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ABSTRACT

In the development of novel algorithms and techniques in virtual
and augmented reality (VR/AR), it is crucial to take human visual
perception into account. For example, when hardware resources are
a restraining factor, the limitations of the human visual system can
be exploited in the creation and evaluation of new effective tech-
niques. Over the last decades, visual perception evaluation studies
have become a vital part of the design, development, and evalu-
ation of immersive computer graphics applications. This course
aims at introducing the attendees to the basic concepts of visual
perception applied to computer graphics and it offers an overview
of recent perceptual evaluation studies that have been conducted
with head-mounted displays (HMDs) in the context of VR and AR
applications. During this course, we call attention to the latest
published courses and surveys on visual perception applied to com-
puter graphics and interaction techniques. Through an extensive
search in the literature, we have identified six main areas in which
recent visual perceptual evaluation studies have been focused on:
distance perception, avatar perception, image quality, interaction,
motion perception, and cybersickness. Trends, main results, and
open challenges are discussed for each area and accompanied with
relevant references offering the attendees a wide introduction and
perspective on the topic.
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1 INTRODUCTION

With the increased adoption of virtual reality (VR) and augmented
reality (AR) technologies in several industry areas, e.g. gaming,
healthcare, industrial prototyping and training, especially using
head-mounted displays (HMDs), it is significantly critical to ensure
immersion and high-quality experiences for users of these systems.
Using VR HMDs, the user is entirely immersed in the virtual en-
vironment (VE), and an important requirement is for the observer
to perceive the virtual interaction as a natural experience. Hence,
it is vital that the device and applications provide a high visual
quality result. AR headsets allow the user to see both the real and
digital world simultaneously, adding virtual objects to the view and
displaying information on top of what the user is seeing. Hence, it
is crucial how virtual objects are perceived regarding spatial loca-
tion, visual appearance, and visual coherence. With HMDs come
challenges regarding maintaining a high visual quality result for
the observer. In the last few decades, research in computer graph-
ics has increasingly incorporated knowledge about human visual
perception in the design, development, and evaluation of novel
technical systems and techniques.

In addition to quantitative metrics, perceptual evaluation studies
using human observers are essential to assess the ultimate per-
ceived experience, immersion, and quality. Over the last decades,
the development of novel VR and AR technologies, has led to more
user experiences which require to be assessed by human observers.

The course provides an overview of recent research literature in
the area of VR and AR, focusing on visual perceptual evaluations
that have been carried out using HMDs in the last years. For the
analysed papers, the research questions and main results are de-
scribed together with future research directions. Key trends are also
highlighted and discussed. The main research areas identified were
classified in six categories: distance perception, avatar perception,
image quality, interaction, motion perception, and cybersickness.

2 FORMAT AND INTENDED AUDIENCE

Format: Half-day course (3h45m).

Audience: This course is relevant for everyone interested in learn-
ing about visual perception studies in VR and AR and who wants
an update on recent trends and open challenges in the area. In
particular, it could benefit beginners and trained VR/AR designers
and developers, as well as graphics and interactions researchers.
Prerequisites: This course has no hard prerequisites. Familiar-
ity with concepts of virtual reality, augmented reality, and head
mounted devices will be an advantage.


http://crossmark.crossref.org/dialog/?doi=10.1145%2F3415263.3419144&domain=pdf&date_stamp=2020-12-04

SA ’20 Courses, December 01-09, 2020, Virtual Event, Republic of Korea

3 COURSE RATIONALE

The aim of this course is to give an overview of how different
aspects of human visual perception have recently been studied and
applied in immersive virtual and augmented reality applications.
Through an extensive search in recent computer graphics literature,
we have identified six main research areas of growing interest:
distance perception, avatar perception, image quality, interaction,
motion perception, and cybersickness. Throughout the course we
highlight the main contributions and key trends for each area, the
focus and main results of these studies, and discuss some open
challenges. The intention of the course is to offer it to a broad
attendee base. Researchers interesting in approaching this field as
well as VR/AR developers, at all levels of expertise, will learn the
recent research questions in the area and their purpose/relevance
for the design of high-quality VR/AR immersive applications. In the
first part of the course, we introduce the topic of visual perception in
graphics and present the main basic theoretical concepts of visual
perception and the human visual system needed to understand
the remaining part of the course. The second part consists in an
outline of previous courses and state-of-the-art publications in
the computer graphics community on the topic. This will offer
the attendees a convenient summary of useful sources that can
be examined for further reading. With the third and fourth parts,
we go deeper into detail and describe the findings and the open
questions of each identified area.

4 COURSE SYLLABUS

(1) Introduction and Welcome (Garro) (10 min)
- Who Are We
- Course Aim
- Course Outline
(2) PartI:Basic Concepts of Visual Perception (Sundstedt) (30min)
(3) Part II: Overview of Literature in Perceptually Adaptive
Graphics (Sundstedt) (30 min)
(4) Part III: Recent Trends and Challenges in Distance Percep-
tion, Avatar Perception, and Image Quality (Garro) (60 min)
- Distance Perception
- Avatar Perception
- Image Quality
(5) BREAK (15 min)
(6) PartIV: Recent Trends and Challenges in Interaction, Motion
Perception, Cybersickness (Navarro) (60 min)
- Interaction
- Motion Perception
- Cybersickness
(7) Conclusion (Garro) (5 min)
(8) Discussion and Q&A (All) (15 min)

5 COURSE OUTLINE

Throughout the course, around 100 references will be cited pre-
senting the main trends and research focuses. The course will start
with an introductory session describing the aim of the course and
the learning outcomes. The outline of the course will be also pre-
sented. Moreover, we will introduce the six main areas that we have
identified through a literature review: distance perception, avatar
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perception, image quality, interaction, motion perception, and cy-
bersickness. The adopted selection strategy will be also described.

5.1 Part I: Basic Concepts of Visual Perception

Since the course is designed as introductory level, the first part
of the course aims at providing a common ground of terminology
and basic concepts related to visual perception, e.g. a description of
the human visual system, the concept of visual cues and 3D visual
perception.

5.2 Part II: Overview of Literature in
Perceptually Adaptive Graphics

In this part, the course offers a set of key references summarising the
previous courses and surveys regarding visual perception studies
and their applications in computer graphics in general as well as
specifically in VR and AR domains.

5.3 Part III: Recent Trends and Challenges in
Distance Perception, Avatar Perception,
and Image Quality

With Part III, we describe more in detail what recently have been
studied in the first three areas: distance perception, avatar percep-
tion, and image quality.

Distance Perception. We introduce the concept of egocentric
distance underestimation [44] in VR environments analysing sev-
eral aspects which influence this phenomenon. The recent availabil-
ity of consumer HMDs has led to several works which compared
technical factors of different type of devices, e.g. weight, field of
view (FOV), and resolution [8, 20, 57]. Other aspects that have
been recently studied are the effect of visual stimulation in the far
peripheral region of the FOV [16, 29, 30], the influence of the pres-
ence of avatars, [5, 6, 12, 17, 18, 31] and the impact of interaction
in the virtual environment, e.g. walking or reaching interaction
[19, 21, 22, 25, 45]. Distance perception plays a crucial role also
in AR, where virtual objects appear in the same space of physical
objects. The location of virtual objects in the real world should be
perceived accurately to guarantee an effective experience for the
observer. We will discuss some of the works which analysed the
impact of different visual effects [10, 26, 42, 47].

Avatar Perception. Several recent studies investigated the im-
pact of the presence and different visual characteristics of 3D virtual
characters, in particular, self-avatars, on the user experience in VR
and AR applications (mostly VR), both in case of synchronous track-
ing and in case of visuomotor conflicts. Examples of topics that
will be discussed for this area are: the influence of the presence of
avatars[5], the level of visibility of avatar (e.g. partial avatar, full
body avatar) [34, 48], the personalisation of avatar [18, 52], and the
level of realism [4, 28, 32], on the following aspects of the immersive
experience: spatial perception, body ownership, sense of agency,
and sense of presence.

Image Quality. With the integration of eye tracking in HMDs,
it has become possible to exploit information from the user in the
design of novel algorithms and techniques, e.g. foveated render-
ing. Different aspects of the rendering pipeline have been modified
to incorporate gaze information in HMDs to provide speedups
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while maintaining a high or improved perceptual quality result, e.g.
[41, 46, 53, 54]. Other rendering techniques exploiting the human
visual system are based on contrast enhancement [59] and binoc-
ular disparity [13]. Other studies in the area of image quality and
foveated rendering have focused on computational optics [37], as
well as rendering of pre-corrected images [56].

Recently, research interest has also been growing on quality
assessment of model-based virtual environments both in VR [39, 58]
and AR [1, 2].

5.4 PartIV: Recent Trends and Challenges in
Interaction, Motion Perception, and
Cybersickness

With Part IV, we continue the detailed description of the main recent
works in the other identified areas: interaction, motion perception,
and cybersickness.

Interaction. The interaction section presents a set of works that
have analysed how 3D object manipulation can be carried out in VE.
The section explains how the visual perception system can be used
to improve the interactive experience, and how perception studies
differ from those in the area of human-computer interaction (HCI).
The section divides the works into two clusters: haptics analyses
techniques to explore the VE through a simulated tactile techniques
[11, 33, 50], while efficiency studies evaluated the accuracy and
overall functionality of the proposed interaction techniques [14, 24].

Motion Perception. The studies included in the motion section
analysed how the visual perception system was used in different
techniques to navigate through VE, focusing on variables like per-
ceived speed, position and direction. Two major clusters were used
to classify the works exposed in the motion section: Locomotion re-
views the techniques used to aid the process of navigation through
the VE [7, 15, 27, 35], and spatial awareness evaluated the sense of
orientation participants had of the real world, while immersed in
the VE [9, 40, 49, 55].

Cybersickness. The cybersickness section reviews studies that
explored the undesired motion sickness condition that is perceived
when experiencing self-movement in VE. The section introduces
the symptoms, potential causes, and some of the mitigation ap-
proaches that have been proposed to address cybersickenss. There
were two clusters used to categorise the works in the area of cyber-
sickness: diagnosis included works that focused on identifying and
assessing cybersickness in participants [23, 36, 43], while stimuli
categorisation exposes studies that evaluated the effects of different
visualisation techniques in inducing cybersickness [3, 36, 38, 51].

5.5 Conclusion

To conclude the course, before the discussion, we will offer a brief
wrap-up session to summarise the content of the course.

5.6 Discussion

The final part of the course is a Discussion and Q&A session in
which we plan to have the attendees to participate in the discussion
with interactive tools to acquire real-time feedback. The informa-
tion collected during the Discussion session will be aggregated and
reported in a web page that we are planning to create as to support
this course.
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ment of Computer Science at Blekinge Institute of Technology.
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Bachelor degree on Multimedia Engineering from Nueva Granada
Military University (2009), and a Master of Science degree on De-
sign, Interaction and Game Technologies from Blekinge Institute
of Technology (2014).

ACKNOWLEDGMENTS

This work was supported in part by KK-stiftelsen Sweden, through
the ViaTecH Synergy Project (contract 20170056).

REFERENCES

[1] E. Alexiou and T. Ebrahimi. 2018. Impact of Visualisation Strategy for Subjective
Quality Assessment of Point Clouds. In 2018 IEEE International Conference on
Multimedia & Expo Workshops (ICMEW). 1-6.

[2] E. Alexiou, E. Upenik, and T. Ebrahimi. 2017. Towards subjective quality assess-
ment of point cloud imaging in augmented reality. In 2017 IEEE 19th International
Workshop on Multimedia Signal Processing (MMSP). 1-6.

[3] Benjamin Arcioni, Stephen Palmisano, Deborah Apthorp, and Juno Kim. 2018.

Postural stability predicts the likelihood of cybersickness in active HMD-based

virtual reality. Displays (2018).

F. Argelaguet, L. Hoyet, M. Trico, and A. Lecuyer. 2016. The role of interaction

in virtual embodiment: Effects of the virtual hand representation. In 2016 IEEE

Virtual Reality (VR). 3-10.

[5] Noorin Suhaila Asjad, Haley Adams, Richard Paris, and Bobby Bodenheimer.
2018. Perception of Height in Virtual Reality: A Study of Climbing Stairs. In
Proceedings of the 15th ACM Symposium on Applied Perception (SAP ’18). ACM,
New York, NY, USA, 4:1-4:8.

[6] Domna Banakou, Raphaela Groten, and Mel Slater. 2013. Illusory ownership of
a virtual child body causes overestimation of object sizes and implicit attitude
changes. Proceedings of the National Academy of Sciences 110, 31 (July 2013),
12846-12851.

[7] Costas Boletsis. 2017. The New Era of Virtual Reality Locomotion: A System-
atic Literature Review of Techniques and a Proposed Typology. Multimodal
Technologies and Interaction 1, 4 (2017).

4



SA ’20 Courses, December 01-09, 2020, Virtual Event, Republic of Korea

—

8]

[9]

[10

[11

(12]

(13

[14

=
K}

[16]

(17

[18

[20

[21

[22

[24

[25

[26

&
=

(28]

[29

Lauren E. Buck, Mary K. Young, and Bobby Bodenheimer. 2018. A Comparison
of Distance Estimation in HMD-Based Virtual Environments with Different
HMD-Based Conditions. ACM Trans. Appl. Percept. 15, 3 (July 2018), 21:1-21:15.
Noah Coomer, Sadler Bullard, William Clinton, and Betsy Williams-Sanders. 2018.
Evaluating the Effects of Four VR Locomotion Methods: Joystick, Arm-cycling,
Point-tugging, and Teleporting. In Proceedings of the 15th ACM Symposium on
Applied Perception (SAP °18). ACM, New York, NY, USA, 7:1-7:8.

C. Diaz, M. Walker, D. A. Szafir, and D. Szafir. 2017. Designing for Depth Percep-
tions in Augmented Reality. In 2017 IEEE International Symposium on Mixed and
Augmented Reality (ISMAR). 111-122.

Elham Ebrahimi, Bliss Altenhoff, Leah Hartman, J. Adam Jones, Sabarish V. Babu,
Christopher C. Pagano, and Timothy A. Davis. 2014. Effects of Visual and
Proprioceptive Information in Visuo-motor Calibration During a Closed-loop
Physical Reach Task in Immersive Virtual Environments. In Proceedings of the
ACM Symposium on Applied Perception (SAP ’14). ACM, New York, NY, USA,
103-110.

E. Ebrahimi, L. S. Hartman, A. Robb, C. C. Pagano, and S. V. Babu. 2018. Inves-
tigating the Effects of Anthropomorphic Fidelity of Self-Avatars on Near Field
Depth Perception in Immersive Virtual Environments. In 2018 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR). 1-8.

L. Fink, N. Hensel, D. Markov-Vetter, C. Weber, O. Staadt, and M. Stamminger.
2019. Hybrid Mono-Stereo Rendering in Virtual Reality. In 2019 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR). 88-96.

Nicolas Gerig, Johnathan Mayo, Kilian Baur, Frieder Wittmann, Robert Riener,
and Peter Wolf. 2018. Missing depth cues in virtual reality limit performance
and quality of three dimensional reaching movements. PLOS ONE 13, 1 (01 2018),
1-18.

Eric Hodgson, Eric Bachmann, and Tyler Thrash. 2014. Performance of Redi-
rected Walking Algorithms in a Constrained Virtual World. IEEE Transactions on
Visualization and Computer Graphics 20, 4 (April 2014), 579-587.

J. Adam Jones, David M. Krum, and Mark T. Bolas. 2016. Vertical Field-of-View
Extension and Walking Characteristics in Head-Worn Virtual Environments.
ACM Trans. Appl. Percept. 14, 2 (Oct. 2016), 9:1-9:17.

Eunice Jun, Jeanine K. Stefanucci, Sarah H. Creem-Regehr, Michael N. Geuss, and
William B. Thompson. 2015. Big Foot: Using the Size of a Virtual Foot to Scale
Gap Width. ACM Trans. Appl. Percept. 12, 4 (Sept. 2015), 16:1-16:12.

Sungchul Jung, Gerd Bruder, Pamela J. Wisniewski, Christian Sandor, and
Charles E. Hughes. 2018. Over My Hand: Using a Personalized Hand in VR
to Improve Object Size Estimation, Body Ownership, and Presence. In Proceed-
ings of the Symposium on Spatial User Interaction (SUI ’18). ACM, New York, NY,
USA, 60-68.

Jonathan W. Kelly, Lucia A. Cherep, Brenna Klesel, Zachary D. Siegel, and Seth
George. 2018. Comparison of Two Methods for Improving Distance Perception
in Virtual Reality. ACM Trans. Appl. Percept. 15, 2 (March 2018), 11:1-11:11.
Jonathan W. Kelly, Lucia A. Cherep, and Zachary D. Siegel. 2017. Perceived Space
in the HTC Vive. ACM Trans. Appl. Percept. 15, 1 (July 2017), 2:1-2:16.
Jonathan W. Kelly, Lisa S. Donaldson, Lori A. Sjolund, and Jacob B. Freiberg.
2013. More than just perception-action recalibration: Walking through a vir-
tual environment causes rescaling of perceived space. Attention, Perception, &
Psychophysics 75, 7 (Oct. 2013), 1473-1485.

J. W. Kelly, W. W. Hammel, Z. D. Siegel, and L. A. Sjolund. 2014. Recalibration
of Perceived Distance in Virtual Environments Occurs Rapidly and Transfers
Asymmetrically Across Scale. IEEE Transactions on Visualization and Computer
Graphics 20, 4 (April 2014), 588-595.

J. Kim, W. Kim, S. Ahn, J. Kim, and S. Lee. 2018. Virtual Reality Sickness Predictor:
Analysis of visual-vestibular conflict and VR contents. In 2018 Tenth International
Conference on Quality of Multimedia Experience (QoMEX). 1-6.

M. Krichenbauer, G. Yamamoto, T. Taketom, C. Sandor, and H. Kato. 2018. Aug-
mented Reality versus Virtual Reality for 3D Object Manipulation. IEEE Transac-
tions on Visualization and Computer Graphics 24, 2 (Feb. 2018), 1038-1048.
Benjamin R Kunz, Sarah H Creem-Regehr, and William B Thompson. 2015. Test-
ing the Mechanisms Underlying Improved Distance Judgments in Virtual Envi-
ronments. Perception 44, 4 (Jan. 2015), 446-453.

Mikko Kyto, Aleksi Mékinen, Jukka Hékkinen, and Pirkko Oittinen. 2013. Im-
proving Relative Depth Judgments in Augmented Reality with Auxiliary Aug-
mentations. ACM Trans. Appl. Percept. 10, 1 (March 2013), 6:1-6:21.

E. Langbehn, P. Lubos, G. Bruder, and F. Steinicke. 2017. Bending the Curve:
Sensitivity to Bending of Curved Paths and Application in Room-Scale VR. IEEE
Transactions on Visualization and Computer Graphics 23, 4 (April 2017), 1389—
1398.

Marc Erich Latoschik, Daniel Roth, Dominik Gall, Jascha Achenbach, Thomas
Waltemate, and Mario Botsch. 2017. The Effect of Avatar Realism in Immersive
Social Virtual Realities. In Proceedings of the 23rd ACM Symposium on Virtual
Reality Software and Technology (Gothenburg, Sweden) (VRST ’17). ACM, New
York, NY, USA, Article 39, 10 pages.

Bochao Li, Anthony Nordman, James Walker, and Scott A. Kuhl. 2016. The
Effects of Artificially Reduced Field of View and Peripheral Frame Stimulation on
Distance Judgments in HMDs. In Proceedings of the ACM Symposium on Applied

[30]

[31]

(32]

(33]

[34]

[35]

[36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Garro, et al.

Perception (SAP °16). ACM, New York, NY, USA, 53-56.

Bochao Li, James Walker, and Scott A. Kuhl. 2018. The Effects of Peripheral
Vision and Light Stimulation on Distance Judgments Through HMDs. ACM
Trans. Appl. Percept. 15, 2 (April 2018), 12:1-12:14.

Qiufeng Lin, John Rieser, and Bobby Bodenheimer. 2015. Affordance Judgments
in HMD-Based Virtual Environments: Stepping over a Pole and Stepping off a
Ledge. ACM Trans. Appl. Percept. 12, 2 (April 2015), 6:1-6:21.

C. Lougiakis, A. Katifori, M. Roussou, and I. Ioannidis. 2020. Effects of Virtual
Hand Representation on Interaction and Embodiment in HMD-based Virtual
Environments Using Controllers. In 2020 IEEE Conference on Virtual Reality and
3D User Interfaces (VR). 510-518.

P. Lubos, G. Bruder, and F. Steinicke. 2014. Analysis of direct selection in head-
mounted display environments. In 2014 IEEE Symposium on 3D User Interfaces
(3DUI). 11-18.

J. Lugrin, M. Ertl, P. Krop, R. Kliipfel, S. Stierstorfer, B. Weisz, M. Riick, J. Schmitt,
N. Schmidt, and M. E. Latoschik. 2018. Any “Body” There? Avatar Visibility
Effects in a Virtual Reality Game. In 2018 IEEE Conference on Virtual Reality and
3D User Interfaces (VR). 17-24.

Morgan McCullough, Hong Xu, Joel Michelson, Matthew Jackoski, Wyatt Pease,
William Cobb, William Kalescky, Joshua Ladd, and Betsy Williams. 2015. Myo
Arm: Swinging to Explore a VE. In Proceedings of the ACM SIGGRAPH Symposium
on Applied Perception (SAP ’15). ACM, New York, NY, USA, 107-113.

Justin Munafo, Meg Diedrick, and Thomas A. Stoffregen. 2017. The virtual reality
head-mounted display Oculus Rift induces motion sickness and is sexist in its
effects. Experimental Brain Research 235, 3 (01 Mar 2017), 889-901.

Nitish Padmanaban, Robert Konrad, Tal Stramer, Emily A. Cooper, and Gordon
Wetzstein. 2017. Optimizing virtual reality for all users through gaze-contingent
and adaptive focus displays. Proceedings of the National Academy of Sciences 114,
9 (Feb. 2017), 2183-2188.

Stephen Palmisano, Rebecca Mursic, and Juno Kim. 2017. Vection and cyber-
sickness generated by head-and-display motion in the Oculus Rift. Displays 46
(2017),1 - 8.

Pedro J. Pardo, Maria Isabel Suero, and Angel Luis Pérez. 2018. Correlation
between perception of color, shadows, and surface textures and the realism of a
scene in virtual reality. Journal of the Optical Society of America A 35, 4 (April
2018), B130-B135.

Richard Paris, Miti Joshi, Qiliang He, Gayathri Narasimham, Timothy P. McNa-
mara, and Bobby Bodenheimer. 2017. Acquisition of Survey Knowledge Using
Walking in Place and Resetting Methods in Immersive Virtual Environments. In
Proceedings of the ACM Symposium on Applied Perception (Cottbus, Germany)
(SAP ’17). ACM, New York, NY, USA, Article 7, 8 pages.

Anjul Patney, Marco Salvi, Joohwan Kim, Anton Kaplanyan, Chris Wyman, Nir
Benty, David Luebke, and Aaron Lefohn. 2016. Towards Foveated Rendering for
Gaze-tracked Virtual Reality. ACM Trans. Graph. 35, 6 (Nov. 2016), 179:1-179:12.
Grant Pointon, Chelsey Thompson, Sarah Creem-Regehr, Jeanine Stefanucci, Miti
Joshi, Richard Paris, and Bobby Bodenheimer. 2018. Judging Action Capabilities
in Augmented Reality. In Proceedings of the 15th ACM Symposium on Applied
Perception (SAP ’18). ACM, New York, NY, USA, 6:1-6:8.

Lisa Rebenitsch and Charles Owen. 2016. Review on cybersickness in applications
and visual displays. Virtual Reality 20, 2 (June 2016), 101-125.

Rebekka S. Renner, Boris M. Velichkovsky, and Jens R. Helmert. 2013. The
Perception of Egocentric Distances in Virtual Environments - A Review. ACM
Comput. Surv. 46, 2 (Dec. 2013), 23:1-23:40.

Zachary D. Siegel and Jonathan W. Kelly. 2017. Walking through a virtual envi-
ronment improves perceived size within and beyond the walked space. Attention,
Perception, & Psychophysics 79, 1 (Jan. 2017), 39-44.

Michael Stengel, Steve Grogorick, Martin Eisemann, and Marcus Magnor. 2016.
Adaptive Image-Space Sampling for Gaze-Contingent Real-time Rendering. Com-
puter Graphics Forum 35, 4 (July 2016), 129-139.

J.E.Swan, G. Singh, and S. R. Ellis. 2015. Matching and Reaching Depth Judgments
with Real and Augmented Reality Targets. IEEE Transactions on Visualization
and Computer Graphics 21, 11 (Nov. 2015), 1289-1298.

Tanh Quang Tran, HyunJu Shin, Wolfgang Stuerzlinger, and JungHyun Han. 2017.
Effects of Virtual Arm Representations on Interaction in Virtual Environments. In
Proceedings of the 23rd ACM Symposium on Virtual Reality Software and Technology
(VRST ’17). ACM, New York, NY, USA, 40:1-40:9.

K. Vasylevska and H. Kaufmann. 2017. Towards efficient spatial compression
in self-overlapping virtual environments. In 2017 IEEE Symposium on 3D User
Interfaces (3DUI). 12-21.

Spyros Vosinakis and Panayiotis Koutsabasis. 2018. Evaluation of visual feedback
techniques for virtual grasping with bare hands using Leap Motion and Oculus
Rift. Virtual Reality 22, 1 (March 2018), 47-62.

Alla Vovk, Fridolin Wild, Will Guest, and Timo Kuula. 2018. Simulator Sickness
in Augmented Reality Training Using the Microsoft HoloLens. In Proceedings of
the 2018 CHI Conference on Human Factors in Computing Systems (Montreal QC,
Canada) (CHI '18). ACM, New York, NY, USA, Article 209, 9 pages.



A Review of Current Trends on Visual Perception Studies in VR and AR

(52]

[53

(54]

[55]

T. Waltemate, D. Gall, D. Roth, M. Botsch, and M. E. Latoschik. 2018. The Impact of
Avatar Personalization and Immersion on Virtual Body Ownership, Presence, and
Emotional Response. IEEE Transactions on Visualization and Computer Graphics
24, 4 (April 2018), 1643-1652.

Martin Weier, Thorsten Roth, André Hinkenjann, and Philipp Slusallek. 2018.
Foveated Depth-of-Field Filtering in Head-Mounted Displays. ACM Trans. Appl.
Percept. 15, 4 (Sept. 2018), 26:1-26:14.

Martin Weier, Thorsten Roth, Ernst Kruijff, André Hinkenjann, Arséne Pérard-
Gayot, Philipp Slusallek, and Yongmin Li. 2016. Foveated Real-Time Ray Tracing
for Head-Mounted Displays. Computer Graphics Forum 35, 7 (Oct. 2016), 289-298.

T. Weiflker, A. Kunert, B. Frohlich, and A. Kulik. 2018. Spatial Updating and Simu-
lator Sickness During Steering and Jumping in Immersive Virtual Environments.
In 2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). 97-104.

[56]

(571

(58]

[59]

SA ’20 Courses, December 01-09, 2020, Virtual Event, Republic of Korea

F. Xu and D. Li. 2018. Software Based Visual Aberration Correction for HMDs.
In 2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). 246-250.

Mary K. Young, Graham B. Gaylor, Scott M. Andrus, and Bobby Bodenheimer.
2014. A Comparison of Two Cost-differentiated Virtual Reality Systems for
Perception and Action Tasks. In Proceedings of the ACM Symposium on Applied
Perception (SAP °14). ACM, New York, NY, USA, 83-90.

Y. Yu, F. Yang, H. Liu, and W. Zhang. 2018. Perceptual Quality and Visual
Experience Analysis for Polygon Mesh on Different Display Devices. IEEE Access
6 (2018), 42941-42949.

Fangcheng Zhong, George Alex Koulieris, George Drettakis, Martin S. Banks,
Mathieu Chambe, Frédo Durand, and Rafat K. Mantiuk. 2019. DiCE: Dichoptic
Contrast Enhancement for VR and Stereo Displays. ACM Trans. Graph. 38, 6,
Article 211 (Nov. 2019), 13 pages.



Flg. 1-I Adapted from image by Pete Linforth from Pixabay. Pixabay License
https://pixabay.com/illustrations/eye-technology-imagination-4063134

SIGGRAPH ASIA 2020
VIRTUAL

A Review of Current Trends on
Visual Perception Studies in
Virtual and Augmented Reality

Valeria Garro
Veronica Sundstedt
Diego Navarro

Blekinge Institute of Technology
Sweden EX

¢
z

INTRODUCTION
&
WELCOME

Valeria Garro
Blekinge Institute of Technology




& wnasss %

O Seaassss O

Who Are We N
9 <4
1 Valeria Garro ‘BTH®

A Associate Senior Lecturer at Blekinge Institute of Technology (BTH), Sweden
Interests: human-centered computing, visual perception, 3D shape analysis,
computer vision, VR, and AR.

Veronica Sundstedt

Associate Professor at Blekinge Institute of Technology (BTH), Sweden

Head of Department of Computer Science at BTH

Interests: computer graphics, novel human-computer interaction techniques, and
visual perception.

Diego Navarro

PhD student at Blekinge Institute of Technology (BTH), Sweden

Interests: human-computer interaction, emerging interaction technologies, virtual
reality, artificial intelligence, and psychophysiological feedback.

Course Aim

oIntroduction to human visual perception.

oHow have different visual perception aspects been studied
and applied in VR and AR?

oSummary of recent literature on the topic.

oMain research trends, challenges and open questions in six
different areas.




Visual Perception in VR and AR

oVisual perception is a
broad topic.

oSeveral characteristics
and parameters have
been investigated and
applied on different
areas.

Fig. 2-1. Image by Free-Photos from Pixabay. Pixabay License.

https://pixabay.com/photos/milky-way-universe-person-stars-1023340/

Literature Selection Strategy
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"Virtual Reality” N “Visual Percept*’ :
“Augmented Reality” R | OR “User Stud*”
“Mixed Reality” | “Subjective Stud*”
uVRu nARu uMRn /, "Subjective .
< AND‘ Experiment”
OR

“Head Mounted"
“Head-mounted”
“HMD"

~ 400 Papers

Search on Scopus.

Time limit: Publication Year > 2012
Focus on “visual perception”
(sound, haptic have been excluded).
Posters and short papers excluded.

Focus on the impact of visual
perception properties and visual
elements on VR/AR HMD
applications.




Literature Selection Strategy
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Course Structure

Introduction & Welcome (Garro) (10 min)
Part I: Basic Concepts of Visual Perception (Sundstedt) (30min)
Part II: Overview of Literature in Perceptually Adaptive Graphics (Sundstedt) (30 min)

Part III: Recent Trends and Challenges in Distance Perception, Avatar Perception, and Image Quality
(Garro) (60 min)

= Distance Perception

= Avatar Perception

» Image Quality

BREAK (15 min)

Part IV: Recent Trends and Challenges in Interaction, Motion Perception, and Cybersickness (Navarro) (60
min)

= Interaction

= Motion Perception

» Cybersickness

Conclusion (Garro) (5 min)
Discussion and Q&A (ALl (15 min)
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BASIC CONCEPTS OF VISUAL
PERCEPTION

Veronica Sundstedt
Blekinge Institute of Technology




Perception and our Senses
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@ ﬁ There are aLLSO other
examples...
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What is Visual Perception?

 Qur ability to acquire and
interpret information from the
environment by processing light
in the visible spectrum through

the eye

Fig. 1-PL Image by Peggy und Marco Lachmann-Anke from Pixabay. Pixabay License.
https://pixabay.com/illustrations/binoculars-search-see-to-find-1026423/




Visible Light Spectrum
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Fig. 2-PL User: Tatoute / Creative Commons Attribution-Share Alike 3.0 Unported license.
(https://commons.wikimedia.org/wiki/File:Spectre_visible_light.svg).
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Fig. 3-PL Image by Rhcastilhos. And Jmarchn. Creative Commons Attribution-Share Alike 3.0 Unported license.
https://commons.wikimedia.org/wiki/File:Schematic_diagram of the human_eye en.svg




Left Visual ' . Right Visual

Human Visual System S A
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L4
LIRS [
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* The eyes
* The optic nerves
« The brain ontc

Nerve
Optic
Chiasm

Right Eye

Brain

Lateral
Geniculate
Nucleus

Primary
Visual Cortex

Fig. 4-PIL. Mads00 / CC BY-SA (https://creativ i -sa/4.0)
https: iki iki/File:N i i

www.scientificanimations.com/wiki-images/. Creative Commons “BY-SA (Attribution-ShareAlike 4.0 International)”

Fig. 5-PL Image by https:




Visual Acuity and Photoreceptor Distribution

180 000

(ter_'r&pl)e (n%se)
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» Visual acuity is the resolution 160000 .
limit of the eye and our E 140000
ability to see fine details L oo
(Snowden et al. 2006) g
- Uneven distribution of cells in g 17000
the retina S 80000 | IhN
- Foveal vision has the highest £ eoovo |/
visual acuity (area of about 4550 | Fovea Biind spot
[e] i
2 ) 20000 Cones
- Eye movements to move the . =
image to this area 60° 40° 20° 0° 20° 40° 60° 80°

Angle from fovea

Fig. 6-PI. Author: Cmglee. Creative Commons Attribution-Share Alike 3.0
Unported license. https://commons.wikimedia.org/wiki/File:Human photoreceptor distribution.svg

Visual Acuity Test

« "Visual angle of thumb's width is <4
about 2 deg" (O'Shea 1991)

» Highest visual acuity maps to a
visual angle of about twice as
large as the thumb when the s 1
arm is stretched out (Thompson ,\
et al. 2011)

\

|

~

Flg. 7-PI. Image by Peggy und Marco Lachmann-Anke from Pixabay. Pixabay
License.
https://pixabay.com/illustrations/thumbs-up-gut-thumb-high-finger-1026395/




Central and Peripheral Vision

macular
18°

« Field of view (Thompson et al. 2011) pemce
« 200° horizontal, 135° vertical
» Overlap 120°

mid

mid
60° peripheral peripheral 60°

far
peripheral

far
peripheral

100-110° 100-110°

Fig. 8-PI. Author: Zyxwv99. Creative Commons Attribution-Share Alike 4.0
International license. https://commons.wikimedia.org/wiki/File:Peripheral _vision.svg

Colour Perception

* Young-Helmholz theory -
Trichromatic theory

» Three kinds of cones sensitive
to red, green, and blue

Fig. 9-PL Image by PublicDomainPictures from Pixabay. Pixabay License.
https://pixabay.com/photos/abstract-red-green-blue-primary-19141/




Spectral Absorption Curves

Short (S)
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Normalized cone response (linear energy)
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Fig. 10-PI. Image by BenRG. Creative Commons Public Domain. https://commons.wikimedia.org/wiki/File:Cone-fundamentals-with-srgb-spectrum.svg

Colour Blindness

«1/12 men (8%), 1/200 women (0.5%)
(https://www.colourblindawareness.org/colour-blindness/)

« Total or partial (most common red/green, blue/yellow)

Protanopia Deuteranopia Tritanopia
(red blind) (green blind) (blue blind)

Normal vision




Distribution of Cone Cells in the Fovea

Protanopia
(red blind)

Normal vision

Flg. 11-PI. Attribution: Mark Fairchild. Creative Commons Attribute-Share Alike 3.0 Unported
License. https://commons.wikimedia.org/wiki/File:ConeMosaics.jpg
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Brightness Perception

 Mach Band effect

Eye Movements

 Eyes move 3-4 times / sec (Snowden et al. 2006)

« Different types (Duchowski 2017, DuchowsKi
2018)
« Fixations (tremors, drifts, microsaccades)
 Saccades (fast)
* Smooth pursuits
« Vergence (accommodation)
« Vestibulo-ocular reflex

» Scan paths
» Sequence of fixations forming a path




Human Visual Attention

* Visual attention helps us select relevant
information

« Bottom-up processing (Itti et al. 1998)
« Attracts our attention automatically (saliency)
« Movement, orientation, intensity, colour

» Top-down processing (Yarbus 1967)
« Task-driven (driving a car, playing a game)

Saliency (Bottom-Up)

» Low-level features attracting
attention (orientation, size, colour,
intensity, motion, etc.)

NN (e oe e |
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Orientation Size Colour




Selective Attention R
. & K

« Inattentional blindness - if you focus actively 'q' ﬁ -
on a thing you might fail to notice other o 9 <

things (Mack and Rock, 1998) Q%ﬁ x’ /I]}

« Simons and Chabris (1999) - Invisible gorilla
test, count basketball passes, ca 50% failed to
notice it

« Change blindness — when you fail to notice a
change (nttps://wwwyoutube.com/watch?v=VkrrVozZR2c)

1) 2) 3) )

SR S R

Eye Tracking

« Eye tracking is technology (and
software) allows you to record an
observer's eye movements (needs
calibration)

« Video-based, mechanical, electronic

» Portable device, screen, laptop,
glasses

» Recently incorporated in head-
mounted displays (HMDs)
« Gaze analysis in VR m
« Gaze interaction in VR
Example data: fixations, saccades, blinks, etc. @
For more information see (Duchowski 2020).

What is visually important?




Scan Path and Heat Map Visualisation

® ®®
Depth Perception (Monocular or Binocular)

3D View-Master (binocular depth perception).




Depth Perception (Non-Pictorial Cues)

Accomodation (focus) @  Vergence (div./conv.) <& &>

2 A

Binocular disparity (stereopsis) € &
- Different views from each eye

Depth Perception (Pictorial Cues) @

Linear perspective /E \ Texture gradient

Fig. 14-PI1.

Overlap/occlusion/ :[[D Relative size/ @
interposition LO-4O e é%%

familiar size

: : : : > QOther cues: shadows,
Retatwg neight in /{ atmosphere, motion, etc.
visual field l l

Fig. 14-PI. Image by Mabel Amber from Pixabay. Pixabay License.
https://pixabay.com/photos/pavement-paving-sidewalk-tile-3147099/




Vergence and Accommodation Conflict

Real world Headset
> N/
@ %

Vergence distance

Focal distance

Vergence distance

Screen

Focal distance

Gestalt Psychology - Gestalt Laws
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Gestalt Psychology - Gestalt Laws

..
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o
Symmetry Continuity Figure and Ground

https://commons.wikimedia.org/wiki/File:Cup_or faces paradox.svg

Gestalt Psychology - Gestalt Laws
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Visual Perception in Graphics (AR/VR)

Gaze-based interaction
Attention-based level of detail

Foveated rendering (selective
rendering)

Artificial intelligence in games

Attentive displays / intelligent user
interfaces
Fig. 16-PL Image by Gerd Altmann from Pixabay. Pixabay License.

Re d i re Cte d Wa l_ki n g LOCO m Oti O n https://pixabay.com/illustrations/head-wireframe-face-lines-web-663997/
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Timeline of Visual Perception
Courses and Survey Presented in
the CG Community




’ Visual Perception Courses and SotA ]

Siggraph/EG Campfire on perceptually adaptive graphics
(McNamara et al.)

o Visual perception in computer graphics, the
fg‘:lﬁn::::ar:;p(uallyidiptlvegraphl:s early years

siggraph course on exploiting perception In high-fidelity VEs
2008 (Glencross etal)

o How to run user studies?

EG STAR on the role of perception for CG
(Bartz et al.)

Siggraph course on ics 101: how to run
inC6 . .
Ferverds) o Perception in AR
Siggraph course on visual perception of 3D shape
(Fleming and Singh)

IEEE ISMAR survey paper on perceptual issues in AR . . .

it ety o Perception in computer graphics and
::::I':;h coursEion fvated graphics; visuallzatiorard 3D! Slg.gra:?h Asia course on perception in graphics, visualization, VEs, and V| S U a U Z a t| O n

(McNamaraetal) | animation

2013

EG tutorlal on understanding and designing perceptual experiments
(Cunni i n) 2014

perception of egocentric distances in VEs

etal)

o Perception applied to rendering

siggraph course on attention-aware rendering, mobile graphics and

6 STAR 6 eresph e for s AR A e STale Yotes e e i o Eye tracking and VR
(Corsini et al.)

siggraph course on human-centered design for VR interactions
(Jerald and Marks) 2017

Siggraph Asia course on possibllities and challenges with eye-
P e SIGGRAPH course on applications of visual perception to VR rendering
tracking in video games and VR applications

et ol (Patney ctal) o Perception of virtual characters

o Interaction in VR

EG STAR on perception-driven accelerated rendering
1 (Weier and Singh)
SIGGRAPH course on applications of vision science to VR and AR

Siggraph course on perception of virtual characters
(Zell etal.)

(Riecke et al.)

Siggraph Asia course on eye tracking and virtual reality
(McNamara and Jain)

Early Years

Siggraph/EG Campfire on perceptually adaptive graphics

e McNamara et al. (2001) x @E

o Interdisciplinary meeting

o Discuss how to exploit human visual perception in computer graphics

o Areas: interactive graphics, image fidelity, distance and scale in computer
graphics, scene perception, visualisation, and applications in computer graphics.

EG STAR on perceptually adaptive graphics > ¢
amm» O'Sullivan et al. (2004) y

o Areas: interactive graphics, image fidelity, animation and virtual environments
(VEs), and visualisation and non-photorealistic rendering (NPR).




Siggraph course on exploiting perception in high-fidelity VES
G Glencross et al. (2006)

What to consider when creating high-fidelity virtual environments?

O
o How can human visual perception be exploited to achieve realism? (o]
o Perceptually-driven real-time rendering. ¢
o Physically-based simulations. Q{;\
o Intuitive interactions.

EG STAR on the role of perception for CG

@GEE Bartz et al. (2008) @

o VR

o Rendering and animation |_

o Visualisation =
L1

o Fundamental of psychophysics

How to Run User Studies? 32

Siggraph course on psychophysics 101: how to run perception

experiment in CG
@amm» Ferwerda (2008)

Siggraph course on the whys, how tos, and pitfalls of user

studies on perceptually adaptive graphics
@amm» Sundstedt et al. (2009)

EG tutorial on understanding and designing perceptual experiments
@am» Cunningham et al. (2013)




Siggraph course on visual perception of 3D shape @
& Fleming and Singh (2009)

o Estimation of 3D shapes from 2D images.
o Improve phororealistic and non-photorealistic rendering leveraging on
knowledge about human visual system.

EG STAR on perceptual metrics for static and dynamic triangle meshes
e (Corsini et al. (2013)

o Perception-correlated metrics for comparing 3D meshes. | i @ @

ACM survey on perception of egocentric distances in VES @

e Renner et al. (2013)
o Review of recent user studies evaluating the topic. H
o Underestimation of egocentric distances in VR.

Perception in AR

IEEE ISMAR survey paper on perceptual issues in AR @
e Kruijff et al. (2010)

o Classification of perceptual issues in AR in five categories:

o Environment: e.g. structure, colors, env. conditions

o Capturing: e.g. lens issues, color correctness

o Augmentation: e.g. occlusion, layer interferences

o Display device: e.g. stereoscopy, latency, field of view

o Individual user differences: e.g. depth perception cues, accomodation




Perception in Graphics and Visualization

Siggraph course on perceptually-motivated graphics, visualization, and 3D

displays
ammm» McNamara et al. (2010)

o Optimise rendering.
o Improve design and presentation in 3D stereoscopic display media.

o Create improved large data visualisations.

Siggraph Asia course on perception in graphics, visualization, VEs, and

animation
e McNamara et al. (2011)

o Visual attention and visual memory.
o Highlight previous work done in perceptually motivated rendering, interactive graphics,

animation, and VEs.

Perception in Rendering ® D

Siggraph course on attention-aware rendering, mobile graphics and games
McNamara et al. (2014)

o How visual attention models can be applied in mobile rendering and games
for optimisation purposes.

o Visual saliency

o Level of Detail

EG STAR on perception-driven accelerated rendering
Weier and Singh (2017) @ _

o Optimisation applying visual attention models.
o Possibilities of eye-tracking technology.




Perception in Rendering ®

SIGGRAPH course on applications of visual perception to VR rendering
Patney et al. (2017)

SIGGRAPH course on applications of vision science to VR and AR
Patney et al. (2018)

o Fundamentals of visual perception Possibilities of eye-tracking technology.

o Case Studies:
o Redirected walking locomotion technigues.
o ChromaBlur rendering to improve accommodation and realism.

o Accommaodation-invariant computational near-eye displays.

Eye-Tracking and VR

Siggraph Asia course on possibilities and challenges with

eye-tracking in video games and VR applications

e Sundstedt et al. (2016) @
o Review of eye-tracking in video games and VR applications.

o Possibilities and challenges with gaze-based interaction.
o Lessons learned from developing a video game application using eye-tracking.

Siggraph Asia course on eye tracking and virtual reality ﬂ
amm» McNamara and Jain (2019) ® @
a9
dh

®

o Eye-tracking to improve user experiences and usability in VR.




Interaction in VR

Siggraph course on human-centered design for VR interactions
e Jcrald and Marks (2016)

o Intuitive interactions in VR environments, games.
o Avoid user's discomfort and side effects e.g. tiredness, sickness.

3%

SIGGRAPH course on 3D user interfaces for VR and games: 3D selection,
manipulation, and spatial navigation

e Riccke ot al. (2018) @ ﬁj

o 3DUIs design.
o Selection and manipulation of 3D objects.
o How to spatially navigate these interfaces.

Perception of Virtual Character

Siggraph course on perception of virtual characters @
e /cll et al. (2019)

[ @
o Overview of perceptual studies on virtual characters. k{ m
)

o Low-level cues (e.g. facial proportions, shading, level of detail)
o High-level cues (e.g. behavior or artistic stylization)
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Distance Perception in VR

o Do we perceive distance differently in virtual environments (VEs) ?

o Egocentric distance underestimation in VR, of about 74% of the actual distances
(Renner et al. 2013)

Flg. 1-P3 Adapted from image by Peggy und Marco Lachmann-Anke from Pixabay. Pixabay License.
https://pixabay.com/illustrations/males-3d-maodel-isolated-3d-model-2506815/

Egocentric Distance Underestimation

o What might be the factors contributing to this phenomenon?
o (Renner et al. 2013) 4 groups:

o Technical factors

o Compositional factors
o Human factors

o Measurement methods




Technical and Compositional Factors

(Renner et al. 2013)

o Technical factors:
o Hardware: e.g. HMD weight + restricted FOV
o Lack or distortion of non-pictorial depth cues ( e.g.
vergence-accommodation conflict, binocular disparity)
o Graphics' quality
o Geometric distortions

o Compositional factors:
o Nature of the virtual environment => pictorial depth cues
o Presence of self-avatars and objects with familiar size

Human Factors and Measurements

(Renner et al. 2013)

o Human factors:
o Inter-individual difference between users.
o Adaptation through feedback interaction.

o Measurements methods:
o How we measure the distance estimation might also influence the findings.

o Different tasks have been used, e.g.
s

o action-based tasks: blind walking, blind reaching ﬂ

°
o perceptual matching tasks

o verbal estimates task w




Technical Factors: Recent Focus

Comparing different generations of HMDs with different hardware characteristics (FOV,
weight, and resolution).

For example, Young et al. (2014), Kelly et al. (2017), and Buck et al. (2018).

o Better estimations when using more recent HMDs:
o Oculus Rift DK1 compared to NVIS nVisor SX60 (Young et al. 2014).
o HTC Vive compared to existing data from previous experiments using nVisors SX111
and ST50 (Kelly et al. 2017)
o Oculus Rift DK1 and 2 modified versions (heavier and with restricted FOV), nVisors
SX60 and SX111 (Exp. 1 of Buck et al. 2018).

o Exp. 2 of Buck et al. 2018: Better performance of Oculus Rift CV1 compared to HTC Vive,
Oculus Rift DK2.

Technical Factors: Recent Focus

Comparing different generations of HMDs with different hardware characteristics (FOV,
weight, and resolution).

For example, Young et al. (2014), Kelly et al. (2017), and Buck et al. (2018).
o Inertia and mass factors showed significant impact on distance perception.
o Limited FOV might impact as well.

In contrast with previous works. Different experimental designs can be the reason of the
different results.




Technical Factors: Recent Focus

Impact of visual stimulation in the FOV far periphery (Jones et al. 2016) (Li et al. 2016, 2018)

The following factors resulted to impact positively the distance estimation:

Technical Factors: Recent Focus

Impact of visual stimulation in the FOV far periphery (Jones et al. 2016) (Li et al. 2016, 2018)

The following factors resulted to impact positively the distance estimation:

o Extending vertically the FOV
(Jones et al. 2016)




Technical Factors: Recent Focus

Impact of visual stimulation in the FOV far periphery (Jones et al. 2016) (Li et al. 2016, 2018)

The following factors resulted to impact positively the distance estimation:

Extending vertically the FOV
(Jones et al. 2016)

Adding a white frame in the far
periphery (Jones et al. 2016)

A

Technical Factors: Recent Focus

Impact of visual stimulation in the FOV far periphery (Jones et al. 2016) (Li et al. 2016, 2018)

The following factors resulted to impact positively the distance estimation:

Extending vertically the FOV
(Jones et al. 2016)

Adding a white frame in the far
periphery (Jones et al. 2016)

Different brightness level of the frame
(Li et al. 2018)

Significant improvement of distance
perception adding 15% luminance value
relative to the maximum brightness of
the frames displayed.




Technical Factors: Recent Focus

Other technical factors recently investigated:

o Eye height manipulation (Leyrer et al. 2015)
o Proved to affect distance perception, both in VEs with sparse and rich visual cues.
o Adapting eye height individually, i.e. lowering the eye height, can be used to reduce
underestimation.

Fig. 2-P3 Adapted from image by Peggy und Marco Lachmann-Anke from Pixabay. Pixabay License.
https://pixabay.com/illustrations/archer-target-archery-bogensport-5443951/

Compositional Factors: Recent Focus

Presence of the self-avatar

(Lin et al. 2015)
Positive impact of a matched-size full self-
avatar on affordance tasks.

(Asjad et al. 2018)

Investigated the presence of partial avatar
(virtual feet) and open or closed VE on
distance estimation when climbing stairs.
Positive impact of partial avatar and open VE.




Compositional Factors: Recent Focus

Level of visibility of the avatar

(Ebrahimi et al. 2018) - « 90 %og™ ol
3 conditions: ®

- end-effectors e-e

- body joint positions e

- high-fidelity avatar =

High-fidelity avatar induced the best Avatar Fldelity -
results of near-field distance estimation but Distance Estimation Accuracy

still not comparable to the results obtained in
real-world condition.

Personalisation of the avatar (Jung et al. 2018)
With a personalised hand model the participants achieved a better accuracy on the size
estimation task compared to a generic 3D model of a hand in VR

Compositional Factors: Recent Focus

Different types of self-avatar (Banakou et al. 2013)

Participants were embodied into an avatar of a child, and an avatar as
tall as the child but with the body proportion of an adult.
Overestimation of size with both avatars, significantly higher with the
child avatar. Results linked to body ownership.

Fig. 3-P3 Fig. 4-P3

Size of a partial self-avatar (Jun et al. 2015)

Tested different sizes of virtual feet. -
Changing the size of the virtual feet influence size estimation during g
affordance judgements of gap crossing and gap-width estimates. —_—
Participants exploited their self-avatar, even if partial, to scale the VE.

Fig. 3-P3. Adapted from image by Barroa_Artworks from Pixabay. anbay License. r ps://pixabay.com/illustrations/chibi-doll-anime-child-manga-3230107/
Fig. 4-P3. Image by CharacterDesign3D from Pixabay. Pixabay License. https://pix com/illustrations/boy-man-people-guy-person-male-4731631/




Compositional Factors: Recent Focus

Self-avatar with visuomotor conflicts (Kokkinara et al. 2015)

Spatiotemporal distortions (increased velocity) and spatial distortions (angular
offset) of self-avatar arm movements affect size estimation.

- Targeting task with visible avatar.

- Size estimation task without avatar.

Increased overestimation of size with more amplified distortions (both spatial and
spatiotemporal).

Compositional Factors: Recent Focus

Nature of VEs (indoor vs outdoor) (Kelly et al. 2017)

o No significant difference for the blind walking
task.

o Better performance in the indoor VE for the size
judgement task, similar trends but not significant
for the verbal judgement task.

Availability of visual cues (Loyola 2018)
o Verbal judgement task while sitting in 3 virtual rooms (low, medium, and high visual

cues).
o Accuracy influenced by the level of availability of the visual cues, high availability
showed better performance.




Human Factors: Recent Focus

Visual-motor feedback interaction:
Can interaction in the VE (e.g. walking through VE) improve
distance perception?

Yes, but there is still open debate about how.
Two main theories:

o Interaction causes only visual-motor recalibration (Kunz et al. 2015)
o Interaction causes also rescaling of the perceived space (Kelly et al. 2013)

o Results by Siegel and Kelly (2017) support the rescaling theory and that distance
estimation improves also in space extended beyond the one used for the interaction.

Human Factors: Recent Focus

Visual-motor feedback interaction:
Can interaction in the VE (e.g. walking through VE) improve
distance perception?

(Kelly et al. 2014)
o Interaction to near objects (1 m and 2 m) caused a recalibration of perceived scale
only in the same range of distances.

o Interaction to far objects (4 m and 5 m) induced a recalibration over both near and
far range of distances.

(Kelly et al. 2017) HTC Vive
o Blind-walking and size judgments were affected by walking interaction.
o Verbal judgments were not affected by walking interaction.




Human Factors: Recent Focus

Visual-motor feedback interaction:
Can interaction in the VE (e.g. walking through VE) improve
distance perception?

(Kelly et al. 2018)

o Compared the influence of walking interaction to the influence of having a visual
preview of the VE.

o The effect of walking interaction is broader than visual preview, walking interaction
might be a more valid method for improving distance perception in VR.

Distance Perception in AR

Depth distortion is also common in AR applications with HMDs. (Kruijff et al. 2010)

Different perceptual issues are related to distance distortion, e.g.

Color's monotony of the VE.

Exposure problems, noise, and low contrast when capturing the environment.

Depth cues: occlusion problems, limited number of depth cues.

Vergence-accommodation conflict.




Distance Perception in AR: Recent Focus

Positive effect of auxiliary augmentations in “X-ray vision” (Kyté et al. 2013)
o In addition to the main virtual object, they displayed auxiliary objects.
o Occlusion and similarity cues exploited.

Study of depth perception at reaching distance (Swan et al. 2015)

o Perceptual matching and blind reaching tasks.

o Overestimation up to 4 cm, possibly due to the collimating optics of the AR see-
through display.

Distance Perception in AR: Recent Focus

Impact of different visual effects applied to augmented objects (Diaz et al. 2017)

O O O

O

Perceptual matching task
Distance range tested: 2.5 and 6 meters
Visual effects tested:

Aerial perspective

Drop shadows and cast shadows

Lambertian, Blinn and Phong shading models
Billboarding effect y 4
Object dimensionality (2D vs 3D)

Textures

Results:

Systematic underestimation of distances.
Presence of shadows improved distance judgements.




Distance Perception in AR

Distance judgment evaluated with locomotion-based affordance tasks

(Pointon et al. 2018)

o Comparisons between real world and AR ‘ @
o Passing through 2 poles o°
o Egocentric distance of the poles

o Gap-crossing

o Results:
- Similar judgments for passing through and
perceived distance to the aperture.
- Underestimated distance for gap-crossing in AR.

SUMMING UP..

o Hot topic in the research community, more studies in VR than AR, still
many open questions and further investigation required.

o Modern HMDs provide better distance estimation accuracy.
o How might we actively improve the user spatial perception?

o Visual stimulation in the FOV far periphery

o Eye height manipulation

o Presence of avatars, high-quality, personalised
o Interaction, but how?

o Using specific visual cues
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AVATAR PERCEPTION




How can self-avatar or virtual characters
influence the experience in immersive VR?

Avatar Influence

(" AVATAR's VISUAL CHARACTERISTICS:) st i i s e
o Presence or absence of avatar
o Level of visibility of avatar ("ASPECTS of the EXPERIENCE: "\
o Personalisation of avatar . _
o Level of realism o Spatial perception
o Visuomotor conflicts o Esggeognaegz:lcp
© y
\O / o Presence
_ o ..

Aspects Recently Studied

Spatial Perception:
o Compositional factor. (Renner et al. 2013)

Body Ownership:

o Self-attribution of a body, “T am the one undergoing the experience”. (Kilteni et al.
2012, Gallagher 2000)

Sense of Agency:

o Present in active movements, sense of controlling the action, “I am the one who is
generating an action”. (Kilteni et al. 2012, Gallagher 2000)

Sense of Presence:
o The sense of “being there”.

Levels of body ownership, sense of agency and presence are measured via
subjective measurements based on questionnaires.




Aspects Recently Studied

Avatar's Characteristics Spatial Body Sense of Presence
Perception Ownership Agency

Banakou et al. 2013 “type” of avatar X X

visuomotor conflicts
Asjad et al. 2018 Presence of partial avatar X X
Kokkinara et al. 2015 | Presence of avatar with visuomotor X X X

conflicts
Argelaguet et al. Level of realism of avatar X X
2016
Latoschik et al. 2017 | Level of realism of avatar X
Lougiakis et al. 2020 | Level of realism of avatar X
Tran et al. 2017 Level of visibility of avatar X
Lugrin et al. 2018 Level of visibility of avatar X
Waltemate et al. 2018 | Personalisation of avatar X X
Jung et al. 2018 Personalisation of partial avatar X X

Aspects Recently Studied
Avatar's Characteristics Spatial Body Sense of Presence
Perception Ownership Agency

Banakou et al. 2013 “type” of avatar X X

visuomotor conflicts
Asjad et al. 2018 Presence of partial avatar X X
Kokkinara et al. 2015 | Presence of avatar with visuomotor X X X

conflicts

Argelaguet et al. Level of realism of avatar X X

2016

Latoschik et al. 2017 | Level of realism of avatar X

Lougiakis et al. 2020 | Level of realism of avatar X

Tran et al. 2017 Level of visibility of avatar X X

Lugrin et al. 2018 Level of visibility of avatar X

Waltemate et al. 2018 | Personalisation of avatar X

Jung et al. 2018 Personalisation of partial avatar X X X




Size and Spatial Perception v_,,}I
We have already discussed avatar as compositional factor influencing \‘
distance estimation. [
Some works focused specifically on distance perception estimation:
o Presence (Lin et al. 2015) and fidelity of avatar (Ebrahimi et al. 2018) -

Other works investigated the influence of avatars on spatial perception and other factors,
i.e. body ownership, sense of agency, and sense of presence (Banakou et al. 2013) (Jun et
al. 2015) (Asjad et al. 2018) (Jung et al. 2018) (Kokkinara et al. 2015)

Flg. 6-P3 Adapted from image by Peggy und M L hman A ke fum P abay.
https://pixabay.com/illustrations/males-3d-mad l ted-3d-maodel-; 815/

Size and Spatial Perception

Different types of avatar and correlation with body ownership
(Banakou et al. 2013)

Participants were embodied into an avatar of a child, and an avatar as
tall as the child but with the body proportion of an adult.

Overestimation of size with both avatars, significantly higher with the
child avatar.

They applied visuomotor conflicts (different movements) to lower the
body ownership illusion.
Overestimation differences between avatars disappeared.

Fig. 7-P3 Fig.8-P3

Influence of the body type on spatial perception is correlated to the body
ownership illusion

3230107,

Fig. 7-P3. Adapted from image by Barroa_Artworks from Pixabay. anbay License. r ps://pixabay.com/illustrations/chibi-doll-anime-child-manga-3230107/
Fig. 8-P3. Image by CharacterDesign3D from Pixabay. Pixabay License. https://pix com/illustrations/boy-man-people-guy-person-male-4731631




Aspects Recently Studied

Avatar's Characteristics Spatial Body Sense of Presence
Perception Ownership Agency

Banakou et al. 2013 “type” of avatar X X

visuomotor conflicts
Asjad et al. 2018 Presence of partial avatar X X
Kokkinara et al. 2015 | Presence of avatar with visuomotor X X X

conflicts
Argelaguet et al. Level of realism of avatar X X
2016
Latoschik et al. 2017 | Level of realism of avatar X
Lougiakis et al. 2020 | Level of realism of avatar X X
Tran et al. 2017 Level of visibility of avatar X
Lugrin et al. 2018 Level of visibility of avatar X
Waltemate et al. 2018 | Personalisation of avatar X X
Jung et al. 2018 Personalisation of partial avatar X X

Body Ownership

Avatar's characteristics analysed to study their impact on the perception of body ownership:

Avatar’s Characteristics

Impact

Banakou et al. 2013

visuomotor conflicts

Visuomotor conflicts: avatar making different movements.

Kokkinara et al. 2015

Argelaguet et al. 2016

Presence of avatar with
visuomotor conflicts

Level of realism of partial
avatar

Both spatial and spatiotemporal manipulations did not affect body ownership
perception.

Small and large foot size conditions.

Small, fit, and large hand size conditions.

3 conditions: sphere, robotic hand (limited animation), realistic human hand (fully
animated). The realistic hand condition achieved higher sense of body ownership.

Latoschik et al. 2017

Level of realism of avatar

2 conditions: wooden mannequin and high-fidelity avatar.
Higher level of body ownership with increasing level of fidelity of self-avatar.

Lougiakis et al. 2020

Level of realism of partial
avatar

3 conditions: sphere, controller, realistic human hand.
No finger tracking (participants used a controller in all condition).

Tran et al. 2017

Level of visibility of avatar

3 conditions: hand only, hand + forearm, and whole arm.

Lugrin et al. 2018

Level of visibility of avatar

3 conditions: controller, hand + forearm, upper body (limited tracking).

Waltemate et al. 2018

Personalisation of avatar

3 conditions: personalised avatar with 3D scan system, generic avatar 3D scan system
and a modelled generic avatar.

Jung et al. 2018

Personalisation of partial
avatar

QRO OO0 &I

Personalised hand vs generic hand model conditions




Aspects Recently Studied

conflicts

Avatar's Characteristics Spatial Body Sense of Presence
Perception Ownership Agency
Banakou et al. 2013 “type” of avatar X X
visuomotor conflicts
Asjad et al. 2018 Presence of partial avatar X X
Kokkinara et al. 2015 | Presence of avatar with visuomotor X X X

Argelaguet et al. Level of realism of avatar X X

2016

Latoschik et al. 2017 | Level of realism of avatar X

Lougiakis et al. 2020 | Level of realism of avatar X

Tran et al. 2017 Level of visibility of avatar X

Lugrin et al. 2018 Level of visibility of avatar X

Waltemate et al. 2018 | Personalisation of avatar X X
Jung et al. 2018 Personalisation of partial avatar X X

Sense of Agency

Avatar's characteristics analysed to study their impact on the perception of sense of
agency:

Avatar's Characteristics Impact

Kokkinara et al.
2015

Only spatiotemporal (velocity) manipulations affected the
sense of agency.

Presence of avatar with
visuomotor conflicts

Small and large foot size conditions.

Small, fit, and large hand size conditions.

Level of realism of
avatar

Argelaguet et al.
2016

3 conditions: sphere, robotic hand (limited animation),
realistic human hand (fully animated).

The realistic hand condition achieved low sense of agency,
potentially due to limitations in finger tracking.

Lougiakis et al. Level of realism of 3 conditions: sphere, controller, and realistic human hand.

2020 avatar No finger tracking (participants used a controller in all
condition).
Tran et al. 2017 | Level of visibility of 3 conditions: hand only, hand + forearm, and whole arm.
avatar

¥ QIO




Aspects Recently Studied

conflicts

Avatar's Characteristics Spatial Body Sense of Presence
Perception Ownership Agency
Banakou et al. 2013 “type” of avatar X X
visuomotor conflicts
Asjad et al. 2018 Presence of partial avatar X X
Kokkinara et al. 2015 | Presence of avatar with visuomotor X X X

Argelaguet et al. Level of realism of avatar X X

2016

Latoschik et al. 2017 | Level of realism of avatar X

Lougiakis et al. 2020 | Level of realism of avatar X

Tran et al. 2017 Level of visibility of avatar X

Lugrin et al. 2018 Level of visibility of avatar X

Waltemate et al. 2018 | Personalisation of avatar X X
Jung et al. 2018 Personalisation of partial avatar X X

Sense of Presence

Avatar’s characteristics analysed to study their impact on the perception of sense of
presence:

Avatar's Characteristics

Asjad et al. 2018

Presence of avatar, even if partial, showed significantly
higher level of sense of presence.

Presence of partial
avatar

Small and large foot size conditions.

3 conditions: personalised avatar with 3D scan system,

Personalisation of avatar

Waltemate et al.

2018 generic avatar 3D scan system and a modelled generic
avatar.
Personalised avatar achieved higher sense of presence.
Jung et al. 2018 | Personalisation of partial 2 conditions: personalised hand and generic hand model.

Personalised hand achieved higher sense of presence.

QIS

avatar




Cognitive Processes ég

p N

(Steed et al. 2016) Z
Positive influence of the presence of an active avatar when P\
performing cognitive tasks. 8
Set of cognitive tasks:

- memorization of sequences of letters
- mental rotation of figures
- recollection of sequences of letters

Significant effect on cognitive performance when participants @

viewed their avatar and were allowed to make gestures.

Avatar in AR

We found also a limited number of studies about avatar in AR.

(Skola and Liarokapis 2016)

Compared the effects on body ownership rubber hand illusion
performed in VR, AR, and in the real world.

Still stronger sense of ownership for the real world condition
but VR and AR are comparable.

Electroencephalography (EEG) measures correlated with
subjective measures (questionnaire) for body ownership.




Avatar in AR

(Kim et al. 2017)

Influence on social presence and
co-presence of spatial conflicts
between AR virtual characters and
the real world environment.

Results showed a lower sense of
co-presence for the conflict
condition.

Fig. 9-P3 Adapted from image by MagicDesk from Pixabay. Pixabay License
https://pixabay.com/photos/office-sitting-room-executive-730681/

SUMMING UP..

o The presence of an avatar and its visual characteristics (realism, fidelity ...) impact
many different aspects of the immersive experience.

o These aspects are not independent, e.g. (Banakou et al. 2013).

o Body ownership and sense of presence are connected to presence of the avatar but
also the level of realism and personalisation of the avatar.

o Sense of agency is more connected to the interaction than the visual characteristics
of the avatar.

o Majority of the analysed works are in VR.

o In AR, spatial conflicts between virtual character and real object can affect the sense
of co-presence.
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Some HMD Hardware Limitations

o Limited computational power. !el

o Vergence-accommodation conflicts. ®@

oWearing glasses for optical correction
is not always possible.

HMD Application Requirements

Higher resolutions and bigger FOVs demand:
o Low latency rendering

o High quality rendering




Subjective Quality and Performance

How can we exploit the characteristics of the human visual
system (HVS) for improving quality perceived by the user and
performance?

Visual acuity and visual attention to reduce shading cost!

o Perceptual foveated rendering
o Perceptual rendering

o Visual saliency prediction

O ..

Foveated Rendering

Non-uniform quality of the rendered image.
Highest level of detail in the area around the
eye fixation.

Progressively lower quality distancing from the
eye fixation area.

Exploiting visual acuity degradation, we can
obtain rendering speedups while maintaining a
perceptually high-quality result for the human
observer.

Not new idea! e.g. Gaze-directed Volume
Rendering by Levoy and Whitaker (1990)

Flg. 10-P3 Adapted from image by Wolfgang Eckert from Pixabay. Pixabay License.
https://pixabay.com/photos/tower-rotunda-candlelight-candles-3362555/




Foveated Rendering

(Patney et al. 2016) oOculus Rift DK2 + SMI eye tracker

1) User study to investigate the perceived quality on peripheral vision, defining a
perceptual target image.

2) Design a real-time foveated renderer to match the target image (contrast
enhancement and temporal antialiasing).

3) User study to verify the quality of the foveated renderer.

(Weier et al. 2016) oculus Rift DK2 + SMI eye tracker
o Foveated rendering + reprojection rendering using previous frames.
o Resampling of perceptually critical areas and reprojection errors.

Foveated Rendering

(Stengel et al. 2016)
o Deferred rendering: simulation of acuity falloff + sampling scheme considering:
o Acuity
o Eye motion
o Contrast (geometry, material, and lighting properties)
o Brightness adaptation

(Swafford et al. 2016)
o Design of a perceptual foveated rendering quality metric A

based on HDR-VDP2 (Mantiuk et al. 2011) P P L




Foveated Rendering

(Arabadzhiyska et al. 2017) oculus Rift DK2 + Pupil Labs eye tracker

o System latency causes a mismatch between the actual fixation point and the
rendered foveated region.

o They propose a technique which predicts where the saccadic eye movement is
likely to end up.

(Weier et al. 2018) Fove 0

o Exploiting visual acuity degradation and Depth-of-Field (DoF) effect.

o Foveated renderer with gaze-contingent DoF filtering as post-processing step to
hide visual artifacts and remove high-frequency signals on the periphery.

o DoF effect is scene dependent!

Contrast Enhancement

(Zhong et al. 2019) HTc vive
o Image contrast is linked to perceived quality: contrast-based depth induction and

higher realism.
o How can we enhance contrast in VR/AR displays?
High Dynamic Range HDR: flickering and higher power consumption.
Local tone-mapping: artifacts, computational expensive.

o Proposed technigue: exploit binocular fusion mechanisms of HVS to enhance
perceived contrast using different tone curve for each eye.

o Trade-off between contrast enhancement and binocular rivalry.

o User study showed better perception of contrast and depth.




Binocular Disparity

(Fink et al. 2019) HTC vive

o How to improve rendering computational efficiency?

o Proposed technique exploits binocular disparities d
and the fact that they are more significant in the
near field (Cutting and Vishton 1995)

monaoscopic
rendering

o Stereoscopic rendering of objects only up to a fixed
distance and monoscopic rendering for objects
placed at higher distances.

stereoscopic
rendering

Saliency Prediction

(Celikcan et al. 2020) HTc vive

Exploring visual saliency cues and saliency prediction methods applied on
immersive dynamic VR content.

o Methods using 2D image features

o Methods using 2D image features + depth cue: RGB-D input

o With lower navigation speed the depth cue has lower impact on visual saliency.

o Better performance of saliency prediction methods based on boundary
connectivity and surroundedness.

o Center bias (Sitzmann et al. 2018) confirmed also in this work, more significant
in the VR view compared to the 2D monitor.




Handling Refractive Errors

(Padmanaban et al. 2017) Samsung Gear VR + SMI eye tracker
o Near-eye displays limitations, limited reproduction of focus changes.
o Adaptive focus display:

o Adapting to different user groups (younger vs older users).

o Handling user refractive errors.

(Xu and Li 2018) ocuuws rift bk2

o Rendering pre-corrected images to handle user refractive errors.

A A A
Quality Assessment in VR 7A/7A/7X/

(Pardo et al. 2018) oculus Rift Dk2

o Subjective assessment of level of realism of scanned 3D replicas of
real objects, rendered with deferred or forward rendering in real-
time.

o Better realism achieved by the deferred rendering.

o Color fidelity and material texture, and definition of the 3D replicas
are the main factors correlated to realism perception.

(Yu et al. 2018) HTC Vive
o Comparing subjective quality assessment on 2D monitor and HMD g vs ".
of 3D polygon meshes impaired with smooth and noise-like

distortions.
o No significant differences between the two types of display.




A A _J
Quality Assessment in AR 75 7 7\—;

(Alexiou et al. 2017) occipital Bridge AR

o Subjective quality assessment of 3D points clouds with noise and
octree-pruning (compression) distortions.

o Results showed high level of correlation between subjective
assessments and objective metrics, e.g. point2point, pointZplane,
Peak-to-Signal Noise Ratio (PSRN) for noise distortions, not for
compression-like distortion.

(ALEXiOU and Ebrahimi 2018) Occipital Bridge AR

o Investigated the correlation between subjective quality assessments
of distorted AR points clouds conducted using a 2D screen and an
HMD.

o Noise degradation: high correlation between the monitor and HMD.

o For compression-like distortion: different results based on the display
techniques.

a
J

SUMMING UP..

o Foveated rendering is promising technique to improve the rendering performance and
the perceived quality.

o Visual acuity is not the only visual perception property that can be exploited.
o No unigue solution, the combination of different strategy can be explored.

o Perceptual rendering: exploiting the stereo characteristics of the HMD to enhance image
appearance or improve the rendering performance.

o Handling refractive errors at software level.

o Quality assessment both in VR and AR of 3D models with distortion, results vary
between VR/AR.
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INTERACTION

Perception in Interaction Studies

« Human-Computer Interaction (HCI):
« Design and implementation of novel interaction technigues.
« Performance evaluation of interaction techniques.

» In Perception studies we have a slightly different focus.




Perception in Interaction Studies

 Perceived quality of experience when using novel interaction

techniques.

« Exploit the human visual system to improve interaction
perception.

« Evaluation criteria:
« Efficiency. — ?
« Consistency. ( @2
. Usability. — °

» Psychological affect.

Interaction Studies

Vosinakis and Koutsabasis.
Gerig et al.

Lubos et al. Ebrahimi et al. Krichenbauer et al.

2014 2016 2018

Frutos-Pascual et al.

2019




Interaction Possibilities with VR

» Majority of reported studies focus on tactile perception with
virtual objects:

 Selecting.
» Grabbing.
 Dropping.
» Pushing, moving.

« Technologies:

« HMD + Controllers.
+ Joysticks, game pads.
* Leap Motion.

Interaction Possibilities with AR

« Two kinds of interaction (Frutos-Pascual et al., 2019):

« Metamorphic mapped interaction (emulation of point and click).
« Isomorphic mapped interaction (direct spatial interaction).

 Technologies:

* HoloLens.
» Meta’.

Fig. 1- P4 Image by Azminsultana from Pixabay. Pixabay License.

https://pixabay.com/photos/hololens-holo-lens-virtual-reality-1330225/




Trends in Interaction Perception

» The retrieved material highlighted two major trends in
interaction perception studies:

Interaction: Haptics

» Haptics: active exploration of the environment through tactile
perception (Gibson, 1966).

* The problem: Lack of haptic feedback in VE.

« Affects immersion, and perceived efficiency and consistency of the
interaction.

» Hardware solution: Haptic gloves.
* Haptx.
« Manus VR.
» SenseGlove.




Interaction: Haptics

« Visual feedback: dynamic graphical attributes that react to the
user proximity or touch.
* Halos.
+ Color/textures changes.
* Scaling.

« Improve accuracy as much as visuo-haptic methods. Haptic
tradeoff: accuracy is directly proportional to completion time
(Ebrahimi et al. 2016).

» Colored halos were reported as more usable among other visual
feedback technigues (Vosinakis and Koutsabasis 2018).

Interaction: Efficiency

« The problem: decrement of perceived accuracy and
inappropriate functionality of interaction technigues.

« Lack of feedback (visual, haptic) can contribute to this issue.

« When and how do the accuracy errors occur? (Lubos et al.
2014)
« Viewing direction error > movement direction error.

« Visual perception has a more predominant influence than
movement in ed VE.




Interaction: Efficiency

« Visual and visuo-haptic feedback can help improving the
perceived efficiency of interaction techniques.

« HMD vs Flat Screen (Gerig, 2018)

 Tactile interaction in VE was more consistent and efficient when
shown in HMDs.

» AR vs VR (Krichenbauer et al. 2018)

« In tactile interaction, AR seems superior than VR in terms of
efficiency even with no visual feedback techniques.

Challenges with Interaction in Perception Studies

« Interaction is usually evaluated from the HCI perspective.
 Perception offers a refreshing perspective for analysing interaction.

» Natural lack of haptic feedback in VR/AR.
« Haptic tradeoff.

» Predominant effect of visual perception in low efficiency:
» Graphical properties and responsiveness of the VE.

» Greater number of studies focusing on VR than AR.
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Motion Perception

« Motion: (Borst and Euler 2011) relative inference of speed,
position and direction based on:
» Vestibular state.
» Proprioceptive inputs.
» Visual stimuli.

» Take advantage of the human vison system to present
techniques that emulate or ease navigation through VE.




Motion Perception

« Vection: Illusion of experiencing self-movement induced by a
particular stimuli (Keshavarz et al. 2019)

<
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Motion Perception Studies

Bruder et al. Boletsis et al.
Nilsson et al. Paris et al.

McCullough et al. Langbehn et al. Buttussi and Chittaro.
Bolte and Lappe. Vasylevska and Kaufmann. Caggianese et al.

Hodgson and Bachmann
Bruder et al.

2013 2014 2015 2016 2017 2018 2020
Nilsson et al. Wilson et al. Coomer et al.
Bruder and Steinicke. Kruijff et al. Weigker et al.

Hodgson et al. Grechkin et al. Nilsson.
Langbehn et al.




Trends in Motion Perception

» The retrieved material highlighted two major trends in
motion perception studies:

Locomotion
technigues

Spatial
Awareness

Locomotion Techniques

» Set of methodologies that grant the ability of moving from
one place to another within a VE.

« Locomotion techniques (Boletsis 2017):
« Room scale-based.
« Motion-based.
 Controller based.
 Teleportation based.




Locomotion Techniques

* Room scale-based:

« Direct mapping of position and orientation between the real world
and the VE (e.g. real walking)

« Good for immersion.

* Motion-based:

« Physical moments activate locomotion while being stationary (e.g.
walking in place).
» Features many interaction options.

Locomotion Techniques

« Controller-based:
« Movement is triggered through a controller device.
« VR controller, joystick, etc.

* Teleportation-based:
« Instant displacement inside the VE between predefined locations.




Locomotion Techniques

* The problem with locomotion techniqgues:
« Performance between different locomotion technigue.

« Limitations space and functionality.

Locomotion Techniques

» Motion-based techniques using alternative technology:

« Myo accelerometer band:
« Arm swing: performs better that some controllers and matches
room scale-based performance (McCullough et al. 2015).
« Walking in place was not as effective (Wilson et al. 2016).
« Arm cycling: performs better than controller-based and
teleportation-based techniques (Coomer et al. 2018).

» Leap Motion:
« Hand gesture-based motion (Caggianese et al. 2020).




Locomotion Techniques

» Motion-based techniques using alternative technology:

* Eye tracking:
* Visual suppression technigues.
« Gaze pointing motion (Caggianese et al. 2020).

Locomotion Techniques

» Re-Directed Walking (RDW) (Nilsson et al. 2018):

« Reduces the size needed for motion.
« Users walk on a curved path, thinking they are walking straight.
» Rotations are imperceptible to viewers.
« Algorithms used (Hodgson and Bachmann 2013-2014):
- Steer-to-center.
+ Steer-to-orbit.
+ Steer-to-multiple targets.
» Steer-to-multiple+center.
* RWD results are VE dependent.




Locomotion Techniques

« With larger curves, it was easier for viewers to spot visual
anomalies (Bruder et al. 2015).

« Detection of curvatures thresholds in RDW:
« Green's maximum likelihood procedure (Grechkin et al. 2016).

. %&vg)ture gains based on conscious eye blinking (Langbehn et al. 2017-

« Saccadic suppression of Image displacement (SSID)

« Detect threshold based on user fixations and saccadic movements (Bolte
and Lappe 2015).

Spatial Awareness

 Refers to the ability to understand, establish, and remember
relationships between objects, space and oneself.

* The problem with spatial awareness:
« How different techniques affect self-motion perception.

« Inconsistencies between mental models from the real world
(location, speed) and the VE.




Spatial Awareness

A higher level of spatial awareness is achieved with room-
based than motion-based techniques, due to the coherence
between the real world and the VE (Paris et al. 2017).

« Arm cycling reported better spatial awareness than
controller-based and teleportation-based technigues
(Commer et al. 2018).

 Controller-based and teleportation-based technigues do not
seem to offer different results between one another (Weipker
et al. 2018).

Spatial Awareness

« RDW and VE layout:

« Curved corridors tend to increase the distance perceived (Vasylevska
and Kaufmann 2017a).

« Participants made larger lateral movements when performing an
additional cognitive task (Bruder et al. 2015).

» Scene Manipulation:

« Self-overlapping virtual environments (Vasylevska and Kaufmman
2017b).




Spatial Awareness

« Perception of motion speed (Nilsson et al. 2014):
« Do not seem vary significantly between motion-based technigues.

« FOV and GFQV size in inversely proportional to the degree of
underestimation of virtual speed (Nilsson et al. 2015).

« Room scale-based techniques tend to induce an
underestimation on distance (large), and speed (small)
(Bruder and Steinicke 2014).

« Visuo-haptic cues in VE, together with head bobbing
simulation, benefits motion perception without affecting
cybersickness (Kruijff et al. 2016).

From Motion Perception Studies

» Walking in place seems to be preferred by users and offer
overall good results.

« Visual suppression mechanism are interesting methods to
compensate for the drawbacks in room scale-based and
motion-based locomotion.

« Combination of different techniques to further improve
results (e.g. RDW+SSID).

« Teleportation-based technigues generates less nausea and
tend to perform better than controller-based techniques.
(Buttussi and Chittaro 2020).




Challenges with Motion in Perception Studies

« Movement within VE is still complex (hardware setup, physical space, spatial awareness).

. gort roEJ_m scale-based: Tradeoff between room scale and tracking accuracy, and visuo-vestibular
istorting.

» Mixed results between walking in place vs real walking.
« Overcompensation of covered distances when experiencing motion in VE.
+ Real walking in VE: Great underestimation of distance and lesser on speed in VR.

+ Real walking in AR: minor underestimation of user speed due to the similarity of real-world
scenarios (Bruder et al. 2013).

Challenges with Motion in Perception Studies

Xr&()ey way VE are presented affects the quality of motion (higher motion speeds in

In RDW, when the rotation is too big, visual anomalies are more noticeable.

Detection of RDW threshold to improve motion perception.

RDW seems to have a higher cognitive impact in users*.

Not many studies focused on AR.

+ Linear and angular speeds thresholds for motion technigues.
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CYBERSICKNESS i—(

Cybersickness

« Undesired Visually-induced motion sickness experience caused by
virtual environment stimuli (Rebenitsch and Owen 2016).

« Manijfest as a conflict or disassociation between the visual and
vestibular system (Adhanom et al. 2020).
» Type of motion sickness specific to the VR/AR domain.

« Many terms to describe same/similar symptoms:
 Virtual simulation sickness
« Visual induces motion sickness (VIMS)
« Simulator sickness.




Cybersickness in VR / AR

Arcioni et al.

Palmissano et al. Kim et al. Hu et al. Adhanom et al.
Rebenitsch and Owen Munafo et al. Vovk et al. Balasubrananian and Soundararajan Guo et al.

2016 2017 2018 2019 2020

Trends in Cybersickness

» The retrieved material highlighted two major trends in
studies related to cybersickness:

Diagnosis

Cybersickness

Stimuli
Categorization




Diagnosis

 Refers to the identification of nature and symptoms of
cybersickness.

» The problem with Diagnosis:
« How to identify, measure, and prevent cybersickness?

Diagnosis

« Symptoms (Rebenitsch and Owen 2016):
* Nausea

+ Pale skin $K
» Cold sweats
« Vomiting %Z

* Dizziness

* Headache

» Increased salivation
« Fatigue

 Eyestrain

« Difficulty focusing.




Diagnosis

+ Assessing cybersickness:

» Subjective measures:
« Simulator sickness questionnaire (SSQ) (Kennedy et al. 1993)

+ Objective measures:
« Postural instability theory (Riccio and Stoffregen 1991).
* Physiological measurements:
+ Electrodermographic Analysis (EDA).
 Electrocardiogram (ECG).
» Blood pressure.
» Facial temperature.

Diagnosis

« Some of the most common theories explaining the nature of

cybersickness:

« Sensory mismatch: Visual, vestibular and proprioceptive (Palmisano et al.
2017).

« Postural instability: low sense of balance and righting reflexes (Munafo et al.
2017 Arcioni et al. 2018).

» Rapid eye movements: the vagal nerve can be triggered by rapid involuntary
eye movements induced by optical flow or visual patterns (Adhanom et al.
2020).

« In the exploration of cybersickness, there is another issue relevant for a
discussion in visual perception: Visual fatigue.




Diagnosis

» Visual fatigue:
» Vergence-Accommodation conflict featured in the eyes, induced by long exposures to
screens.

* (Guo et al. 2020) investigated visual discomfort in long-term VE immersion sessions
(8 hours) compare to real physical environment (standard monitor)

» Measuring Visual fatigue:

* Subjective measures:
« Visual Fatigue Scale (Kuze and Ukai 2008).

+ Objective measures:
» Physiological measures:
« Pupil diameter, accommodation response, and eye blink rate. (Guo et al. 2020).

Diagnosis

« How to predict cybersickness?

« VR sickness predictor: framework for cybersickness metrics (Kim et al. 2018).

« (Camera Trajectories: system evaluates the impact of camera movements
based on the path and the speed the camera moves (Hu et al. 2019,
Balasubrananian and Soundararajan 2019).

« These approaches are still on an early stage.




Diagnosis

* Preventing Cybersickness:

Reducing optical flow exposure, e.g. teleportation (CONS: reduced sense of
presence and spatial awareness)

Reducing the FOV (Adhanom et al. 2020). It can, however, induce more
cybersicknes in eccentric gaze behavior.

Foveated FOV restrictors: No significantly different results from previous FOV
techniques but offered a better gaze dispersion, granting a wider FOV to
users (Adhanom et al. 2020).

Optimizing camera path-defined movements, based on variations of
accelaration, rotation velocity (Hu et al. 2019, Balasubrananian and
Soundararajan 2019).

Presenting a stationary setup for participants when possible (sitting and still
VE).

Stimuli Categorization

 Evaluate the role of different type of applications and
visualization techniqgues in cybersickness.

* The problem with Stimuli:

« Identify the type of stimuli that can induce cybersickness.




Stimuli Categorization

+ It seems there is an inverse relationship between vection and
cybersickness, when head movements are analysed (Palmisano et al.
2017):

» Vection increases when the application compensates head movements.
» Cybersickness increases in inversely compensated head movements.

« Postural stability test through balancing trials in VR (Munafo et al. 2017):
» First-person perspective is propense to induce cybersickness.
* Females report a higher incidence of cybersickness.
« Correlation between postural sway and cybersickness (Arcioni et al.
2018).

Stimuli Categorization

« AR, using see-through HMDs report (Vovk et al. 2018):
» Low rates of cybersickness.
* QOculomotor distress as the most common symptom.




From Cybersickness Studies

» Heavily focused in the area of VR.

« Effects of that may induce cybersickness:
« Rendering options (mMonoscopic, stereoscopic).
« FOV.
» Body sway and postural instability.
« Camera trajectories.
« The graphical properties of the application itself.

From Cybersickness Studies

» Postural instability theory: general postural control correlates with
tendency of perceiving cybersickness in games (Munafo et al. 2017)
and controlled environments (Arcioni et al. 2018).

. gi&t%;icat sex may also be a factor for cybersickness (Munafo et al.

» The development of frameworks to estimate cybersickness may aid in
the scalability of the research done in the area (Kim et al. 2018).

» See-through HMDs seem to reduce the perception of cybersickness
(Vovk et al. 2018).




Challenges in Cybersickness Studies

» Many factors may affect the perception of Cybersickness:
« Body sway, posture, biological sex, application, exposure time.

» Lack of unified or standard methods to measure
cybersickness.
« A combination of physiological and subjective evaluations.

 Cybersickness has not been broadly explored in AR.
« See through HMDs report low impact on generating cybersickness.
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