RGB-D data

into 3D space, not just the superimpose a layer of the video stream in the virtual envi-

ronment. Thirdly, when the ToF depth sensor is mounted on an HMD, our method can

be very e�ective to provide self-avatar for tasks in which hands are the main interaction

tools and social VR tasks that require to see one's own body with rich details and accu-

rate size. Fourthly, our method is easy to calibrate when the depth sensor is mounted

to the HMD. Lastly, our method can provide stable self-avatar when low-medium level

infrared interference exists.
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1.2 Evaluate the E�ect of Video-based and Model-based

on Depth of Trust using Pseudo-haptics Illusion

Virtual reality (VR) technology aims to provide the illusion of being immersed in an

alternative reality by replacing or augmenting a person's natural sensory stimuli vision,

sound, touch through content that is arti�cially engineered, yet ecologically plausible.

As psychologists stress the integrated nature of perception and action [16], and theories

of embodied cognition posit that we intrinsically interpret our surroundings in the con-

text of our own body and our ability to act on what we perceive [17], the importance of

developing VR technologies that support natural, body-based interaction with virtual

content is clear.

While projection-based systems such as the CAVE [18] inherently a�ord the direct

observation of one's own body in the context of VR content, VR experiences that rely on

the use of head-mounted displays (HMDs) require the use of supplemental technology

to enable people to "see" their own bodies while immersed in a virtual environment.

Two fundamentally di�erent approaches for self-representation in HMD-based immer-

sive virtual environments can be pursued: (1) direct viewing, e.g. using a video feed; or

(2) indirect viewing, using an intermediate representation, e.g. such as a 3D self-avatar

model. Each of these approaches has di�erent challenges and di�erent expected bene-

�ts. A third approach, which is often used to side-step the various di�culties associated

with successfully implementing either of the two main options, is not to endeavor to

represent the body at all but instead to only show tools that the user is holding, leaving

the existence of the body implied but not instantiated.

One goal of this thesis was to elucidate the relative merits of these alternative ap-

proaches to self-representation in VR, in terms of their fundamental potential to thor-

oughly support natural embodied cognition during a virtual experience. Seeking to

obtain quantitative as well as qualitative measures of embodiment, we opted to employ

a novel cue con
ict paradigm that leverages the maximum likelihood theory of cue com-

bination introduced by Ernst and Banks [19] (2002). According to this model, when

seeking to form a uni�ed percept based on information obtained from multiple sensory

modalities (such as vision and touch), people weight the information they receive from

each sensory modality according to their con�dence in its veracity [20]. This insight
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gives us a new way to objectively measure the depth of people's "trust" in their visual

self-embodiment in a VR scenario.

In addition to providing people with visual cues of their embodiment, another crucial

factor is naturally available in real-world settings. One way to mimic these natural

interactions in VR is with passive haptic props [21]. Passive haptics is an illusional

phenomenon that is caused by inconsistency between the haptics stimuli and visual

stimuli, and be provide various haptics illusion with simple physical props such as curves,

angel, etc. [22, 23]. This has been shown to elicit a strong immersive experience.

The �delity requirements of such passive haptic stimuli are, however, are not fully

understood. Furthermore, the interaction between the passive haptics and the embod-

iment and the sense of presence when the avatar is applied is well understood. The

concept of embodiment and the presence have a signi�cant impact on one's immersive

experience one in the virtual environment. The sense of the presence has two compo-

nents the sense of \being there" combined with the participating acting as if they were

there [24]. The sense of embodiment (SoE) a�ects the judgment of people on whether

the avatar representation as \himself" or \herself". The SoE has three subcomponents:

the sense of self-location, the sense of agency, and the sense of body ownership. They

describe people perceives his or her location in space, action awareness and action plan-

ning, and the sense that one's own body is the source of sensation [25] respectively. The

second primary aim of the research we report was to further elucidate the size speci�city

requirements for e�ective passive haptic prop design by exploring thresholds for the de-

tection of haptic redirection in the context of bare-handed, bi-manual interactions using

direct vs. indirect visual self-embodiments. Meanwhile, some studies indicate that using

an avatar (especially realistic ones) have a positive in
uence on the sense of presence,

agency, and ownership in VR [26, 25]. However, the knowledge of how the personalized

self-avatar representation a�ects the presence and SoE is not enough.
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1.3 The E�ect of Self-avatar Similarity on Sense of Em-

bodiment and Touching Task Performance

Immersive Virtual Environment (IVE) technology becomes a powerful tool due to its

highly customized content and its ability to provide interaction and immersive expe-

rience to the users. For the psychologist, IVE provides an e�ective way for many

experimental psychology types of research [27, 28] in which speci�c features can be

varied systematically. The appearance of a generic avatar has shown an in
uence on

human perception in VR [27, 29], one interesting psychological question regarding hu-

man perception could be how customized self-avatar that looks like the user a�ects

user's perception, behavior, and performance in the immersive virtual environment.

Providing a virtual representation of a body that is depicted from the �rst-person per-

spective of the user's eyes for the VR system is very important. One immediate bene�t

of using self-avatar is it provides a visual cue about the location and orientation of the

users in the virtual world. And such information can bene�t some interaction task,

social interactions as well as improve one's spatial perception and the sense of presence

[15, 5, 11].

Psychologists believe that people will likely behave similarly to how they would work

in the real world if the experience of the virtual environment is identical to that of the

real world. Thus, showing one's own body in VR is vital to close the gap between

VR experience and daily life. How the body is represented in IVE can signi�cantly

a�ect how a user may perceive, think, and interact within the virtual environment.

It was challenging to provide such realistic self-avatar for each user in the VE in the

past. Issues such as inaccurate calibration, unrealistic avatar rendering and unreliable

tracking systems,etc., are the signi�cant factors that may break the sense of presence

when uses notice the discrepancies [30] or cause interaction di�culties in VE. However,

only recently has IVE technology, distance sensing and 3D reconstruction technology

advanced su�ciently to allow incorporation of a user's own digital body into a high

�delity IVE. Among these technologies, 3D reconstruction technology becomes more

accessible, and it is able to acquire high-quality 3D self-avatar models without too

much cost for the virtual environment [31, 32]. Such breakthrough makes using a

visually faithful self-avatar, and personalized self-avatar in VE becomes practical, and
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it encourages people to explore the e�ect of di�erent properties of self-avatar on various

perception topics in an immersive virtual environment [33].

Prior research shows that one's sense of embodiment and behavior can be changed

by altering the properties, such as the skin tone or skin texture [27], avatar shape

[29, 25], etc., of the avatar of the user [34]. Most of these studies used a generic avatar

whose appearance and body size does not match the user's own body, but a recent

study reveals that using the realistic humanoid avatar can enhance the user's ability

to avoid a hazardous situation in VE, and such avatar can achieve a higher degree of

sense of body ownership and the sense of agency than other non-humanoid avatars [25].

However, there are still many questions that relate to personalized self-avatar are not

clear to the VR community. For example, does the usage of personalized self-avatar

have a better sense of presence, sense of embodiment than using the generic self-avatar?

Or what impact of using personalized self-avatar vs. generic self-avatar on the object

interaction task and the social interaction task performance? All these questions and

many others make the study of using personalized self-avatar in the immersive virtual

environment becomes popular.

In this thesis, we are particularly interested in studying how important of using

personalized self-avatar in VR, and the e�ect of using customized self-avatar vs. using a

generic avatar with the same realism on the virtual object selection preference and the

performance of general interaction tasks that can be completed through manipulation

and imagination. We designed three experiments to explore the in
uence of personalized

self-avatar similarity on spatial task performance, selection preference, and avatar hand

appreciation in IVE. The watch selection task examines the e�ect of using a personalized

self-avatar hand on the watch preference; the air draw task examines the impact of using

a personalized self-avatar hand on the drawing performance in 3D; the button touch task

examines the e�ect of personalized self-avatar hand on the performance of a near point

reaching task. Three distinguishable personalized self-avatar hand representations are

used in each task, they are own scanned hand, same-gender avatar hand, and di�erent

gender avatar hand. Agency, ownership, presence, task performance, and the object

selection preference are measured for each virtual hand similarity in each task.
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1.4 The E�ect of Shadow and Lightning of Personalized

Self-avatar hand on Spatial Perception and Agency,

Ownership, Presence, and Virtual Realism of Hand

Shadows are a natural phenomenon, which is caused by the shadow caster partially

blocking the light falling onto another surface or itself. A shadow creates an area

that has a signi�cant lower brightness than its surrounding area, which can be used to

gain an understanding of details regarding an object, or an environment. One piece

of information that is provided by shadows is depth cues. Leonardo Da Vinci once

explained the principle relationship between the shadow position and the perception

of depth and how artists can take advantage of light and shade to create a perception

of depth in three-dimensional space while painting a 2D image. Da Vinci said the

following \... when representing objects above the eye and on one side if you wish

them to look detached from the wall show, between the shadow on the object and the

shadow it casts, a middle light, so that the body will appear to stand away from the

wall". This quote highlights how important shadows are in allowing more realism in

painting, but also inspires researchers to explore the informativeness of cast shadows

for depth perception. There are two major types of shadows, attached-shadows, and

cast-shadow, depicted in Figure 1.11 . Attached shadows are generated when light

sources cannot directly illuminate some part of an object. Cast shadow, on the other

hand, obstructs the light from falling o� on another surface, which contains more spatial

information, and is being studied intensively. Allen [35] showed that properties of the

cast-shadow, such as angles, interposition, position, etc., provide distance information

of an object. Yonas et al. [36] has a similar conclusion and showed that the shadow

could in
uence the depth perception and distance perception. Wanger[37] shows that

hard cast-shadow can improve the performance of the object matching task, and soft

cast-shadow signi�cantly reduce the number of correct matches, which leads to poor

performance.

Besides the studies of static shadows, recent work just elucidated the informational

structure of dynamic shadows. Dynamic shadow is a dynamic cue of surface shape. The

longer the shadows are moving, the more surface information one can have by watching

1 https://i.pinimg.com/originals/d1/13/51/d11351308cf7fbf81b43e4dd5e486693.jpg
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Figure 1.1: Shadow Example

the transformation of the shadow cross time [38, 39]. For example, the change of the

shape of a moving shadow when it crosses a bumped surface can indicate the shadowed

surface is not 
at. What's more, important is that the dynamic program can reveal

the relative motions of objects in dynamic scenes. For example, the distance between a

moving object and the background is increasing when the motion of the moving object

shadow is moving away from the object or decreasing otherwise. Also, the moving

shadow has an impact on either the static objects and the dynamic objects. A moving

shadow can provide a strong percept of object motion in depth, even though the object

is static in both position and shape [40]. Also, for the dynamic object, changing the

trajectory of the moving shadow can alter one's judgment of the trajectory of the moving

object [41].

The dynamic shadow is an important source of spatial perception even in virtual

reality. We know little about the mechanisms by which human processes shadows, and

how cast-shadow information interact with other visual cues, or the visual function of

cast-shadows which are moving, and also sensory inputs, such as haptics, especially the

dynamic shadow cast by the virtual objects in the immersive virtual environment. In

this thesis, we designed an experiment to explore the interaction between the shadow

shapes of the personalized self-avatar hand that we developed in Chapter 3 and the
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performance of a distance judgment. Three di�erent shadow shapes, no shadow, the

shadow of the video-hand, the shadow of a 3D scanned model hand, are studied in our

experiment.

In addition to the study of the e�ect of di�erent shadow shape of our virtual hand

representation on the distance judgment, we were also curious about whether the bright-

ness of the video-based personalized self-avatar hand could in
uence the same distance

judgment tasks. However, a few research studies explore the brightness of the virtual

hand, especially personalized self-avatar hand, can be found, and they have shown that

the illumination can in
uence human's perception [42, 43], The brightness of the shadow

can a�ect the object recognition rate [44]. Speci�cally, participants require more time

to recognize a familiar object when the shadow of the object is white. This �nding in-

spired us to explore how the brightness of our virtual hand representation in
uence the

performance of distance judgment in the immersive virtual environment. Is performance

on distance judgment tasks in
uenced by a mismatch of the brightness of the virtual

hand to that of the brightness of the environment? This question is often neglected

by the VR research community; thus, we have to expand the literature in this area

through research e�orts described in this thesis. To answer this question, we designed

two experiments where each experiment contains two virtual environments (VE) with

di�erent illumination condition. The participant adjusts the brightness for each virtual

environment so that the brightness of the hand matches the illumination of the VE,

which is de�ned as the correct brightness. Then, the �rst experiment uses the correct

brightness to perform a table touching task and a wall reaching task, consisting of mul-

tiple trials. The the second experiment uses incorrect brightness to perform the same

tasks.

1.5 Thesis Statement

The goal of this dissertation is to explore how a personalized self-avatar hand represen-

tation a�ects people's ability to e�ectively use their own hands to interact with virtual

or real objects within the context of an immersive virtual reality experience. To ful�ll

this goal, we investigated the following thesis statement: Using a personalized self-avatar

hand representation (camera-based or model-based) could enhance user satisfaction and
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improve the accuracy of spatial judgment in some VR-based tasks through providing

a visually faithful and realistic hand appearance and hand motion feedback that can

evoke a strong sense of presence, ownership, and agency. To investigate this thesis, we

explored three di�erent research tasks:

1. First, we evaluated our video-based methods for providing virtual self-avatar

hands, and also compared the relative merits of this approach to the use of scanned

3D models.

2. Second, within the realm of model-based self-representations, we examined the

impact of personalization: under what conditions does it matter if the appearance

of your virtual hands matches that of your own real hands, versus someone else's?

3. Last, within the realm of video-based self-representations, we examined the im-

portance to correct spatial understanding of ensuring that the lighting of the

video-based hand corresponds to the lighting of the virtual environment and that

the video-based hand casts a proper shadow.

We have developed new software and algorithms for video-based self-representations that

is applicable to many interaction tasks in the immersive virtual environment. Multiple

user-studies are conducted to examine the e�ectiveness of self-representation, and we

discuss the results in the dissertation.

The contributions of this dissertation are the following:

1. Implementing video-based self-representation. We developed a video-based

self-representation system that allows users to e�ortlessly see a highly realistic 3D

self-representation of their own bodies in VR.

2. Comparing the inherent potential of video-based vs model-based self-

representation approaches. We quantitatively evaluated the depth of trust

people have in their virtual self-representation when it is provided using these two

alternative approaches by comparing the relative weight participants give to their

visual vs haptic feedback in a visual/haptic cue con
ict situation. This research

leverages the fundamental �nding of Ernst and Banks (200) that when combining

information from multiple sensory sources, people tend to weight each contribution
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according to its perceived reliability. Our hypothesis was that participants would

be more likely to trust the validity of the hand positions they are seeing when

their own hands are directly represented in VR via reprojected 2.5D video than

when they are using their tracked unseen real hands to control the positions of 3D

model-based virtual hands in the virtual environment. However, our experiment

found no signi�cant di�erences in visual/haptic weighting between the video-based

and model-based conditions, nor in the subjective ratings of ownership, agency,

sense of presence. However, we did �nd that people tented to weight the haptic

input more when no visible hand representation was provided.

3. Assessing the impact of using a self-similar vs generic model-based

avatar in VR. We designed and implemented a multi-phase experiment to ex-

plore the e�ect of the self-similarity of a user's model-based self-representation

on various measures of preference and performance across three di�erent types

of tasks in VR. Our �rst hypothesis was that the subjective importance of self-

similarity might be task-dependent, with greater bene�cial impact in a task that

evokes attention to the hand in the context of a personal judgment than a task that

focuses on the outcome of the manipulation of a hand-held tool. Our second hy-

pothesis was that participants might perform more e�ciently on a time-pressured

task involving the direct use of their hand when the hand representation was

more self-similar. Our results found signi�cantly higher ratings of visual realism

across all task conditions among participants who were embodied with their own

scanned hand than with the scanned hand of a participant of the same or di�er-

ent gender, but we did not �nd signi�cant di�erences in the subjective ratings of

agency, ownership, presence or functional realism between hand types or tasks.

We did �nd signi�cantly slower task completion times among participants who

used a di�erent-gender generic hand than among participants who used their own

scanned hand or the scanned hand of a participant of the same gender.

4. Assessing the importance of realistic shadows and hand lighting to the

accurate understanding of spatial proximity between the video-based

hand and surfaces in the virtual environment. One potential complication

with using RGBD sensors to represent users in VR is ensuring that the lighting
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of the virtual body is consistent with the lighting of the virtual environment. Ad-

ditionally, as a single head-worn RGBD sensor cannot capture the full 3D body

volume, achieving accurate cast shadows from a video-based body representation

can be problematic. We conducted two experiments using contact detection ac-

curacy to gauge the practical importance of these two concerns. We found that

illumination inconsistencies were associated with greater errors in some situations,

but that providing accurate cast shadows did not lead to more accurate contact

detection between the users �st and a virtual table, most likely due to the occlusion

by the hand of the shadow/hand contact point



Chapter 2

Related Work

2.1 Pseudo-haptics and Self-avatar

Haptic feedback is a critical component of enhancing the sense of presence in Virtual

Reality. There are two ways to provide haptic feedback in VR: active haptics and passive

haptics. Active haptic systems have been implemented in VR for the last two decades.

One example of active haptics is the PHANToM interface [45]. This system allows

the user to experience various forms of haptic feedback, which includes the following:

friction, inertia, force, to name a few. Geomagic Haptic Device [46], a 3D haptic device

system for Geomagic design and virtual sculpting, allows the designer to feel the shape

of the 3D data in a natural way, which makes designers perform 3D art creation more

intuitively. Hiwroo Iwata et al.[47] created a haptic system that allows the user to feel

curved surface in an immersive virtual environment.

In addition to these discussed limitations with active haptics, the following limita-

tions make this approach not feasible for the general public: price, complicated installa-

tion, and calibration, limited working space, unnatural interaction experience, etc. An

alternative to active haptics is passive haptics, which addresses these aforementioned

limitations, thereby allowing haptic feedback to become more accessible to the general

public. This approach was largely inspired by the Rubber hand Illusion (RHI). The RHI

experiment found that sync haptics and visual stimuli can transfer body ownership to

the arti�cial body part [48]. This �nding reveals that visual stimuli have a signi�cant

in
uence on the human top-down process.

14
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Ernst et al. [19] found that visual and haptics sensations of human are integrated

in a statistically optimal combination way using maximum-likelihood estimation when

perceiving object properties such as size, shape, force, etc. This result further suggests

that visual feedback dominates haptic feedback when the variance associated with visual

estimation is lower than the corresponding variance to the haptics. Ernst's �nding

provides a theoretical foundation of pseudo-haptics. And the pseudo-haptics can provide

natural and compelling haptic feedback in many VR tasks [49, 22, 50, 51]. Figure 2.1

provides an example of pseudo-haptics.

Lecuyer et al. [52] showed that Pseudo-haptics could be used to generate the illusion

of force. They achieved pseudo-haptics by asking subjects to push their thumbs to a

piston against an isometric Spaceball device while displaying a deformed virtual spring

at the same time. The subjects reported that they perceived a change of the sti�ness

of the isometric Spaceball even though the Space ball is not compressed. Then, Pusch

et al.[53] presented a method calledhand-displacement-based pseudo-haptics (HEMP).

The user sees their hand shifted to the right constantly while wearing an HMD. The

subjects reported a sensation similar to a force on their hands even though their hands

never moved. Other researches reported that pseudo-haptics could not only generate

illusion for force but also create other illusions, such as the illusion of texture and the

illusion of shape [54, 55, 49, 22, 23].

Numerous bene�ts have been found in both subjective ratings of presence and ob-

jective measures of task performance when providing people with both passive haptic

feedback [56, 9] and reliable representation of their bodies [8] in HMD-based VR expe-

riences. Also, many VR applications have achieved improved usability by enabling the

direct, bare-handed manipulation of passive haptic props [57, 58]. However, researchers

are still facing multiple challenges in providing users with appropriate haptic feedback

and an optimal self-embodiment in VR. For instance, camera-based approaches face

di�culties of achieving seamless surface reconstruction and robust background subtrac-

tion under arbitrary use conditions, while model-based approaches struggle with the

di�culty of achieving accurate unencumbered arm, hand and �nger tracking, especially

under conditions of partial occlusion. Given the complexity of these challenges, we were

motivated to seek insight into two virtual hand representation approaches, camera-based

vs. model-based, in order to attempt to inform the most promising directions for future
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e�orts to achieve improved self-embodiment results.

Of particular relevance to the focus of this thesis is the question of how speci�c

features of a user's virtual embodiment, especially its degree of visual realism or self-

similarity to the user's own appearance. Previous research has found that this approach

impacts the user's sense of presence in the simulated reality and/or the ease and �delity

of their task performance. In assessing the relative merits of alternative methods or

styles of virtual self-representation in VR, researchers have traditionally focused sepa-

rately on the dimensions ofagency. Agency can be de�ned as the user's sense of control

over the actions of the body they see, andownership is de�ned as the sense that any

actions are taken towards the body they see are in fact directed towards their own actual

body. Researchers have found that the body ownership illusion is strengthened when the

user's virtual body bears a closer visual resemblance to their own real body [59, 60, 25],

and agency depends more heavily on the �delity of the user's control over their virtual

body; however, such �ndings are not universal [61, 62]. An important factor to be con-

sidered in such investigations is that visual realism and self-similarity are two distinct

concepts: it is possible to provide someone with a virtual body that might be rated as

highly realistic in terms of its resemblance to an actual person, yet highly dissimilar to

its resemblance to themselves. Schwind et al. [63] found that participants had a notable

aversion to being embodied in a highly realistic non-gender-matched self-avatar: females

reported signi�cantly higher levels of presence when embodied with three di�erent styles

of non-realistic male hands than with highly realistic male hands, and males reported

signi�cantly higher levels of eeriness when embodied with realistic-looking female hands

than with either realistic male hands or with non-realistic, non-humanoid hands. These

results are suggestive of an "uncanny valley" e�ect [64], which might potentially be

avoided through the use of camera-based vs. model-based self-representation technolo-

gies.

In a neuroscience study, Perani et al. [65] observed di�erent patterns of brain ac-

tivation when participants passively watched a real geometric object being grasped by

a real person's hand than when they watched the same actions unfold in VR, in the

context either of highly realistic or geometrically abstracted hand and object models

(which evoked similar activation patterns), or when a �lm of the real-world grasping

actions was viewed on a TV monitor. This �nding suggests an important di�erence
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in how our brains process representational vs. real-world stimuli, while at the same

time suggesting similarities in our processing of content that is known to be virtual,

independent of the level of realism with which it is portrayed.

One area of the research we present in this thesis is concerned with comparing the

relative potential of what we refer to as direct, e.g., camera-based, versusindirect , e.g.,

model-based approaches to providing people with a realistic self-embodiment in VR.

Our hypothesis is that people may feel that a live camera view of their own body

is somehow inherently more self-representative than a virtual view of a dynamically

tracked 3D model of their own body, even if the 3D model bears a nearly perfect

resemblance to themselves. Several other researchers have previously examined similar

questions in slightly di�erent contexts. Pusch et al. [66] investigated the impact of

di�erent hand representations on pointing performance and user preference during a

virtual selection task. In this task, people executed bare-handed, single-outstretched-

�nger pointing actions while holding an elongated stylus to ensure hand pose stability

and enable accurate �nger tracking. Both direct (using a video-see-through HMD) and

model-based approaches were used, between conditions, to portray the user's hand,

including high and low quality virtual humanoid hand models as well as an abstract

arrow. The results showed no signi�cant e�ect of the hand representation method on

either the dynamics of people's reaching movements or their coarse pointing accuracy. In

addition, participants' aggregated preference ratings (considering visual quality, motion

�delity, comfort, and satisfaction with the performance outcomes) were equivalent for

the video-based and realistic 3D hand model embodiments, while lower for the blocky

and abstract hands. Based on these results, the authors concluded that real-time video

feedback did not o�er signi�cant advantages in the tested situation.

Jung et al. [67] compared participant's ratings of virtual body ownership and pres-

ence, along with performance on a perceptual size matching task, in the context of

allowing them to view either their own static hand, captured by a head-mounted stereo

camera over a green screen background, or a less-realistic generic 3D virtual hand model,

in the 3D virtual environment. They found higher ratings of ownership and presence

in the video hand condition, as well as more accurate performance on the relative but

not the absolute size matching tasks, suggesting a strong bene�t from what they refer

to as "personalization". In our experiment, each of the compared hand representations
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is "personalized", but di�erent technological approaches are used to achieve personal-

ized results. Also, Jung et al. [68] found that participants reported higher ratings of

subjective ownership over their virtual self-embodiment in a VR body threat scenario

when they experienced a gradual transition, using a video-see-through HMD, from a

direct view of their own body to a virtual view of a co-located virtual body, as opposed

to transitioning abruptly or simply starting out with only the virtual view. This work

provides additional evidence of the potential bene�ts of enabling participants to directly

view their own body in HMD-based VR and also o�ers a promising approach to trans-

ferring those bene�ts to an indirect and non-personalized virtual self-embodiment when

circumstances necessitate.

Figure 2.1: Visual-haptics Illusion from YuKi Ban's work

In addition to our long-term goal of aiming to elucidate the most promising directions

for future work in the implementation of optimal self-embodiment methods in VR, the

experiments we report in this paper also aim to inform future work in haptic retargeting.

Researchers have long observed that vision tends to dominate haptics in cue-con
ict

situations [69], and multiple VR applications have been developed that exploit this

phenomenon to enhance people's virtual interactions with useful haptic feedback from

physical interactions with generic real props [49, 23, 70, 50, 71]. Still, the extent to

which, and conditions under which, haptic retargeting can be imperceptibly applied

remain incompletely understood, particularly in the context of bi-manual touching.

Burns et al. [72] investigated detection thresholds for visual/proprioceptive con
ict

during unconstrained reaching with a single outstretched arm and found that people

were remarkably insensitive to o�sets in the rendered hand/arm location, though the

detection thresholds did decrease substantially with repeated testing. Cheng et al.
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[51] measured users' tolerance for the redirection of a single hand, during unscripted

reaching movements ending in single �nger contact with a physical surface, and found

little di�erence between o�sets of 0nd 15 but gradual worsening at 30nd increasing

levels of intolerance at 45nd 60 Han et al. [73] found that for whole hand grasping

tasks involving large displacements of the virtual and physical targets, users preferred a

re-directed reaching implementation in which a static translational o�set was applied to

the location of their virtual hand before they executed the reaching movement, rather

than to have the redirection applied during the reach itself. The redirection approach

we use in our experiments is consistent with this strategy.

In addition, some prior research has also investigated the impact of visual/haptic

mismatch during active object manipulation. Kwon et al [74] assessed participants'

performance on a docking task using passive haptic props with sizes and shapes dif-

fering from various extents to the virtual objects they were meant to represent, and

found that performance was signi�cantly better when the virtual and physical props

matched exactly than when they di�ered, mainly due to di�culties in properly grasp-

ing the prop in the mismatched conditions. Simeone et al. [75] assessed participants'

acceptance of multiple types of mismatch between virtual and haptic props during a

physical manipulation task in which they were virtually embodied with rigid, generic

hands and animated forearms. The types of virtual/haptic mismatch tested included:

material properties (e.g., glass vs. wood), temperature, size, shape, and object identity

(e.g., mug vs. basket vs. lantern). Suspension of disbelief was most disturbed when the

virtual and haptic objects di�ered in shape or temperature, or when the virtual object

was signi�cantly smaller than the prop, and users were most tolerant of prop/VR pair-

ings that preserved essential features such as the presence of a handle. Most similar in

aim to our own work, Schwind et al. [76] used a cue-con
ict paradigm to examine the

extent to which embodiment in di�erent styles of 3D hand models might lead to di�erent

levels of visual-haptic integration. Participants were asked to touch (with one �nger)

a pair of physically and virtually presented stimuli, consisting either of two bumps or

two depressions. Participants were then asked to specify which of the pair was the least


at. Subjective ratings of body ownership and agency were found to be higher when

participants were embodied with humanoid or robot hands than when a cartoon hand

or �ngertip-only representation was experienced. Conversely, there was no signi�cant
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main e�ect of the virtual hand representation on either JNDs or response time, and

no apparent relationship was seen between participants' ratings of body ownership or

agency and their sensitivity to subtle di�erences in the haptically-presented stimuli.

In sum, prior research highlights the nuanced nature of the impact of a virtual

body's appearance on task performance and presence in a VR scenario, and the com-

plicated relationship between visual dominance, proprioception, haptic discrimination,

and the tolerance of visual/haptic con
ict. Our work seeks, �rst of all, to contribute

novel insights into the relative inherent potential of direct (camera-based) vs. indi-

rect (model-based) methods of self-representation in VR, to support an enhanced sense

of presence independently of the issues of visual realism or self-likeness. Speci�cally,

our studies compare two fundamentally di�erent approaches to providing people with a

highly realistic and faithfully personalized visual self-representation in a VR application,

in terms of both qualitative and quantitative measures of body ownership and agency.

In addition, our work seeks to extend the current understanding of thresholds for the

detection of visual/haptic con
ict to situations of bi-manual contact and to further ex-

plore the potential in
uence of the source of visual input (direct vs. indirect) on those

results.

2.2 Self-avatar in Virtual Reality

Our bodies are the most familiar objects in our daily life. What is the experience

feels like if we had a body that does not match our daily experience? Virtual reality

provides a powerful tool to allow us to experience having a customized virtual body

that may look very di�erent from our own, thus, it also provides an e�cient way to

explore the e�ect of the plasticity of body representation on the human perception of

the virtual environment using the Rubber Hand Illusion (RHI) paradigm. The RHI

experiment [48] is the �rst experiment that shows the sense of body ownership can be

transferred. In this experiment, a rubber hand is positioned alongside the left hand

of the participants, and a piece of cardboard is placed between the rubber hand and

the real hand to remove the visual cue of the real-hand. Then, two brushes stroke the

rubber hand and the real hand of the participant simultaneously, after a few minutes of

simulation, the real-hand produces an illusion that the touch sensation originates from
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the rubber hand by applying this sync-visual-tactile stimulation [59]. Besides, when

a threat suddenly approaches the arti�cial hand, they observed that the participants

swiftly move their left hand back as the threat (e.g., a knife) suddenly approaches their

real hands. This observation indicates a strong feeling of ownership is transferred to

the arti�cial hand. Also, this result suggests that the temporal and spatial patterns of

visual and somatosensory signals play an important role in transferring body ownership

from the real body to the arti�cial limb parts.

Botvinick's groundbreaking work inspires research that examins variations of the

RHI phenomenon. For instance, Ehrsson et al. [77] conducted a study of RHI at the

biological level, and found that the feeling of body ownership comes from the neural

activity in the premotor cortex. The premotor cortex is where multisensory is inte-

grated. To invoke this illusion, the bottom-up perceptual mechanisms, such as haptics

stimuli, visual stimuli, sound stimuli, etc., must override top-down knowledge. One re-

search extended the RHI experiment and found that the body ownership of limb parts

achieved by a simultaneous multisensory stimulation can be spread to the full-body

[78]. Interestingly, body ownership can be transferred to the arti�cial limb parts with-

out passive haptics stimuli. Ernst et al. [19] proved that when multi-stimuli input gets

integrated, vision stimuli usually are weighted higher than haptics stimuli and proprio-

ception. Tsakiris et al. [79] examined whether active and passive movement (not tactile

stimulation) can elicit RHI for limb parts. They compared the hand RHI under three

conditions: active �nger movement, passive �nger movement, and tactile stimulation.

And each condition has two states: synchronous and asynchronous. Tsakiris found

that a signi�cant proprioceptive drift towards the synchronous hand visual-cue than

the asynchronous hand visual-cue. Later, Tsakiris et al. [59] reported three primary

sources of bodily awareness: touch (tactile stimulation), action (active movement), and

proprioception (passive movement). Newport et al. [80] compared the e�ect of multiple

visual-cue hand representations on the RHI. Two computer-manipulated real-time hand

representations that visually identical to the real hand are placed on each side of the

real hand with a small o�set. They reported that a sense of ownership was claimed over

both left and right-hand representations when a synchronous active touch or stroke is

visually applied to both the left virtual hand and the left real hand. This report shows

that visual stimuli synchronous are also essential to induce RHI.
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Lately, immersive virtual reality shows great 
exibility of customizing avatar prop-

erties such as appearance, texture, shape, etc. This advancement has led to more re-

searches to focus on how ownership can be transferred to a virtual avatar, which is called

virtual body ownership. Recent studies have shown that a well-calibrated generic avatar

that is depicted from the �rst-person view in VR can elicit virtual body ownership, sense

of agency, and sense of presence [25, 33, 34, 81]. Mel et al. [82] investigated the RHI

in a virtual environment by using a life-like virtual female avatar body. They examined

the participant's response under an immediately threatening situation with conditions

of combinations of three factors: �rst-person perspective or third-person perspective;

synchronous or asynchronous head movement with the avatar head; synchronous or

asynchronous feel and seen touch. They concluded that visual-tactile synchronization

with the participant is also crucial to virtual body ownership illusion in VR. Argelaguet

et al. [25] explored the interaction between the realism of virtual hand avatar and the

virtual embodiment (body ownership and sense of agency). In their experiment, par-

ticipants need to perform a series of pick-and-place tasks in which hazardous elements

could threaten the avatar hand. Three di�erent realism levels of avatar hands were used

in this task: an abstract avatar hand, an iconic avatar hand, and a realistic avatar hand.

Each of these avatar hand representation had di�erent grasping animation but the same

control mechanism. The result of this experiment demonstrates that the most realistic

avatar hand receives the highest scores of the embodiment, which indicates a strong

sense of virtual body ownership. They also reported that the sense of agency could be

a�ected by the robustness of hand tracking and the realism of the grasping animation.

No Uncanny Valley [64] phenomenon was found in their experiment. Waltemate et al.

[33] conducted a similar experiment to Argelaguet's. In their experiment, they studied

how the personalized self-avatar body in
uences embodiment, presence, and emotional

response, by allowing participants to watch their virtual bodies via a virtual mirror.

Their result demonstrated that people tend to prefer the avatar whose appearance is

very close to their own body. Furthermore, the highly personalized avatar hand elicits

the highest scores of the sense of body ownership (including agency), presence, and

dominance.

Hoyet et al. [83] explored whether body ownership can be transferred to a di�erent
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structure avatar hand, a virtual hand with the sixth digit, under two di�erent con-

ditions: visual-motor stimulate only and visual-tactile stimulate. They reported that

the participants receive a high level of ownership and agency for the additional �nger

of the avatar hand. Furthermore, a majority of participant's reports showed positive

feedback to the additional �nger in terms of controlling it despite the structural di�er-

ence. This study gives some insights into how di�erent structure avatar a�ects one's

perception, ownership, and agency in VR, and it also strengthens the theory that mo-

tion synchronous of the avatar hand can elicit the strong virtual body ownership and

agency. Similarly, instead of using an avatar hand additional digits, Schwinds et al.

[84] explored the e�ect of reducing the number of �ngers of the avatar hand in VR.

They found that the realistic avatar hand with only four �ngers have a signi�cantly

low rating on presence, but the abstract avatar hand with the same number of digits

achieves a higher rating on presence than the realistic avatar's. This result shows that

removing limbs from the human-like avatar hand brings negative perception feedback

in VR, which contrasts the �nding of Hoyet et al. [83]. Schwinds et al. assume that

this phenomenon happens because when using structural di�erence avatar that does not

match the structure of the user's body, the self-perception in VR depends on whether

limbs are added or removed.

The level of realism of avatar can not only a�ect the RHI in VE but also in
uence

the performance of several types of tasks that are performed in VE. Lok et al. [9]

investigated handling real objects combines di�erent visual �delity of the avatar hand

a�ects human performance on a spatial cognitive task in a real-space environment and

several hybrid environments and a purely virtual environment. In their experiment, the

performance of manipulating real objects in a virtual environment is close to doing the

same task in real life, compared to manipulating virtual objects in VE. However, when

either handling a real object or handling a virtual object, no signi�cant e�ect on the

sense of presence is found among di�erent visual �delity of avatars. They also reported

that some unknown consequences a�ect the rating of the sense of presence, and these

consequences should be further investigated in the future. Grubert et al. [85] examined

the e�ect of using four di�erent hand representations (no hand, generic hand-modeled

hand, avatar hand with only �ngertips, and a video hand) on a VR text typing task.

Their experiment result shows that using �ngertips visualization and inlay video hand
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representations are more e�cient than other hand representations in terms of error

rate, but the typing speed is not a�ected by the hand or �ngertips representations.

Furthermore, using the inlay video hand, who has the highest visual �delity, does not

achieve the highest user presence scores. Lastly, this research also suggests that the

�delity of hands can have a di�erent impact on di�erent tasks in virtual reality. Inspired

by this study, we conducted a study to understand if using the di�erent similarity of

virtual hand realism in
uence on embodiment and task performance in various VR

tasks.

Numerous researches have shown that using an avatar can trigger virtual body own-

ership (VBO) [86, 25]. Also, the di�erent level of �delity of avatar can bring a di�erent

sense of ownership and sense of presence to the virtual environment. Others study

how the appearance and behavior of avatar a�ect one's behaviors, preferences, self-

identi�cation, and personality, etc. that may be cultivated by a long time. Recent

studies con�rm that the avatar appearance properties, such as gender, skin tone, shape,

etc., can in
uence human's perception and behavior in the virtual environment. Peck et

al. [27] reported that people who have a light-skin tone could change their attitude to-

wards dark-skin tone people in the virtual environment. In addition, a dark-skin virtual

body to light-skin individuals in the virtual environment make light-skin participants

have less bias on dark-skin people, and such light-skin participants were used to be

considered as another group in terms of color skin. Such bias is rooted deeply within

a person, and it is usually tough to change in real life. Schwind et al. [63] studied

the gender e�ect on di�erent avatar hand styles, range from non-human avatar hand

to realistic avatar hand, under three tasks that require intensively hand usage in an

immersive virtual environment. In their experiment, the participants need to di�erent

genders avatar hand with the same realism to perform a typing task, a drawing task, and

an object manipulation task, respectively. They reported that female generally disliked

the avatar hands of male and they receive a lower level of presence when the male avatar

hand is used. Interestingly, the male usually accepts both genders of human-like avatar

hands, but they receive a lower level of presence when the non-human avatar hand is

used. What's more surprising, they also found that there is an interaction between the

avatars' gender and the presence: female tends to use the same gender avatar hand

while the male doesn't care about gender bias.
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However, Schwind's work does not report if the gender of avatar hand interacts with

the virtual body ownership and the performance of various cognitive tasks and manipu-

lation tasks. Furthermore, it is not clear that if the similarity of personalized self-avatar

has a similar impact on the sense of presence. Therefore, in this thesis, we investigated

the relationship between the gender of personalized self-avatar representations, and the

sense of embodiment, performance, presence in an immersive virtual environment.

2.3 The Impact of Di�erent Video-based Avatar Shading

Hand in VR

Shadow is a natural phenomenon of light interaction with the world. It is not only

has a perceptual in
uence in our daily life [87], but can provide rich information to

the environment such as the caster information (the shape and size of the caster, the

position or pose of the caster which is a�ected by the light source position and poses, the

physical state of the caster, solid objects have a solid shadow, and translucent objects

have colored or weak shadows, etc.), light information (the penumbra area provide the

shape and size of the light source, light source intensity, light source position, number of

the light source, ambient illumination intensity, etc.), etc. A review of what information

the shadow can provide can be found in Roberto Casati's work [88]. There are two types

of shadows: attached shadow (a surface obstructs the light falling on itself) and cast

shadow (a surface that is blocked by another from the light source), and they both

important cues which help us understand our surrounding [41].

Shadows are essential to computer-generated images (CGI), as they are an important

depth cue, which helps people to understand the spatial relationship better [89, 36, 90,

40]. Mamassian et al. [41] reported that shadow is perceptually most relevant for the

recovery of spatial arrangement, especially when the shadow is not static. Kersten

et al. [91] reported that moving cast shadows could produce a realistic illusion of

object moving in-depth, which indicates that cast shadow can have a strong in
uence

on human's perception of the perceived trajectory of the object. Allen [35] showed that

the angles, interposition, and positioning of shadows provides distance information when

a shadow is cast. Pas et al. [92] found that human mainly relies on the cast-shadow to

distinguish some low-level illumination conditions such as the number of light sources
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and di�useness. Wanger[37] demonstrated that the shadow sharpness (i.e., hard shadows

or soft shadows that has umbral and penumbral) and the shadow shape (i.e., \boxy"

versus \true" shadows) do not show a signi�cant e�ect on the human's perception on the

object position and size. However, in a shape matching experiment, Wanger found that

matching objects with soft shadow signi�cantly reduce the number of correct matches,

thereby lowering the accuracy of performance. This �nding suggests two things: 1)

both shadow sharpness and shadow shape are important in spatial perception for the

computer-generated image; 2) the computationally less expensive \hard shadowing"

that is generated by the computer rendering algorithm could be more useful in such

task than the computationally more expensive \soft shadowing". Moreover, Wanger

et al. [93] examined the e�ectiveness of six di�erent depth cues (shadow, projection,

object texture, ground texture, motion, evaluation) on three simple tasks that involve

translation, rotation, and scaling. Their results demonstrated that all these depth cues

are important to spatial perception. Later, Tarra et al. [44] demonstrated that the

object recognition rate is signi�cantly lower when no shadow is cast vs. when the

shadow is available.

Shadows as a depth cue play an important role in virtual objects interaction in both

Virtual Reality (VR) and Augmented Reality (AR) [94, 95]. Hu et al. [95] examined

the e�ect of casting shadows in signaling imminent contact in a manipulation task.

Participants were asked to watch a virtual cylinder moving in the vertical direction

and answer if the cylinder touches the group. They found that some participants have

signi�cantly higher precision on the distance judgment when the shadow of the cylinder

is provided than when no shadow is generated. They did not �nd a signi�cant e�ect of

the interre
ection on the contact detection. Hubona et al. [96] examined the e�ect of

stereopsis and cast shadows on human's spatial perception of the computer-generated

image. These variables, stereopsis and cast shadows, are examined in two tasks that

involve positioning and resizing objects. The experiment results demonstrated that

stereopsis has a signi�cant e�ect on both positioning and resizing objects, shadows

that cast by the object can improve the positioning accuracy to the level a�orded by

stereo viewing. What's more, Hubona also reported that the task performance could be

impaired by a complex background setup[97]. Sugano et al. [98] con�rmed two e�ects of

providing shadow for virtual objects in AR. One e�ect is that the shadow brings a strong
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connection to the reality and the virtual world, and the other e�ect is the shadow helps

improves one's depth perception in AR, which is consistent with the research results of

2D image shadows.

The human visual system is considered to be good at detecting and encoding sta-

tistical regularities in its Spatio-temporal environment. However, the shadow corre-

spondence research report that human observers have a poor performance on spotting

local inconsistencies in the lighting or making use of cues such as shading and shadow-

ing when other cues are not available [43, 99]. For example, the wrong shadow would

not bring negative e�ect to our perception as long as the wrong shape of the shadow

is associated with the caster and its behavior is consistent to the caster's motion or

location. Although such cues (the shadowing or the shading) can provide rich spatial

information about the environment (illumination conditions, shadow properties, etc.),

the psychological and neurological evidence also indicates that the human visual system

uses shadow in early vision [100] as coarse information about the depth and other 3D

information in space. Therefore, human perception of objects might be a�ected by other

factors such as the illumination conditions, shadow properties, etc., and even create an

illusion to human. Mamassian conducted two experiments and demonstrated that hu-

man use coarse-scale rather than �ne-scale information to associate the shadow with its

caster [42]. The �rst experiment of Mamassian shows participants tends to misinterpret

the light position when a luminance ramp is applied to the normal shaded images. In

the second experiment of Mamassian, participants used a coarse-scale feature of the

shadow to predict the light position. This experiment shows that one's perception of

light source position can be altered by manipulating the shape of a shadow. Yuri et

al. [43] found that human's ability to sense the illumination inconsistencies is good

under certain situations, for instance, an array of cubes with the consistent shading and

shadow but only a very few cubes are shading very di�erently. However, such ability

is performed poorly when a more random and complex arrangement of cubes is pre-

sented, which indicates that the shadow di�erence is harder to perceive in a non-regular

environment.

Studies of naturalist study and visual search tell a less clear story about the shadow.

In a naturalist study of [101], Bon�glioli et al. applied a fake shadow on a real object,

and they found that the wrong shape of the shadow does not a�ect how the participant
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describes the object, but the incorrect shadow does a�ect the way the participants reach

it. This research suggests that the fake shadow or the wrong shadow not in
uence all

tasks. A visual search study that is carried out by Braje et al. [102] reports that the

presence of shadows does not a�ect human object recognition. Their result consistent

with the feature-based object recognition theory: human tend to consider the shadow

as a spurious feature and is likely to be �ltered out. However, Umberto [103] have a

contracting result. Umberto found that direction, shape, and position of the shadow

can also in
uence the recognition rate of a static object. When the wrong shadow

(wrong shape or wrong position) is presented, human's perception of objects is a�ected.

Similarly, Tarra et al. [44] found that the object recognition rate can be a�ected by

changing the light condition. What's more, using white color shadow cost participants

spend more time on recognizing a familiar object, which indicates that the color of the

shadow may also have an impact on the object recognition rate. These �ndings suggest

that shadows in
uence our perception di�erently with di�erent stimulus.



Chapter 3

Video Hand Representation

Our hands are the primary tool for human-computer interaction in Virtual Reality (VR)

due to its dexterous functionality of communication and manipulation. Providing a pair

of tracked and personalized avatar hands can elicit strong VR immersive experiences

[25, 84, 33] and enhance the performance of various types of VR tasks [85]. It was

challenging to provide a personalized avatar hand that looks identical to one's real

hands, and most VR applications or systems provide only generic avatar hand. Lately,

a detailed personalized avatar hand can be achieved by the advanced 3D reconstruction

systems. Such systems have an excellent performance on acquiring 3D models for static

objects but su�ering several limitations when acquiring a human body or limbs 3D

models where keeping absolute still is impossible. Furthermore, synchronous avatar

hand motion visual-cue to the real hands' is critical to provide a high level of sense of

presence in the IVE [79, 59], therefore, an accurate and robustness hand tracking is

required. Many devices can provide hand tracking, for examples, controller, data glove,

joystick, etc. However, most of these devices only provide indirect input for users,

and the tactile feedback types are limited (mostly vibration). Besides, such devices

usually are expensive, cumbersome, and tethered, which hinder the natural experience

of human-computer interaction in VR.

Vision-based hand tracking can provide accurate whole hand tracking and have the

potential to provide natural human-computer interaction in the IVE, however, such a

29
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system usually require multiple cameras, a complicated calibration, and camera synchro-

nization process to provide robust and stable hand tracking ability [104, 105]. Vision-

based hand tracking systems that use only one RGB-D camera does not require a

complicated setup but still su�ering the limitations such as tracking failure, inaccurate

tracking result due to the occlusion and ambiguity, stationary setup, etc. [106, 107, 108].

We notice that many VR tasks do not require virtual object manipulation but require

the avatar has a realistic appearance and synchronous motion.

Previously, Bruder et al. [109] superimposed the video image of the hands in the

virtual environment. But their video-based self-representation does not have the depth

information. Suma et al. [110] attached a depth sensor in front of a HMD, and show a

RGB-D point cloud in the virtual environment. However, this point cloud is described

in the depth sensor space, which is not projected to the viewer space, thereby, the

self-representation is not accurately presented in the viewer space. Inspired by these

work, in this chapter, we present a video-based approach using an RGB-D depth camera

that can e�ciently provide a realistic, personalized avatar hand representation without

complicated setup and expensive device. Our approach can provide a high �delity

of hand representation with detailed skin texture and accurate hand size of the user

in the viewer space. Furthermore, our approach is suitable for many passive haptics

scenarios where users interact with a static object, and a realistic virtual avatar hand

representation is required.

3.1 Depth Mesh Pipeline

In this section, we provide a detailed illustration of how we implemented a video-based

self-representation using RGB-D data. The RGB-D data is acquired from a Realsense

SR300 RGB-D sensor that is attached to the front of an Oculus Rift HMD, and a

calibration method is developed to position the video-based self-representation in the

immersive virtual environment. Our approach is inspired by the height-map technique

that is frequently used to generate terrain in many video games. In our video-based

self-avatar implementation, a 3D grid that has the same resolution as the RGB-D map

is used to represent the avatar hand. In this way, each vertexV (i; j ) in the mesh can be

associated to a pixelP(i; j ) in RGB-D map, and the z-value of a vertex V (i; j ) equals
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to the depth value in P(i; j ). Besides, several �lters are applied to the RGB-D data for

a good self-representation quality. The pipeline is shown in Figure 3.1.

Figure 3.1: Video-based avatar representation GPU pipeline

3.1.1 Image Processing Pipeline

RGB-D data processing involves the following major steps:

Image Undistortion

Most modern camera systems are based on the famous pinhole camera model. Such

camera model su�ers two major distortion problem, radial distortion and tangential

distortion. The radial distortion is the most common optical aberration that is found in

the captured images of such systems. It happens when the light comes from a point of

the object cannot converge to a single point on the image plane after traveling through

the lens systems of a camera. There are two types radial distortions, Barrel distortion,

shown in Figure 3.4, and pincushion distortion, shown in Figure 3.4. Images are from

Wikipedia1 .

Another type of image distortion is called tangential distortion. Since the lens in

most camera systems is not perfectly parallel to the CMOS, tangential distortion is

unavoidable, shown in Figure 3.5. Images are from Wikipedia2 . Such distortion is also

found in the Realsense depth sensor that we are using for our experiments. To undistort

images that are provided by the Realsense depth sensor, the intrinsic and the distortion

factor parameters of both the RGB camera and the depth camera of Realsense depth
1 https://en.wikipedia.org/wiki/Distortion (optics)
2 https://en.wikipedia.org/wiki/Distortion (optics)
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Figure 3.2: Barrel Distortion Figure 3.3: Pincushion Distortion

Figure 3.4: Barrel distortion and pincushion are two common radial distortions. In
barrel distortion, the image center is magni�ed then perimeter, while in pincushion
distortion, the image perimeter is the one that got magni�ed.

sensor are required. We used OpenCV 3.2.1 to obtain these parameters for both the

RGB sensor and the depth sensor of the Realsense SR300. And the following equations

are applied to both color and depth streams to correct the distortions:

x̂ = x � (1 + k1 � r 2 + k2 � r 4 + k3 � r 6) + (2 � p1 � x � y + p2 � (r 2 + 2 � x2))

ŷ = y � (1 + k1 � r 2 + k2 � r 5 + k3 � r 6) + (2 � p2 � x � y + p1 � (r 2 + 2 � y2))
(3.1)

, where x̂ and ŷ denotes the new coordinates of a pixel (x; y) in the undistorted

image.

Depth Data Smoothing And Hole Filling

The Intel Realsense SR300 depth camera is a coded-light structure sensor that consist

of two separate sensors, an RGB sensor that is made of a classical optical system,

an infrared laser projector, and a fast VGA infrared camera. Although structured-

light sensor can easily provide depth information for the scene, the quality of depth

information of the sensing environment is determined by how the light patterns are
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Figure 3.5: Tangential Distortions.

distorted in the IR images [111, 112]. This noisy data in the depth map could bring

the visual artifact to the self-avatar hand representation. To achieve a better self-avatar

hand representation, it is important to smooth the depth data and remove the outliner

in the depth map. In our implementation, we use the bilateral �lter [113] to suppress

the noise in the depth map. The bilateral �lter is a low-pass, non-iterative, and edge-

preserved �lter which contains two main components: a domain component and a range

component. The domain component, denoted as� d, is a traditional Gaussian Filter,

and the range component, denoted as� r , is used for de�ning the edge. Unlike other

�ltering algorithms that could bring adverse e�ects to the edges, the Bilateral �lter can

preserve the edge in the depth map [113]. However, the bilateral �lter also has several

drawbacks such as Gradient Reverse (introduce false edge), Staircase e�ect (introduce

cartoon e�ect) [113]. But these issues do not generate signi�cant visual artifacts in our
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(a) No �lter applied (b) Filter applied

Figure 3.6: Left: the video hand representation before �ltering; small holes caused by
IR interference from the Vicon cameras and noise at the depth edges are noticeable.
Right: results after applying the bilateral �lter and performing dilation on the raw
depth data; the small holes are �lled and the edges are more smooth.

self-hand representation.

In addition to the noisy data that is produced by the imperfect lens system, several

external factors could also bring noise or inaccurate data to the depth map.

� Special surface. Re
ective or IR-absorbed surface can reduce the amount of light

that returns to the depth sensor dramatically, which result in some salt-and-pepper

noise in the depth map.

� Vicon interference. The infrared rays that are emitted by Vicon Cameras inter-

ference the infrared rays that are emitted by Realsense Cameras, which produce

invalid or extremely unstable depth values, as shown in Figure 3.6(a). Also, lower

the strobe intensity can minimize the IR interference that comes from Vicon cam-

eras while still maintain a stable head tracking for the HMD. In practice, we set

the strobe intensity to 0.15 (1 by default) when Vicon and Realsense are used at

the same time.

In fact, pixels of small holes that caused by the above external factors have a great

chance of sharing similar depth values with its neighbors that contains valid depth

value, therefore, dilation can be used to estimate these missing values in the depth map

e�ectively. An experimental dilation kernel size is set to 5 that is able to e�ciently �ll
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out most of the small holes in our experiments. The noise suppression and hole �lling

result is shown in Figure 3.6(b).

RGB-D Data Generation

The Realsense SR300 provides color stream with resolution 1920 * 1080 and 30 Hz and

the depth stream with resolution 640 * 480 30 Hz. We map the color map to the depth

map to get a 640 * 480 RGB-D map to reduce the computation time in order to achieve

a real-time performance,

(a) Shadow

Figure 3.7: The holes caused by shadow on the palm

To correctly perform the color to depth mapping operation, we �rstly calculated

the intrinsic and extrinsic parameters for both the RGB camera and the depth camera

using OpenCV camera calibration 3.2.1. Then, for each pixel (ud; vd; d) in the depth

map, we �nd its corresponding 3d point (xd; yd; zd) in the depth sensor frame using the

following equation:

xd = ( ud � cd
x ) =f d

x � d;

yd = ( vd � cd
y) =f d

y � d;
(3.2)

Then, we transform these 3D points from the depth sensor frame to the RGB sensor

frame, and the following equation 3.3 is used for this transformation operation.

Pc = Pd � M D
RGB (3.3)
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where Pd is a 3D point in depth sensor frame,Pc is the correspondence ofPd in RGB

sensor frame, andM D
RGB is the transformation matrix that can transform a point from

the depth sensor frame to the RGB frame and it is obtained from the OpenCV cali-

bration tool. Next, we project the point Pc onto the RGB image plane and get the

RGB pixel ( ui rgb; vj rgb), which is a correspondence of the pixel (ui d; vj d). The following

equation is used to projectPc to the RGB image plane:

urgb = ( xrgb � f rgb
x )=zrgb + crgb

x ;

vrgb = ( yrgb � f rgb
y )=zrgb + crgb

y ;
(3.4)

Notice that not every pixel that has a valid depth value in the depth map can �nd

a correspondence in the RGB map because the RGB sensor and the depth sensor take

images from a di�erent position. This phenomenon is also called '`shadow", which can

generate a relative large area of the hole in the RGB-D map, shown in Figure 3.7.

Since the shape and the size of such shadows are usually irregular and unpredictable,

existing image-based hole �lling methods are either computational insensitive which is

not suitable for real-time application or fail which will cause the visual artifact in the

RGB-D map [114, 115]. Filling this kind of holes is out of our scope in this thesis.

3.1.2 RGB-D Data Visualization

3D mesh generation pipeline

To start, we register a 640� 480� 1 3D mesh to the virtual camera projection plane.

This mesh contains 640� 480 vertices, and these vertices are placed in thexy-plane

with z value is set to 0 initially. When the RGB-D data is available, a vertex V (x; y; z)

in the 3D mesh is assigned to a depth valued of the pixel (x; y) in the RGB-D map and

the corresponding RGB is used to shade the vertex.

Without the post-processing the 3D mesh, this mapping operation can generate

degenerated-triangles at the edge of the video-hand representation. This visual artifact

happens when one or two vertices of a triangle contain invalid depth value, and result

in a stretch triangle, shown in Figure 3.8(c). Therefore, we perform the following tests

for each vertex on the GPU to remove these irregular triangles:

� Depth test If a vertex of the 3D mesh contains a depth in the de�ned depth

range, then RDT is set to true, RDT is set to false otherwise.
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(a) Self-avatar hand without edge removal (b) Self-avatar hand with edge removal

(c) Before Edge Smoothing (d) After Edge Smoothing

Figure 3.8: Image (a) shows a self-avatar hand without edge �ltering. Triangles on
the edge are stretched. Image (b) shows a self-avatar hand with edge �ltering. The
stretched triangles are disappeared. The yellow mesh contains the triangle that has
both invalid z (depth) value vertices and valid z (depth) value vertices, which can cause
stretched mesh in the video-hand representation. The triangles in blue color contains all
valid z (depth) value and the triangles in red color contains all invalid z (depth) value.
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� Edge test Stretched triangles happen at the edges of the mesh where a greatz

discrepancy occurs. Thus, such triangles must remove in order to provide a clean

video-based avatar hand representation. An edge-triangle fails in the edge test

if any of its vertexes have a valid z value and the z discrepancy between that

vertex and any of its eight neighboring vertices is larger than� dep (5cm in our

implementation, which is an experimental value). If a triangle passes the edge

test, RET is set to true, or false otherwise.

� Alpha test The opacity of a vertex, RAlpha , is determined by RET ^ RDT . A

vertex is not rendered if RT rans = 0.

Mesh Adaption

There is a special need in our experiments where an o�set is required to add to each

video-hand representation for block redirect touching. In our experiment, only the

virtual block length is changed horizontally, therefore, we make three assumptions to

our self-avatar hand representation: 1. the displacement of the self-avatar hand only

happens horizontally with respect to the block; 2. the hands would not cross over

when touching the physical block prop, which means the movement of each hand is

restricted to one half of the 3D mesh. 3. the participant will sit right in front of the

block and would not have a large head movement during the experiment. Under these

assumptions, we can easily redirect the video-based avatar hand by dividing the 3D

mesh into two halves. Thus, redirect the hand in the horizontal direction can be done

by controlling the horizontal distance between these two halves. The mesh adaption

method can be easily extended to other directions.

In some VR environment, the illumination may not �t the illumination of the self-

avatar hand, which could bring negative e�ect on the sense of presence [43] Since adapt-

ing the illumination of the video-hand to matching the illumination of the current VR

environment is out of our research scope, we only implemented a brute force method to

manually adjust the illumination of the video hand using the following equation:

I out = � � I in + �

where � controls the contrast of the image and� controls the brightness of the image.
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Mesh Calibration

We attached the Realsense depth sensor to an Oculus Rift, and the Oculus Rift is tracked

by Vicon tracking system. Therefore, there is an o�set between the depth sensor frame

and the virtual camera frame, which means the video-based avatar hand is described in

the depth sensor frame initially. Since the virtual camera is the eyes of the participant in

the immersive virtual environment, we need to perform a calibration that can transform

the avatar hand from the depth sensor frame to the virtual camera frame so that the

avatar hand is seen from the virtual camera. This calibration is very important to make

sure the o�set between the depth sensor frame and the virtual camera frame would

not a�ect participants spatial perception, and maintain visual-haptics coherence for a

high-level sense of presence. The calibration process is described in section 3.2.2.

3.2 Camera Calibration

3.2.1 Stereo Camera Calibration

The Realsense camera contains a RGB sensor and a depth sensor, which can be con-

sidered as a stereo camera system. Since the two cameras have di�erent physical and

optical properties, such as focal lengths, principal axis, �eld of view, orientation, image

resolutions, etc., calibration is needed if we want to generate RGB-D data. In our ex-

periment, we used OpenCV Stereo Camera calibration method [116] to perform stereo

camera calibration for the Realsense SR300.
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(a) (b)

Figure 3.9: Image (a) shows a Asymmetric Circle Grid for the stereo camera calibration.

Image (b) shows a Vicon-tracked HMD with a Realsense SR300 attached to it for our

video-based self-avatar hand implementation.

The OpenCV asymmetric circle grid calibration pattern is selected for this calibra-

tion, shown in Figure 3.9(a). We choose asymmetric circle grid because we observed

that the pattern of this grid is easier to be detected in the infrared image than the

checkerboard pattern. In addition, we also performed a Gama correction on the IR

image to increase the brightness of the raw IR map, which can improve the asymmet-

ric circle pattern recognition rate. To minimize the calibration error for the distortion

models, we acquired more samples from multiple angles and position in both the RGB

sensor view frustum and depth sensor view frustum. OpenCV is responsible for �nding

correspondences between the RGB image candidates set and the IR image candidates

set. With these correspondences, the OpenCV calibration library can provide the cam-

era matrices (focal lengths, principal centers, and scale factor) , distortion models for

both RGB and depth sensors, and the rotationRD
RGB and the translation TD

RGB from

the depth to the RGB sensor.
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3.2.2 Physical Camera and Virtual Camera Calibration

There is a need for aligning one of the Realsense cameras (RGB camera or depth camera)

to make the video-based virtual hand representation to be seen from the virtual camera.

Therefore, the critical step to making Oculus HMD, Vicon, and the Realsense camera

work well together is to calibrate everything into a world coordinate. Since the virtual

camera is tracked by a Vicon tracking system, we refer to the Vicon tracking frame as

the world frame. Notice that the Vicon tracker space and the room were calibrated

together upon installation.

We are presenting two easy ways to perform the calibration for aligning the RGB

sensor of the Realsense sensor to the virtual camera in our experiments. The intrinsic

and extrinsic parameters of the RGB sensor and the depth sensor of the Realsense

provided by the OpenCV stereo calibration 3.2.1 can be used to transform a point in

the depth sensor frame to the RGB sensor frame.

Least-Square Rigid Transformation Calibration

Since the Realsense RGB camera and the virtual camera can be considered as rigid bod-

ies, an intuitive way to �nd the rigid transform that aligns the depth sensor frame to the

virtual camera frame is �nding some 3D points and their transformations, T i
vcam w ; i =

1; 2; 3; ::; n� 1; n, in the world frame and their correspondences transformations,T i
dep w ; i =

1; 2; 3; :::; n � 1; n, in the depth sensor frame. Least-Square can be used to �nd a trans-

form for a point cloud and its correspondences.

In our experiment, four markers are attached to a stick, and the tracking center is

placed at the tip of it. And this rigid tracking object center is used to collect several

3D points (> 20), (x; y; z), in the world frame. And the corresponding 2D, (u; v),

coordinates of each 3D point is marked in the depth map. With the intrinsic parameters

of the depth sensor that we have in section 3.2.1, We can easily �nd the corresponding

3D correspondences in the depth sensor frame for these (u; v) coordinates. Now the

rotation R and the translation t for the rigid transform is formulated as

(R; t ) = min
nX

i =1

wi � jj (R V d
i + t ) � V w

i jj (3.5)

where V d
i denotes the ith point in the depth camera space,V w

i denotes the ith point in
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the world space, andwi is the ith candidate's weight. [117] provides the least-square

method to �nd the optimal R and t .

This method can yield the robust, rigid body transform result in general. However,

it has several drawbacks, and is not an ideal solution in our case:

� Depth Noise. The depth map usually is very noisy due to the physical limitation

of time of 
ight camera [118]. The noise behavior is more severe on the edges in

the depth map. There is a chance of correspondence to be noise and, therefore,

yield an incorrect correspondence and may result in a poor calibration result.

� Inconvenient. Finding a good estimation of rigid transformation between a point

cloud and its correspondences in another frame could be time-consuming in term

of manually �nding correspondences in the depth map. Thus, in practice, it is not

suitable for our cases where calibration is needed to be done at a high frequency.

Easy Alignment Calibration

In this section, we present an e�cient, accurate, and convenient calibration method.

The goal of this calibration is to �nd the transformation that can align the depth sensor

frame to the virtual camera frame. In our experiment, an Oculus Rift is tracked by

Vicon (shown in Figure 3.9(b)), which is the virtual camera. The virtual camera center

is placed at the center of the line that connects two centers of Oculus screens. Thus, the

rotation, RW ORLD
HMD , and translation, tW ORLD

HMD , of the virtual camera in world frame are

known. We combine the rotation matrix of HMD and the translation vector of HMD to

a four by four transformation matrix, TW ORLD
HMD . To �nd the world transformation of the

depth sensor, we �rst used a rigid tracking object as a reference whose transformation is

known in both the world frame and the camera frame to �nd the world transformation of

the RGB camera of Realsense SR300. Then, use the calibration result from the OpenCV

to �nd the world transformation that aligns the RGB camera frame to the depth sensor

frame, and �nally, calculate the world transformation that aligns the depth camera

frame to the virtual camera frame.

A board that is attached by a set of Vicon markers (provides transformation of the

world frame) and a marker map (provides transformation of the RGB sensor frame) is

used as the rigid tracking object is used as the reference that we mentioned above, shown
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in Figure 3.10(a). The right tracking center is aligned to the center of the marker map.

In this way, the world transformation of the board, as well as the board transformation

in the RGB sensor frame, is known. Note that we do not attach markers to the RGB

sensor to get its transformation information directly because the tracking center de�ned

by these markers is extremely hard to align to the center of the optical center of the RGB

sensor, which may lead to a calibration error. A third party marker library, ARUCO

[119], is used in this calibration process. The ARUCO library can calculate the rotation

and translation of the pre-de�ned marker in the RGB sensor frame, which is de�ned as

TRGB
M . The marker map contains eight di�erent markers, and the maker map is more

robust than a single marker in some cases where a single maker is hard to be detected

by the camera and, therefore, bring ambiguities to the ARUCO library and result in

tracking failure.

We use TW ORLD
M to denote the world transformation of the board. With all the

known transformations, we can calculate the transformation of the RGB sensor in the

world frame, TW ORLD
RGB , using the following equation:

TW ORLD
M = TW ORLD

RGB � TRGB
M

TW ORLD
RGB = TW ORLD

M � inverse(TRGB
M )

(3.6)

Now the transformation, TRGB
HMD (the transformation matrix that transforms a vertex

from the RGB sensor frame to the HMD frame), can be calculated usingTHMD
W .

TW ORLD
HMD = TRGB

HMD � TW ORLD
RGB

TRGB
HMD = TW ORLD

HMD � inverse(TW ORLD
RGB )

(3.7)

With TRGB
HMD and TDEP T H

RGB in hand, the transformation matrix that transforms,

TDEP T H
HMD , a vertex from the depth sensor frame to the virtual camera frame can be

obtained using the following equation:

TDEP T H
HMD = inverse(TRGB

DEP T H ) � TRGB
HMD (3.8)

We collect multiple TDEP T H
HMD and run a non-liner optimizer to get the �nal matrix

TDEP T H
HMD .
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(a) Before Calibration

(b) After Calibration

Figure 3.10: The Image shows the calibration result that transform the coordinates
of the HMD world space to the Realsense RGB camera space. The coordinates with
short axis's length represent the board's rotation and translation in the Realsense RGB
camera space while the one with longer axis's length represents the board's rotation and
translation in the world space.

However, since perfectly matching the virtual camera center to the center of the two

eyes of the user is very di�cult, the �nal calibration may still have a small o�set between

the virtual hands and the real hands. To compensate for this o�set, we designed an

extra calibration process after the calibration result is applied. We ask the participants

to sit in front of the table and touch the two sides of a block that will not be used in

the actual experiments. Then, we use a six-degree-of-freedom manual tuner to �ne time

the position and orientation of the video-based avatar hand until no gaps appear where

either of the hands touches the block, and at the same time, no interpenetration occurs.

The �nal result is shown in Figure 4.1(a).



Chapter 4

E�ect of Self-representation on

Depth of Trust

Many virtual reality (VR) experiences have the potential to be enhanced by the abil-

ity to engage in natural interactions with real physical objects using one's own hands

virtual representation in the immersive virtual environment. Prior to use one's own

self-representation in the immersive virtual environment, providing generic self-avatar

has shown the ability of enhancing the e�ectiveness in VR [26, 9]. Based on these pre-

vious work, we believe that providing one's self-representation in the immersive virtual

environment can strengthen this e�ectiveness in VR.

The primary goal of the research we present in this chapter was to elucidate the

relative merits of these alternative approaches to self-representation in VR, in terms

of their fundamental potential to robustly support natural embodied cognition during

a virtual experience. Seeking to obtain quantitative as well as qualitative measures of

embodiment, we opted to employ a novel cue con
ict paradigm that leverages the max-

imum likelihood theory of cue combination introduced in 2002 by Ernst and Banks [19].

According to this model, when seeking to form a uni�ed percept based on information

obtained from multiple sensory modalities (such as vision and touch), people weight the

information they receive from each sensory modality according to their con�dence in

its veracity [20]. This insight gives us a new way to objectively measure the depth of

people's "trust" in their visual self-embodiment in a VR scenario.

45
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In addition to providing people with visual cues to their embodiment, another factor

of key importance in supporting embodied cognition in VR applications is the tactile

feedback that people receive while engaging in natural interactions with passive haptic

props [21]. Pseudo haptics, an illusions phenomenon that is caused by inconsistency

between the haptics stimuli and visual stimuli, can provide various haptics illusion with

a simple physical props such as curves, angel, etc. [22, 23]. which elicited strong

immersive experience.

Our experiment result shows that there is a signi�cantly greater levels of visual

dominance when people see either type of self-representation versus when no hand rep-

resentation is used. However, no signi�cant e�ect is found on visual/haptics threshold

in a visual/haptics con
ict paradigm between the video-based hand self-representation

and the model-based hand self-representation.

This chapter is organized as follows. Section 4.1 explains the design of our exper-

iments, section 4.2 describes the experiment procedures, and section 4.3 reports our

experiments' results and analysis. Section 4.4 provides a general discussion of our �nd-

ings and their implications, as well as the limitations of our work. Finally, section 4.5

o�ers conclusions and potential directions for future e�orts.

4.1 Experiment

The following questions are examined in our user study:

1. To what extent do the two alternative approaches to providing participants with

a faithful self-avatar hand representation di�er in their ability to evoke a strong

sense of virtual body ownership, agency and presence, in the tested scenario? Do

we �nd any advantage in the use of a direct (camera-based) vs indirect (model-

based) approach? Experiment I and Experiment II are designed for answering

this question.

2. To what extent do each of the two alternative hand representation approaches

support the illusion of haptic targeting in a bi-manual touching task? Experiment

III is designed for answering this question.

Two virtual hand representations are used in all of our experiments:Video-based
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