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An Examination of Presence and Engagement in Video
Conferencing Systems and Virtual Environments

Mark B. Manuel

(ABSTRACT)

Extended Reality (XR) is an upcoming field of technology that has garnered interest from

researchers in the last few decades. This increased interest is largely due to the develop-

ment of powerful hardware like the Microsoft HoloLens, Oculus Quest and the Magic Leap.

Several companies like Microsoft, Meta Platforms, Apple and Nvidia are touting the rise of

a new “metaverse” - the next generation of the internet, that will blur the lines between

physical and virtual presence. This thesis explores the use of web-based XR platforms in

Computer-Supported Cooperative Work (CSCW) as an alternative to contemporary video

conferencing tools.

We conducted a user study with 15 subjects to evaluate web-based XR platforms (Mozilla

Hubs) with video conferencing (Zoom) and examined subject attention and success in remote

collaborative tasks. We also proposed a new system design to support embodied interac-

tions in XR. This system was tested by measuring the communication latency between two

collaborators separated by varying distances. Our system performance evaluation suggests

the feasibility of support embodied interactions, with a minimal latency of 120ms across a

distance of 4700 miles.



An Examination of Presence and Engagement in Video
Conferencing Systems and Virtual Environments

Mark B. Manuel

(GENERAL AUDIENCE ABSTRACT)

Extended Reality (XR) is changing the way we interact with digital content. In 2021, sev-

eral companies like Microsoft, Meta Platforms, Apple and Nvidia are developing devices

that allow users to physically interact with virtual content in 3-dimensional space. These

technologies bring with them the promise of better remote communication and collaboration.

Users will be able to enter these 3d virtual spaces as avatars and will be able to interact

with digital media just like they would with real world objects. This thesis explores the use

of web-based XR platforms in supporting remote collaboration as an alternative to contem-

porary video conferencing tools.

We conducted a user study with 15 subjects to compare differences in web-based XR plat-

forms (Mozilla Hubs) with video conferencing (Zoom). We proposed and evaluated a new

system design to support more natural and intuitive interactions in XR. This system was

tested by measuring the communication latency between two collaborators separated by

varying distances. Our system performance evaluation suggests the feasibility of support

embodied interactions, with a minimal latency of 120ms across a distance of 4700 miles.
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“

”
_ - Palmer Luckey,

Remote communication technologies have been evolving for centuries. Letter writing, tele-

graphs, the telephone and email are all tools that we developed to better communicate with

each other across large distances. These tools have connected different parts of the world,

helped spread information and have accelerated technology growth. Today, one of the most

common means of remote communication is video conferencing. Video conferencing appli-

cations are capable of disseminating both aural (audio) and visual information in real-time.

Having access to both of these modes of information, communicators are able to feel some

sense of presence and co-location with their remote collaborators. However, these applica-

tions are still limited in their ability to make users feel truly co-present with one another.

Video conferencing tools are unable to convey the full range of human expression, which

includes body language and other non-verbal means of communication. As a result, there is

still a significant difference between in-person communication and remote communication.

Therefore, there is a need for a more immersive communication medium that can enable

better collaboration between remote users.

1
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Extended Reality (XR) can serve as a suitable alternative to video conferencing. With XR,

the spatial barrier presented by video-calling applications can be remedied, allowing for even

greater immersion. In XR space, remote participants can view each other as holographic

or digitally-rendered avatars co-located in the same physical/virtual space as themselves.

Imagine something akin to the round table scene from the movie Kingsman [32], in which

dignitaries across the globe are co-located as holograms in a mixed-reality enabled round

table conference. In such spaces, participants would be able to personalize their avatars

to better represent themselves [3, 71]. Body tracking and facial recognition would enable

avatars to a broad range of gestures and facial expressions. Remote participants would be

able to share and explore 3D objects and environments, leading to a richer, more immersive

collaborative experience [4].

XR teleconferencing, with all of these additional layers of information that can be provided

through it, could be considered an improved iteration over video-based communication tech-

nologies [107]. However, the feasibility of using XR environments as a replacement for

existing video communication technology requires further evaluation. In this thesis we seek

to compare user presence and engagement differences between online virtual environments

and video conferencing. We chose online to evaluate online virtual environments over fully

immersive XR environments to account for accessibility issues that users might have in

obtaining XR hardware.

Additionally, we propose a system design to support embodied interactions in XR environ-

ments. Our rationale was that XR platforms with embodied interaction would make users

feel more comfortable navigating the environment and provide for more immersive collabo-

rative experiences.
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The goal of this thesis is to evaluate the scope of using online XR environments for day-

to-day remote collaboration tasks. Since the advent of the COVID-19 pandemic, video

conferencing has become the primary way for most of us to work from home. Schools, offices

and government agencies across the world are using commonly available video conferencing

tools like Zoom or Skype to conduct their day-to-day operations [81]. These tools, however,

are limited in their ability to recreate the feeling of being co-located. Frequent use of video

conferencing tools can also lead to burnout and Zoom Fatigue [108]. XR environments

can help address some of these challenges by providing users with richer meeting spaces to

collaborate in. XR environments can be imbued with additional affordances like avatars

with expressive facial features and body-tracking [17, 60]. The popularity of web-based XR

environments has been growing since the pandemic with platforms like Mozilla Hubs and

VirBela being used to support academic conferences attended by several hundred attendees

(ISMAR 2020, IEEVR 2020). These platforms have usability affordances (e.g., personalized

avatars, game-like gestures and spatialized audio) that make them more immersive and

interesting for users. This thesis explores the potential for such platforms to become the

standard medium for remote collaboration. We specifically explore the research questions

listed below. These are described in more detail in Chapter 3.

The subject of presence in virtual environments is a common area of research. However,

the difference in levels of presence and engagement provided by video conferencing systems

and virtual environments has not been clearly explored. This is especially relevant now, as

remote work has become more prevalent than ever before. Video communication systems
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like Zoom, WebEx and Skype provide basic services for communication between participants,

yet they cannot fully capture and recreate the effect of being “present” at one’s workplace.

Virtual Environments like Mozilla Hubs, VirBELA and EngageVR can replicate real-world

environments and provide users with a keener sense of being present at their workplace. The

purpose of this study is to understand the extent to which study subjects experience the

feeling of “being there” [67] while performing simple tasks using VCEs and VEs. The findings

from this thesis can be utilized to design more user-friendly remote-workplace/collaboration

tools.

Virtual Environments (VR-based) are engaging, immersive experiences that capture the

entirety of a user’s visual field, transporting them new and unique environments. The nature

of the medium makes it highly effective at engaging users with virtual content and making

them feel present in the virtual world. However, fully-immersive VR relies on the use of

special hardware which may not be accessible to all users. Online virtual environments can

help bridge this accessibility gap. The efficacy of online virtual environments in providing

users with experiences similar to fully-immersive VR needs to be further explored. One of

the goals of this thesis is to evaluate whether current online virtual environments are robust

enough for users to frequently use for remote collaboration. The feasibility of these virtual

environments as replacements to video-conference-based meetings is explored in this work.
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Finally, we also want to explore new ways to enhance user’s sense of presence in XR envi-

ronments. Embodiment has been shown to play a large role in how present and engaged

users feel in a virtual environment. Body-tracking hardware and software need to be de-

veloped and integrated with XR platforms appropriately in order to support embodied XR

interactions. The design and implementation of one such system is described and evaluated

in Section 4.

Video conferencing systems like Zoom, Microsoft Teams and Skype are popular collaborative

tools that used by millions of people daily [90]. Collaborative virtual environments like

Mozilla Hubs and Skype on the other hand are new and only used by a small set of people [88].

While fully immersive virtual environments are predicted to be the successors of modern day

remote collaborative tools, there are certain barriers to its widespread adoption. The present

reliance on specific hardware makes collaborative XR environments difficult for everyone to

access. This trend is expected to persist for at least another few years until the price of

the technology becomes commercially viable. Until such a time, intermediary platforms like

Mozilla Hubs and VirBELA can serve as stepping stones towards fully immersive XR. The

benefit of these intermediary platforms is that they are platform agnostic. Individuals can

use these platforms through their web browser or, if they have access to XR hardware, they

can even access these platforms through their XR devices. This flexibility can help speed up

the adoption of these intermediary platforms.

In addition to being flexible and platform-agnostic, these intermediary XR platforms will
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also need to provide users, at minimum, with a comparable experience to traditional video

conferencing systems. Joining meetings should be easy and intuitive. Users should be able

to perform their everyday collaborative tasks, like discussions and presentations, just as

easily, if not better than how they perform them using video conferencing tools. Due to the

novel nature of these intermediate XR platforms very few studies have explored the usability

differences between using videoconferencing and online XR platforms. This thesis seeks to

address this gap by comparing the usability of the two platforms. Fifteen users were made

to perform 3 similar tasks across both platforms and their usability was measured using the

System Usability Scale (SUS) questionnaire [8]. User attention was also measured through

eye-tracking data captured during each study session.

This thesis also sought to explore methods to enhance user presence in collaborative virtual

environments. One such method that we explored was the incorporation of body-tracking

in shared virtual environments. Embodied interactions have been shown to improve user

presence in a platform [15, 52, 61]. With our goal of increasing user presence and engagement,

we decided to pursue this approach. We designed a system with three components that allow

two remote collaborators to share the same space and to interact with shared virtual objects.

The complete description of this system can be found in Section 4.

We present the current state of the art in XR and remote collaboration technologies. Ad-

ditionally, we present our findings from a user study comparing attention and engagement

differences between contemporary remote collaboration tools. Finally, we describe the de-

sign of a system capable of supporting embodied interactions in XR environments. The

contributions of this work include:
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• A literature review about the feasibility of XR for Computer-Supported Cooperative

Work. This literature review provides background for XR and embodied interactions.

It concludes by presenting the current limitation of XR, along with some solutions for

addressing these limitations.

• A user study with 15 subjects evaluating attention and engagement differences between

video conferencing and online virtual environments. This study makes use of eye-

tracking to measure user attention while performing similar tasks.

• A system design and evaluation of an setup designed to support embodied interactions

in shared XR environments.

In this chapter (Chapter 1), we addressed the research problem and provided an overview of

commonly used remote communication tools.

Chapter 2 discusses literature on the history of Computer-Supported Cooperative Work

(CSCW) and the applications of remote collaboration tools. It also provides background for

XR and explores it’s potential for enhanced remote collaboration.

Chapter 3 defines the hypothesis for this thesis and Chapter 4 discusses the approach taken

to test these hypotheses.

In Chapter 5 we discuss the results that we observed from conducting the study.

Finally, Chapter 6 provides the conclusion and talks about future work that can be done to

extend the work presented in this thesis.



This chapter covers several topics that provide the background for the work presented in this

thesis. We begin by providing an overview of Extended Reality and Computer-Supported

Cooperative Work in the context of enabling remote collaboration. We describe how dis-

tributed XR and body tracking sensors can be used to support embodied interactions in

real-time. Next, we talk about remote collaborative tools and how eye tracking can be used

to measure user attention on collaborative platforms. Finally, we explore several studies

where XR applications in order to facilitate remote collaboration between users.

Extended Reality(XR) is an umbrella term that refers collectively to Augmented Reality

(XR), Virtual Reality (VR) and Mixed Reality (MR). It comprises the entirety of Milgram’s

Reality-Virtuality continuum [65]. Milgram places real and virtual environments on the

extreme ends of this spectrum, with MR representing the entire range of blended reality in

between these two ends (Figure 2.1). With news of the metaverse in 2021 and evolving XR

hardware, Milgram’s virtuality continuum bears special relevance today.

Ivan Sutherland, often regarded as the “father of computer graphics”, developed the first

XR system (VR) at Harvard in 1966 [94]. In 1990, Tom Caudell and David Mizell coined

the term “augmented reality” to refer to overlaying computer-presented material on top of

8
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Figure 2.1: Milgram’s Reality-Virtuality Continuum [65].

the real world [12]. They created one of the earliest XR applications which was used to

train pilots. Later in 1999, the ARToolKit was realeased by the Nara Institute of Science

and Technology, allowing developers and researchers to create and deploy their own XR

applications [46].

Ladwig and Geiger [50] consider how the advancement of technology in the near future

will allow us to create the “ultimate device” that will be capable of making the real world

indistinguishable from the virtual world. Such a system would provide “realistic and complete

embodied experiences” by utilizing multiple human senses including haptic, sound or even

smell and taste. This information if sent over a network and recreated could also facilitate

remote collaboration [50].

XR has many advantages when used in education [14], training [18, 41] and in collaborative

tasks [5]. It presents the unique ability to create hybrid environments consisting of real and

virtual objects. This can be used to overlay additional information, test problem solving

skills and to simulate real-world scenarios in a cost-effective manner. It provides an op-

portunity for experiential learning which is of special importance to disciplines that benefit

greatly from hands-on experiences over traditional education; such as those in the medical

field. Additionally, decreasing costs and increasing availability of XR devices have made XR

applications more popular and attractive for vocational training [36].

The key benefit of XR is the ability to integrate virtual environments and objects into

a physical space. Adding virtual constructs to an empty room allows users to engage in
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interactions that would not be available otherwise. This ability can be used to provide a

user with unique experiences without the need to purchase expensive equipment or travel to

distant locations.

XR-enhanced environments provide additional features and details to end-users which can

enhance a user’s experience. Physical environments can be enhanced to be made more

intuitive and user-friendly using such technologies. The ability to easily augment physical

spaces have enabled the possibility of creating immersive and scalable environments at a low

cost. These immersive environments have various applications which include education and

skill-training. If the learning is to be done in situations where it could pose a threat to the

user or the environment is difficult or expensive to create, an XR environment can mitigate

these challenges while allowing the user to achieve the learning outcomes.

Furthermore, XR allows for the simulation of specific scenarios which would be difficult or

expensive to simulate in a physical environment. For example, creating an instance of a

system failure at a power plant would be difficult to create using real actors and a physical

space. XR not only enables the recreation of existing training scenarios, it offers the ability

to enhance them and extends the range of topics that can be taught.

XR environments can be tailored to support multiple users at the same time. Singhal and

Zyda coined the term Networked Virtual Environment (NVE) to define such a space that

allows multiple users to remotely interact with each other and the shared XR environment

[85].

Robust network support with minimal latency is imperative to sustaining an adequate level

of user comfort in such environments. Delaney et al. describe the problem of maintaining a

consistent world view for all remote participants [20, 21]. They explained the link between
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consistency and several properties of NVEs including temporal and spatial synchronization,

environment responsiveness and fidelity. Hamza-Lup and Rolland explored similar challenges

to maintaining NVE consistency and proposed a novel criterion for the categorization of XR

environmnets [35]. They demonstrated that despite high latency, NVE states can be kept

consistent for multiple users by keeping the frequency of updates low.

Gracanin et al. reviewed several architectures and approaches to improve Quality of Service

(QoS) levels and identified contemporary challenges [33]. They described an approach to

reduce network requirements by optimizing application level performance, based on user

QoS specifications.

These studies suggest that with a sufficiently low latency (below 100 ms), XR applications

can be developed to support multiple users [25, 51]. This opens up the potential for XR to

be used as a tool for collaboration between several remotely located users. In Section 4.2 we

describe one such approach to supporting real-time embodied interactions between remote

collaborators in XR.

The term CSCW originated in the 1980s as technologists started to seek diverse perspectives

from economists, sociologists, organizational psychologists and educators on how to best

promote group activity at workplaces [34]. According to Grudin, early attempts at creating

collaborative tools were unsuccessful largely because developers lacked a proper understand-

ing of how groups of people worked together and the precise role of technology in assisting

in this kind of of work. CSCW attempted to address this gap with a broader focus on user

requirements extraction.

The term is used to collectively refer to any technology that promotes CSCW

(email, collaborative writing, video conferencing). Groupware is designed to promote work
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practice by providing groups of users with better communication mechanisms and tools for

problem-solving [70]. Other benefits provided by groupware technologies include: telecom-

muting/remote work, faster communication and better group and workflow coordination

[100].

CSCW was novel in the 1980s because it enabled remote, asynchronous communication

between people [28]. However, groupware has expanded to also include tools that allow for

synchronous interactions between remote collaborators. Dourish and Bly further explored the

use of groupware and media space technologies to support general awareness at workplaces

[23]. These tools would provide users with several views of their workplace, allowing them

to observe other social interactions and work that was happening around them. Dourish

envisioned that these tools would allow for better collaboration and team building across

distributed teams. XR can be used to support such tools that allow users to spontaneously

connect with remote collaborators. Billinghurst suggests that can be used to enhance a

physical space and create “intuitive 3D interfaces” that can support CSCW [5]. This is

especially useful as it would allow for better remote synchronous in addition to asynchronous

collaboration.

The Johansen Matrix (Figure 2.2) provides an intuitive breakdown of several common CSCW

tasks [44]. These tasks can be classified as:

• Same-time/same-place: These are synchronous tasks that require all collaborators to

be present. Examples of these tasks include: in-person meetings, round-table brain-

storming sessions and white-boarding.

• Same-time/remote: These are synchronous tasks that do not require collaborators to

be physically co-present. These tasks are usually performed through the use of a shared

collaborative medium. Examples of these tasks include: messaging, video-conferencing

and shared text-editing.
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Figure 2.2: Johansen’s CSCW Matrix [44].

• Asynchronous/same-place: These are larger on-going tasks where collaborators are

not required to work at the same time. These tasks are location-dependent. Examples

include: large public displays and project management.

• Asynchronous/remote: These tasks are primarily means of notifying collaborators or

keeping track of events. Examples of these tasks include: email, calendars and version

control.

A large part of CSCW involves envisioning trends in group work and workplace team dy-

namics. Workplace practices have been evolving over the last few decades, especially after

the advent of computers. Workplace architecture can play an important role in determining

local work practices. Strietz et al. [93] present an early conceptual framework into how

data visualization can be better facilitated by workplace architecture, making the workplace

environment a multi-modal interface to access relevant information. They leverage the ideas

of ubiquitous computing [105] and invisible technology, stating that they will play an im-

portant role in making these adaptable architectural spaces a reality. Strietz et al. argue

that despite information and communication technologies having reshaped work processes,

the design of work spaces have largely remained the same. To remedy this they propose the

idea of : “flexible and dynamic environments” capable of “supporting
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and augmenting human communication and collaboration”. These buildings operate around

three dimensions: 1) the individual and the group, 2) real and virtual content, and 3) the lo-

cal and global environment [92]. Finally, would comprise of :

an amalgamation of everyday office room elements and computer-based information devices.

In additional to room-scale collaborative tools, individual work items can also be imbued

with groupware-like properties. Fjeld et al. leverage Activity Theory - “the concept of

tools mediating between subjects and objects” to develop tangible groupware [28]. This kind

of tangible groupware is very close to the idea of collaborative XR environments. XR is

unique and well-suited in this regard because it imbues everyday objects with additional

digital properties, otherwise physically impossible to create. The added layer of tangibility

makes interacting with virtual content more manageable. Further research into haptics for

XR should make these interactions more seamless and help blend them better with regular

interactions with real-world objects [55].

Video conferencing applications like Skype and Facetime are highly effective in providing

visual and aural communication between users. These applications, however, are limited to

two-dimensional representations of information in our three-dimensional world. While two-

dimensional video conferencing applications are effective at providing visual and aural modes

of remote communication, what they lack in is immersion. Users engaged in real-time video

conversations do hear and see each other but they are also reminded of a distinct spatial

boundary that is separating them, i.e. they are not having an immersive shared experience,

as they would have had if they were physically co-located. Many non-verbal cues, including

proper eye-contact, are lost over video-based communication systems [5]. Furthermore, users
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�i�?�2 �K�2�b�b���;�2�b �7�`�Q�K �i�?�2 �E�B�M�2�+�i �+�H�B�2�M�i �i�Q �Q�i�?�2�` �`�2�K�Q�i�2 �m�b�2�` �l�M�B�i�v �+�H�B�2�M�i ���T�T�H�B�+���i�B�Q�M�b�X �j�V
�*�Q�K�T�Q�M�2�M�i �j�, �s�_ �_�2�M�/�2�`�B�M�; �� �_�2�M�/�2�`�b �2���+�? �m�b�2�`�ö�b ���p���i���` ���i �i�?�2�B�` �`�2�b�T�2�+�i�B�p�2 �T�Q�b�B�i�B�Q�M�b �B�M
�i�?�2 �p�B�`�i�m���H �2�M�p�B�`�Q�M�K�2�M�i�X �h�?�2 �s�_ �/�2�p�B�+�2 ���H�H�Q�r�b �i�?�2 �m�b�2�` �i�Q �b�2�2 ���M�/ �B�M�i�2�`���+�i �r�B�i�? �Q�i�?�2�` �m�b�2�`�b
���M�/ �i�?�2 �b�?���`�2�/ �2�M�p�B�`�Q�M�K�2�M�i�X

�9�X�k�X�R �*�Q�K�T�Q�M�2�M�i �R�, �"�Q�/�v �h�`���+�F�B�M�;

���/�p���M�+�2�K�2�M�i�b �B�M �+�Q�K�T�m�i�2�` �p�B�b�B�Q�M ���M�/ �Q�#�D�2�+�i�@�`�2�+�Q�;�M�B�i�B�Q�M �i�2�+�?�M�Q�H�Q�;�v �?���p�2 �H�2�/ �i�Q �i�?�2 �+�Q�K�@

�K�2�`�+�B���H ���p���B�H���#�B�H�B�i�v �Q�7 �b�2�p�2�`���H �#�Q�/�v�@�i�`���+�F�B�M�; �b�2�M�b�Q�`�b�X �h�?�2�b�2 �b�2�M�b�Q�`�b ���`�2 �+���T���#�H�2 �Q�7 �i�`���+�F�B�M�;

�?�m�K���M �b�F�2�H�2�i�Q�M �D�Q�B�M�i�b �B�M �`�2���H�@�i�B�K�2�X �_�2���H�@�i�B�K�2 �i�`���+�F�B�M�; �+���M �#�2 �B�K�T�H�2�K�2�M�i�2�/ �p�B�� �K���`�F�2�`�@�#���b�2�/

�U�Z�m���H�v�b�B�b�- �P�T�i�B�h�`���+�F�V �Q�` �K���`�F�2�`�H�2�b�b �U�J�B�+�`�Q�b�Q�7�i �E�B�M�2�+�i�- �A�M�i�2�H �_�2���H�a�2�M�b�2�V �i�2�+�?�M�B�[�m�2�b�X �q�?�B�H�2

�K���`�F�2�`�@�#���b�2�/ �#�Q�/�v �i�`���+�F�2�`�b �T�`�Q�p�B�/�2 �K�Q�`�2 �`�Q�#�m�b�i �i�`���+�F�B�M�; �(�R�y�R�) ���M�/ �?���p�2 �H���`�;�2�` �+�Q�p�2�`���;�2

���`�2���b�- �i�?�2�v ���`�2 �M�Q�i �T�`���+�i�B�+���H �7�Q�` �T�2�`�b�Q�M���H �m�b�2 ���i �?�Q�K�2 �Q�` �B�M �� �r�Q�`�F�T�H���+�2�X �J���`�F�2�`�@�H�2�b�b �#�Q�/�v

�i�`���+�F�2�`�b ���`�2 �b�K���H�H�2�`�- �T�Q�`�i���#�H�2 ���M�/ �K�Q�`�2 �+�Q�b�i�@�2�7�7�2�+�i�B�p�2 �Q�p�2�`���H�H�X

�P�m�` �b�v�b�i�2�K �/�2�b�B�;�M �K���F�2�b �m�b�2 �Q�7 �K���`�F�2�`�@�H�2�b�b �#�Q�/�v �i�`���+�F�2�`�b �i�Q �+���T�i�m�`�2 �m�b�2�` �b�F�2�H�2�i�Q�M �/���i���X



�9�X�k�X �1�t�T�H�Q�`�B�M�; �i�?�2 �7�2���b�B�#�B�H�B�i�v �Q�7 �j�. �p�B�`�i�m���H �2�M�p�B�`�Q�M�K�2�M�i�b �r�B�i�? �2�K�#�Q�/�B�2�/ �B�M�i�2�`���+�i�B�Q�M�b �9�R

�h�?�2 �b�F�2�H�2�i�Q�M �D�Q�B�M�i �/���i�� �7�Q�` �m�b�2�` �K�Q�p�2�K�2�M�i�b �B�b �`�2�T�2���i�2�/�H�v �+���T�i�m�`�2�/ ���M�/ �m�b�2�/ �i�Q �`�B�; �p�B�`�i�m���H

���p���i���`�b �i�?���i �`�2�T�H�B�+���i�2 �i�?�2�B�` �#�Q�/�v �K�Q�p�2�K�2�M�i �B�M �i�?�2 �s�_ ���T�T�H�B�+���i�B�Q�M�X �a�F�2�H�2�i�Q�M �D�Q�B�M�i �/���i�� �7�Q�`

�B�K�T�Q�`�i���M�i �#�Q�/�v �T���`�i�b �U�?�2���/�- ���`�K�b�- �T�2�H�p�B�b�- �H�2�;�b�- �2�i�+�X�V ���`�2 �+�Q�M�i�B�M�m�Q�m�b�H�v �b�i�`�2���K�2�/ �i�Q �i�?�2 �s�_

���T�T�H�B�+���i�B�Q�M�b �Q�7 ���H�H �i�?�2 �m�b�2�`�b �B�M �i�?�2 �K�2�2�i�B�M�;�X �h�?�B�b �b�i�`�2���K�B�M�; �B�b �?���M�/�H�2�/ �#�v �Q�m�` �+�Q�K�K�m�M�B�+���i�B�Q�M

�+�Q�K�T�Q�M�2�M�i�X

�9�X�k�X�k �*�Q�K�T�Q�M�2�M�i �k�, �*�Q�K�K�m�M�B�+���i�B�Q�M

�h�?�2 �b�F�2�H�2�i�Q�M �D�Q�B�M�i �/���i�� �+�Q�H�H�2�+�i�2�/ �#�v �i�?�2 �#�Q�/�v �i�`���+�F�B�M�; �/�2�p�B�+�2 �B�M�+�H�m�/�2�b �i�?�2 �*���`�i�2�b�B���M �+�Q�Q�`�@

�/�B�M���i�2�b(x; y; z) ���M�/ �i�?�2 �`�Q�i���i�B�Q�M���H �[�m���i�2�`�M�B�Q�M �+�Q�Q�`�/�B�M���i�2�b(w; x; y; z) �7�Q�` �2���+�? �i�`���+�F�2�/ �#�Q�/�v

�D�Q�B�M�i�X �J�Q�b�i �K���`�F�2�`�@�H�2�b�b �#�Q�/�v �i�`���+�F�B�M�; �/�2�p�B�+�2�b �+�Q�H�H�2�+�i �b�F�2�H�2�i�Q�M �D�Q�B�M�i �/���i�� �7�Q�` ���H�H �i�?�2 �D�Q�B�M�i�b

�T�`�2�b�2�M�i �B�M �i�?�2 �?�m�K���M �#�Q�/�v ���M�/ �m�b�2 �i�?�2�K �i�Q ���M�B�K���i�2 ���p���i���` �K�Q�/�2�H�b�X �>�Q�r�2�p�2�`�- �i�?�B�b �B�b ��

�i�`�2�K�2�M�/�Q�m�b ���K�Q�m�M�i �Q�7 �/���i�� �i�Q �b�2�M�/ �Q�p�2�` �� �M�2�i�r�Q�`�F�X �A�i �+���M �Q�p�2�`�H�Q���/ �i�?�2 �+�Q�K�K�m�M�B�+���i�B�Q�M �M�2�i�@

�r�Q�`�F ���M�/ �`�2�b�m�H�i �B�M �b�B�;�M�B�7�B�+���M�i�H�v �?�B�;�?�2�` �H���i�2�M�+�v �+�Q�b�i�X �h�Q ���p�Q�B�/ �i�?�B�b �r�2 �`�2�+�Q�K�K�2�M�/ �b�i�`�2���K�B�M�;

�Q�M�H�v �i�?�2 �K�Q�b�i �`�2�H�2�p���M�i �m�b�2�` �D�Q�B�M�i �/���i�� �i�?�`�Q�m�;�? �i�?�2 �+�Q�K�K�m�M�B�+���i�B�Q�M �+�?���M�M�2�H�b�X

�6�Q�` �Q�m�` �/�2�b�B�;�M�- �r�2 �/�2�+�B�/�2�/ �i�Q �m�b�2 �i�?�2 �J�Z�h�h �M�2�i�r�Q�`�F �T�`�Q�i�Q�+�Q�H �(�9�k�) �i�Q �b�m�T�T�Q�`�i �Q�m�` �+�Q�K�@

�K�m�M�B�+���i�B�Q�M �+�Q�K�T�Q�M�2�M�i�X �J�Z�h�h �B�b ���M �P���a�A�a �b�i���M�/���`�/ �K�2�b�b���;�B�M�; �T�`�Q�i�Q�+�Q�H �7�Q�` �A�M�i�2�`�M�2�i �Q�7

�h�?�B�M�;�b�X �A�i �B�b �� �H�B�;�?�i�r�2�B�;�?�i �T�m�#�H�B�b�?�f�b�m�#�b�+�`�B�#�2 �M�2�i�r�Q�`�F �T�`�Q�i�Q�+�Q�H �i�?���i �+���M �#�2 �m�b�2�/ �i�Q �2�b�i���#�H�B�b�?

�+�Q�K�K�m�M�B�+���i�B�Q�M �#�2�i�r�2�2�M �`�2�K�Q�i�2 �/�2�p�B�+�2�b�X

�1���+�? �m�b�2�`�ö�b �b�F�2�H�2�i�Q�M �D�Q�B�M�i �/���i�� �B�b �b�i�`�2���K�2�/ �Q�M �� �m�M�B�[�m�2 �J�Z�h�h �+�?���M�M�2�H �U�i�Q�T�B�+�V �#�v �i�?�2�B�`

�`�2�b�T�2�+�i�B�p�2 �#�Q�/�v�@�i�`���+�F�2�` �+�H�B�2�M�i ���T�T�H�B�+���i�B�Q�M�b�X �h�?�2 �#�Q�/�v�@�i�`���+�F�2�` �+�H�B�2�M�i �b�i�`�2���K�b �i�?�2�B�` �b�F�2�H�2�i�Q�M

�D�Q�B�M�i �/���i�� �i�Q �� �+�2�M�i�`���H�B�x�2�/ �J�Z�h�h �#�`�Q�F�2�`�X �h�?�2 �#�`�Q�F�2�` �i�?�2�M �#�`�Q���/�+���b�i�b �i�?�B�b �/���i�� �i�Q ���H�H �i�?�2

�Q�i�?�2�` �m�b�2�`�b�ö �s�_ �+�H�B�2�M�i ���T�T�H�B�+���i�B�Q�M�b �i�?���i ���`�2 �H�B�b�i�2�M�B�M�; �7�Q�` �m�T�/���i�2�b �Q�M �i�?�2�b�2 �+�?���M�M�2�H�b�X �s�_

�+�H�B�2�M�i ���T�T�H�B�+���i�B�Q�M�b �`�m�M �Q�M �2���+�? �m�b�2�`�ö�b �s�_ �/�B�b�T�H���v �+�Q�K�T�Q�M�2�M�i�X �l�T�Q�M �`�2�+�2�B�p�B�M�; �M�2�r �K�2�b�b���;�2�b

�7�`�Q�K �i�?�2 �#�`�Q�F�2�`�- �i�?�2�b�2 �s�_ ���T�T�H�B�+���i�B�Q�M�b �m�b�2 �i�?�2 �T���b�b�2�/ �b�F�2�H�2�i���H �D�Q�B�M�i �/���i�� �i�Q �m�T�/���i�2 �2���+�?

�m�b�2�`�ö�b �H�Q�+���i�B�Q�M �r�B�i�?�B�M �i�?�2 �b�?���`�2�/ �`�2�K�Q�i�2 �K�2�2�i�B�M�; �2�M�p�B�`�Q�M�K�2�M�i�X



�9�k �*�?���T�i�2�` �9�X �S�`�Q�T�Q�b�2�/ ���T�T�`�Q���+�?

�9�X�k�X�j �*�Q�K�T�Q�M�2�M�i �j�, �s�_ �_�2�M�/�2�`�B�M�;

�h�?�2 �s�_ �+�Q�K�T�Q�M�2�M�i �+�Q�M�b�B�b�i�b �Q�7 ���M ���H�r���v�b�@�Q�M ���T�T�H�B�+���i�B�Q�M �U�/�2�p�2�H�Q�T�2�/ �Q�M �� �;���K�2 �2�M�;�B�M�2 �H�B�F�2

�l�M�B�i�v�V �i�?���i �`�m�M�b �Q�M �i�?�2 �s�_ �/�B�b�T�H���v �?���`�/�r���`�2�X �h�?�B�b ���T�T�H�B�+���i�B�Q�M �/�B�b�T�H���v�b �i�?�2 �+�m�`�`�2�M�i �b�i���i�2 �Q�7

�b�?���`�2�/ �p�B�`�i�m���H �2�M�p�B�`�Q�M�K�2�M�i�- ���H�Q�M�; �r�B�i�? �i�?�2 ���p���i���`�b �Q�7 ���H�H �`�2�K�Q�i�2 �K�2�2�i�B�M�; �b�m�#�D�2�+�i�b�X �o�B�`�i�m���H �2�M�@

�p�B�`�Q�M�K�2�M�i�b �+���M �#�2 �/�2�b�B�;�M�2�/ �i�Q �`�2�T�H�B�+���i�2 �i�`���/�B�i�B�Q�M���H �+�Q�H�H���#�Q�`���i�B�p�2 �2�M�p�B�`�Q�M�K�2�M�i�b �U�+�H���b�b�`�Q�Q�K�b�-

�+�Q�M�7�2�`�2�M�+�2 �`�Q�Q�K�b�- �Q�7�7�B�+�2 �b�T���+�2�b�- �2�i�+�X�V�X �h�?�2 �s�_ ���T�T�H�B�+���i�B�Q�M �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �+�Q�M�i�`�Q�H�H�B�M�;

�2�p�2�`�v�i�?�B�M�; �i�?���i �� �m�b�2�` �b�2�2�b ���M�/ �/�Q�2�b �B�M �i�?�2 �b�?���`�2�/ �p�B�`�i�m���H �2�M�p�B�`�Q�M�K�2�M�i�X �h�?�2 ���T�T�H�B�+���i�B�Q�M

�m�T�/���i�2�b �i�?�2 �m�b�2�`�ö�b �T�Q�b�B�i�B�Q�M �#���b�2�/ �Q�M �i�?�2�B�` �K�Q�p�2�K�2�M�i�X

�A�i ���H�b�Q �`�2�;�B�b�i�2�`�b ���M�v �2�K�#�Q�/�B�2�/ �B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �m�b�2�` ���M�/ ���M �2�M�p�B�`�Q�M�K�2�M�i �Q�#�D�2�+�i ���M�/

�b�2�M�/�b �i�?�B�b �i�Q �� �/�2�b�B�;�M���i�2�/ �+�?���M�M�2�H �Q�M �i�?�2 �+�Q�K�K�m�M�B�+���i�B�Q�M �+�Q�K�T�Q�M�2�M�i�X �6�Q�` �B�M�b�i���M�+�2�- �B�7 �i�?�2 �m�b�2�`

�K�Q�p�2�b �� �+�?���B�` �B�M �b�?���`�2�/ �p�B�`�i�m���H �+�H���b�b�`�Q�Q�K �2�M�p�B�`�Q�M�K�2�M�i�- �i�?�B�b �K�Q�p�2�K�2�M�i �B�b ���H�b�Q �T�`�Q�T���;���i�2�/ �i�Q

�i�?�2 �s�_ ���T�T�H�B�+���i�B�Q�M�b �Q�7 �2���+�? �Q�i�?�2�` �`�2�K�Q�i�2�H�v �+�Q�M�M�2�+�i�2�/ �m�b�2�`�X �6�B�M���H�H�v�- �i�?�2 �s�_ ���T�T�H�B�+���i�B�Q�M ���H�b�Q

�`�2�+�2�B�p�2�b �b�i�`�2���K�2�/ �/���i�� �7�`�Q�K �i�?�2 �+�Q�K�K�m�M�B�+���i�B�Q�M �+�Q�K�T�Q�M�2�M�i �U�Q�i�?�2�` �m�b�2�` �#�Q�/�v �K�Q�p�2�K�2�M�i�b

���M�/ �2�M�p�B�`�Q�M�K�2�M�i �Q�#�D�2�+�i �B�M�i�2�`���+�i�B�Q�M�b�V ���M�/ �m�T�/���i�2�b �i�?�2 �b�i���i�2 �Q�7 �2���+�? �Q�7 �i�?�2�b�2 �2�M�i�B�i�B�2�b �B�M �i�?�2

�2�M�p�B�`�Q�M�K�2�M�i�X

�9�X�k�X�9 �A�K�T�H�2�K�2�M�i���i�B�Q�M

�A�M �i�?�B�b �b�2�+�i�B�Q�M�- �r�2 �/�2�b�+�`�B�#�2 �Q�m�` �T�`�Q�Q�7 �+�Q�M�+�2�T�i �B�K�T�H�2�K�2�M�i���i�B�Q�M �#���b�2�/ �Q�M �i�?�2 ���T�T�`�Q���+�? �/�2�@

�b�+�`�B�#�2�/ �B�M �i�?�2 �T�`�2�p�B�Q�m�b �b�2�+�i�B�Q�M�X �:�B�p�2�M �i�?�2 �B�K�T���+�i �Q�7 �*�P�o�A�.�@�R�N ���M�/ �i�?�2 �b�r�B�i�+�? �i�Q �Q�M�H�B�M�2
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