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This book is dedicated to the entire community of VR researchers, developers, de-
signers, entrepreneurs, managers, marketers, and users. It is their passion for, and
contributions to, VR that makes this all possible. Without this community, working
in isolation would make VR an interesting niche research project that could neither
be shared nor improved upon by others. If you choose to join this community, your
pursuit of VR experiences may very well be the most intense years of your life, but
you will find the rewards well worth the effort. Perhaps the greatest rewards will come
from the users of your experiences—for if you do VR well then your users will tell you
how you have changed their lives—and that is how we change the world.

There are many facets to VR creation, ranging from getting the technology right,
sometimes during exhausting overnight sessions, to the fascinating and abundant
collaboration with others in the VR community. At times, what we are embarking on
can feel overwhelming. When that happens, Ilook to a quote by George Bernard Shaw
posted on my wall and am reminded about the joy of being a part of the VR revolution.

This is the true joy in life, the being used for a purpose recognized by yourself as a
mighty one; the being a force of nature . . . I am of the opinion that my life belongs
to the whole community and as long as I live it is my privilege to do for it whatever
I can. I want to be thoroughly used up when I die, for the harder I work, the more
I live. I rejoice in life for its own sake. Life is no “brief candle” to me. It is sort of a
splendid torch which I have a hold of for the moment, and I want to make it burn as
brightly as possible before handing it over to future generations.

This book is thus dedicated to the VR community and the future generations that
will create many virtual worlds as well as change the real world. My purpose in writing
this book is to welcome others into this VR community, to help fuel a VR revolution
that changes the world and the way we interact with it and each other, in ways that
have never before been possible—until now.
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Preface

I've known for some time that I wanted to write a book on VR. However, I wanted to
bring a unique perspective as opposed to simply writing a book for the sake of doing
so. Then insight hit me during Oculus Connect in the fall of 2014. After experiencing
the Oculus Crescent Bay demo, I realized the hardware is becoming really good. Not
by accident, but as a result of some of the world’s leading engineers diligently working
on the technical challenges with great success. What the community now desperately
needs is for content developers to understand human perception as it applies to
VR, to design experiences that are comfortable (i.e., do not make you sick), and to
create intuitive interactions within their immersive creations. That insight led me to
the realization that I need to stop focusing primarily on technical implementation
and start focusing on higher-level challenges in VR and its design. Focusing on these
challenges offers the most value to the VR community of the present day, and is why
a new VR book is necessary.

I'had originally planned to self-publish instead of spending valuable time on pitch-
ing the idea of a new VR book to publishers, which I know can be a very long, arduous,
and disappointing path. Then one of the most serendipitous things occurred. A few
days after having the idea for a new VR book and committing to make it happen, my
former undergraduate adviser, Dr. John Hart, now professor of computer science at
the University of Illinois at Urbana-Champaign and, more germanely, the editor of the
Computer Graphics Series of ACM Books, contacted me out of the blue. He informed
me that Michael Morgan of Morgan & Claypool Publishers wanted to publish a book
on VR content creation and John thought I was the person to make it happen. It didn’t
take much time to enthusiastically accept their proposal, as their vision for the book
was the same as mine.

I've condensed approximately 20 years and 30,000 hours of personal study, appli-
cation, notes, and VR sickness into this book. Those two decades of my VR career
have somehow been summarized with six months of intense writing and editing from
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XX

Preface

January to July of 2015. I knew, as others working hard on VR know, the time is now,
and after finishing up a couple of contracts I was finally able to put other aspects
of my life on hold (clients have been very understanding!), sometimes writing more
than 75 hours a week. I hope this rush to get these timely concepts into one book
does not sacrifice the overall quality, and I am always seeking feedback. Please con-
tact me at book@nextgeninteractions.com to let me know of any errors, lack of clarity,
or important points missed so that an improved second edition can emerge at some
point.

It all started in 1980

I owe much of my pursuit of developing VR systems and applications to my parents. It
started at the age of six with an Atari game system that my family couldn’t afford but I
wanted so badly. For Christmas 1980, I somehow received it. Then in 1986 my mother
took away the games in hopes of curing my addiction, which naturally forced me to
make my own games (with advanced moving 2D sprites!) on the family’s Commodore
64. Here, I taught myself programming and essential software design concepts, such
as simple computer graphics and collision detection, which turned out to be quite
important for VR development. At that point, she thankfully gave up on trying to cure
me. I also owe my father, who connected me with my first internship in the summer
of 1992 after my junior year of high school at a design firm where he worked. My job
was to deliver plots from the printers to the designers. This did not completely fill
my time, and I somehow managed to gain access to AutoCad and 3D Studio R2 (long
before today’s 3ds Max!). I was soon extruding 2D architectural plans into 3D worlds
and animating horrible-looking flat-shaded polygons in the evenings and weekends
when nobody was the wiser.

SIGGRAPH 1995 and 1996

After regrettably missing SIGGRAPH 1994, I somehow acquired the conference course
notes on creating virtual worlds and other related concepts. Soon afterwards, I discov-
ered the SIGGRAPH Student Volunteer Program and realized that was my ticket to the
conference. After realizing what I missed, I was not going to leave the opportunity to
chance. I sought out a referral from Dr. John Hart, a professor very heavily involved
with SIGGRAPH. He must have given me a solid referral based on my initiative and
passion for computer graphics, as I had not yet taken a class from him. John would
later become my undergraduate adviser and eventually editor of this book. Both his
advice through the years and SIGGRAPH had an enormous influence on my career.
In fact, I ended up leading the SIGGRAPH Student Volunteer Program more than a
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Preface  xxi

decade later, out of appreciation and respect for its ability to inspire careers in com-
puter graphics.

I was quite fortunate to be accepted to the 1995 SIGGRAPH Student Volunteer
Program in Los Angeles, which is where I first experienced VR and have been fully
hooked ever since. Having never attended a conference up to that point that I was
this passionate about, I was completely blown away by its people and its magnitude.
I was no longer alone in this world; I had finally found “my people.” Soon afterward,
I found my first VR mentor, Richard May, now director of the National Visualization
and Analytics Center. I enthusiastically jumped in on helping him build one of the
world’s first immersive VR medical applications at Battelle Pacific Northwest National
Laboratories. Richard and I returned to SIGGRAPH 1996 in New Orleans, where  more
intentionally sought out VR. VR was now bigger than ever and I remember two things
from the conference that defined my future. One was a course on VR interactions by
the legendary Dr. Frederick P. Brooks, Jr. and one of his students, Mark Miné. The
other event was a VR demo that I still remember vividly to this day—and still one of
the most compelling demos I've seen yet. It was a virtual Legoland where the user built
an entire world around himself by snapping Legos and Lego neighborhoods together
in an intuitive, almost effortless manner.

Post-1996

SIGGRAPH 1996 was a turning point for me in knowing what I wanted to do with my
life. Since that time, I have been fortunate to know and work with many individuals
that have inspired me. This book is largely a result of their work and their mentorship.

Since 1996, Dr. Brooks unknowingly inspired me to move on from a full-time dream
VR job in the late 1990s at HRL Laboratories to pursue VR at the next level at UNC-
Chapel Hill. Once there, I managed to persuade Dr. Brooks to become my PhD adviser
in studying VR latency. In addition to being a major influence on my career, two of his
books—The Mythical Man Month and more recently The Design of Design—are heavily
referenced throughout Part VI, Iterative Design. He also had significant input for
Part II, Perception, especially Chapter 16, Latency, as some of that writing originally
came from my dissertation that was largely a result of significant suggestions from
him. His serving as adviser for Mark Miné’s seminal work on VR interaction also
indirectly affected Part V, Interaction. It is still quite difficult for me to fathom that
before Dr. Brooks came along, bytes—the molecules of all digital technology—were
not always 8 bits in size like they are defined to be today. That 8-bit design decision
he made in the 1960s, which most all of us computer scientists now just assume to
be an inherent truth, is just one of his many contributions to computers in general,
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xxii Preface

along with his more specific contributions to VR research. It boggles my mind even
more how a small-town kid like myself, growing up in a tiny town of 1,200 people on
the opposite side of the country, somehow came to study under an ACM Turing Award
recipient (the equivalent of the Nobel Prize in computer science). For that, Iwill forever
be grateful to Dr. Brooks and the UNC-Chapel Hill Department of Computer Science
for admitting me.

In 2009, I interviewed with Paul Mlyniec, president of Digital ArtForms. At some
point during the interview, I came to the realization that this was the man that led the
VR Lego work from SIGGRAPH that had inspired and driven me for over a decade. The
interface in that Lego demo is one of the first implementations of what I refer to as the
3D Multi-Touch Pattern in Section 28.3.3, a pattern two decades ahead of its time. I've
now worked closely with Paul and Digital ArtForms for six years on various projects,
including ones that have improved upon 3D Multi-Touch (Sixense’s MakeVR also
uses this same viewpoint control implementation). We are currently working together
(along with Sixense and Wake Forest School of Medicine) on immersive games for
neuroscience education funded by the National Institutes of Health. In addition to
these games, several other examples of Digital ArtForms’ work (along with work from
its sister company Sixense that Paul was essential in helping to form) are featured
throughout the book.

VR Today

After along VR drought after the 1990s, VR is bigger than ever at SIGGRAPH. An entire
venue, the VR Village, is dedicated specifically to VR, and I have the privilege of leading
the Immersive Realities Contest. After so many years of heavy involvement with my
SIGGRAPH family, it feels quite fitting that this book is launched at the SIGGRAPH
bookstore on the 20th anniversary of my discovery of SSIGGRAPH and VR.

Ijoke that when I did my PhD Dissertation on latency perception for head-mounted
displays, perhaps ten people in the world cared about VR latency—and five of those
people were on my committee (in three different time zones!). Then in 2011, people
started wanting to know more. I remember having lunch with Amir Rubin, CEO of
Sixense. He was inquiring about consumer HMDs for games. I thought the idea was
crazy; we could barely get VR to work well in a lab and he wanted to put it in people’s
living rooms! Other inquiries led to work with companies such as Valve and Oculus.
All three of these companies are doing spectacular jobs of making high-quality VR
accessible, and now suddenly everyone wants to experience VR. Largely due to these
companies’ efforts, VR has turned a corner, transitioning from a specialized labo-
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ratory instrument available only to the technically elite, to a mainstream mode of
content consumption available to any consumer. Now, most everyone that is involved
in VR technology understands at least the basics of latency and its challenges/dangers,
most notably motion sickness—the greatest risk for VR. Even better, ultra-low-latency
hardware technologies (e.g., low-persistence OLED displays) that I once unsuccess-
fully searched the world for (I ended up having to build/simulate my own; the best I
did was 7.4 ms of end-to-end latency with tracking and rendering performed at ~1,500
frames per second) are being developed in mass quantities by giants such as Samsung,
Sony, Valve, and Oculus. Times have certainly changed!

The last 20 years of pursuing VR have truly been a dream. During that time, I
imagined and even seriously considered starting companies devoted to VR, but it was
never feasible until recently. Today it is more of a real fantasy than a simple dream,
now that VR technology is delivering upon its promise of the 1990s. Describing the
feeling is like trying to describe a VR experience. Words cannot do justice as to what
it is like to be a part of this VR community and contributing to the VR revolution.
Through my VR consulting and contracting firm, NextGen Interactions, I have the
privilege of working with some of the best companies in the world that are able to do
things that could only previously be imagined. Virtual reality is unlike any technology
devised to date and has the potential not only to change the fictional synthetic worlds
we make up but to change people’s real lives. I very much look forward to seeing what
this community discovers and creates over the next 20 years!
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Wingrave (founder of Conquest Creations), Barry Downes (CEO of TSSG), Denise
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Pacific Northwest National Laboratories (now director of the National Visualization
and Analytics Center), Michael Papka of Argonne National Laboratories, Mike Daily
of HRL Laboratories, Greg Schmidt of the Naval Research Laboratory, Steve Ellis and
Dov Adelstein of NASA Ames, Paul Mlyniec of Digital ArtForms, and Michael Abrash
at Valve (now at Oculus).
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ups. Then there are those who have given me invaluable feedback on VR projects,
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comes from a completely different world of sales, financial analysis, and corporate
boardrooms. Her input enables me to see VR from a different perspective than most
anyone else in the VR community. Seeing VR as a sustainable and profitable business
that adds real value to the world will ensure that this time VR is here for good.
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graduate work in studying and reducing latency. It is certainly an honor to be funded
by the foundation started by Edwin A. Link, who built the world’s first mechanical
flight simulator in 1928 (Figure 3.5), which some consider to be one of the first VR
systems, as well as to be among a list of world-leading VR experts who also received
the Fellowship. I highly encourage any graduate student readers who have already
selected a dissertation topic to apply for the Link Foundation Fellowship ($28,500 to
be awarded for 2016). Details are available at http://www.linksim.org.
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international conference on Collaborative virtual environments (pp. 57-63). ACM. DOI: 10.1145/
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Figure 33.2 Adapted from: Gabbard, J. L. (2014). Usability Engineering of Virtual Environ-
ments. In K. S. Hale & K. M. Stanney (Eds.), Handbook of Virtual Environments (2nd ed., pp.
721-747). CRC Press.

Figure 33.3 Courtesy of NextGen Interactions.
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Overview

Virtual reality (VR) can provide our minds with direct access to digital media in a
way that seemingly has no limits. However, creating compelling VR experiences is
an incredibly complex challenge. When VR is done well, the results are brilliant and
pleasurable experiences that go beyond what we can do in the real world. When VR
is done badly, not only do users get frustrated, but they can get sick. There are many
causes of bad VR; some failures come from the limitations of technology, but many
come from a lack of understanding perception, interaction, design principles, and
real users. This book discusses these issues by emphasizing the human element of VR.
The fact is, if we do not get the human element correct, then no amount of technology
will make VR anything more than an interesting tool confined to research laboratories.
Even when VR principles are fully understood, the first implementation is rarely novel
and almost never ideal due to the complex nature of VR and the countless possibilities
that can be created. The VR principles discussed in this book will enable readers
to intelligently experiment with the rules and iteratively design toward innovative
experiences.

Historically, most VR creators have been engineers (the author included) with
expertise in technology and logic but limited in their understanding of humans. This
is primarily due to the fact that VR has previously been so technically challenging
that it was difficult to build VR experiences without an engineering background.
Unfortunately, we engineers often believe “I am human, therefore I understand other
humans and what works for them.” However, the way humans perceive and interact
with the world is incredibly complex and not typically based on logic, mathematics, or
a user manual. If we stick solely to the expertise of knowing it all through engineering
and logic, then VR will certainly be doomed. We have to accept human perception
and behavior the way it is, not the way logic tells us it should be. Engineering will
always be essential as it is the core of VR systems that everything else builds upon, but
VR itself presents a fascinating interplay of technology and psychology, and we must
understand both to do VR well.
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Technically minded people tend to dislike the word “experience” as it is less logical
and more subjective in nature. But when asked about their favorite tool or game
they often convey emotion as they discuss how, for example, the tool responds. They
talk about how it makes them feel often without them consciously realizing they
are speaking in the language of emotion. Observe how they act when attempting to
navigate through a poorly designed voice-response system for technical support via
phone. In their frustration, they very well may give up on the product they are calling
about and never purchase from that company again. The experience is important
for everything, even for engineers, for it determines our quality of life on a moment-
by-moment basis. For VR, the experience is even more critical. To create quality VR,
we need to continuously ask ourselves and others questions about how we perceive
the VR worlds that we create. Is the experience understandable and enjoyable? Or
is it sometimes confusing to use while at other times just all-out frustrating and
sickness inducing? If the VR experience is intuitive to understand, easily controlled,
and comfortable, then just like anything in life, there will be a sense of mastery and
satisfaction with “logical” reasons why it works well. Emotion and cognition are tightly
coupled, with cognition more often than not justifying decisions that were actually
made emotionally. We must create VR experiences with both emotion and logic.

What This Book Is

This book focuses on human-centered design, a design philosophy that puts human
needs, capabilities, and behavior first, then designs to accommodate those needs,
capabilities, and ways of behaving (Norman, 2013). More specifically, this book fo-
cuses on the human elements of VR—how users perceive and intuitively interact with
various forms of reality, causes of VR sickness, creating content that is pleasing and
useful, and how to design and iterate upon effective VR applications.

Good VR design starts with an understanding of both technology and perception. It
requires good communication between human and machine, indicating what inter-
actions are possible, what is currently occurring, and what is about to occur. Human-
centered design also comes about through observation, for humans are often unaware
of their perceptual processes and methods of interacting (at least for VR that works
well). Getting the specification of a VR experience is difficult, and rarely does a VR cre-
ator do it well for his first few projects. In fact, even VR experts do not perfectly define
the project from the start if they are creating a novel experience. A human-centered
design principle, like lean methods, is to avoid completely defining the problem at the
start and to iterate upon repeated approximations and modifications through rapid
tests of ideas with real users.
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Developing intuitive VR should not be driven by software/hardware engineering
considerations alone (e.g., we need to do much more than figure out how to effi-
ciently display at the highest resolution available based on the most current hardware).
A good portion of this book is devoted to how the human mind works in order to
help readers create higher-quality VR applications. VR design, however, goes beyond
just technology and psychology; VR is intensely multidisciplinary. VR is an incred-
ibly complex challenge and the study, design, and implementation of high-quality
VR requires an understanding of various disciplines, including the behavioral and
social sciences, neuroscience, information and computer science, physics, commu-
nications, art, and even philosophy. When reflecting back upon VR design and imple-
mentation, Wingrave and LaViola [2010] point out: “Practitioners must be carpenters,
electricians, engineers, artists, and masters of duct tape and Velcro.” This book takes
a broad perspective, applying insights from various disciplines to VR design.

In summary, this book provides basic theory, an overview of various concepts useful
for VR, examples that put the theory and concepts into more understandable form,
useful guidelines, and a foundation for further exploration and interaction design for
virtual worlds that do not yet exist.

What This Book Is Not

There are more questions about VR than there are answers and the intent of this book
is not to attempt to provide all of the answers. VR covers a broad range of imaginary
spaces broader than the real world; nobody could possibly have all the answers to the
real world, so it is unreasonable to expect to find all the answers for virtual worlds.
Instead, this book attempts to help readers build and iterate upon creative answers
and compelling experiences. Although this book can’t possibly cover all aspects of VR
in detail, it does provide an overview of various topics and delves more deeply into
those that are most important. References are provided throughout for those wishing
to further study concepts of interest.

In some cases, the concepts presented in this book follow well-understood princi-
ples or conclusive research (although even conclusive research rarely holds 100% of the
time across all conditions). In other cases, concepts are not the “truth” but have been
found to be useful in the way we think about design and interaction. Studying theory
can be useful, but VR development should always follow pragmatism over theory.

Although there is a brief chapter on getting started (Chapter 36), and there are
tips throughout on high- and mid-level implementation concepts, this book is not a
step-by-step tutorial of how to implement an example VR system. In fact, this book
intentionally contains no code or equations so that all concepts can be understood
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by anyone from any discipline (references are provided for more rigorous detail).
Although researchers have been experimenting with VR for decades (Section 2.1), VR
in noway comes close to reaching its full potential. Not only are there many unknowns,
but VR implementation very much depends on the project. For example, a surgical
training system is very different from an immersive film.

Who This Book Is For

This book is for the entire team that works on a VR project, not just for those who
define themselves as designers. It is intended to act as a foundation for anyone and
everyone involved with creating VR experiences. The book also is meant to serve as a
bridge between academic research and practical advice to a wide range of individuals
who wish to build compelling experiences. This includes designers, managers, pro-
grammers, artists, psychologists, engineers, students, educators, and user experience
professionals so the entire team can have a common understanding and language of
VR. Everyone involved with a VR project should understand at least the basics of per-
ception, VR sickness, interaction, content creation, and iterative design. VR requires
specialized experts in various disciplines to each contribute in their own unique way,
but we each must also know at least a little about human-centered design in order
to effectively communicate with teammates and to integrate the various components
together into a seamless, quality experience.

How to Read This Book

Readers may wish to read and use this book differently depending on their back-
ground, particular interests, and how they would like to apply it.

Newcomers

Those completely new to VR who want a high-level understanding will most appreciate
Part I, Introduction and Background. After reading Part I, the reader may want to skip
ahead to Part VII, The Future Starts Now. Once these basics are understood, most of
Part IV, Content Creation, should be able to be understood. As the reader learns more
about VR, the other parts will become easier to digest.

Teachers

This book will be especially relevant to interdisciplinary VR courses. Teachers will
want to choose chapters that are most relevant to the course requirements and student
interests. It is highly suggested that any VR course take a project-centered approach.
In such a case, the teacher should consider the suggestions below for both students
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and practitioners. An outline for starting a first project, albeit slightly different for a
class project, is outlined in Chapter 36, Getting Started.

Students

Students will gain a core understanding of VR by first gaining a high-level overview
of VR through Part I, Introduction and Background. For those wishing to understand
theory, Part II, Perception, and Part III, Adverse Health Effects, will be invaluable.
For students working on VR projects, they should also follow the advice below for
practitioners.

Practitioners

Practitioners who want to immediately get the most important points that apply to
their VR creations will want to start with the practitioner chapters that have a leading
star (x) in the table of contents (mostly Parts IV-VI). In particular, they may want to start
with the design guidelines chapters at the end of each part, where each part contains
multiple chapters on one of the primary topics. Most of the guidelines provide back
references to the relevant sections for more detailed information.

VR Experts

VR experts will likely use this book more as a reference so they do not spend time
reading material they are already familiar with. The references will also serve VR ex-
perts for further investigation. Those experts who primarily work with head-mounted
displays may find Part I, Introduction and Background, useful to understand how
head-mounted displays fit within the larger scheme of other implementations of VR
and augmented reality (AR). Those interested in implementing straightforward appli-
cations that have already been built may not find Part II, Perception, useful. However,
for those who want to innovate with new forms of VR and interaction, they may find
this part useful to understand how we perceive the world in order to help invent novel
creations.

Overview of the Seven Parts
Part I, Introduction and Background, provides a background of VR including a
brief history of VR, different forms of VR and related technologies, and a broad
overview of some of the most important concepts that will be further discussed
in later parts.

Part I, Perception, provides a background in perception to educate VR creators on
concepts and theories of how we perceive and interact with the world around us.
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This part serves as an intellectual framework that will enable the reader to not
only implement the ideas discussed in later chapters but more thoroughly un-
derstand why some techniques do or do not work, to extend those techniques, to
intelligently experiment with new concepts that have a better chance of working
without causing human factors issues, and to knowwhen it might be appropriate
to break the rules.

Part I1I, Adverse Health Effects, describes one of the most difficult challenges of
VR and helps to reduce the greatest risk to VR succeeding at a massive scale:
VR sickness. Whereas it may be impossible to remove 100% of VR sickness for
the entire population, there are several ways to dramatically reduce it if we
understand the theories of why it occurs. Other adverse health effects such as
risk of injury, seizures, and aftereffects are also discussed.

Part IV, Content Creation, discusses high-level concepts for designing/building
assets and how subtle design choices can influence user behavior. Examples
include story creation, the core experience, environmental design, wayfinding
aids, social networking, and porting existing content to VR.

Part V, Interaction, focuses on how to design the way users interact within the
scenes they find themselves in. For many applications, we want to engage the
user by creating an active experience that consists of more than simply looking
around; we want to empower users by enabling them to reach out, touch, and
manipulate that world in a way that makes them feel they are a part of the world
instead of just a passive observer.

Part VI, Iterative Design, provides an overview of several different methods for
creating, experimenting, and improving upon VR designs. Whereas each project
may not utilize all methods, it is still good to understand them all to be able
to apply them when appropriate. For example, you may not wish to conduct a
formal and rigorous scientific user study, but you do want to understand the
concepts to minimize mistaken conclusions due to confounding factors.

Part VII, The Future Starts Now, summarizes the book, discusses the current and
future state of VR, and provides a brief plan to get started.
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INTRODUCTION AND
BACKGROUND

What isvirtual reality (VR)? What does VR consist of and for what situations is it useful?
What is different about VR that gets people so excited? How do developers engage
users so that they feel present in a virtual environment? This part of the book answers
such questions, and provides a basic background that later chapters build upon.
This introduction and background serves as a simple high-level toolbox of options
to intelligently choose from, such as different forms of virtual and augmented reality
(AR), different hardware options, various methods of presenting information to the
senses, and ways to induce presence into the minds of users.

Part I consists of five chapters that cover the basics of VR.

Chapter 1, What Is Virtual Reality?, begins by describing what VR is at a high level
and what it is suitable/effective for. This includes descriptions of different forms
of communication that are at the heart of what VR is—communication between
the user and a system created by the VR designer.

Chapter 2, A History of VR, provides a history of VR starting with stereoscopes
created in the 1800s. The concept and implementation of VR is not new.

Chapter 3, An Overview of Various Realities, discusses forms of reality ranging from
the real world to augmented reality (AR) to VR. Whereas the focus of this book
is on fully immersive VR, this chapter provides context of where VR fits into
the overall picture of related technologies. The chapter also gives a high-level
description of various forms of input and output hardware options that can be
used as part of AR and VR systems.
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PART 1 Introduction and Background

Chapter 4, Immersion, Presence, and Reality Trade-Offs, discusses the often-used
terms of immersion and presence. Readers may be surprised to learn that real-
ism is not necessarily the goal of VR and there are trade-offs for attempting to
perfectly simulate reality, even if reality could be perfectly simulated.

Chapter 5, The Basics: Design Guidelines, concludes this introductory part of the
book and gives a small number of guidelines for those looking to create VR
experiences.
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1.1

What Is Virtual Reality?

The Definition of Virtual Reality

The term virtual reality (VR) is commonly used by the popular media to describe imagi-
naryworlds that only exist in computers and our minds. However, let us more precisely
define the term. Sherman and Craig [2003] point out in their book Understanding Vir-
tual Reality that Webster’s New Universal Unabridged Dictionary [1989] defines virtual
as “being in essence or effect, but not in fact” and reality as “the state or quality of
being real. Something that exists independently of ideas concerning it. Something
that constitutes a real or actual thing as distinguished from something that is merely
apparent.” Thus, virtual reality is a term that contradicts itself—an oxymoron! Fortu-
nately, the website merriam-webster.com [Merriam-Webster 2015] has more recently
defined the full term virtual reality to be “an artificial environment which is experi-
enced through sensory stimuli (as sights and sounds) provided by a computer and in
which one’s actions partially determine what happens in the environment.” In this
book, virtual reality is defined to be a computer-generated digital environment that
can be experienced and interacted with as if that environment were real.

Anideal VR system enables users to physically walk around objects and touch those
objects as if they were real. Ivan Sutherland, the creator of one of the world’s first
VR systems in the 1960s, stated [Sutherland 1965]: “The ultimate display would, of
course, be a room within which the computer can control the existence of matter. A
chair displayed in such a room would be good enough to sit in. Handcuffs displayed in
such aroom would be confining, and a bullet displayed in such a room would be fatal.”
We haven’t yet come anywhere near Ivan Sutherland’s vision (nor do we necessarily
want to!) and perhaps we never will. However, there are some quite engaging virtual
realities today—many of which are featured throughout this book.
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10 Chapter1 WhatIs Virtual Reality?

1 2 VR Is Communication

[ Normally, communication is thought of as interaction between two or more people.
This book defines communication more abstractly: the transfer of energy between two
entities, even if just the cause and effect of one object colliding with another object.
Communication can also be between human and technology—an essential compo-
nent and basis of VR. VR design is concerned with the communication of how the
virtual world works, how that world and its objects are controlled, and the relation-
ship between user and content: ideally where users are focused on the experience
rather than the technology.

Well-designed VR experiences can be thought of as collaboration between human
and machine where both software and hardware work harmoniously together to pro-
vide intuitive communication with the human. Developers write complex software to
create, if designed well, seemingly simple transfer functions to provide effective inter-
actions and engaging experiences. Communication can be broken down into direct
communication and indirect communication as discussed below.

1.2.1 Direct Communication

Direct communication is the direct transfer of energy between two entities with no
intermediary and no interpretation attached. In the real world, pure direct communi-
cation between entities doesn’t represent anything as the purpose is not communica-
tion, but it is a side effect. However, in VR, developers insert an artificial intermediary
(the VR system that is ideally unperceivable) between the user and carefully controlled
sensory stimuli (e.g., shapes, motions, sounds). When the goal is direct communica-
tion, VR creators should focus on making the intermediary transparent so users feel
like they have direct access to those entities. If that can be achieved, then users will
perceive, interpret, and interact with stimuli as if they are directly communicating
with the virtual world and its entities.

Direct communication consists of structural communication and visceral commu-
nication.

Structural Communication

Structural communication is the physics of the world, not the description or the math-
ematical representation but the thing-in-itself [Kant 1781]. An example of structural
communication is the bouncing of a ball off of the hand. We are always in relation-
ship to objects, which help to define our state; e.g., the shape of our hand around a
controller. The world, as well as our own bodies, directly tells us what the structure
is through our senses. Although thinking and feeling do not exist within structural
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1.2 VR Is Communication 11

communication, such communication does provide the starting point for perception,
interpretation, thinking, and feeling.

In order for our ideas to persist through time, we must put those ideas into struc-
tural form, what Norman [2013] calls knowledge in the world. Recorded information
and data is the obvious example of structural form, but sometimes less obvious struc-
tural forms are the signifiers and constraints (Section 25.1) of interaction. In order to
induce experiences into others through VR, we present structural stimuli (e.g., pixels
on a display, sound through headphones, or the rumble/vibration of a controller) so
the users can sense and interact with our creations.

Visceral Communication

Visceral communication is the language of automatic emotion and primal behavior,
not the rational representation of the emotions and behavior (Section 7.7). Visceral
communication is always present for humans and is the in-between of structural com-
munication and indirect communication. Presence (Chapter 4) is the act of being fully
engaged via direct communication (albeit primarily one way). Examples of visceral
communication are the feeling of awe while sitting on a mountaintop, looking down
at the earth from space, or being with someone via solid eye contact (whether in the
real world or via avatars in VR). The full experience of such visceral communication
cannot be put into words, although we often attempt to do so at which point the expe-
rience is transformed into indirect communication (e.g., explaining VR to someone
is not the same as experiencing VR).

Indirect Communication

Indirect communication connects two or more entities through some intermediary.
The intermediary need not be physical; in fact, the intermediary is often our mind’s
interpretation that sits between the world and behavior/action. Once we interpret and
give something meaning, then we have transformed the direct communication into
indirect communication. Indirect communication includes what we normally think
of as language, such as spoken and written language, as well as sign languages and
our internal thoughts (i.e., communicating with oneself). Indirect communication
consists of talking, understanding, creating stories/histories, giving meaning, com-
paring, negating, fantasizing, lying, and romancing. These are not part of the objective
real world but are what we humans describe and create with our minds. Indirect VR
communication includes the user’s internal mental model (Section 7.8) of how the VR
world works (e.g., the interpretation of what is occurring in the VR world), and indirect
interactions (Section 28.4) such as moving a slider that changes an object property,
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1.3

speech recognition that changes the system’s state, and indirect gestures that act as
a sign language to the computer.

What s VR Good For?

The recent surge in media coverage about VR has inspired the public to become quite
excited about its potential. This coverage has focused on the entertainment industry,
specifically video games and immersive film. VR is a great fit for the entertainment
industry and will certainly be the driving force behind VR in the short term. However,
what is VR good for beyond entertainment? It turns out VR can have enormous benefit
over awide range of verticals. VR has been successfully deployed in various industries
for many years now. Successful applications include oil and gas exploration, scientific
visualization, architecture, flight simulation, therapy, military training, theme-park
entertainment, engineering analysis, and design review. Using VR in such situations
has successfully revealed costly design mistakes before manufacturing anything, re-
duced time to market by speeding up iterative processes, provided safe learning envi-
ronments that would otherwise be dangerous, reduced PTSD by gradually increasing
exposure to feared stimuli, and helped to visualize large datasets that would be diffi-
cult to comprehend with traditional systems.

Unfortunately, to date, VR has largely been limited to well-funded academic and
corporate research labs to which few have access. That is all changing with consumer-
priced systems now becoming widely available. The VR market is expected to first
explode in the entertainment industry but will soon expand significantly in other
industries. Education, telepresence, and professional training will likely be the next
industries to take advantage of VR in a big way.

Whatever the industry, VR is largely about providing understanding—whether that
is understanding an entertaining story, learning an abstract concept, or practicing a
real skill. Actively using more of the human sensory capability and motor skills has
been known to increase understanding/learning for some time [Dale 1969]. This is
in part due to the increased sensory bandwidth between human and information,
but there is much more to understanding. Actively participating in an action, making
concepts intuitive, encouraging motivation through engaging experiences, and the
thoughts inside one’s head all contribute to understanding. This book focuses on
how to design such concepts into VR experiences.

Figure 1.1 shows Edgar Dale’s Cone of Experience [Dale 1969]. As can be seen in
the figure, direct purposeful experiences provide the best basis for understanding.
As Confucius stated, “I see and I forget. I hear and I remember. I do and I under-
stand.” Note this diagram does not suggest direct purposeful experiences should be
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1.3 What Is VR Good For?
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The Cone of Experience. VR uses many levels of abstraction. (Adapted from Dale [1969])

the only method of learning, but instead describes the progression of learning experi-
ence. Adding other indirect information within direct purposeful VR experiences can
further enhance understanding. For example, embedding abstract information such
as text, symbols, and multimedia directly into the scene and onto virtual objects can

lead to more efficient understanding than what can be achieved in the real world.
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2.1

A History of VR

When anything new comes along, everyone, like a child discovering the world,
thinks that they’ve invented it, but you scratch a little and you find a caveman
scratching on a wall is creating virtual reality in a sense. What is new here is that
more sophisticated instruments give you the power to do it more easily.

—Morton Heilig [Hamit 1993]

Precursors to what we think of today as VR go back as far as humans have had imag-
inations and the ability to communicate through the spoken word and cave draw-
ings (what could be called analog VR). The Egyptians, Chaldeans, Jews, Romans, and
Greeks used magical illusions to entertain and control the masses. In the Middle Ages,
magicians used smoke and concave mirrors to produce faint ghost and demon illu-
sions to gull naive apprentices as well as larger audiences [Hopkins 2013]. Although
the words and implementation have changed over the centuries, the core goals of cre-
ating the illusion of conveying that which is not actually present and capturing our
imaginations remain the same.

The 1800s

The static version of today’s stereoscopic 3D TVs is called a stereoscope and was
invented before photography in 1832 by Sir Charles Wheatstone [Gregory 1997]. As
shown in Figure 2.2, the device used mirrors angled at 45° to reflect images into the
eye from the left and right side.

David Brewster, who earlier invented the kaleidoscope, used lenses to make a
smaller consumer-friendly hand-held stereoscope (Figure 2.3). His stereoscope was
demonstrated at the 1851 Exhibition at the Crystal Palace where Queen Victoria found
it quite pleasing. Later the poet Oliver Wendell Holmes stated “. . . is a surprise such as
no painting ever produced. The mind feels its way into the very depths of the picture.”
[Zone 2007]. By 1856 Brewster estimated over a half million stereoscopes had been
sold [Brewster 1856]. This first 3D craze included various forms of the stereoscope,
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16 Chapter2 A History of VR

Figure 2.1
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including self-assembled cardboard versions with moving images controlled by the
hand in 1860 [Zone 2007]. One company alone sold a million stereoscopic views in
1862. Brewster’s design is conceptually the same as the 20th century View-Master
and today’s Google Cardboard. In the case of Google Cardboard and similar phone-
based VR systems, a cellular phone is used to display the images in place of the actual
physical images themselves.

Many years later, a 360° VR-type display known as the Haunted Swing was shown
at the '95 Midwinter Fair in San Francisco, and is still one of the most compelling
technical demonstrations of an illusion to this day. The demo consisted of a room and
large swing that held approximately 40 people. After the audience seated themselves,
the swing was put in motion and as the swing oscillated, users felt motion similar to
being in an elevator while they involuntarily clutched their seats. In fact, the swing
hardly moved at all, but the surrounding room moved substantially, resulting in the
sense of self-motion (Section 9.3.10) and motion sickness (Chapter 12). The date was
not 1995, but was 1895 [Wood 1895].
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2.1 The 1800s 17

Figure 2.2 Charles Wheatstone’s stereoscope.

Figure 2.3 A Brewster stereoscope from 1860. (Courtesy of The National Media Museum/Science &
Society Picture Library, United Kingdom)
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2.2

It was also in 1895 that film began to go mainstream; and when the audience saw a
virtual train coming at them through the screen in the short film “L’Arrivée d’un train
en gare de La Ciotat,” some people reportedly screamed and ran to the back of the
room. Although the screaming and running away is more rumor than verified reports,
there was certainly hype, excitement, and fear about the new artistic medium, perhaps
similar to what is happening with VR today.

The 1900s

VR-related innovation continued in the 1900s that moved beyond simply presenting
visual images. New interaction concepts started to emerge that might be considered
novel for even today’s VR systems. For example, Figure 2.4 shows what is a head-worn
gun pointing and firing device patented by Albert Pratt in 1916 [Pratt 1916]. No hand
tracking is required to fire this device as the interface consists of a tube the user blows
through.

Figure 2.4 Albert Pratt’s head-mounted targeting and gun-firing interface. (From Pratt [1916])
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Figure 2.5 Edwin A. Link and the first flight simulator in 1928. (Courtesy of Edwin A. Link and
Marion Clayton Link Collections, Binghamton University Libraries’ Special Collections
and University Archives, Binghamton University)

A little over a decade after Pratt received his weapon patent, Edwin Link developed
the first simple mechanical flight simulator, a fuselage-like device with a cockpit and
controls that produced the motions and sensations of flying (Figure 2.5). Surprisingly,
his intended client—the military—was not initially interested, so he pivoted to selling
toamusement parks. By 1935, the Army Air Corps ordered six systems and by the end of
World War II, Link had sold 10,000 systems. Link trainers eventually evolved into astro-
naut training systems and advanced flight simulators complete with motion platform
and real-time computer-generated imagery, and today is Link Simulation & Training,
a division of L-3 Communications. Since 1991, the Link Foundation Advanced Simu-
lation and Training Fellowship Program has funded many graduate students in their
pursuits of improving upon VR systems, including work in computer graphics, latency,
spatialized audio, avatars, and haptics [Link 2015].

As early 20th century technologies started to be built, science fiction and questions
inquiring about what makes reality started to become popular. In 1935, for example,
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Figure 2.6 Pygmalion’s Spectacles is perhaps the first science fiction story written about an alter-
nate world that is perceived through eyeglasses and other sensory equipment. (From
Weinbaum [1935])

science fiction readers got excited about a surprisingly similar future that we now
aspire to with head-mounted displays and other equipment through the book Pyg-
malion’s Spectacles (Figure 2.6). The story opens with the words “But what is reality?”
written by a professor friend of George Berkeley, the Father of Idealism (the philos-
ophy that reality is mentally constructed) and for whom the University of California,
Berkeley, is named. The professor then explains a set of eyeglasses along with other
equipment that replaces real-world stimuli with artificial stimuli. The demo consists
of a quite compelling interactive and immersive world where “The story is all about
you, and you are in it” through vision sound, taste, smell, and even touch. One of
the virtual characters calls the world Paracosma—Greek for “land beyond-the-world.”
The demo is so good that the main character, although skeptical at first, becomes con-
vinced that it is no longer illusion, but reality itself. Today there are countless books
ranging from philosophy to science fiction that discuss the illusion of reality.

Perhaps inspired by Pygmalion’s Spectacles, McCollum patented the first stereo-
scopic television glasses in 1945. Unfortunately, there is no record of the device ever
actually having been built.

In the 1950s Morton Heilig designed both a head-mounted display and a world-
fixed display. The head-mounted display (HMD) patent [Heilig 1960] shown in Fig-
ure 2.7 claims lenses that enable a 140° horizontal and vertical field of view, stereo
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Figure 2.7 A drawing from Heilig’s 1960 Stereoscopic Television Apparatus patent. (From Heilig
[1960])

earphones, and air discharge nozzles that provide a sense of breezes at different tem-
peratures as well as scent. He called his world-fixed display the Sensorama. As can
be seen in Figure 2.8, the Sensorama was created for immersive film and it provided
stereoscopic color views with a wide field of view, stereo sounds, seat tilting, vibra-
tions, smell, and wind [Heilig 1992].

In 1961, Philco Corporation engineers built the first actual working tracked HMD
that included head tracking (Figure 2.9). As the user moved his head, a camera in a
different room moved so the user could see as if he were at the other location. This
was the world’s first working telepresence system.

Oneyear later IBM was awarded a patent for the first glove input device (Figure 2.10).
This glove was designed as a comfortable alternative to keyboard entry, and a sensor
for each finger could recognize multiple finger positions. Four possible positions for
each finger with a glove in each hand resulted in 1,048,575 possible input combina-
tions. Glove input, albeit with very different implementations, later became a common
VR input device in the 1990s.

Starting in 1965, Tom Furness and others at the Wright-Patterson Air Force Base
worked on visually coupled systems for pilots that consisted of head-mounted displays
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Figure 2.8 Morton Heilig’s Sensorama created the experience of being fully immersed in film.
(Courtesy of © Morton Heilig Legacy)

(Figure 2.11, left). While Furness was developing head-mounted displays at Wright-
Patterson Air Force Base, Ivan Sutherland was doing similar work at Harvard and the
University of Utah. Sutherland is known as the first to demonstrate a head-mounted
display that used head tracking and computer-generated imagery [Oakes 2007]. The
system was called the Sword of Damocles (Figure 2.11, right), named after the story
of King Damocles who, with a sword hanging above his head by a single hair of a
horse’s tail, was in constant peril. The story is a metaphor that can be applied to VR
technology: (1) with great power comes great responsibility; (2) precarious situations
give a sense of foreboding; and (3) as stated by Shakespeare [1598] in HenryIV, “uneasy
lies the head that wears a crown.” All these seem very relevant for both VR developers
and VR users even today.
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Figure 2.9 The Philco Headsight from 1961. (From Comeau and Brian [1961])

Dr. Frederick P. Brooks, Jr., inspired by Ivan Sutherland’s vision of the Ultimate
Display [Sutherland 1965], established a new research program in interactive graphics
at the University of North Carolina at Chapel Hill, with the initial focus being on
molecular graphics. This not only resulted in a visual interaction with simulated
molecules butalso included force feedback where the docking of simulated molecules
could be felt. Figure 2.12 shows the resulting Grope-III system that Dr. Brooks and his
team built. UNC has since focused on building various VR systems and applications
with the intent to help practitioners solve real problems ranging from architectural
visualization to surgical simulation.

In 1982, Atari Research, led by legendary computer scientist Alan Kay, was formed
to explore the future of entertainment. The Atari research team, which included Scott
Fisher, Jaron Lanier, Thomas Zimmerman, Scott Foster, and Beth Wenzel, brain-
stormed novel ways of interacting with computers and designed technologies that
would soon be essential for commercializing VR systems.
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Figure 2.10 An image from IBM’s 1962 glove patent. (From Rochester and Seibel [1962])
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Figure 2.11 The Wright-Patterson Air Force Base head-mounted display from 1967 (courtesy of Tom
Furness) and the Sword of Damocles [Sutherland 1968])

Figure 2.12 The Grope-III haptic display for molecular docking. (From Brooks et al. [1990])
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Figure 2.13 The NASA VIEW System. (Courtesy of NASA/S.S. Fisher, W. Sisler, 1988)

In 1985, Scott Fisher, now at NASA Ames, along with other NASA researchers
developed the first commercially viable, stereoscopic head-tracked HMD with a wide
field of view, called the Virtual Visual Environment Display (VIVED). It was based on
a scuba diver’s face mask with the displays provided by two Citizen Pocket TVs (Scott
Fisher, personal communication, Aug 25, 2015). Scott Foster and Beth Wenzel built a
system called the Convolvotron that provided localized 3D sounds. The VR system was
unprecedented as the HMD could be produced at a relatively affordable price, and as
a result the VR industry was born. Figure 2.13 shows a later system called the VIEW
(Virtual Interface Environment Workstation) system.

Jaron Lanier and Thomas Zimmerman left Atari in 1985 to start VPL Research (VPL
stands for Visual Programming Language) where they built commercial VR gloves,
head-mounted displays, and software. During this time Jaron coined the term “virtual
reality.” In addition to building and selling head-mounted displays, VPL built the
Dataglove specified by NASA—a VR glove with optical flex sensors to measure finger
bending and tactile vibrator feedback [Zimmerman et al. 1987].

VR exploded in the 1990s with various companies focusing mostly on the pro-
fessional research market and location-based entertainment. Examples of the more
well-known newly formed VR companies were Virtuality, Division, and Fakespace. Ex-
isting companies such as Sega, Disney, and General Motors, as well as numerous
universities and the military, also started to more extensively experiment with VR
technologies. Movies were made, numerous books were written, journals emerged,
and conferences formed—all focused exclusively on VR. In 1993, Wired magazine pre-
dicted that within five years more than one in ten people would wear HMDs while
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traveling in buses, trains, and planes [Negroponte 1993]. In 1995, the New York Times
reported that Virtuality Managing Director Jonathan Waldern predicted the VR mar-
ket to reach $4 billion by 1998 [Bailey 1995]. It seemed VR was about to change the
world and there was nothing that could stop it. Unfortunately, technology could not
support the promises of VR. In 1996, the VR industry peaked and then started to slowly
contract with most VR companies, including Virtuality, going out of business by 1998.

The 2000s

The first decade of the 21st century is known as the “VR winter.” Although there was
little mainstream media attention given to VR from 2000 to 2012, VR research contin-
ued in depth at corporate, government, academic, and military research laboratories
around the world. The VR community started to turn toward human-centered design
with an emphasis on user studies, and it became difficult to get a VR paper accepted
at a conference without including some form of formal evaluation. Thousands of VR-
related research papers from this era contain a wealth of knowledge that today is
unfortunately largely unknown and ignored by those new to VR.

A wide field of view was a major missing component of consumer HMDs in the
1990s, and without it users were just not getting the “magic” feeling of presence (Mark
Bolas, personal communication, June 13, 2015). In 2006, Mark Bolas of USC’s MxR
Lab and Ian McDowall of Fakespace Labs created a 150° field of view HMD called
the Wide5, which the lab later used to study the effects of field of view on the user
experience and behavior. For example, users can more accurately judge distances
when walking to a target when they have a larger field of view [Jones et al. 2012].
The team’s research led to the low-cost Field of View To Go (FOV2GO), which was
shown at the IEEE VR 2012 conference in Orange County, California, where the device
won the Best Demo Award and was part of the MxR Lab’s Open-source project that
is the precursor to most of today’s consumer HMDs. Around that time, a member
of that lab named Palmer Luckey started sharing his prototype on Meant to be Seen
(mtbs3D.com)where he was a forum moderator and where he first met John Carmack
(now CTO of Oculus VR) and formed Oculus VR. Shortly after that he left the lab and
launched the Oculus Rift Kickstarter. The hacker community and media latched onto
VR once again. Companies ranging from start-ups to the Fortune 500 began to see the
value of VR and started providing resources for VR development, including Facebook,
which acquired Oculus VR in 2014 for $2 billion. The new era of VR was born.
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INTERACTION

For this book, interaction is defined to be a subset of general communication (Sec-
tion 1.2). Interaction is the communication that occurs between a user and the VR
application that is mediated through the use of input and output devices. An inter-
face is the VR system side of the interaction that exists whether a user is interacting
or not.

Interaction in VR at first seems obvious—simply interact with the virtual world in
a similar way that we interact with the real world. Unfortunately, natural real-world
interfaces (and Hollywood interfaces) often do not work well within VR as one would
expect. This is not only because virtual worlds do not model the real world as closely
as we would like, but even if they did, abstract interfaces are often superior (e.g., if one
wanted to look up information in a virtual world, one would not want to have to travel
to a virtual library to find a virtual book). Whereas some of the basic concepts from
traditional desktop interfaces can be used within immersive environments, there are
few similarities between the two. Creating quality interactions is currently one of the
greatest challenges for VR.

Well-implemented interaction techniques enable high levels of performance and
comfort while diminishing the impact of human and hardware limitations. It is the
role of the interaction designer to make complex interactions intuitive and effective.

Part V consists of five chapters that provide an overview of the most important
aspects of VR interaction design.

Chapter 25, Human-Centered Interaction, reviews core concepts for general
human-centered interaction: intuitiveness, Norman’s principles of interaction
design, direct vs. indirect interaction, the cycle of interaction, and the human
hands.
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Chapter 26, VR Interaction, discusses some of the most important distinctions
especially relevant to VR interaction, such as interaction fidelity, propriocep-
tive and egocentric interaction, reference frames, multimodal interaction, and
unique challenges of VR interaction.

Chapter 27, Input Devices, provides an overview of input device characteristics and
classes of various input devices. No single input device is appropriate for all VR
applications, and choosing the most appropriate input device for the intended
experience is essential for optimizing interactions.

Chapter 28, Interaction Patterns and Techniques, describes several interaction
patterns and examples of various interaction techniques. An interaction pattern
is a generalized high-level interaction concept that can be used over and over
again across different applications to achieve common user goals. An interaction
technique is a more specific implementation of an interaction pattern.

Chapter 29, Interaction: Design Guidelines, summarizes the previous four chapters
and lists a number of actionable guidelines for developing interaction tech-
niques that largely depend on application needs.
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Human-Centered
Interaction

VR has the potential to provide experiences and deliver results that cannot be other-
wise achieved. However, VR interaction is not just about an interface for the user to
reach their goals. It is also about users working in an intuitive manner that is a plea-
surable experience and devoid of frustration. Although VR systems and applications
are incredibly complex, it is up to designers to take on the challenge of having the VR
application effectively communicate to users how the virtual world and its tools work
so that those users can achieve their goals in an elegant manner.

Perhaps the most important part of VR interaction is the person doing the interact-
ing. Human-centered interaction design focuses on the human side of communica-
tion between user and machine—the interface from the user’s point of view. Quality
interactions enhance user understanding of what has just occurred, what is happen-
ing, what can be done, and how to do it. In the best case, not only will goals and needs
be efficiently achieved, but the experiences will be engaging and enjoyable.

This section describes several general human-centered design concepts that are
essential for interaction designers to consider when designing VR interactions.

Intuitiveness

Mental models (Section 7.8) of how a virtual world works are almost always a simplified
version of some complexity. When interacting, there is no need for users to understand
the underlying algorithms—just the high-level relationship between objects, actions,
and outcomes. Whether a VR interface attempts to be realistic or not, it should
be intuitive. An intuitive interface is an interface that can be quickly understood,
accurately predicted, and easily used. Intuitiveness is in the mind of the user, but
the designer can help form this intuitiveness by conveying through the world and
interface itself concepts that support the creation of a mental model.
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An interaction metaphor is an interaction concept that exploits specific knowledge
that users already have of other domains. Interaction metaphors help users quickly
develop a mental model of how an interaction works. For example, VR users typically
think of themselves as “walking” through an environment, even though in most im-
plementations they are not physically moving their feet (e.g., they may be controlling
the walking with a hand-held controller). For such an interface, users assume they are
traveling at a set height above a surface, and if that height changes, then the interac-
tion does not fit the mental model and the user will likely become confused.

Mental models can be made more consistent across users by providing manuals,
communicating with other users, and from the virtual world itself. For fully immersive
VR, users are cut off from the real world and there is no guarantee they will look at
a manual or talk with others. Thus, the virtual world should be sufficient in project-
ing appropriate information needed to create a consistent conceptual model of how
things work in the mind of each user, without requiring external explanation. Oth-
erwise, problems will occur when an application does not fit with the user’s mental
model. It should not be assumed that an expert will always be available to directly ex-
plain how an interface works, answer questions, or correct mistakes. Too often, a VR
creator expects the user’s model to be identical to what she thinks she has designed,
but unfortunately this is rarely the case since creators and users think differently (as
they should). Tutorials that cannot be completed until the user has indicated a clear
understanding and effective interaction are a great method of inducing mental models
into the minds of users.

Norman'’s Principles of Interaction Design

When users interact in VR, they need to figure out how to work the system. Discov-
erability is exploring what something does, how it works, and what operations are
possible [Norman 2013]. Discoverability is especially important for fully immersive
VR because the user is blind and deaf to the real world, cut off from those real-world
humans who want to help. Essential tools can lead the mind into discovering how an
interface works through consistent affordances, unambiguous signifiers, constraints
to guide actions and ease interpretation, immediate and useful feedback, and obvious
and understandable mappings. These principles as defined by Norman are summa-
rized below along with how they relate to VR and are a good starting point when
designing and refining interactions.

Affordances

Affordances define what actions are possible and how something can be interacted
with by a user. We are used to thinking that properties are associated with objects, but
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an affordance is not a property; an affordance is a relationship between the capabilities
of a user and the properties of a thing. Interface elements afford interaction, such as
a virtual hand affords selection. An affordance between an object and one user may
be different between that object and another user. Light switches on a wall offer the
ability to control the lighting in a room, but only for those who are able to reach the
switches. Some objects in virtual environments afford selecting, moving, controlling,
etc. Good interaction design focuses on creating appropriate affordances to make
desired actions easily doable with the technology used (e.g., a tracking system that
is able to track the hand near the point of the light switch) and by the intended user
base (e.g., the designer may intentionally place a light switch to not be reachable by a
certain class of users in order to encourage collaboration).

Signifiers
Some affordances are perceivable, others are not. To be effective, an affordance should
be perceivable. A signifier is any perceivable indicator (a signal) that communicates
appropriate purpose, structure, operation, and behavior of an object to a user. A good
signifier informs a user what is possible before she interacts with its corresponding
affordance.

Examples of signifiers are signs, labels, or images placed in the environment in-
dicating what is to be acted upon, which direction to gesture, or where to navigate
toward. Other signifiers directly represent an affordance, such as the handle on a door
or the visual and/or physical feel of a button on a controller. A misleading signifier can
be ambiguous or not represent an affordance—something may look like a drawer to
be opened when in fact it cannot be opened. Such a false signifier is usually accidental
or not yet implemented. But a misleading signifier can also be purposeful—such as
to motivate users to find a key in order to turn the non-accessible drawer into some-
thing that can be opened. In such cases, the content creator should be aware of such
anti-signifiers and be careful not to frustrate users.

Signifiers are most often intentional, but, as mentioned above, they may also be ac-
cidental. An example of an intentional signifier is a sign giving directions. In the real
world, an example of an accidental and unintentional (but useful) signifier is garbage
on a beach representing unhealthy conditions. At first thought, we might think signi-
fiers are only intentionally created in VR, for the VR creator created everything from
that which does not actually exist. However, this is not always the case. An unintended
VR signifier might be an object that looks like it is designed to be picked up to be
placed into a puzzle, but it can also be perceived as an object that can be picked up
and thrown (a common occurrence much to the frustration of content creators). Or
an unintended signifier in a social VR experience might be a gathering of users at an
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area of interest, signifying to others to navigate to that location to investigate what is
happening and what affordance might be available there.

Signifiers might not be attached to a specific object. Signifiers can be general
information. Conveying what interaction mode a user is currently using can help
prevent confusion.

Regardless of how and why signifiers are created, signifiers are important for
communicating to users whether or not action is possible, and what those actions
are. Good VR design ensures signifiers are effectively discoverable through signifiers
that are well communicated and intelligible.

Constraints

Interaction constraints are limitations of actions and behaviors. Such constraints
include logical, semantic, and cultural limitations to guide actions and ease interpre-
tation. With that being said, this section focuses on the physical and mathematical
constraints as such constraints most directly apply to VR interactions. For an overview
of general project constraints, see Section 31.10.

Proper use of constraints can limit possible actions, which makes interaction de-
sign feasible and can simplify interaction while improving accuracy, precision, and
user efficiency [Bowman et al. 2004]. A commonly used method for simplifying VR
interactions is to constrain interfaces to only work in a limited number of dimen-
sions. The degrees of freedom (DoF) for an entity are the number of independent
dimensions available for the motion of that entity (also see Section 27.1.2). The DoF
of an interface can be constrained by the physical limitations of an input device (e.g.,
a physical dial has one DoF, a joystick has two DoF), the possible motion of a virtual
object (e.g., a slider on a panel is constrained to move along a single axis to control a
single value), or travel that is constrained to the ground, enabling one to more easily
navigate through a scene.

Physical limitations constrain possible actions and these limitations can also be
simulated in software. In addition to being useful, constraints can also add more
realism. For example, a virtual hand can be stopped even when there is nothing
physically stopping a user’s real hand from going through the object (although this
results in visual-physical conflict; Section 26.8). However, physics should not always
necessarily be used as physics can sometimes make interactions more difficult. For
example, it can be useful to leave virtual tools hanging in the air when not using them.

Interaction constraints are more effective and useful if appropriate signifiers make
them easy to perceive and interpret, so users can plan appropriately before taking
action. Without effective signifiers, users might effectively be constrained because
they are not able to determine what actions are possible. Consistency of constraints
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can also be useful as learning can be transferred across tasks. People are highly
resistant to change; if a new way of doing things is only slightly better than the old, then
it is better to be consistent. For experts, providing the ability to remove constraints
can be useful in some situations. For example, advanced flying techniques might be
enabled after users have proved they can efficiently maneuver by being constrained
to the ground.

Feedback

Feedback communicates to the user the results of an action or the status of a task,
helps to aid understanding of the state of the thing being interacted with, and helps
to drive future action. In VR, timely feedback is essential. Something as simple as
moving the head requires immediate visual feedback, otherwise the illusion of a stable
world is broken and a break-in-presence results (and, even worse, motion sickness).
Input devices capture users’ physical motion that is then transformed into visual,
auditory, and haptic feedback. At the same time, feedback internal to the body is
generated from within—proprioceptive feedback that enables one to feel the position
and motion of the limbs and body. Unfortunately, it is quite difficult for VR to provide
all possible types of feedback. Haptic feedback is especially difficult to implement in
a way similar to how real forces occur in the real world. Section 26.8 discusses how
sensory substitution can be used in place of strong haptic cues. For example, objects
can make a sound, become highlighted, or vibrate a hand-held controller when a hand
collides with them or they have been selected.

Feedback is essential for interaction, but not when it gets in the way of interaction.
Too much feedback can overwhelm the senses, resulting in cluttered perception
and understanding. Feedback should be prioritized so less important information
is presented in an unobtrusive manner and essential information always captures
attention. Instead of putting information on a heads-up display in the head reference
frame, place it near the waist or toward the ground in the torso reference frame
so the information is easily accessed when needed but not in the way otherwise. If
information must always be visible with a heads-up display, then only provide the
most essential minimal information as anything directly in front of a user reduces
awareness of the virtual world. Too many audio beeps or, worse, overlapping audio
announcements, can cause users to ignore all of them or even cause them to be
indecipherable even if users wanted to listen to them. Such clutter not only can result
in unusable applications, but can be annoying (think of backseat drivers!) and is
inappropriate. In many cases, users should have the option to turn off or turn down
feedback that is not important to them.
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Mappings

A mapping is a relationship between two or more things. The relationship between
a control and its results is easiest to learn where there is an obvious understandable
mapping between controls, action, and the intended result. Mappings are useful even
when the person is not directly holding the thing being manipulated, for example,
when using a screwdriver to lift a lever up that cannot be directly reached.

Mappings from hardware to interaction techniques defined by software are espe-
cially important for VR. Often a device will have a natural mapping to one technique
but poor mapping to another technique. For example, hand-tracked devices work well
for avirtual hand technique and for pointing (Section 28.1) but not as well for a driving
simulator where a physical steering wheel would be more appropriate.

Compliance

Compliance is the matching of sensory feedback with input devices across time and
space. Maintaining compliance improves user performance and satisfaction. Compli-
ance results in perceptual binding (Section 7.2.1) so that interaction feels as if one is
interacting with a single coherent object. Visual-vestibular compliance is especially
important for reducing motion sickness (Section 12.3.1). Compliance can be divided
into spatial compliance and temporal compliance [Bowman et al. 2004] as described
below.

Spatial compliance. Direct spatial mappings lead immediately to understanding. For
example, we intuitively understand that once we have grabbed an object, to move the
object up, we simply move the hand holding the object up. Spatial compliance consists
of position compliance, directional compliance, and nulling compliance.

Position compliance is the co-location of sensory feedback with the input device po-
sition. An example of spatial compliance is when the proprioceptive sense of where the
hand is matches the visual sense of where the hand is. Not all interaction techniques
require position compliance, but position compliance results in direct intuitive inter-
action and should be used whenever appropriate. Labels placed at the location where
physical controls are located on a hand-held device is an example of position compli-
ance. Position compliance is important for tracked physical devices that the user can
pick up and/or interact with. Consider users who have just placed an HMD on their
head but have not yet picked up the hand controllers (or who have previously set the
controller down); the user must be able to see the controller in the correct location in
order to pick it up.

Directional compliance is the most important of the three spatial compliances.
Directional compliance states virtual objects should move and rotate in the same
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direction as the manipulated input device. This results in correspondence of what
is seen and what is felt by the body, resulting in more direct interaction. This enables
the user to effectively anticipate motion in response to physical input and therefore
plan and execute appropriately.

An example of directional compliance is the mapping from a mouse to a cursor
on the screen. Even though a mouse is spatially dislocated from the screen (i.e., it
lacks position compliance), the hand/mouse movement results in an immediate and
isomorphic movement of the cursor on the screen, which makes the user feel as if he
is directly moving the cursor itself [van der Veer and del C. P. Melguizo 2002]. The user
does not think about the offset between the mouse and the cursor when the mouse
is used as intended. Even though the mouse typically sits on a flat horizontal surface
and the screen sits vertically (i.e., the screen is rotated 90° from the mouse), intuitively
we expect if we move the mouse forward/back then the cursor will move up/down in
the same way because we think of both as up/down movements. However, for anyone
who has attempted to use a mouse when it is rotated by 90° to the right, they know
simple manipulations can be extremely difficult due to up becoming left and right
becoming up. The same is true for moving objects in VR; the direction of movement
for a grabbed object, even if at a distance, should be mapped directly to that selected
object whenever possible. Likewise, when a user rotates a virtual object with an input
device, the virtual object should rotate in the same direction; that is, both should
rotate around the same axis of rotation [Poupyrev et al. 2000].

Nulling compliance states that when a device returns to its initial placement, the
corresponding virtual object should also return to its initial placement [Buxton 1986].
Nulling compliance can be accomplished with absolute devices (relative to some
reference), but not relative devices (relative to itself)—see Section 27.1.3. For example,
if a device is attached to the user’s belt, nulling compliance is important, as the user
can use “muscle memory” to remember the initial, neutral placement of the device
and corresponding virtual object (Section 26.2).

Temporal compliance. Temporal compliance states that different sensory feedback
corresponding to the same action or event should be synced appropriately in time.
Viewpoint feedback should be immediate to match vestibular cues, otherwise motion
sickness may result (Chapter 15). But even for reasons unrelated to sickness, feedback
should be immediate; otherwise users may become frustrated or give up before tasks
are completed. Even if the entire action cannot be completed immediately, there
should be some form of feedback implying the problem is being worked on. Without
such information, users can become annoyed and computing resources can be wasted
since the user may have forgotten about the task and moved on to something else. In
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fact, slow or poor feedback may be worse than no feedback, as it can be distracting,
irritating, and anxiety provoking. Anyone who has attempted to browse the Web on
an extremely slow Internet connection can attest to this.

Non-spatial Mappings

Non-spatial mappings are functions that transform a spatial input into a non-spatial
output or a non-spatial input into a spatial output. Some indirect spatial to non-spatial
mappings are universal, such as moving the hand up signifies more and moving the
hand down signifies less. Other mappings are personal, cultural, or task dependent.
For example, some people think of time moving from left to right whereas others think
of time moving from behind the body to the front of it.

Direct vs. Indirect Interaction

Different types of interaction can be thought of as being on a continuum from indirect
interaction to direct interaction. Both direct and indirect interactions are useful for
VR depending upon the task. Use each where appropriate and do not use one where
not appropriate, e.g., don’t try to force everything to be direct.

Direct interaction is an impression of direct involvement with an object rather
than of communicating with an intermediary [Hutchins et al. 1986]. The most direct
interaction occurs when the user directly interacts with a physical object in the hands.
Well-designed hand-held tools (e.g., a knife) that directly affect an object are only
slightly less direct, as once a user understands the tool, it seems to become one with
the user as if the tool was an extension of the body instead of an intermediary object.

An example of direct interaction is when a user moves a virtual object on a touch
screen with his finger. However, the virtual object does not follow the finger when the
finger leaves the plane of the screen. VR enables more direct interactions than other
digital technologies because virtual objects can be directly mapped to the hands in
3D space with full spatial (both directional and positional) and temporal compliance
(Section 25.2.5). Directional compliance and temporal compliance are more impor-
tant than position compliance; consider the feeling of directness with a mouse (albeit
not quite as directly as moving the cursor with a finger on a touch screen), even though
there is no position compliance. Similarly, manipulating an object at a distance can
feel like one is directly manipulating the object.

Indirect interaction requires more cognition and conversion between input and
output. Performing a search for an image through a typed or verbal query is an example
of an indirect interaction. The user must put thought into what is being searched
for, provide the query, wait for a response, and then interpret the result. Not only
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must the query be thought about but the conversion from words to and from visual
imagery must be considered. Even though such indirect interaction requires more
cognition than direct interactions, that does not mean direct interaction is always
better. Indirect interactions are more effective for their intended purposes.

Somewhere in the middle of the extremes of direct and indirect interactions are
semi-direct interactions. An example is a slider on a panel that controls the intensity
of a light. The user is directly controlling the intermediary slider but less directly
controlling the light. However, once the slider is grabbed and moved back and forth
a couple of times it feels more direct due to the mental mapping of up for lighter and
down for darker.

The Cycle of Interaction
Interaction can be broken down into three parts: (1) forming the goal, (2) executing
the action, and (3) evaluating the results [Norman 2013].

Execution bridges the gap between the goal and result. This feedforward is accom-
plished through the appropriate use of signifiers, constraints, mappings, and the
user’s mental model. There are three stages of execution that follow from the goal:
plan, specify, and perform.

Evaluation enables judgment about achieving a goal, making adjustments, or the
creation of new goals. This feedback is obtained by perceiving the impact of the action.
Evaluation consists of three stages: perceive, interpret, and compare.

As can be seen in Figure 25.1, the seven stages of interaction consist of one stage
for goals, three stages for execution (plan, specify, and perform), and three stages for
evaluation (perceive, interpret, and compare). Quality interaction design considers
requirements, intentions, and desires at each stage. An example interaction is as
follows.

1. Form the goal. The question is “What do I want to accomplish?” Example: Move
a boulder blocking an intended route of travel.

2. Plan the action. Determine which of many possible plans of action to follow.
Question: “What are the alternative set of action sequences and what do I
choose?” Example: Navigate to the boulder or select from a distance to move it.

3. Specify an action sequence. Even after the plan is determined, the specific se-
quence of actions must be determined. Question: “What are the specific actions
of the sequence?” Example: Shoot a ray from the hand, intersect the boulder,
push the grab button, move the hand to the newlocation, release the grab button.
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Figure 25.1 The cycle of interaction. (Adapted from Norman [2013])

4. Perform the action sequence. Question: “Can I take action now?” One must
actually take action to achieve a result. Example: Move the boulder.

5. Perceive the state of the world. Question: “What happened?” Example: The
boulder is now in a new location.

6. Interpret the perception. Question: “What does it mean?” Example: The boulder
is no longer in the path of desired travel.

7. Compare the outcome with the goal. Questions: “Is this okay? Have I accom-
plished my goal?” Example: The route has been cleared so navigation along the
route is possible.

The interaction cycle can be initiated by establishing a new goal (goal-driven be-
havior). The cycle can also initiate from some event in the world (data-driven or event-
driven behavior). When initiated from the world, goals are opportunistic rather than
planned. Opportunistic interactions are less precise and less certain than explicitly
specified goals, but they result in less mental effort and more convenience.

Not all activities in these seven stages are conscious. Goals tend to be reflective
(Section 7.7) but not always. Often, we are only vaguely aware of the execution and
evaluation stages until we come across something new or run into an obstacle, at
which point conscious attention is needed. At a high reflective level of goal setting
and comparison, we assess results in terms of cause and effect. The middle levels of
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specifying and interpreting are often only semi-conscious behavior. The visceral level
of performing and perceiving is typically automatic and subconscious unless careful
attention is drawn to the actual action.

Many times the goal is known, but it is not clear how to achieve it. This is known as
the gulf of execution. Similarly, the gulf of evaluation occurs when there is a lack of
understanding about the results of an action. Designers can help users bridge these
gulfs by thinking about the seven stages of interaction, performing task analysis for
creating interaction techniques (Section 32.1), and utilizing signifiers, constraints,
and mappings to help users create effective mental models for interaction.

The Human Hands

The human hands are remarkable and complex input and output devices that natu-
rally interact with other physical objects quickly, precisely, and with little conscious
attention. Hand tools have been perfected over thousands of years to perform in-
tended tasks effectively. Figure 8.8 shows that a large portion of the sensory cortex
is devoted to the hands. It is not surprising, then, that the best fully interactive VR
applications make use of the hands. Using interaction techniques that the hands can
intuitively work with can add significant value to VR users.

Two-Handed Interaction

It is natural and intuitive to reach out with both hands to manipulate objects in the
real world, so common sense says two-handed 3D interfaces should be appropriate
and intuitive for VR [Schultheis et al. 2012]. Whereas such intuition tells us that
two hands are better than one, two hands can in fact be worse than one hand if
the interaction is designed inappropriately [Kabbash et al. 1994]. Perhaps this is a
reason why, even though devices like the mouse have been around for decades, most
computer interactions are one handed. Anyone who has developed 3D systems knows
that 3D devices alone do not guarantee superior performance, and this is even more
true for two hands, in part because the hands do not necessarily work in parallel
[Hinckley et al. 1998]. Iterative design with feedback from real users (Part VI) is
essential for creating high-quality bimanual interfaces.

Bimanual Classifications

Bimanual interaction (two-handed interaction) can be classified as symmetric (each
hand performs identical actions) or asymmetric (each hand performs a different
action), with asymmetric tasks being more common in the real world [Guiard 1987].
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Bimanual symmetric interactions can further be classified as synchronous (e.g.,
pushing on a large object with both hands) or asynchronous (e.g., climbing a ladder
with one arm reaching up at a time). Scaling by grabbing two sides of an object and
spreading the hands apart is an example of a bimanual symmetric interaction.

Bimanual asymmetric interactions occur when both hands work differently but in
a coordinated way to accomplish a task. The dominant hand is the user’s preferred
hand for performing fine motor skills. The non-dominant hand provides the reference
frame, giving the ergonomic benefit of placing the object being worked upon in a
way that is comfortable (often subconsciously) for the dominant hand to work with
and that does not force the dominant hand to work in a single locked position. The
non-dominant hand also typically initiates manipulation of the task and performs
gross movements of the object being manipulated, in order to provide convenient,
efficient, and precise manipulation by the dominant hand. The most commonly given
example is writing; the non-dominant hand controls the orientation of the paper for
writing by the dominant hand. Or consider peeling a potato—the potato is much easier
to peel when held in the non-dominant hand than when the potato is sitting on a
table (whether the potato is locked in place or not). In a similar manner, unimanual
interactions in VR can be awkward when the non-dominant hand does not control the
reference frame for the dominant hand.

By using two hands in a natural manner, the user can specify spatial relationships,
not just absolute positions in space. Bimanual interactions ideally should be designed
so the two hands work together in a fluid manner, switching between symmetric and
asymmetric modes depending on the current task.
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VR Interaction Concepts

VR interactions are not without their challenges. Trade-offs must be considered that
may result in interactions being different than in the real world. However, there are
enormous advantages VR has over the real world as well. This chapter focuses upon
interaction concepts, challenges, and benefits specific to VR.

Interaction Fidelity

VR interactions are designed on a continuum ranging from an attempt to imitate
reality as closely as possible to in no way resembling the real world. Which goal to
strive toward depends on the application goals, and most interactions fall somewhere
in the middle. Interaction fidelity is the degree to which physical actions used for a
virtual task correspond to the physical actions used in the equivalent real-world task
[Bowman et al. 2012].

On the high end of the interaction fidelity spectrum are realistic interactions—VR
interactions that work as closely as possible to the way we interact in the real world.
Realistic interactions strive to provide the highest level of interaction fidelity possible
given the hardware being used. Holding one hand above the other as if holding a
bat and swinging them together to hit a virtual baseball has high interaction fidelity.
Realistic interactions are often important for training applications, so that which is
learned in VR can be transferred to the real-world task. Realistic interactions can
also be important for simulations, surgical applications, therapy, and human-factors
evaluations. If interactions are not realistic in such applications, problems such as
adaptation (Section 10.2) may occur, which can lead to negative training effects for
the real-world task being trained for. An advantage of using realistic interactions is
that there is little learning required of users since they already know how to perform
the actions.

On the other end of the interaction fidelity spectrum are non-realistic interactions
that in no way relate to reality. Pushing a button on a non-tracked controller to shoot a
laser from the eyes is an example of an interaction technique that has low interaction
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fidelity. Low interaction fidelity is not necessarily a disadvantage as it can increase
performance, cause less fatigue, and increase enjoyment.

Somewhere in the middle of the interaction fidelity spectrum are magical interac-
tions where users make natural physical movements but the technique makes users
more powerful by giving them new and enhanced abilities or intelligent guidance
[Bowman et al. 2012]. Such magical hyper-natural interactions attempt to create “bet-
ter” ways of interacting by enhancing usability and performance through superhuman
capabilities and unrealistic interactions [Smith 1987]. Although not realistic, magical
often uses interaction metaphors (Section 25.1) to help users quickly develop a men-
tal model of how an interaction works. Consider interaction metaphors as a source
of inspiration for creating new magical interaction techniques. Grabbing an object at
a distance, pointing to fly through a scene, or shooting fireballs from the hand are
examples of magical interactions. Magic interactions strive to enhance the user expe-
rience by reducing interaction fidelity and circumventing the limitations of the real
world. Magic works well for games and teaching of abstract concepts.

Interaction fidelity is a multi-dimensional continuum of components. The Frame-
work for Interaction Fidelity Analysis [McMahan et al. 2015] categorizes interaction
fidelity into three concepts: biomechanical symmetry, input veracity, and control sym-
metry.

Biomechanical symmetry is the degree to which physical body movements for a
virtual interaction correspond to the body movements of the equivalent real-world
task. Biomechanical symmetry makes heavy use of posture and gestures that replicate
how one positions and moves their body in the real world. This provides a high sense
of proprioception resulting in a high sense of presence since the user feels his body
physically acting in the environment as if he were performing the task in the real world.
Real walking for VR navigation purposely has a biomechanical symmetry to how we
walk in the real world. Walking in place has a lower biomechanical symmetry due
to its less realistic movements. Pressing a button or joystick to walk forward has no
biomechanical symmetry.

Input veracity is the degree to which an input device captures and measures users’
actions. Three aspects that dictate the quality of input veracity are accuracy, precision,
and latency. A system with low input veracity can significantly affect performance due
to difficulty capturing quality input.

Control symmetry is the degree of control a user has for an interaction as compared
to the equivalent real-world task. High-fidelity techniques provide the same control as
the real world without the need for different modes of interaction. Low control sym-
metry can result in frustration due to the need to switch between techniques to obtain
full control. For example, directly manipulating object position and rotations (6 DoF)
with a tracked hand controller has greater control symmetry than indirectly manip-

Meta Platforms, Inc. - Ex. 1025
Page 79



26.2

26.2.1

26.3

26.3 Reference Frames 291

ulating the same object with gamepad controls because the gamepad controls (less
than 6 DoF) require using multiple translation and rotational modes. However, low
control symmetry can also have superior performance if implemented well. For exam-
ple, non-isomorphic rotations (Section 28.2.1) can be used to increase performance
by amplifying hand rotations.

Proprioceptive and Egocentric Interaction

As described in Section 8.4, proprioception is the physical sense of the pose and
motion of the body and limbs. Because most VR systems do not provide a sense of
touch outside of hand-held devices, proprioception can be especially important for
exploiting the one real object every user has—the human body [Miné¢ et al. 1997]. The
body provides an egocentric frame of reference (Section 26.3.3) in which to work, and
interactions relative to the body’s reference frame are more effective than techniques
relying solely on visual information. In fact, eyes-off interactions can be performed in
peripheral vision or even outside the field of view of the display, which reduces visual
clutter. The user also has a more direct sense of control within personal space—it is
easier to place an object directly with the hand rather than through less direct means.

Mixing Egocentric and Exocentric Interactions

Exocentric interactions consist of viewing and manipulating a virtual model of the en-
vironment from outside of it. With egocentric interaction, the user has a first-person
view of the world and typically interacts from within the environment. Don’t assume
one or the other must be chosen. These egocentric and exocentric interactions can be
mixed together so that the user can view himself on a smaller map (Sections 22.1.1
and 28.5.2), and/or manipulate the world in an exocentric manner but from an ego-
centric perspective (Figure 26.1).

Reference Frames
A reference frame is a coordinate system that serves as a basis to locate and orient ob-
jects. Understanding reference frames is essential to creating usable VR interactions.
This section describes the most important reference frames as they relate specifically
to VR interaction. The virtual-world reference frame, real-world reference frame, and
torso reference frame are all consistent with one other when there is no capability to
rotate, move, or scale the body or the world (e.g., novirtual body motion, no torso track-
ing, and no moving the world). The reference frames diverge when that is not the case.
Although thinking abstractly about reference frames and how they relate can be
difficult, reference frames are naturally perceived and more intuitively understood
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Figure 26.1 An exocentric map view from an egocentric perspective. (Courtesy of Digital ArtForms)

when one is immersed and interacting with the different reference frames. The refer-
ence frames discussed in this section will be more intuitively understood by actually
experiencing them.

26.3.1 The Virtual-World Reference Frame

The virtual-world reference frame matches the layout of the virtual environment and
includes geographic directions (e.g., north) and global distances (e.g., meters) inde-
pendent of how the user is oriented, positioned, or scaled. When creating content over
awide area, forming a cognitive map, determining global position, or planning travel
on a large scale (Section 10.4.3), it is typically best to think in terms of the exocentric
virtual-world reference frames. Care should be taken when placing direct hand inter-
faces relative to the virtual-world reference frame as reaching specific locations can
be difficult and awkward unless the user is able to easily and precisely navigate and
turn through the environment.

26.3.2 The Real-World Reference Frame

The real-world reference frame is defined by real-world physical space and is inde-
pendent of any user motion (virtual or physical). For example, as a user virtually flies
forward the user’s physical body is still located in the real-world reference frame.
A physical desk, computer screen, or keyboard sitting in front of the user is in the
real-world reference frame. A consistent physical location should be provided to set

Meta Platforms, Inc. - Ex. 1025
Page 81



26.3.3

26.3 Reference Frames 293

any tracked or non-tracked hand-held controller when not being used. For tracked
controllers or other tracked objects, make sure to match the virtual model with the
physical controller in form and position/orientation in the real-world reference frame
(i.e., full spatial compliance) so users can see it correctly and more easily pick it up.

In order for virtual objects, interfaces, or rest frames to be solidly locked into
the real-world reference frame, the VR system must be well calibrated and have low
latency. Such interfaces often, but not always, provide output cues only to help provide
arest frame (Section 12.3.4) in order for users to feel stabilized in physical space and to
reduce motion sickness. Automobile interiors, cockpits (Figure 18.1), or non-realistic
stabilizing cues (Figure 18.2) are examples of cues in the real-world reference frame.
In some cases it makes sense to add the capability to input information through real-
world reference-framed elements (e.g., buttons located on a virtual cockpit). A big
advantage of real-world reference frames is that passive haptics (Section 3.2.3) can be
added to provide a sense of touch that matches visually rendered elements.

The Torso Reference Frame

The torso reference frame is defined by the body’s spinal axis and the forward di-
rection perpendicular to the torso. The torso reference frames are especially useful
for interaction because of proprioception (Sections 8.4 and 26.2)—the sense of where
one’s arms and hands are felt relative to the body. The torso reference frame can also
be useful for steering in the direction the body is facing (Section 28.3.2).

The torso reference frame is similar to the real-world reference frame in the sense
that both frames move with the user through the virtual world as the user virtually
translates or scales. The difference is that virtual objects in the torso reference frame,
virtual objects rotate with the body (both virtual and physical body turns) and move
with physical translation whereas objects in the real-world reference frame do not.
The chair a user is seated in can be tracked instead of the torso if it can be assumed
the torso is stable relative to the chair. Systems with head tracking but not torso or
chair tracking can assume the body is always facing forward (i.e., the torso reference
frame and real-world reference frame are consistent). However, physical turning of
the body can cause problems due to the system not knowing if only the head turned
or the entire body turned.

If no hand tracking is available, the hand reference frame can be assumed to be
consistent with the torso reference frame. For example, a visual representation of a
non-tracked hand-held controller should move and rotate with the body (hand-held
controllers are often assumed to be held in the lap). For VR, information displays often
work better in torso reference frames rather than head reference frames as commonly
done with heads-up displays in traditional first-person video games. Figure 26.2 shows
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Figure 26.2

Information and a visual representation of a non-tracked hand-held controller in the
torso reference frame. (Courtesy of NextGen Interactions)

an example of a visual representation of a non-tracked hand-held controller and other
information at waist level in the torso reference frame.

Body-Relative Tools

Just like in the real world, tools in VR can be attached to the body so that they are
always within reach no matter where the user goes. This is done in VR by simply placing
the tool in the torso reference frame. This not only provides convenience of the tool
always being available but also takes advantage of the user’s body acting as a physical
mnemonic, which helps in recall and acquisition of frequently used control [Min¢ et
al. 1997].

Items should be placed outside the forward direction so that they do not get in the
way of viewing the scene (e.g., the user simply looks down to see the options and then
can selectvia a point or grab). Advanced users should be able to turn off items or make
them invisible. Examples of physical mnemonics are pull-down menus located above
the head (Section 28.4.1), tools surrounding the waste as a utility belt, audio options
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Figure 26.3 A simple transparent texture in the hand can convey the physical interface. (Courtesy of

26.3.4

NextGen Interactions)

at the ear, navigation options at the user’s feet, and deletion by throwing an object
behind the shoulder (and/or object retrieval by reaching behind the shoulder).

The Hand Reference Frames

The hand reference frames are defined by the position and orientation of the user’s
hands, and hand-centric judgments occur when holding an object in the hand. Hand-
centric thinking is especially important when using a phone, tablet, or VR controller.
Placing a visual representation of a tracked hand-held controller (Section 27.2.3) in
the hand(s) can help add a sense of presence due to the sense of touch matching
the visuals. Placing labels or icons/signifiers in the hand reference frame that point
to buttons, analog sticks, or fingers is extremely helpful (Figure 26.3), especially for
new users. The option to turn on/off such visuals should be provided so as to not
occlude/clutter the scene when not using the interface or after the interface has been
memorized. Although both the left and right hands can be thought of as separate
reference frames, the non-dominant hand is useful for serving as a reference frame
for the dominant hand to work in (Section 25.5.1), especially for hand-held panels
(Section 28.4.1).
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26.3.5 The Head Reference Frame

The head reference frame is based on the point between the two eyes and a reference
direction perpendicular to the forehead. In psychological literature, this reference
frame is known as the cyclopean eye, which is a hypothetical position in the head
that serves as our reference point for the determination of a head-centric straight-
ahead [Coren et al. 1999]. People generally tend to think of this straight-ahead as a
direction in front of themselves, oriented around the midline of the head, regardless
of where the eyes are actually looking. From an implementation point of view, the
head reference frame is equivalent to the head-mounted-display reference frame, but
from the user’s point of view (assuming a wide field of view), the display is not visually
perceived. A world-fixed secondary display that shows what the user is seeing matches
the head reference frame.

Heads-up displays (HUDs) are often located in the head reference frame. Such
heads-up display information should be minimized, if used at all, other than a se-
lection pointer for gaze-directed selection (Section 28.1.2). If used, it is important to
make cues small (but large enough to be easily perceived/readable), minimize the
number of visual cues to not be annoying or distracting, not make the cues too far
in the periphery, give the cues depth so they are occluded properly by other objects
(Section 13.2), and place the cues at a far enough distance so that there is not an ex-
treme accommodation-vergence conflict (Section 13.1). It can also be useful to make
the cues transparent. Figure 26.4 shows an example HUD in the head reference frame
that serves as a virtual helmet that helps the user to target objects.

26.3.6 The Eye Reference Frames

The eye reference frames are defined by the position and orientation of the eyeballs.
Very few VR systems support the orientation portion of eye reference frames due to
the requirement for eye tracking (Section 27.3.2). However, the left/right horizontal
offset of the eyes is easily determined by the interpupillary distance of the specific
user measured in advance of usage.

When looking at close objects (for example, when sighting down the barrel of a
gun)and assuming a binocular display, eye reference frames are important to consider
because they are differentiated from the head reference frame due to the offset from
the forehead to the eye. The offset between the left and right eyes results in double
images for close objects when looking at an object further in the distance (or double
images of the further object when looking at the close object). Thus, when users are
attempting to line up close objects with further objects (e.g., a targeting task), users
should be advised to close the non-dominant eye and to sight with the dominant eye
(Sections 9.1.1 and 23.2.2).
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Figure 26.4 A heads-up display in the head reference frame. No matter where the user looks with the

26.4

head, the cues are always visible. (Courtesy of NextGen Interactions)

Speech and Gestures

The usability of speech and gestures depends upon the number and complexity of the
commands. More commands require more learning—the number of voice commands
and gestures should be limited to keep interaction simple and learnable.

Voice interfaces and gesture recognition systems are normally invisible to the user.
Use explicit signifiers, such as a list of possible commands or icons of gestures, in the
users’ view so they know and remember what is possible. Neither speech nor gesture
recognition is perfect. In many cases it is appropriate to have users verify commands
to confirm the system understands correctly before taking action. Feedback should
also be provided to let the user know a command has been understood (e.g., highlight
the signifier if the corresponding command has been activated).
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Use a set of well-defined, natural, easy-to-understand, and easy-to-recognize
gestures/words. Pushing a button to signal to the computer that a word or gesture
is intended to start (i.e., push-to-talk or push-to-gesture) can keep the system from
recognizing unintended commands. This is especially true when the user is also com-
municating with other humans, rather than just the system itself (for both voice and
gestures as humans subconsciously make gestures as they talk).

26.4.1 Gestures

A gesture is a movement of the body or body part whereas a posture is a single
static configuration. Each conveys some meaning whether intentional or not. Postures
can be considered a subset of gestures (i.e., a gesture over a very short period of
time or a gesture with imperceptible movement). Dynamic gestures consist of one or
more tracked points (consider making a gesture with a controller) whereas a posture
requires multiple tracked points (e.g., a hand posture).

Gestures can communicate four types of information [Hummels and Stappers
1998].

Spatial information is the spatial relationship that a gesture refers to. Such gestures
can manipulate (e.g., push/pull), indicate (e.g., point or draw a path), describe
form (e.g., convey size), describe functionality (e.g., twisting motion to describe
twisting a screw), or use objects. Such direct interaction is a form of structural
communication (Section 1.2.1) and can be quite effective for VR interaction due
to its direct and immediate effect on objects.

Symbolic information is the sign that a gesture refers to. Such gestures can be con-
cepts like forming a V shape with the fingers, waving to say hello or goodbye,
and explicit rudeness with a finger. The formation of such gestures is structural
communication (Section 1.2.1) whereas the interpretation of the gesture is in-
direct communication (Section 1.2.2). Symbolic information can be useful for
both human-computer interaction and human-human interaction.

Pathic information is the process of thinking and doing that a gesture is used
with (e.g., subconsciously talking with one’s hands). Pathic information is most
commonly visceral communication (Section 1.2.1) added on to indirect commu-
nication (Section 1.2.1) that is useful for human-human interaction.

Affective information is the emotion a gesture refers to. Such gestures are more
typically body gestures that convey mood such as distressed, relaxed, or enthusi-
astic. Affective information is a form of visceral communication (Section 1.2.1)
most often used for human-human interaction, although pathic information is
less commonly recognized with computer vision as discussed in Section 35.3.3.
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In the real world, hand gestures often augment communication with gestures such
as okay, stop, size, silence, kill, goodbye, pointing, etc. Many early VR systems used
gloves as input and gestures to indicate similar commands. Advantages of gestures
include flexibility, the number of degrees of freedom of the human hand, the lack
of having to hold a device in the hand, and not necessarily having to see (or at least
look directly at) the hand. Gestures, like voice, can also be challenging due to having
to remember them and most current systems have low recognition rates for more
than a few gestures. Although gloves are not as comfortable, they are more consistent
than camera-based systems due to not having line-of-sight issues. Push-to-gesture
systems can drastically reduce false positives. This is especially true when the user
is communicating with other humans, rather than just the system itself.

Direct vs. Indirect Gestures

Direct gestures are immediate and structural (Section 1.2.1) in nature and convey spa-
tial information; they can be interpreted and responded to by the system as soon as the
gesture starts. Direct manipulation, such as pushing an object, and selection via hand
pointing are examples of direct gestures. Indirect gestures indicate more complex se-
mantic meaning over a period of time so the start of the gesture is not sufficient—the
application interprets over arange of movement so there is a delay from the start of the
gesture. Indirect gestures convey symbolic, pathic, and affective information. A sin-
gle posture command is somewhere between direct and indirect because the system
response is immediate but not structural (the posture is interpreted as a command).

Speech Recognition

Speech recognition translates spoken words into textual and semantic form. If imple-
mented well, voice commands have many advantages including keeping the head and
hands free to interact while giving commands to the system. Voice recognition does
have significant challenges including limited recognition capability, not always ob-
vious command options, difficulty in selecting from a continuous scale, background
noise, variability between speakers, and distraction to other individuals [McMahan et
al. 2014]. Regardless, speech can work well for multimodal interactions (Section 26.6).
Speech recognition categories, strategies, and errors are discussed below as described
by Hannema [2001].

Speech Recognition Categories
Speech recognition is often categorized into the following groups.

Speaker-independent speech recognition has the flexibility to recognize a small
number of words from a wide range of users. This type of speech recognition is
used with telephone navigation systems and is best used with VR when there are
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only a small number of options provided to the user (a VR system should visually
show available commands so the user knows what the options are).

Speaker-dependent speech recognition recognizes a large number of words from
a single user where the system has been extensively trained to recognize words
from that specific user. This type of speech recognition can work well with VR
when the user has a personal system that she uses often.

Adaptive recognition is a mix of speaker-independent and speaker-dependent
speech recognition. The system does not need explicit training but learns the
characteristics of the specific user as he speaks. This often requires that the
user corrects the system when words are misinterpreted. Use adaptive recogni-
tion when users have their own system but don’t want to bother with explicitly
training the voice recognizer.

Speech Recognition Strategies
Each of the speech recognition categories listed above can use one or more of the
following strategies to recognize words.

Discrete/isolated strategies recognize one word at a time from a predefined vocab-
ulary. This strategy works well when only one word is used or there is a silence be-
tween consecutive words. Examples include commands such as “save,” “undo,”
“restart,” or “freeze.”

Continuous/connected strategies recognize consecutive words from a predefined
vocabulary. This is more challenging to implement than a discrete/isolated
strategy.

Phonetic strategies recognize individual phonemes (small, perceptually distinct
sounds; Section 8.2.3), diphones (combinations of two adjacent phonemes), or
triphones (combinations of three adjacent phonemes). Triphones are computa-
tionally expensive, and the system may be slow to respond due to the number of
combinations that must be recognized so are rarely used.

Spontaneous/conversational strategies attempt to determine the context of the
words in sentences in a way similar to what humans do. This results in a nat-
ural spoken dialogue with the computer. This strategy can be difficult to imple-
ment well.

Speech Recognition Errors
There are several reasons why speech recognition is difficult. By being aware of the
common types of errors listed below, the system can be better designed to minimize
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such errors. Errors can also be reduced by using a microphone designed for speech
recognition (Section 27.3.3).

Deletion/rejection occurs when the system fails to match or recognize a word from
the predetermined vocabulary. The advantage of this type of error is that the
system recognizes the failure and can request the user to repeat the word.

Substitution occurs when the system misrecognizes aword for a different word than
that which was intended. If the error is not caught, the system might execute a
wrong command. This error is difficult to detect, but statistical measures can be
used to calculate confidence.

Insertion occurs when an unintended word is recognized. This most often occurs
when the user is not intentionally speaking to the system, such as when thinking
outloud or when speaking to another human. Similar to a substitution error, this
can execute an unintended command. Requiring the user to push a button (e.g.,
a push-to-talk interface) can drastically reduce this type of error.

Context

The specific context that the user is engaged in at any particular time can help im-
prove accuracy and better match the user’s intention. This is important as words can
be homonyms (the same word with multiple meanings, e.g., volume can be a volume
of space or audio volume) or homophones (different words with the same sound, e.g.,
die and dye). Context-sensitive systems with a large vocabulary can be implemented
by having the system only able to recognize a subset of that vocabulary at any partic-
ular time.

Modes and Flow
Although ideally the same metaphors should be applied across all interactions for
a single application, this is often not possible. Complex applications with different
types of tasks may require different interaction techniques. In such a case, different
techniques might be combined together. The mechanism to choose a technique may
be as simple as pressing a different button or a mode selection from a hand-held panel,
or the technique may be order dependent (e.g., a specific manipulation technique only
occurs after a specific selection technique). Whatever the mode, that mode should be
made clear to the user.

All interactions should also integrate and flow together well. The overall usability
of a system depends on the seamless integration of various tasks and techniques
provided by the application. One way to think about flow is to consider the sequence of
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26.6

basic actions. People may more often verbally state commands with the action coming
before the object to be acted upon, but they tend to think about the object first. Objects
are more concrete in nature so they are easier to first think about, whereas verbs are
more abstract and are more easily thought about when being applied to something.
For example, someone might think “pick up the book,” but before thinking about
picking up the book the person must first perceive and think about the book. Users
prefer object-action sequences over action-object sequences as it requires less mental
effort [McMahan and Bowman 2007]. Thus, when designing interaction techniques,
the selection of the object to be acted upon should be performed (at least in most
cases) before taking action upon that object. The interaction technique should also
enable easy and smooth transition between selecting an object and manipulating or
using that object.

At a higher level, the flow of longer interactions should occur without distractions
so the user can give full attention to the primary task. Ideally, users should not have
to physically (whether the eyes, head, or hands) or cognitively move between tasks.
Lightweight mode switching, physical props, and multimodal techniques can help to
maintain the flow of interaction.

Multimodal Interaction

No single sensory input or output is appropriate for all situations. Multimodal interac-
tions combine multiple input and output sensory modalities to provide the user with
aricher set of interactions. The “put-that-there” interface is known as the first human-
computer interface to effectively and naturally mix voice and gesture [Bolt 1980]. Note
although “put-that-there” is an action-object sequence, as discussed above in Sec-
tion 26.5, better flow often occurs by first selecting the object to be moved. The better
implementation might be called a “that-moves-there” interface.

When choosing or designing multimodal interactions, it can be helpful to consider
different ways of integrating the modalities together. Input can be categorized into
six types of combinations: specialized, equivalence, redundancy, concurrency, com-
plementarity, and transfer [Laviola 1999, Martin 1998]. All of the input modality types
are multimodal other than specialized.

Specialized input limits input options to a single modality for a specific application.
Specialization is ideal when there is clearly a single best modality for the task. For
example, for some environments, selecting an object might only be performed
by pointing.
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Equivalent input modalities provide the user a choice of which input to use, even
though the result would be the same across modalities. Equivalence can be
thought of as the system being indifferent to user preferences. For example, a
user might be able to create the same objects either by voice or through a panel.

Redundant input modalities take advantage of two or more simultaneous types of
input that convey the same information to perform a single command. Redun-
dancy can reduce noise and ambiguous signals, resulting in increased recog-
nition rates. For example, a user might select a red cube with the hand while
saying “select the red cube” or physically move an object with the hand while
saying “move.”

Concurrent input modalities enable users to issue different commands simulta-
neously, and thus enable users to be more efficient. For example, a user might
be pointing to fly while verbally requesting information about an object in the
distance.

Complementarity input modalities merge different types of input together into a
single command. Complementarity often results in faster interactions as the
different modalities are typically close in time or even concurrent. For example,
to delete an object, the application might require the user to move the object
behind the shoulder while saying “delete.” Another example is a “put-that-there”
interface [Bolt 1980] that merges voice and gesture to place an object.

Transfer occurs when information from one input modality is transferred to an-
other input modality. Transfer can improve recognition and enable faster inter-
actions. A user may achieve part of a task by one modality but then determine
a different modality would be more appropriate to complete the task. In such a
case, transfer would prevent the user from needing to start over. An example is
verbally requesting a specific menu to appear, which can be interacted with by
speaking or pointing. Another example is a “push-to-talk” interface. Transfer is
most appropriate to use when hardware is unreliable or does not work well in
some situations.

Beware of Sickness and Fatigue

Some interaction techniques, especially those controlling the viewpoint, can cause
motion sickness. When choosing or creating navigation techniques, designers should
carefully understand and consider scene motion and motion sickness as discussed
in Part III. If motion sickness is a primary concern, then changing the viewpoint
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should only occur through one-to-one mapping of real head motion or teleportation
(Section 28.3.4).

Some users are not comfortable looking at interfaces close to the face for extended
periods of time due to the accommodation-vergence conflict (Section 13.1) that occurs
in most of today’s HMDs. Visual interfaces close to the face should be minimized.

As mentioned in Section 14.1, gorilla arm can be a problem for interactions that
require the user to hold their hands up high and out in front of themselves for more
than a few seconds at a time. This occurs even with bare-hand systems (Section 27.2.5)
where the user is not carrying any additional weight. Interactions should be designed
to minimize holding the hands above the waist for more than a few seconds at a time.
For example, shooting a ray from the hand held at the hip is quite comfortable.

2 6 8 Visual-Physical Conflict and Sensory Substitution
|

Most VR experiences offer little haptic feedback, and when they do the feedback is
quite limited compared to the sense of touch in the real world. Not having full haptic
feedback is more of a problem than just not feeling objects. The hand or other body
part (or physical device) continues to move through the object since there is no (or
limited) physical force stopping it from doing so. As a result, the physical location of
the hand may no longer match the visual location.

Enforcing simulated physics so the hand does not visually pass through visual
geometry is often preferred by users when the penetrations are only slight (shallow
penetration). When deeper penetration occurs, then users prefer the visual hands to
match the physical hands even though that breaks the intuition that hands do not
pass through objects [Lindeman 1999]. Stopping the visual hand for deep penetration
can be especially confusing when the visual hand pops out of a different part of the
penetrated object than where the visual hand has previously been visually stopped.
A compromise solution for non-realistic interactions is to draw two hands when the
physical hand and physically simulated hand diverge (see ghosting below).

In some cases, the virtual hand can be considerably offset from the physical hand
without the user noticing as visual representation tends to dominate proprioception
[Burns et al. 2006]. However, this is not always the case. Vision is generally stronger
than proprioception when moving the hand in a left/right and/or up/down direction,
but proprioception can be stronger when moving the hand in depth (forward/back)
[Van Beers et al. 2002].

Sensory substitution is the replacement of an ideal sensory cue that is not available
with one or more other sensory cues. Examples of sensory substitution that work well
with VR are described below.
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Figure 26.5 In the game “The Gallery: Six Elements,” the bottle is highlighted to show the object can
be grabbed. (Courtesy of Cloudhead Games)

Ghosting is a second simultaneous rendering of an object in a different pose than
the actual object. In some cases it is appropriate to render the hand twice—both
where the physical hand is located and where the physics simulation states the
hand is located. Ghosting is also often used to provide a clue of where a virtual
object will be snapped into place if released. Be careful of using ghosting for
training applications as users can depend on ghosting as a crutch that will not
be available for the real-world task.

Highlighting is visually outlining or changing the color of an object. Highlighting
is most often used to show the hand has intersected with an object so that it can
be selected or picked up. Highlighting is also used to convey that an object is
able to be selected or grabbed when the hand is close even though a collision
has not yet occurred. Figure 26.5 shows an example of highlighting.

Audio cues are very effective in conveying to a user that one of his hands has
collided with some geometry. Audio might be as simple as a tone sound or
real-world recorded audio track. In some cases, providing multiple audio files
with variations (e.g., random grunt sounds when colliding with a virtual wall or
when shot by an enemy) can help with a sense of realism and reduce annoyance.
Continuous contact sounds can also be used to convey sliding along surfaces.
Sound properties such as pitch or amplitude might also change depending on
penetration depth.

Passive haptics (static physical objects that can be touched; Section 3.2.3) are ef-
fective when the virtual world is limited to the physical space where no virtual
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navigation can occur (i.e., when the real-world reference frames and virtual-
world reference frames are consistent; Section 26.3) or when tracked physical
tools travel with the user (i.e., the physical and virtual objects are spatially com-
pliant; Section 25.2.5). Because vision often dominates proprioception, perfect
spatial compliance is not always required [Burns et al. 2006]. Redirected touch-
ing warps virtual space to map many differently shaped virtual objects onto a
single real object (i.e., hand or finger tracking is not one-to-one) in a way that the
discrepancy between virtual and physical is below the user’s perceptual thresh-
old [Kohli 2013]. For example, when one’s real hand traces a physical object, the
virtual hand can trace a slightly differently shaped virtual object.

Rumble causes an input device to vibrate. Although not the same haptic force that
would occur in the real world, rumble feedback can be quite an effective cue for
informing the user she has collided with an object.
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27.1.1

27.1.2

Input Devices

Input devices are the physical tools/hardware used to convey information to the ap-
plication and to interact with the virtual environment. Some interaction techniques
work more or less across different input devices whereas other techniques work only
with input devices that have specific characteristics. Thus, appropriately choosing in-
put hardware that best fits the application’s interaction techniques is an important
design decision (or, conversely, designing and implementing interaction techniques
depends upon available input hardware).

This chapter describes some general characteristics of input devices and then
describes the primary classes of input devices.

Input Device Characteristics
Input devices can be very different, and the characteristics of each should be consid-
ered when choosing hardware and designing interactions.

Size and Shape

The most obvious characteristics to a new VR user are the basic shape and size of the
input device. The shape and size has more to do with just how the controller looks and
feels in the hand. Large hand-held devices are primarily controlled by large muscle
groups of the shoulder, elbow, and wrist, whereas smaller hand-held devices utilize
smaller and faster muscle groups in the fingers [Bowman et al. 2004]. Smaller devices
can also decrease clutching—the releasing and regrasping of an object in order to
complete a task due to not being able to complete it in a single motion (such as a
wrench). Gloves also use these smaller muscle groups and have the advantage of being
able to freely touch and feel other items.

Degrees of Freedom

Input devices are often classified by the number of degrees of freedom (DoF) they
report. Degrees of freedom (DoF) are the number of dimensions that an input device
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is capable of manipulating (also see Section 25.2.3). Devices range from a single DoF
(e.g., an analog trigger), to 6 DoF that measure full 3D translation (up/down, left/right,
forward/backward) and rotation (roll, pitch, and yaw), to full hand or body tracking
with many DoFs. A traditional mouse, joystick, trackball, and touchpad (a rotatable
ball that is essentially an upside-down mouse) are examples of 2 DoF devices. VR hand
tracking should have a minimum of 6 DoF (multiple points tracked on the hand have
more than 6 DoF). For a majority of active VR experiences, one or more 6 DoF hand-
held controllers is often the most appropriate choice. For some simple tasks only
requiring navigation and no direct interaction, a non-tracked hand-held controller
is good enough.

27.1.3 Relative vs. Absolute

Relative input devices measure the differences between the current and last measure-
ment. Mice, trackballs, and inertial trackers are examples of relative devices. Relative
devices drift over time and thus are not nulling compliant (Section 25.2.5). Although
limited, the Nintendo Wii proved relative devices can work well for natural interac-
tions under some circumstances if the applications are carefully designed. VR relative
devices typically use inertial measurement units (IMUs) that have the advantage of hav-
ing a higher update rate (e.g., 1,000 Hz) and faster response (e.g., 1 ms) than absolute
measurements. Absolute input devices sense pose relative to a constant point of refer-
ence independent of past measurements and are nulling compliant. Hybrid tracking
systems fuse both relative and absolute trackers to provide the advantages of both.
VR head and hand tracking should sense pose via absolute measurements (although
relative devices can arguably estimate absolute pose of the hands from modeling the
constraints imposed by the physicality of the arms and hand).

27.1.4 Separable vs. Integral

Integral input devices enable users to control all DoFs simultaneously from a single
motion (a single composition) whereas separable input devices contain at least one
DoF that cannot be controlled simultaneously from a single motion (two or more
distinct compositions). A gamepad with two different analog sticks is an example of
a separable device. A 2D device that enables control of more than two dimensions via
mode switching is also an example of a separable device. VR hand tracking should be
integral.

27.1.5 Isometric vs. Isotonic

Isometric input devices measure pressure or force that contains no or little actual
movement. Isotonic input devices measure deflection from a center point and may
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or may not have some resistance. Mice are isotonic input devices. Joysticks can be
either isotonic or isometric. Isotonic input devices are best for controlling position,
whereas isometric input devices are best for controlling rates such as navigation
speed. An isometric joystick, for example, works well for controlling velocity (i.e., hold
to continue moving).

Buttons

Buttons control one DoF via pushing with a finger and typically take on one of two
states (e.g., pushed or not pushed) although some buttons can take on analog values
(also known as analog triggers). Buttons are often used to change modes, to select and
object, or to start an action. Although buttons can be useful for VR applications, too
many buttons can lead to confusion and error—especially when the button-mapping
functionalityis unclear or inconsistent (although attaching labels to virtual controllers
can help—see Figure 26.3 as an example). Consider the capabilities and intuitiveness
of desktop applications that are controlled via no more than three buttons on a mouse.

There is a debate between bare-hand system (Section 27.2.5) and hand-held con-
troller (Sections 27.2.2 and 27.2.3) advocates as to the utility of buttons. For example,
Microsoft Kinect and Leap Motion developers believe buttons are a primitive and un-
natural form of input whereas Playstation Move and Sixense Stem developers believe
buttons are an essential part of game play. Like any great debate, the answer is “it de-
pends” [Jerald et al. 2012]. Buttons can be abstracted to indirectly trigger nearly any
action, but this abstraction can cause a disconnect between the user and the appli-
cation. Buttons are most effective when an action is binary, when the action needs
to occur often, when reliability is required, and when physical feedback to the user
is essential. Buttons are also ideal for time-sensitive actions, since very little time is
required for the physical action (i.e., an entire dynamic gesture does not need to be
completed in order to register the action). Gestures can be slower and more fatigu-
ing than button presses, particularly in command-intensive tasks such as modeling
or radiology. Natural buttonless hand manipulation is most effective for providing a
sense of realism and presence, when abstraction is not appropriate, or when detailed
tracking of the entire hand is required.

Encumbrance

Unencumbered input devices do not require physical hardware to be held or worn.
Such systems are implemented with camera systems. Thus no “suit-up” time is re-
quired (although calibration might be necessary). Unencumbered systems can also
reduce hygiene issues (Section 14.4) since a physical device is not passed between
users. Non-encumbrance is not always a design goal; holding something physically in
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the hand can add to the sense of presence (Section 3.2.3); consider holding a controller
in the hand vs. not holding a controller in the hand for a shooting or golf experience.

27.1.8 Ability to Fully Interact with Physical Objects

Some devices enable one to touch the real world in natural ways without the device
getting in the way. Bare-hand tracking systems (i.e., camera systems) and gloves are
the most common examples of this. Held devices and world-grounded devices (Sec-
tion 27.2.1) must be released before the hand can fully interact with other physical
objects. In such cases, the physical devices should be tracked and rendered in the
virtual world so the user can reach out to grab them again.

27.1.9 Device Reliability

Device reliability is the extent to which an input device can consistently work within
the user’s entire personal space (and a larger volume if the user is expected to physi-
cally move around). Devices should ideally have 100% reliability anywhere the user can
reach with no loss in tracking acquisition. Reliability should carefully be considered
when choosing an input device as unreliable devices can result in frustration, fatigue
(e.g., due to having to hold the hand high and in front of the body; Section 14.1), in-
creased cognitive load (e.g., because the user must think about holding the device in
a certain way), breaks-in-presence (Section 4.2), and reduced performance.

Unreliable tracking can be due to multiple reasons and divided into two sets of fac-
tors: (1) implementation limitations and (2) inherent physical limitations. An inherent
physical limitation is the best a device will ever be able to achieve given an optimal
engineering solution/implementation. Some devices cannot possibly provide 100%
reliability no matter what the engineering effort. A system that requires line of sight
from a sensor to the tracked device can be occluded by another physical object (such
as a hand or torso), in which case there is no way for the system to reliably determine
the pose of the device (although the state of the device can be estimated for short pe-
riods of time). VR devices should ideally work in all orientations and hand postures
(e.g., hands covering sensors or tracking the fingers when a fist is made).

Another challenge of reliability occurs for users attempting to work in a tracked
volume smaller than the user’s personal space. An example is a vision-based system
with a limited field of view. Lighting can also be a challenge for some vision-based
systems, especially in uncontrolled environments outside of the laboratory or some
other highly controlled space. Other systems only recognize gestures when the hand
is oriented or held in a certain way. Many camera-based hand tracking systems only
reliably recognize poses and gestures when the hands are perpendicular to the camera
with the fingers visible.
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27.1.10 Haptics Capable

Active haptics can easily be added to physical devices that are worn or held. However,
the degree of haptics might be limited depending on the size of the device and if
attached to the world in some way (Section 3.2.3).

2 7 2 Classes of Hand Input Devices
[ The most important VR input devices are the human hands, and this section explores

how different types of devices can integrate the hands into VR. An input device class
is a set of input devices that share the same essential characteristics that are crucial
to interaction. Input device classes described in this section focus on the hands and
are classified as world-grounded input devices, non-tracked hand-held controllers,
tracked hand-held controllers, hand-worn devices, and bare-hand controllers.

Table 27.1 summarizes some of the most essential characteristics of the hand
input device classes described in this section and non-hand input device classes
described in Section 27.3. As can be seen, no single input device class is universally
advantageous although some classes can be combined to create a hybrid system with
more advantages. For example, a bare-hands camera-based system might be used with
tracked hand-held controllers (although simultaneous usage can be difficult due to
different characteristics, so bare hands might be used until the controller is picked
up). Note the table is based upon inherent physical limitations rather than today’s
existing implementations. Technical specifications such as update rate, latency, etc.
are notincluded here as such specs are independent of the hardware (e.g., a fast update
rate could potentially be implemented on any device class).

27.2.1 World-Grounded Input Devices

World-grounded input devices, like world-grounded haptics (Section 3.2.3), are de-
signed to be constrained or fixed in the real world and are most often used to interact
with desktop systems.

Keyboards and mice are considered to be world-grounded devices and are the most
popular form of input that works extremely well for its intended task—2D desktop
manipulation. However, such input is not a good way of interacting for most all
immersive applications (with the possible exception of video-see-through augmented
reality where users can see the mouse and keyboard).

Trackballs and joysticks mounted to a permanent location are world-grounded
devices. Other devices offer up to 6 DoF through pushing, pulling, twisting, and/or
buttons for mode changes. However, these devices suffer from similar limitations
for VR as the mouse due to not being designed to be held comfortably and freely
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Table 27.1 Comparison of hand and non-hand input device classes.

Hands Free to Interact with Real World

Usable in Lap or the Side

Proprioception
Consistent
Haptics Capable
Unencumbered
Physical Buttons
General Purpose

Hand Input Device Class

World-Grounded Devices v v v v v v
Non-Tracked Hand-Held Controllers v v v v

Bare Hands v/ v/ v/ v/
Tracked Hand-Held Controllers v v v v v v
Hand Worn v v v v v v v

Non-Hand Input Device Class

Head Tracking oo/ oo/
Eye Tracking v
Microphone v v v/ v/
Full-Body Tracking oo/ 7/ oo/
Treadmills v v v/ v/

in the hands. There are exceptions (e.g., to mount a joystick on the arm of a chair
or if simulating a desktop environment where the physical controls precisely match
a virtual desktop), but from a human-centered design perspective there should be a
solid reason to choose such devices, instead of “because it is available” or “it is what
someone else is using.”

World-grounded devices that work extremely well for VR are specialty devices such
as handlebars, steering wheels, gas and brake pedals, cockpits, and automotive in-
terior controls. Such devices can be especially good for travel, as most users already
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Push to
accelerate

Figure 27.1 The Disney Aladdin world-grounded input device along with its mapping for viewpoint
control. (From Pausch et al. [1996])

have real-world experience with devices. Even if world-grounded devices aren’t actu-
ally used in the real world, they can still be quite effective and presence inducing if
designed well. For example, Disney’s Aladdin Magic Carpet Ride, 3 DoF controls (Fig-
ure 27.1) provides an intuitive physical interface for travel. One reason such controls
are so effective is due to having physical signifiers, affordances, and feedback, e.g.,
the user feels what can be done and how she is doing it. Some challenges of these de-
vices are that creators can’t assume there is a wide user base that owns such hardware
and it can be difficult to generalize the devices to work with a wide range of tasks.
Thus, such devices are more commonly used at location-based entertainment venues
where large groups of people use the same device(s) and the device can be designed
or modified for the particular VR experience.

27.2.2 Non-Tracked Hand-Held Controllers

Non-tracked hand-held controllers are devices held in the hand that include buttons,
joysticks/analog sticks, triggers, etc. but are not tracked in 3D space. Traditional video
game input devices such as joysticks and gamepads are the most common form of
non-tracked hand-held controllers (Figure 27.2). Many VR applications are starting to
support such game controllers. These controllers work much better than the mouse
and keyboard since the controller can be held comfortably in the lap where users
can continually hold the controller. Many gamers have an intuitive feel of where the
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Figure 27.2 The Xbox One controller is an example of a non-tracked hand-held controller.

buttons are through years of use. Controllers with analog sticks work surprisingly well
for navigating within VR (Section 28.3.2).

Although not tracked, such controllers can increase presence for seated experi-
ences by placing visual hands and controllers at the approximate location of the user’s
lap since most users hold the controller in such a position. The visual controller and
hands have also been found to cause users to subconsciously move the hands and
controller to the visual controller (Andrew Robinson and Sigurdur Gunnarsson, per-
sonal communication, May 11, 2015). Unfortunately, when a user moves his hands
away from the assumed position, a break-in-presence typically occurs if the user sees
the virtual hands stay in place.

27.2.3 Tracked Hand-Held Controllers

Tracked hand-held controllers are typically 6 DoF devices (known as “wands” in the
VR research community where they have been used for decades) and can also con-
tain functionality offered by non-tracked hand-held controllers. Tracked hand-held
controllers are currently the best option for a majority of interactive VR applications.
Tracked hand-held controllers are easy to use for many 3D tasks due to their natu-
ral, direct mapping to hand motion. Because the controllers are tracked, they can
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Figure 27.3 The Sixense STEM (left) and Oculus Touch (right) tracked hand-held controllers. (Courtesy
of Sixense (left) and Oculus (right))

be visually co-located with the real hands (i.e., spatially and temporally compliant;
Section 25.2.5) as well as physically felt, providing proprioceptive and passive hap-
tics/touch cues. Labels can also be attached to the virtual representation to provide
immediate instruction of what the buttons do by simply looking at where the hands
are physically located (Section 26.3.4 and Figure 26.3), adding a big advantage over
traditional desktop and gamepad input. Viewpoint manipulation with these devices
is typically achieved using buttons and a trackball, integrated analog sticks (as on the
Sixense STEM and Oculus Touch controllers as shown in Figure 27.3), or by flying with
the hands. Such techniques are described in Section 28.3. Other types of physical con-
trols and feedback can also be added to these devices, such as trackpads and active
haptics (e.g., vibration).

Tracked hand-held controllers have the advantage of acting as a physical prop,
which enhances presence through physical touch. Not only do such controls facilitate
communication with the virtual world, but they also help to make spatial relationships
seem more concrete to the user [Hinckley et al. 1998]. However, such props come
at the cost of not being able to directly/fully touch and feel other passive objects in
the world and world-grounded input devices, such as seats, handlebars, and cockpit
controls (Section 27.2), without first setting down the controller/prop.

Tracked hand-held devices typically use inertial, electromagnetic, ultrasonic, or
optical (camera) technologies. Each of these technologies has advantages and dis-
advantages, and hand-held trackers ideally use some hybrid method of integrating
multiple technologies together (sensor fusion) to provide both high precision and
accuracy.
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27.2.4 Hand-Worn Devices

Hand-worn input devices include gloves, muscle-tension sensors (electromyographic
or EMG sensors), such as what Thalmic Labs recently made popular with the Myo
(which is worn on the arm but measures hand motion), and rings.

Many believe gloves (Figure 27.4) to be the ultimate VR interface as they theoret-
ically have many advantages, such as not having line-of-sight, sensor field-of-view,
or lighting requirements so the hands can be held comfortably to the side or in the
lap with no concern of losing tracking, resulting in less gorilla arm if the interac-
tion techniques are designed well (Section 18.9). Like bare hands, gloves also have
the advantage that the hands and fingers can still fully interact with other physical
objects.

Unfortunately, like bare-hand systems, full-hand tracked gloves are lacking in their
current form and will require dramatic improvement to be used by the masses. Con-
sistent recognition of more than a few gestures is still challenging due to the lack of
consistent finger tracking accuracy. Recognizing more than a few gestures requires
the user to recalibrate often due to the glove moving on the hand. Gloves must also
be put on and worn, which can become uncomfortable and result in sweaty hands.
There is also a risk of social resistance to wearing gloves similar to the resistance of
Google Glass—although those willing to wear an HMD on their face are unlikely to care
what others think of wearing gloves. If such challenges can be solved, then gloves may
eventually become the input device of choice for VR.

The Fakespace Pinch Gloves have functions more like buttons, with near 100%
consistent recognition, more than typical gloves that do full hand and finger tracking.
They work via a conductive cloth sewn into the tip of each finger. When two or more
fingers touch then the circuit closes resulting in a signal. This simple design provides
the capability for a large number of pinch gestures; combinations range from two
to ten fingers touching each other plus poses involving separate but simultaneous
pinches (e.g., left thumb to left index finger and right thumb to right index finger
pinched at the same time). In practice, due to the usability of physical hand constraints
and users’ willingness to memorize gestures, applications will only use so many of
these gestures, similar to how too many buttons on a hand controller would be too
confusing. Pinch gloves can be used quite well with many of the example techniques
described in Chapter 28.

Perhaps one of the most significant advantages of gloves is that both full hand track-
ing and button simulation via pinch gestures can be combined such as demonstrated
by LaViola and Zeleznik [1999]. Haptics can also be used with gloves, such as is done
with the CyberGlove CyberTouch (as shown in Figure 27.4 but with buzzers added to
provide a sense of haptics).
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Figure 27.4 The CyberGlove is an example of a hand-worn device. (Courtesy of CyberGlove Sys-
tems LLC)

If EMG sensors and rings can be made more accurate, then they too might become
an ideal fit for many applications.

27.2.5 Bare Hands

Bare-hand input devices work via sensors aimed at the hands (mounted in the world
or on the HMD). Figure 27.5 shows the hands and a skeletal model fit to the hands,
as seen by the user. The obvious major advantage is that the user’s hands are com-
pletely unencumbered. Many believe bare-hand systems will ultimately be the ideal
VR interface. Although the bare hands work extremely well in the real world, it turns
out consistent interaction with the bare hands in VR is an enormous challenge. Chal-
lenges include not having a sense of touch, fatigue from holding the hands in front of
the sensor, line-of-sight requirements, and consistent recognition of gestures across
a wide range of users. Such technical challenges lead to usability challenges, such as
being able to comfortably work with the hands in the lap without concern for where
the sensor(s) is located. The bare hands also lack physical buttons, which is important
for some applications but not important for other applications (Section 27.1.6).

Regardless of the challenges of effectively working with the bare hands in VR, seeing
the entirety of one’s hands in 3D is extremely compelling and provides a nice sense of
presence for the periods of time when the tracking does consistently work. It remains
to be seen if such challenges will be overcome and/or accepted by a wide range of
users.

2 7 3 Classes of Non-hand Input Devices
[ VR input can occur through more than just the hands. This section describes head

tracking, eye tracking, microphones, and full-body tracking.
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Figure 27.5 A depth-sensing camera on the HMD looking out enables one to see her own hands in
detail. Here a skeleton model is also fit to the hands. (Courtesy of Leap Motion)

27.3.1 Head Tracking Input

Head tracking must be accurate, precise, fast, and well calibrated for the virtual world
to appear stable. World stability is essential for VR and assumed to work well, but
is not the focus of this chapter. Here, head-tracking input refers to interaction that
modifies or provides feedback beyond just seeing the virtual environment. The most
common form of head-tracking interaction is to aim by looking. One way of doing
this is to provide a reticle or pointer in the middle of the screen (Section 26.3.5) that is
triggered by a button press, firing in the direction of the reticle, or selecting an option
the reticle projects onto. Other more subtle interactions can be used, such as having
an action occur in the direction the user is looking, having characters respond when
looked at, or simple head gestures such as nodding the head yes or no.

27.3.2 Eye Tracking Input

An eye-tracking input device tracks where the eyes are looking. Eye-tracking input for
VR is a largely unexplored topic other than the obvious of selecting (Section 28.1.2)
or firing where one is looking as mostly demonstrated with interactive eye-tracking
systems that are integrated within some of today’s HMDs.

The Midas Touch problem refers to the fact that people expect to look at things
without that look “meaning” something [Jacob 1991]. Interacting via eye tracking
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alone is usually not a good idea—eye tracking works better with multimodal input.
For example, signaling via a clutch (e.g., push a button, blink, or say “select”) typically
works better than signaling via a dwell time. Even with a clutch, designing interactions
that work well with gaze is a challenge. Straightforward feedback in the form of a
pointer/reticle that moves with the eyes can be annoying to users and occludes viewing
in the part of vision with the highest visual acuity. Eye saccades can also make the
pointer jitter or jump in unintended ways. These problems can be mitigated by only
turning on the pointer when a button is held down and filtering out high-frequency
motions.

Eye tracking can be more effective for specialized tasks and for subtle interactions,
such as how a character responds when looked at. The following guidelines are useful
to consider when designing eye-tracking interactions [Kumar 2007].

Maintain the natural function of the eyes. Our eyes are meant for looking, and
interaction designers should maintain the natural function of the eye. Using the
eyes for other purposes overloads the visual channel.

Augment rather than replace. Attempting to replace existing interfaces with eye
tracking is typically not appropriate. Instead, think about how to add functional-
ity onto already existing and newley created interfaces. Gaze can provide context
and inform the system that the user is paying attention to a specific object or
area in the scene.

Focus on interaction design. Focus on the overall experience instead of eye track-
ing alone. Consider the number of steps in the interaction, the amount of time
it takes, the cost of an error/failure, cognitive load, and fatigue.

Improve the interpretation of eye movements. Gaze datais noisy. Consider how to
best filter eye movements, classify gaze data, recognize gaze patterns, and take
other input modalities into account.

Choose appropriate tasks. Don’t try to force gaze to solve every problem. Eye
tracking is not appropriate for all tasks. Consider the task and scenario before
choosing gaze.

Use passive gaze over active gaze. Consider ways in which gaze can be used more
passively so the eyes can better maintain their natural function.

Leverage gaze information for other interactions. Leverage the system’s knowl-
edge of where the user is paying attention in order to provide context for non-gaze
interactions.
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Although typically not interactive, eye tracking will have significant benefit for VR
usability by providing clues to content creators of what most engages a user’s attention
(see attention maps in Section 10.3.2), similar to the use of eye tracking to inform and
enhance website design.

27.3.3 Microphones

A microphone is an acoustic sensor that transforms physical sound into an electric
signal. Use a headset microphone specifically designed for speech recognition that in-
cludes noise-canceling features that remove/reduce ambient noise. The microphone
should be able to be easily adjusted/positioned while the HMD is on and while not be-
ing able to see it. Accuracy improves as the microphone comes closer to and in front
of the mouth. Microphones should be comfortable and light.

To prevent speech recognition errors (Section 26.4.2), such as sounds picked up
when thinking aloud or another person’s voice, use a push-to-talk interface. If hand-
held controllers are used, then the push-to-talk button should be located on the
controller.

27.3.4 Full-Body Tracking

Full-body tracking consists of tracking more than just the head and hands. Full-body
tracking can significantly add to the illusion of self-embodiment as well as the illusion
of social presence (Section 4.3). Tracking a large number of features can also be used
to enhance interaction (e.g., a game that allows kicking a ball).

VR full-body tracking is typically done with a motion capture suit, similar to what is
used in the film industry. Different suits utilize different technologies such as electro-
magnetic sensors, retro-reflective markers, and inertial sensors. Depth cameras such
as Microsoft Kinect can theoretically track the entire body, but it can be difficult to cap-
ture the entire body unless multiple cameras are used. Regardless, full-body camera
capture systems, like Microsoft Kinect, can be used for creating extremely compelling
experiences, even though resolution is not yet great and much of the body might go
in and out of view. Figure 27.6 shows real-time capture of the real world and display
of the resulting point-cloud data within an HMD.
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Figure 27.6 Depth cameras enable users to see their own body, the real world, and/or other people
from the real world. (Courtesy of Dassault Systemes, iV Lab)
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Interaction Patterns
and Techniques

An interaction pattern is a generalized high-level interaction concept that can be used
over and over again across different applications to achieve common user goals. The
interaction patterns here are intended to describe common approaches to general
VR interaction concepts at a high level. Note interaction patterns are different than
software design patterns (Section 32.2.5) that many system architects are familiar
with. Interaction patterns are described from the user’s point of view, are largely
implementation independent, and state relationships/interactions between the user
and the virtual world along with its perceived objects.

An interaction technique is more specific and more technology dependent than
an interaction pattern. Different interaction techniques that are similar are grouped
under the same interaction pattern. For example, the walking pattern (Section 28.3.1)
covers several walking interaction techniques ranging from real walking to walking in
place. The best interaction techniques consist of high-quality affordances, signifiers,
feedback, and mappings (Section 25.2) that result in an immediate and useful mental
model for users.

Distinguishing between interaction patterns and interaction techniques is impor-
tant for multiple reasons [Sedig and Parsons 2013].

e There are too many existing interaction techniques with many names and char-
acterizations to remember, and many more will be developed in the future.

e Organizing interaction techniques under the umbrella of a broader interaction
pattern makes it easier to consider appropriate design possibilities by focusing
on conceptual utility and higher-level design decisions before worrying about
more specific details.

e Broader pattern names and concepts make it easier to communicate interaction
concepts.

e Higher-level groupings enable easier systematic analysis and comparison.

Meta Platforms, Inc. - Ex. 1025
Page 112



324 Chapter 28 Interaction Patterns and Techniques

e When a specific technique fails, then other techniques within the same pattern
can be more easily thought about and explored, resulting in better understand-
ing of why that specific interaction technique did not work as intended.

Both interaction patterns and interaction techniques provide conceptual models to
experiment with, suggestions and warnings of use, and starting points for innovative
new designs. Interaction designers should know and understand these patterns and
techniques well so they have a library of options to choose from depending on their
needs and a base to innovate upon. Do not fall into the trap that there is a single
best interaction pattern or technique. Each pattern and technique has strengths and
weaknesses depending on application goals and the type of user [Wingrave et al.
2005]. Understanding distinctions and managing trade-offs of different techniques
is essential to creating high-quality interactive experiences.

This chapter divides VR interaction patterns into selection, manipulation, view-
point control, indirect control, and compound patterns. The interaction patterns and
their interaction techniques as organized in this chapter are shown in Table 28.1. The

Table 28.1 Interaction patterns as organized in this chapter. More specific example
interaction techniques are described for each interaction pattern.

» Selection Patterns (Section 28.1)
o Hand Selection Pattern
o Pointing Pattern
o Image-Plane Selection Pattern
o Volume-Based Selection Pattern
* Manipulation Patterns (Section 28.2)
o Direct Hand Manipulation Pattern
o Proxy Pattern
o 3D Tool Pattern
+ Viewpoint Control Patterns (Section 28.3)
o Walking Pattern
o Steering Pattern
o 3D Multi-Touch Pattern
o Automated Pattern
« Indirect Control Patterns (Section 28.4)
o Widgets and Panels Pattern
o Non-Spatial Control Pattern
+ Compound Patterns (Section 28.5)
o Pointing Hand Pattern
o World-in-Miniature Pattern
o Multimodal Pattern

Meta Platforms, Inc. - Ex. 1025
Page 113



28.1 Selection Patterns 325

first four patterns are often used sequentially (e.g., a user may travel toward a table,
select a tool on the table, and then use that tool to manipulate other objects on the
table) or can be integrated together into compound patterns. Interaction techniques
that researchers and practitioners have found to be useful are then described within
the context of the broader pattern. These techniques are only examples, as many other
techniques exist, and such a list could never be exhaustive. The intent for describing
these patterns and techniques is for readers to directly use them, to extend them, and
to serve as inspiration for creating entirely new ways of interacting within VR.

2 8 1 Selection Patterns
| Selection is the specification of one or more objects from a set in order to specify an

object to which a command will be applied, to denote the beginning of a manipula-
tion task, or to specify a target to travel toward [McMahan et al. 2014]. Selection of
objects is not necessarily obvious in VR, especially when most objects are located at a
distance from the user. Selection patterns include the Hand Selection Pattern, Point-
ing Pattern, Image-Plane Selection Pattern, and Volume-Based Selection Pattern. Each
has advantages over the others depending on the application and task.

28.1.1 Hand Selection Pattern

Related Patterns
Direct Hand Manipulation Pattern (Section 28.2.1) and 3D Tool Pattern (Section
28.2.3).

Description

The Hand Selection Pattern is a direct object-touching pattern that mimics real-world
interaction—the user directly reaches out the hand to touch some object and then
triggers a grab (e.g., pushing a button on a controller, making a fist, or uttering a
voice command).

When to Use
Hand selection is ideal for realistic interactions.

Limitations

Physiology limits a fully realistic implementation of hand selection (the arm can only
be stretched so far and the wrist rotated so far) to those objects within reach (personal
space), requiring the user to first travel to place himself close to the object to be
selected. Different user heights and arm lengths can make it uncomfortable for some
people to select objects that are at the edge of personal space. Virtual hands and
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Figure 28.1 A realistic hand with arm (left), semi-realistic hands with no arms (center), and abstract
hands (right). (Courtesy of Cloudhead Games (left), NextGen Interactions (center), and
Digital ArtForms (right))

arms often occlude objects of interest and can be too large to select small items. Non-
realistic hand selection techniques are not as limiting.

Exemplar Interaction Techniques

Realistic hands. Realistic hands are extremely compelling for providing an illusion
of self-embodiment (Section 4.3). Although ideally the entire arm would be tracked,
inverse kinematics can estimate the pose of the arm quite well where users typically
don’t notice differences in arm pose if the head and/or torso is tracked along with the
hand. Figure 28.1 (left) shows an example of a view from a user who has grabbed a
bottle.

Modeling users (e.g., measuring arm length) and placing objects within a comfort-
able range depending on the measured arm length is ideal. However, Digital ArtForms
found no complaints from ages 10 to adult in a semi-immersive world after setting a
single arm-length scale value that was reasonable for the entire range of body sizes.

Non-realistic hands. Hands do not need to necessarily look real, and trying to make
hands and arms realistic can limit interaction. Non-realistic hands does not try to
mimic reality but instead focuses on ease of interaction. Often hands are used without
arms (Figure 28.1, center) so that reach can be scaled to make the design of interac-
tions easier. Although the lack of arms can be disturbing at first, users quickly learn
to accept having no arms. The hands also need not look like hands. For abstract ap-
plications, users are quite accepting of abstract 3D cursors (Figure 28.1, right) and
still feel like they are directly selecting objects. Such hand cursors reduce problems of
visual occlusion. Hand occlusion can also be mitigated by making the hand transpar-
ent (although proper transparency rendering of multiple objects can be technically
challenging to do correctly).
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Go-go technique. The go-go technique [Poupyrev et al. 1996] expands upon the con-
cept of a non-realistic hand by enabling one to reach far beyond personal space. The
virtual hand is directly mapped to the physical hand when within 2/3 of the full arm’s
reach and when extended further, the hand “grows” in a nonlinear manner enabling
the user to reach further into the environment. This technique enables closer objects
to be selected (and manipulated) with greater accuracy while allowing further objects
to be easily reached. Physical aspects of arm length and height have been found to
be important for the go-go technique, so measuring arm length should be considered
when using this technique [Bowman 1999]. Measuring arm length can be done by
simply asking the user to hold out the hands in front of the body at the start of the appli-
cation. Bowman and Hodges [1997] describes extensions to the go-go technique, such
as providing rate control (i.e., velocity) options that enable infinite reach, and com-
pares these to pointing techniques. Non-isomorphic hand rotations (Section 28.2.1)
are similar but scale rotations instead of position for manipulation.

28.1.2 Pointing Pattern

Related Patterns
Widgets and Panels Pattern (Section 28.4.1) and Pointing Hand Pattern (Section
28.5.1).

Description

The Pointing Pattern is one of the most fundamental and often-used patterns for
selection. The Pointing Pattern extends a ray into the distance and the first object
intersected can then be selected via a user-controlled trigger. Pointing is most typically
done with the head (e.g., a crosshair in the center of the field of view) or a hand/finger.

When to Use

The Pointing Pattern is typically better for selection than the Hand Selection Pattern
unless realistic interaction is required. This is especially true for selection beyond
personal space and when small hand motions are desired. Pointing is faster when
speed of remote selection is important [Bowman 1999], but is also often used for
precisely selecting close objects, such as pointing with the dominant hand to select
components on a panel (Section 28.4.1) held in the non-dominant hand.

Limitations
Selection by pointing is usually not appropriate when realistic interaction is required
(the exception might be if a laser pointer or remote control is being modeled).
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Straightforward implementations result in difficulty selecting small objects in
the distance. Pointing with the hand can be imprecise due to natural hand tremor
[Bowman 1999]. Object snapping and precision mode pointing described below can
mitigate this problem.

Exemplar Interaction Techniques

Hand pointing. When hand tracking is available, hand pointing with a ray extending
from the hand or finger is the most common method of selection. The user then
provides a signal to actually select the item of interest (e.g., a button press or gesture
with the other hand).

Head pointing. When no hand tracking is available, selection via head pointing is the
most common form of selection. Head pointing is typically implemented by drawing a
small pointer or reticle at the center of the field of view so the user simply lines up the
pointer with the object of interest and then provides a signal to select the object. The
signal is most commonly a button press but when buttons are not available then the
item is often selected by dwell selection, that is, by holding the pointer on the object
for some defined period of time. Dwell selection is not ideal due to having to wait for
objects to be selected and accidental selection when looking at an object of interest.

Eye gaze selection. Eye gaze selection is a form of pointing implemented with eye
tracking (Section 27.3.2). The user simplylooks at an item of interest and then provides
a signal to select the looked-at object. In general, eye gaze selection is typically not a
good selection technique, primarily due to the Midas Touch problem discussed in
Section 27.3.2.

Object snapping. Object snapping [Haan et al. 2005] works by objects having scoring
functions that cause the selection ray to snap/bend toward the object with the highest
score. This technique works well when selectable objects are small and/or moving.

Precision mode pointing. Precision mode pointing [Kopper et al. 2010] is a non-
isomorphic rotation technique that scales down the rotational mapping of the hand to
the pointer, as defined by the control/display (C/D) ratio. The result is a “slow motion
cursor” that enables fine pointer control. A zoom lens can also be used that scales the
area around the cursor to enable seeing smaller objects (but the zoom should not be
affected by head pose unless the zoom area on the display is small; Section 23.2.5).
The user can control the amount of zoom with a scroll wheel on a hand-held device.

Two-handed pointing. Two-handed pointing originates the selection at the near hand
and extends the ray through the far hand [Miné et al. 1997]. This provides more
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precision when the hands are further apart and fast rotations about a full 360° range
when the hands are closer together (whereas a full range of 360° for a single hand
pointer is difficult due to physical hand constraints). The distance between the hands
can also be used to control the length of the pointer.

28.1.3 Image-Plane Selection Pattern

Also Known As
Occlusion and Framing.

Related Pattern
World-in-Miniature Pattern (Section 28.5.2).

Description

The Image-Plane Selection Pattern uses a combination of eye position and hand
position for selection [Pierce et al. 1997]. This pattern can be thought about as the
scene and hand being projected onto a 2D image plane in front of the user (or on the
eye). The user simply holds one or two hands between the eye and the desired object
and then provides a signal to select the object when the object lines up with the hand
and eye.

When to Use

Image-plane techniques simulate direct touch at a distance, thus are easy to use
[Bowman et al. 2004]. These techniques work well at any distance as long as the object
can be seen.

Limitations

Image-plane selection works for a single eye, so users should close one eye while
using these techniques (or use a monoscopic display). Image-plane selection results
in fatigue when used often due to having to hold the hand up high in front of the eye.
As in the Hand Selection Pattern, the hand often occludes objects if not transparent.

Exemplar Interaction Techniques
Head crusher technique. In the head crusher technique (Figure 28.2), the user posi-
tions his thumb and forefinger around the desired object in the 2D image plane.

Sticky finger technique. The sticky finger technique provides an easier gesture—the
object underneath the user’s finger in the 2D image is selected.
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Figure 28.2 The head crusher selection technique. The inset shows the user’s view of selecting the
chair. (From Pierce et al. [1997])

Lifting palm technique. In the lifting palm technique, the user selects objects by
flattening his outstretched hand and positions the palm so that it appears to lie below
the desired object.

Framing hands technique. The framing hands technique is a two-handed technique
where the hands are positioned to form the two corners of a frame in the 2D image
surrounding an object.

28.1.4 Volume-Based Selection Pattern

Related Patterns
3D Multi-Touch Pattern (Section 28.3.3) and World-in-Miniature Pattern (Section
28.5.2).

Description

The Volume-Based Selection Pattern enables selection of a volume of space (e.g., a
box, sphere, or cone) and is independent of the type of data being selected. Data
to be selected can be volumetric (voxels), point clouds, geometric surfaces, or even
space containing no data (e.g., to follow with filling that space with some new data).
Figure 28.3 shows how a selection box can be used to carve out a volume of space from
a medical dataset.

When to Use

The Volume-Based Selection Pattern is appropriate when the user needs to select a not-
yet-defined set of data in 3D space or to carve out space within an existing dataset. This
pattern enables selection of data when there are no geometric surfaces (e.g., medical
CT datasets), whereas geometric surfaces are required for implementing many other
selection patterns/techniques (e.g., pointing requires intersecting a ray with object
surfaces).
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Figure 28.3 The blue user/avatar on the right has carved out a volume of space within a medical
dataset via snapping, nudging, and reshaping a selection box (the gray box in front of the
green avatar). The green avatar near the center is stepping inside the dataset to examine
it from within. (Courtesy of Digital ArtForms)

Limitations
Selecting volumetric space can be more challenging than selecting a single object with
the other more common selection patterns.

Exemplar Interaction Techniques

Cone-casting flashlight. The cone-casting flashlight technique uses pointing, but in-
stead of using a ray, a cone is used. This results in easier selection of small objects
than standard pointing via ray casting. If the intent is a single object, then the object
closest to the cone’s center line or the object closest to the user can be selected [Liang
and Green 1994]. A modification of this technique is the aperture technique [Forsberg
et al. 1996], which enables the user to control the spread of the selection volume by
bringing the hand closer or further away.

Two-handed box selection. Two-handed box selection uses both hands to position,
orient, and shape a box via snapping and nudging. Snap and nudge are asymmetric
techniques where one hand controls the position and orientation of the selection
box, and the second hand controls the shape of the box [Yoganandan et al. 2014].
Both snap and nudge mechanisms have two stages of interaction—grab and reshape.
Grab influences the position and orientation of the box. Reshape changes the shape
of the box.
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Snap immediately brings the selection box to the hand and is designed to quickly
access regions of interest that are within arm’s reach of the user. Snap is an absolute
interaction technique, i.e., every time snap is initiated the box position/orientation is
reassigned. Therefore, snap focuses on setting the initial pose of the box and placing
it comfortably within arm’s reach.

Nudge enables incremental and precise adjustment and control of the selection
box. Nudge works whether the selection box is near or far away from the user by
maintaining the box’s current position, orientation, and scale for the initial grab, but
subsequent motion of the box is locked to the hand. Once attached to the hand, the
box is positioned and oriented relative to its initial state—because of this, nudge can
be thought of as a relative change in box pose. The box can then be simultaneously
reshaped with the other hand while holding down a button.

2 8 2 Manipulation Patterns
[ Manipulation is the modification of attributes for one or more objects such as po-

sition, orientation, scale, shape, color, and texture. Manipulation typically follows
selection, such as the need to first pick up an object before throwing it. Manipula-
tion Patterns include the Direct Hand Manipulation Pattern, Proxy Pattern, and 3D
Tool Pattern.

28.2.1 Direct Hand Manipulation Pattern
Related Patterns
Hand Selection Pattern (Section 28.1.1), Pointing Hand Pattern (Section 28.5.1), and
3D Tool Pattern (Section 28.2.3).

Description

The Direct Hand Manipulation Pattern corresponds to the way we manipulate objects
with our hands in the real world. After selecting the object, the object is attached to
the hand moving along with it until released.

When to Use

Direct positioning and orientation with the hand have been shown to be more efficient
and result in greater user satisfaction than other manipulation patterns [Bowman and
Hodges 1997].

Limitations
Like the Hand Selection Pattern (Section 28.1.1), a straightforward implementation is
limited by the physical reach of the user.
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Exemplar Interaction Techniques

Non-isomorphicrotations. Some form of clutching is required to rotate beyond certain
angles, and clutching can hinder performance due to wasted motion [Zhai et al. 1996].
Clutching can be reduced by using non-isomorphic rotations [Poupyrev et al. 2000]
that allow one to control larger ranges of 3D rotation with smaller wrist rotation. Non-
isomorphic rotations can also be used to provide more precision by mapping large
physical rotations to smaller virtual rotations.

Go-go technique. The go-go technique (Section 28.1.1) can be used for manipulation
as well as selection with no mode change.

28.2.2 Proxy Pattern

Related Patterns
Direct Hand Manipulation Pattern (Section 28.2.1) and World-in-Miniature Pattern
(Section 28.5.2).

Description

A proxy is a local object (physical or virtual) that represents and maps directly to a
remote object. The Proxy Pattern uses a proxy to manipulate a remote object. As the
user directly manipulates the local object(s), the remote object(s) is manipulated in
the same way.

When to Use

This pattern works well when a remote object needs to be intuitively manipulated as
if it were in the user’s hands or when viewing and manipulating objects at multiple
scales (e.g., the proxy object can stay the same size relative to the user even as the user
scales himself relative to the world and remote object).

Limitations

The proxy can be difficult to manipulate as intended when there is a lack of directional
compliance (Section 25.2.5); that is, when there is an orientation offset between the
proxy and the remote object.

Exemplar Interaction Technique

Tracked physical props. Tracked physical props are objects directly manipulated by
the user (a form of passive haptics; Section 3.2.3) that map to one or more virtual
objects and are often used to specify spatial relationships between virtual objects.
Hinckley et al. [1998] describe an asymmetric two-handed 3D neurosurgical visualiza-
tion system where the non-dominant hand holds a doll’s head and the dominant hand
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Figure 28.4 A physical proxy prop used to control the orientation of a neurological dataset. (From
Hinckley et al. [1994])

holds a planar object or a pointing device (Figure 28.4). The doll’s head directly maps
to aremotelyviewed neurological dataset and the planar object controls a slicing plane
to see inside the dataset. The pointing device controls a virtual probe. Such physical
proxies provide direct action-task correspondence, facilitate natural two-handed in-
teractions, provide tactile feedback to the user, and are extremely easy to use without
requiring any training.

28.2.3 3D Tool Pattern

Related Patterns
Hand Selection Pattern (Section 28.1.1) and Direct Hand Manipulation Pattern (Sec-
tion 28.2.1).

Description

The 3D Tool Pattern enables users to directly manipulate an intermediary 3D tool with
their hands that in turn directly manipulates some object in the world. An example
of a 3D tool is a stick to extend one’s reach or a handle on an object that enables the
object to be reshaped.

When to Use

Use the 3D Tool Pattern to enhance the capability of the hands to manipulate objects.
For example, a screwdriver provides precise control of an object by mapping large
rotations to small translations along a single axis.
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Limitations
3D tools can take more effort to use if the user must first travel and maneuver to an
appropriate angle in order to apply the tool to an object.

Exemplar Interaction Techniques

Hand-held tools. Hand-held tools are virtual objects with geometry and behavior that
are attached to/held with a hand. Such tools can be used to control objects from afar
(like a TV remote control) or to work more directly on an object. A paintbrush used to
draw on a surface of an object is an example of a hand-held tool. Hand-held tools are
often easier to use and understand than widgets (Section 28.4.1) due to being more
direct.

Object-attached tools. An object-attached tool is a manipulable tool that is attached/
colocated with an object. Such a tool results in a more coupled signifier representing
the affordance between the object, tool, and user. For example, a color icon might be
located on an object, and the user simply selects the icon at which point a color cube
appears so the user can choose the color of the object. Or if the shape of a box can
be changed, then an adjustment tool can be made available on the corners of the box
(e.g., dragging the vertex).

Jigs. Precisely aligning and modeling objects can be difficult with 6 DoF input de-
vices due to having no physical constraints. One way to enable precision is to add
virtual constraints with jigs. Jigs, similar to real-world physical guides used by carpen-
ters and machinists, are grids, rulers, and other referenceable shapes that the user
attaches to object vertices, edges, and faces. The user can adjust the jig parameters
(e.g., grid spacing) and snap other objects into exact position and orientation relative
to the object the jig is attached to. Figure 28.5 shows some examples of jigs. Jig kits
support the snapping together of multiple jigs (e.g., snapping a ruler to a grid) for
more complex alignments.

2 8 3 Viewpoint Control Patterns
[ Viewpoint control is the task of manipulating one’s perspective and can include trans-

lation, orientation, and scale. Travel (Section 10.4.3) is a form of viewpoint control that
does not allow scaling.

Controlling one’s viewpoint is equivalent to moving, rotating, or scaling the world.
For example, moving the viewpoint to the left is equivalent to moving the world to the
right, or scaling oneself to be smaller is equivalent to scaling the world to be larger.
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Figure 28.5 Jigs used for precision modeling. The blue 3D crosshairs in the left image represent the
user’s hand. The user drags the lower left corner of the orange object to a grid point (left).
The user cuts shapes out of a cylinder at 15° angles (center). The user precisely snaps a
wireframe-viewed object onto a grid (right). (Courtesy of Digital ArtForms and Sixense)

Thus, users perceive themselves either as moving through the world (self-motion) or
as the world moving around them (world motion) as the viewpoint changes.

Viewpoint Control Patterns include the Walking Pattern, Steering Pattern, 3D
Multi-Touch Pattern, and Automated Pattern. Warning: Some implementations of
these patterns may induce motion sickness and are not appropriate for users new to
VR or those who are sensitive to scene motion. In many cases, sickness can be reduced
by integrating the techniques with the suggestions in Part III.

28.3.1 Walking Pattern

Description

The Walking Pattern leverages motion of the feet to control the viewpoint. Walking
within VR [Steinicke et al. 2013] includes everything from real walking to mimicking
walking by moving the feet when seated.

When to Use

This pattern matches or mimics real-world locomotion and therefore provides a high
degree of interaction fidelity. Walking enhances presence and ease of navigation [Usoh
etal. 1999] as well as spatial orientation and movement understanding [Chance et al.
1998]. Real walking is ideal for navigating small to medium-size spaces, and such
travel results in no motion sickness if implemented well.

Limitations

Walking is not appropriate when rapid or distant navigation is important. True walk-
ing across large distances requires a large tracked space, and for wired headsets cable
tangling can pull on the headset and be a tripping hazard (Section 14.3). A human
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spotter should closely watch walking users to help stabilize them if necessary. Fatigue
can result with prolonged use, and walking distance is limited by the physical motion
that users are willing to endure. Cable tangling is also an issue when using a wired
system; often an assistant holds the wires and follows the user to prevent tangling and

tripping.

Exemplar Interaction Techniques

Real walking. Real walking matches physical walking with motion in the virtual envi-
ronment; the mapping from real to virtual is one-to-one. Because of high interaction
fidelity, real walking is an ideal interface for many VR experiences. Real walking typi-
cally does not directly measure foot motion, but instead tracks the head. Real walking
results in less motion sickness due to better matching visual and vestibular cues
(although sickness can still result due to issues such as latency and system miscal-
ibration). The motion of one’s feet in a self-embodied avatar can be estimated or the
feet can be tracked to provide greater biomechanical symmetry. Unfortunately, real
walking by itself limits travel in the virtual world to the physically tracked space.

Redirected walking. Redirected walking [Razzaque et al. 2001] is a technique that
allows users to walk in a VR space larger than the physically tracked space. This is
accomplished by rotation and translation gains that are different than the true motion
of the user, directing the user away from the edges of tracked space (or physical
obstacles). Ideally, the gains are below perceptible thresholds so that the user does
not consciously realize he is being redirected.

Walkinginplace. Various forms of walking in place exist [Wendt 2010], but all consist
of making physical walking motions (e.g., lifting the legs) while staying in the same
physical spot but moving virtually. Walking in place works well when there is only a
small tracked area and when safety is a primary concern. The safest form of walking in
place is for the user to be seated. Theoretically users can walk in place for any distance.
However, travel distances are limited by the physical effort the users are willing to
make. Thus, walking in place works well for small and medium-size environments
where only short durations of travel are required.

The human joystick. The human joystick [McMahan et al. 2012] utilizes the user’s
position relative to a central zone to create a 2D vector that defines the horizontal
direction and velocity of virtual travel. The user simply steps forward to control speed.
The human joystick has the advantage that only a small amount of tracked space is
required (albeit more than walking in place).
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Treadmill walking and running. Various types of treadmills exist for simulating the
physical act of walking and running (Section 3.2.5). Although not as realistic as real
walking, treadmills can be quite effective for controlling the viewpoint, providing a
sense of self-motion, and walking an unlimited distance. Techniques should make
sure foot direction movement is compliant with forward visual motion. Otherwise,
treadmill techniques that lack directional and temporal compliance (Section 25.2.5)
can be worse than no treadmill. Treadmills with safety harnesses are ideal, especially
when physical running is required.

28.3.2 Steering Pattern

Description

The Steering Pattern is continuous control of viewpoint direction that does not involve
movement of the feet. There is typically no need to control viewpoint pitch with
controllers as is done with desktop systems since users can physically look up and
down.

When to Use

Steering is appropriate for traveling great distances without the need for physical
exertion. When exploring, viewpoint control techniques should allow continuous con-
trol, or at least the ability to interrupt a movement after it has begun. Such tech-
niques should also require minimum cognitive load so the user can focus on spatial
knowledge acquisition and information gathering. Steering works best when travel is
constrained to some height above a surface, acceleration/deceleration can be mini-
mized (Section 18.5), and real-world stabilized cues can be provided (Sections 12.3.4
and 18.2).

Limitations

Steering provides less biomechanical symmetry than the walking pattern. Many users
report symptoms of motion sickness with steering. Virtual turning is more disorient-
ing than physical turning.

Exemplar Interaction Techniques

Navigation by leaning. Navigation by leaning moves the user in the direction of the
lean. The amount of lean typically maps to velocity. One advantage of this technique
is no requirement for hand tracking. Motion sickness can be significant as velocity
varies (i.e., acceleration).

Gaze-directed steering. Gaze-directed steering moves the user in the direction she is
looking. Typically, the starting and stopping motion in the gaze direction is controlled
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by the user via a hand-held button or joystick. This is easy to understand and can work
well for novices or for those accustomed to first-person video games where the forward
direction is identical to the look direction. However, it can also be disorienting as any
small head motion changes the direction of travel, and frustrating since users cannot
look in one direction while traveling in a different direction.

Torso-directed steering. Torso-directed steering (also called chair-directed steering
when the torso is not tracked), utilized when traveling over a terrain, separates the
direction of travel from the way one is looking. This has more interaction fidelity than
gaze-directed steering since in the real world one does not always walk in the direction
the head is pointed. In the case when the torso or chairis not tracked, a general forward
direction can be assumed. This technique can have more of a nauseating effect if the
user does not have a mental model of what the forward direction is or when the entire
body is turned when the torso or chair is not tracked. Visual cues can be provided to
help users maintain a sense of the forward direction (Figure 18.2).

One-handed flying. One-handed flying works by moving the user in the direction the
finger or hand is pointing. Velocity can be determined by the horizontal distance of
the hand from the head.

Two-handed flying. Two-handed flying works by moving the user in the direction
determined by the vector between the two hands, and the speed is proportional to
the distance between the hands [Miné et al. 1997]. A minimum hand separation is
considered to be a “dead zone” where motion is stopped. This enables one to quickly
stop motion by quickly bringing the hands together. Flying backward with two hands
is more easily accomplished than one-handed flying (which requires an awkward hand
or device rotation) by swapping the location of the hands.

Dual analog stick steering. Dual analog stick steering (also known as joysticks or
analog pads) work surprisingly well for steering over a terrain (i.e., forward/back
and left/right). In most cases, standard first-person game controls should be used
where the left stick controls 2D translation (pushing up/down translates the body
and viewpoint forward/backward, pushing left/right translates the body and viewpoint
left/right) and the right stick controls left/right orientation (pushing left rotates the
body and viewing direction to the left and pushing right rotates the body and viewing
direction to the right). This mapping is surprisingly intuitive and is consistent with
traditional first-person video games (i.e., gamers already understand how to use such
controls so they have little learning curve).
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Virtual rotations can be disorienting and sickness inducing for some people. Be-
cause of this, the designer might design the experience to have the content consis-
tently in the forward direction so that no virtual rotation is required. Alternatively, if
the system is wireless and the torso or chair is tracked, then there is no need for virtual
rotations since the user can physically rotate 360°.

World-grounded steering devices. World-grounded input devices (Section 27.2.1) such
as flight sticks or steering wheels are often used to steer through a world. Such devices
can be quite effective for viewpoint control due to the sense of actively controlling a
physical device.

Virtual steering devices. Instead of using physical steering devices, virtual steering
devices can be used. Virtual steering devices are visual representations of real-world
steering devices (although they do not actually physically exist in the experience) that
are used to navigate through the environment. For example, a virtual steering wheel
can be used to control a virtual vehicle the user sits in. Virtual devices are more
flexible than physical devices as they can be easily changed in software. Unfortunately,
virtual devices are difficult to control due to having no proprioceptive force feedback
(although some haptic feedback can be provided when using a hand-held controller
with haptic capability).

28.3.3 3D Multi-Touch Pattern

Related Patterns
World-in-Miniature Pattern (Section 28.5.2) and Volume-Based Selection Pattern (Sec-
tion 28.1.4).

Description

The 3D Multi-Touch Pattern enables simultaneous modification of the position, ori-
entation, and scale of the world with the use of two hands. Similar to 2D multi-touch
on a touch screen, translation via 3D multi-touch is obtained by grabbing and mov-
ing space with one hand (monomanual interaction) or with both hands (synchronous
bimanual interaction). One difference from 2D multi-touch is that one of the most
common ways of using 3D multi-touch is to “walk” with the hands by alternating the
grabbing of space with each hand (like pulling on a rope but with hands typically wider
apart). Scaling of the world is accomplished by grabbing space with both hands and
moving the hands apart or bringing them closer together. Rotation of the world is ac-
complished by grabbing space with both hands and rotating about a point (typically
either about one hand or the midpoint between the hands). Translation, rotation, and
scale can all be performed simultaneously with a single two-handed gesture.
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When to Use

3D multi-touch works well for non-realistic interactions when creating assets, manip-
ulating abstract data, viewing scientific datasets, or rapidly exploring large and small
areas of interest from arbitrary viewpoints.

Limitations

3D multi-touch is not appropriate when the user is confined to the ground. 3D multi-
touch can be challenging to implement as small nuances can affect the usability of
the system. If not implemented well, 3D multi-touch can be frustrating to use. Even
if implemented well, there can be a learning curve on the order of minutes for some
users. Constraints, such as those that keep the user upright, limit scale, and/or disable
rotations, can be added for novice users. When scaling is enabled and the display is
monoscopic (or there are few depth cues), it can be difficult to distinguish between
a small nearby object and a larger object that is further away. Therefore, visual cues
that help the user create and maintain a mental model of the world and one’s place
in it can be helpful.

Exemplar Interaction Techniques

Digital ArtForms’ Two-Handed Interface. Digital ArtForms has built a mature 3D multi-
touch interface called THI (Two-Handed Interface) [Schultheis et al. 2012] based off of
the work of Mapes and Moshell [1995] and Multigen-Paradigm’s SmartScene interface
[Homan 1996] from the 1990s. Figure 28.6 shows a schematic for manipulating the
viewpoint. Scale and rotation occur about the middle point between the two hands.
Rotation of the world is accomplished by grabbing space with both hands and orbiting

Viewpoint translation Viewpoint scale Viewpoint rotation

O || O

Figure 28.6 Translation, scale, and rotation using Digital ArtForms’ Two-Handed Interface. (From
Mlyniec et al. [2011])
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the hands about the midpoint between the hands, similar to grabbing a globe on both
sides and turning it. Note this is not the same as attaching the world to a single hand
as rotating with a single hand can be quite nauseating. Translation, rotation, and scale
can all be performed simultaneously with a single two-handed gesture. In multi-user
environments, other users’ avatars appear to grow or shrink as they scale themselves.

Once learned, this implementation of treating the world as an object works well
when navigation and selection/manipulation tasks are frequent and interspersed,
since viewpoint control and object control are similar other than pushing a different
button (i.e., only a single interaction metaphor needs to be learned and cognitive load
is reduced by not having to switch between techniques). This gives users the ability to
place the world and objects of interest into personal space at the most comfortable
working pose via position, rotation, and scaling operations. Digital ArtForms calls
this “posture and approach” (similar to what Bowman et al. [2004] call maneuvering).
Posture and approach reduces gorilla arm (Section 14.1) and users have worked for
hourswithout reports of fatigue [Jerald et al. 2013]. In addition, physical hand motions
are non-repetitive by nature and are reported not to be subject to repetitive stress due
to the lack of a physical planar constraint as is the case with a mouse.

The spindle. Building a mental model of the point being scaled and rotated about
along with visualizing intent can be difficult for new users, especially when depth
cues are absent. A “spindle” (Figure 28.7) consisting of geometry connecting the two
hands (what Balakrishnan and Hinckley [2000] call visual integration), along with a
visual indication of the center of rotation/scale dramatically helps users plan their
actions and speeds the training process. Users simply place the center point of the
spindle at the point they want to scale and rotate about, push a button in each
hand, and “pull/scale” themselves toward it (or equivalently “pull/scale” the point
and the world toward the user) while also optionally rotating about that point. In
addition to visualizing the center of rotation/scale, the connecting geometry provides
depth-occlusion cues that provide information of where the hands are relative to the
geometry.

28.3.4 Automated Pattern

Description

The Automated Pattern passively changes the user’s viewpoint. Common methods of
achieving this are by being seated on a moving vehicle controlled by the computer or
by teleportation.
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Figure 28.7 Two hand cursors and a spindle connecting those cursors. The yellow dot between the
two cursors is the point that is rotated and scaled about. (From Schultheis et al. [2012])

When to Use

Use when the user is playing the role of a passive observer as a passenger controlled
by some other entity or when free exploration of the environment is not important or
not possible (e.g., due to limitations of today’s cameras designed for immersive film).

Limitations

The passive nature of this technique can be disorienting and sometimes nauseating
(depending on implementation). This pattern is not meant to be used to completely
control the camera independent of user motion. VR applications should generally
allow the look direction to be independent from the travel direction so the user can
freely look around even if other viewpoint motion is occurring. Otherwise significant
motion sickness will result.

Exemplar Interaction Techniques

Reducing motion sickness. Motion sickness can be significantly reduced with this
technique by keeping travel speed and direction constant (i.e., keep velocity constant;
Section 18.5), providing world-stabilized cues (Section 18.2), and creating a leading
indicator (Section 18.4) so users know what motions to expect.
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Passive vehicles. Passive vehicles are virtual objects users can enter or step onto
that transport the user along some path not controlled by the user. Passenger trains,
cars, airplanes, elevators, escalators, and moving sidewalks are examples of passive
vehicles.

Target-based travel and route planning. Target-based travel [Bowman et al. 1998] gives
auser the ability to select a goal or location he wishes to travel to before being passively
moved to that location. Route planning [Bowman et al. 1999] is the active specification
of a path between the current location and the goal before being passively moved.
Route planning can consist of drawing a path on a map or placing markers that the
system uses to create a smooth path.

Teleportation. Teleportation is relocation to a new location without any motion. Tele-
portation is most appropriate when traveling large distances, between worlds, and/or
when reducing motion sickness is a primary concern. Fading out and then fading in a
scene is less startling than an instantaneous change. Unfortunately, straightforward
teleportation comes at the cost of decreasing spatial orientation—users find it diffi-
cult to get their bearings when transported to a new location [Bowman and Hodges
1997].

2 8 4 Indirect Control Patterns
| Indirect Control Patterns provide control through an intermediary to modify an ob-

ject, the environment, or the system. Indirect control is more abstract than selection,
manipulation, and viewpoint control. Indirect control is ideal when an obvious spatial
mapping does not exist or it is difficult to directly manipulate an aspect of the envi-
ronment. Example uses include controlling the overall system, issuing commands,
changing modes, and modifying non-spatial parameters.

Whereas the previously described techniques primarily describe both what should
be done and how it is done, indirect control typically specifies only what should be
done and the system determines how to do it. Because indirect control is not directly
linked to that which it is controlling, signifiers such as the shape and size of controls,
their visual representation and labeling, and apparent affordances of their underlying
control structure are extremely important.

Indirect Control Patterns include the Widgets and Panels Pattern and Non-Spatial
Control Pattern.
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28.4.1 Widgets and Panels Pattern

Related Patterns
Hand Selection Pattern (Section 28.1.1), Pointing Pattern (Section 28.1.2), and Direct
Hand Manipulation Pattern.

Description

The Widgets and Panels Pattern is the most common form of VR indirect control,
and typically follows 2D desktop widget and panel/window metaphors. A widget is
a geometric user interface element. A widget might only provide information to the
user or might be directly interacted with by the user. The simplest widget is a single
label that only provides information. Such a label can also act as a signifier for another
widget (e.g., a label on a button). Many system controls are a 1D task and thus can be
implemented with widgets such as pull-down menus, radio buttons, sliders, dials, and
linear/rotary menus. Panels are container structures that multiple widgets and other
panels can be placed upon. Placement of panels is important for being able to easily
access them. For example, panels can be placed on an object, floating in the world,
inside a vehicle, on the display, on the hand or input device, or somewhere near the
body (e.g., a semicircular menu always surrounding the waist).

When to Use

Widgets and panels are useful for complex tasks where it is difficult to directly interact
with an object. Widgets are normally activated via a Pointing Pattern (Section 28.1.2)
but can also be combined with other selection options (e.g., select a property for ob-
jects within some defined volume). Widgets can provide more accuracy than directly
manipulating objects [McMahan et al. 2014]. Use gestalt concepts of perceptual or-
ganization (Section 20.4) when designing a panel—use position, color, and shape to
emphasize relationships between widgets. For example, put widgets with similar func-
tions close together.

Limitations

Widgets and panels are not as obvious or intuitive as direct mappings and may take
longer to learn. The placement of panels and widgets have a big impact on usability.
If panels are not within personal space or attached to an appropriate reference frame
(Section 26.3), then the widgets can be difficult to use. If the widgets are too high,
gorilla arm (Section 14.1) can result for actions that take longer than a few seconds.
If the widgets are in front of the body or head, then they can be annoying due to
occluding the view (although this can be reduced by making the panel translucent).
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If not oriented to face the user, information on the widget can be difficult to see. Large
panels can also block the user’s view.

Exemplar Interaction Techniques

2D desktop integration. Many panels are straightforward adaptations of windows
from 2D desktop systems (Figure 28.8, left). An advantage of using desktop meta-
phors is their familiar interaction style and thus users have an instant understanding
of how to use them. 2D desktop integration brings existing 2D desktop applications
into the environment via texture maps and mouse control with pointing. The system
shown in Figure 3.5 also provides desktop metaphors such as double-clicking on a
selected window header to minimize the window to a small cube (or double click-
ing the cube to make it large again). Bringing in such existing WIMP (Windows Icon
Mouse Pointer) applications is typically not ideal from a 3D interaction perspective,
but doing so does provide access to software that otherwise could only be accessed by
exiting the virtual world. For example, an existing 2D calculator app could be available
as a cube attached to the user’s “belt.” The user then simply selects and double clicks
the cube to use the calculator tool without causing a break-in-presence.

Ringmenus. Aring menuisarotary 1D menuwhere a number of options are displayed
concentrically about a center point [Liang and Green 1994, Shaw and Green 1994].
Options are selected by rotating the wrist until the intended option rotates into the
center position or a pointer rotates to the intended item (Figure 28.8, center). Ring
menus can be useful but can cause wrist discomfort when large rotations are required.
Non-isomorphic rotations (Section 28.2.1) can be used to make small wrist rotations
map to a larger menu rotation.

Pie menus. Pie menus (also known as marking menus) are circular menus with slice-
shaped menu entries, where selection is based on direction, not distance. A disad-
vantage of pie menus is they take up more space than traditional menus (although
using icons instead of text can help). Advantages of pie menus compared to tradi-
tional menus are that they are faster, more reliable with less error, and have equal
distance for each option [Callahan 1988]. The most important advantage, however,
may be that commonly used options are embedded into muscle memory as usage
increases. That is, pie menus are self-revealing gestures by showing users what they
can do and directing how to do it. This helps novice users become experts in making
directional gestures. For example, if a desired pie menu option is in the lower-right
quadrant, then the user learns to initiate the pie menu, and then move the hand to
the lower right. After extended usage, users can perform the task without the need to
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Figure 28.8 Three examples of hand-held panels with various widgets. The left panel contains standard
icons and radio buttons. The center panel contains buttons, a dial, and a rotary menu
that can be used as both a ring menu and a pie menu. The right image contains a color
cube that the user is selecting a color from. (Courtesy of Sixense and Digital ArtForms)

look at the pie menu or even for it to be visible. Some pie menu systems only display
the pie menu after a delay so the menu does not show up and occlude the scene for
fast expert users—known as “mark ahead” since the user marks the pie menu element
before it appears [Kurtenbach et al. 1993].

Hierarchical pie menus can be used to extend the number of options. For example,
to change a color of an object to red, a user might (1) select the object to be modified,
(2) press a button to bring up a property’s pie menu, (3) move the hand to the right
to select “colors,” which brings up a “colors” pie menu, or (4) move the hand down
to select the color red by releasing the button. If the user had to commonly change
objects to the color red then she would quickly learn to simply move the hand to the
right and then down after selecting the object and initiating the pie menu.

Gebhardt et al. [2013] compared different VR pie menu selection methods and
found pointing to take less time and to be more preferred by users compared to hand
projection (i.e., translation) or wrist roll (twist) rotation.

Color cube. A color cube is a 3D space that users can select colors from. Figure 28.8
(right) shows a 3D color cube widget—the color selection puck can be moved with the
hand in 2D about the planar surface while the planar surface can be moved in and out.

Fingermenus. Finger menus consist of menu options attached to the fingers. A pinch
gesture with the thumb touching a finger can be used to select different options. Once
learned the user is not required to look at the menus; the thumb simply touches the
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Figure 28.9 TULIP menus on seven fingers and the right palm. (From Bowman and Wingrave [2001])

appropriate finger. This prevents occlusion as well as decreases fatigue. The non-
dominant hand can select a menu (up to four menus) and the dominant hand can
then select one of four items within that menu.

For complex applications where more options are required, a TULIP menu (Three-
Up, Labels In Palm) [Bowman and Wingrave 2001] can be used. The dominant hand
contains three menu options at a time and the pinky contains a “more” option. When
the “more” option is selected, then the other three finger options are replaced with
new options. By placing the upcoming options on the palm of the hand, users know
what options will become available if they select the “more” option (Figure 28.9).

Above-the-head widgets and panels. Above-the-head widgets and panels are placed
out of the way above the user, and accessed via reaching up and pulling down the
widget or panel with the non-dominant hand. Once the panelis released, then it moves
up to its former location out of view. The panel might be visible above, especially for
new users, but after learning where the panels are located relative to the body, the
panel might be made invisible since the user can use his sense of proprioception to
know where the panels are without looking. Miné et al. [1997] found users could easily
select among three options above their field of view (up to the left, up in the middle,
and up to the right).

Virtual hand-held panels. If a widget or panel is attached somewhere in the environ-
ment, then it can be difficult to find. If it is locked in screen space, then it can occlude
the scene. One solution is to use virtual hand-held panels that have the advantage of
always being available (as well as turned off) at the click of a button. Attaching the
panel to the hand greatly diminishes many of the problems of world-spaced panels
(e.g., panels that are difficult to read or get in the way of other objects can be reori-
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ented and moved in an intuitive way without any cognitive effort). The panel should
be attached to the non-dominant hand, and the panel is typically interacted with by
pointing with the dominant hand (Figure 28.8). Such an interface provides a “dou-
ble dexterity” where the panel can be brought to the pointer and the pointer can be
brought to the panel.

Physical panels. Virtual panels offer no physical feedback, which can make it difficult
to make precise movements. A physical panel is a real-world tracked surface that the
user carries and interacts with via a tracked finger, object, or stylus. Using a physical
panel can provide fast and accurate manipulation of widgets [Stoakley et al. 1995,
Lindeman et al. 1999] due to the surface acting as a physical constraint when touched.
The disadvantage of a physical panel is that users can become fatigued from carrying
it and it can be misplaced if set down. Providing a physical table or other location to
set the panel on can help reduce this problem where the panel still travels with the
user when virtually moving. Another option is to strap the panel to the forearm [Wang
and Lindeman 2014]. Alternatively, the surface of the arm and/or hand can be used in
place of a carried panel.

28.4.2 Non-Spatial Control Pattern

Related Patterns
Multimodal Pattern (Section 28.5.3).

Description

The Non-Spatial Control Pattern provides global action performed through descrip-
tion instead of a spatial relationship. This pattern is most commonly implemented
through speech or gestures (Section 26.4).

When to Use

Use when options can be visually presented (e.g., gesture icons or text to speak) and
appropriate feedback can be provided. This pattern is best used when there are a small
number of options to choose from and when a button is available to push-to-talk or
push-to-gesture. Use voice when moving the hands or the head would interrupt a task.

Limitations

Gestures and accents are highly variable from user to user and even for a single user.
There is often a trade-off of accuracy and generality—the more gestures or words to be
recognized then the less accurate the recognition rate (Section 26.4.2). Defining each
gesture or word to be based on its invariant properties and to be independent from
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others makes the task easier for both the system and the user. System recognition of
voice can be problematic when many users are present or there is a lot of noise. For
important commands, verification may be required and can be annoying to users.

Even for hypothetically perfectly working systems, providing too many options for
users can be overwhelming and confusing. Typically, it is best to only recognize a few
options that are simple and easy to remember.

Depending too heavily on gestures can cause fatigue, especially if the gestures must
be made often and above the waist. Some locations are inappropriate for speaking
(e.g., a library) and some users are uncomfortable speaking to a computer.

Exemplar Interaction Techniques

Voice menu hierarchies. Voice menu hierarchies [Darken 1994] are similar to tradi-
tional desktop menus where submenus are brought up after higher-level menu op-
tions are selected. Menu options should be visually shown to users so users explicitly
knowwhat options are available. See Section 26.4.2 for more information about speech
recognition.

Gestures. Gestures (Section 26.4.1) can work well for non-spatial commands. Ges-
tures should be intuitive and easy to remember. For example, a thumbs-up to confirm,
raising the index finger to select “option 1,” or raising the index and middle finger to
select “option 2.” Visual signifiers showing the gesture options available should be
presented to the user, especially for users who are learning the gestures. The system
should always provide feedback to the user when a gesture has been recognized.

2 8 5 Compound Patterns
[ Compound Patterns combines two or more patterns into more complicated patterns.

Compound Patterns include the Pointing Hand Pattern, World-in-Miniature Pattern,
and Multimodal Pattern.

28.5.1 Pointing Hand Pattern
Related Patterns
Pointing Pattern (Section 28.1.2), Direct Hand Manipulation Pattern (Section 28.2.1),
and Proxy Pattern (Section 28.2.2).

Description

Hand selection (Section 28.1.1) has limited reach. Pointing (Section 28.1.2) can be
used to select distant objects and does not require as much hand movement. However,
pointing is often (depending on the task) not good for spatially manipulating objects
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because of the radial nature of pointing (i.e., positioning is done primarily by rotation
about an arc around the user) [Bowman et al. 2004]. Thus, pointing is often better for
selection and a virtual hand is better for manipulation. The Pointing Hand Pattern
combines the Pointing and Direct Hand Manipulation Patterns together so that far
objects are first selected via pointing and then manipulated as if held in the hand.
The user’s real hand can also be thought of (and possibly rendered) as a proxy to the
remote object.

When to Use
Use the Pointing Hand Pattern when objects are beyond the user’s personal space.

Limitations
This pattern is typically not appropriate for applications requiring high interaction
fidelity.

Exemplar Interaction Techniques

HOMER. The HOMER technique (Hand-centered Object Manipulation Extending
Ray-casting) [Bowman and Hodges 1997] causes the hand to jump to the object after
selection by pointing, enabling the user to directly position and rotate the object as
if it were held in the hand. The scaled HOMER technique [Wilkes and Bowman 2008]
scales object movement based on how fast the hand is moving (i.e., object translation
is based on hand velocity). Fast hand motions enable gross manipulation whereas
slow hand motions enable more precise manipulation, providing flexibility of object
placement.

Extender grab. The extender grab [Miné et al. 1997] maps the object orientation to
the user’s hand orientation. Translations are scaled depending on the distance of the
object from the user at the start of the grab (the further the object, the larger the scale
factor).

Scaled world grab. A scaled world grab scales the user to be larger or the environment
to be smaller so that the virtual hand, which was originally far from the selected
object, can directly manipulate the object in personal space [Miné et al. 1997]. Because
the scaling is about the midpoint between the eyes, the user often does not realize
scaling has taken place. If the interpupillary distance is scaled in the same way,
then stereoscopic cues will remain the same. Likewise, if the virtual hand is scaled
appropriately, then the hand will not appear to change size. What is noticeable is
head-motion parallax due to the same physical head movement mapping to a larger
movement relative to the scaled-down environment.
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28.5.2 World-in-Miniature Pattern

Related Patterns
Image-Plane Selection Pattern (Section 28.1.4), Proxy Pattern (Section 28.2.2), 3D
Multi-Touch Pattern (Section 28.3.3), and Automated Pattern (Section 28.3.4).

Description

A world-in-miniature (WIM) is an interactive live 3D map—an exocentric miniature
graphical representation of the virtual environment one is simultaneously immersed
in [Stoakley et al. 1995]. An avatar or “doll” representing the self matches the user’s
movements giving an exocentric view of oneself in the world. A transparent viewing
frustum extending out from the doll’s head showing the direction the user is looking
along with the user’s field of view is also useful. When the user moves his smaller
avatar, he also moves in the virtual environment. When the user moves a proxy object
in the WIM, the object also moves in the surrounding virtual environment. Multiple
WIMs can be created to view the world from different perspectives, the VR equivalent
of 3D CAD Windowing System.

When to Use

WIMs work well as a way to provide situational awareness via an exocentric view of
oneself and the surrounding environment. WIMs are also useful to quickly define
user-defined proxies and to quickly move oneself.

Limitations
A straightforward implementation can cause confusion due to the focus being on the
WIM, not on the full-scale virtual world.

A challenge with rotating the WIM is that it results in a lack of directional com-
pliance (Section 25.2.5); translating and rotating a proxy within the WIM can be con-
fusing when looking at the WIM and larger surrounding world from different angles.
Because of this challenge, the orientation of the WIM might be directly linked to the
larger world orientation to prevent confusion (a forward-up map; Section 22.1.1). How-
ever, this comes at the price of not being able to lock in a specific perspective (e.g.,
to keep an eye on a bridge as the user is performing a task at some other location) as
the user reorients himself in the larger space. For advanced users, there should be an
option to turn on/off the forward-up locked perspective.

Exemplar Interaction Techniques

Voodoo doll technique. The voodoo doll technique uses image-plane selection tech-
niques (Section 28.1.3) by having users temporarily create miniature hand-held prox-
ies of distant objects called dolls [Pierce et al. 1999]. Dolls are selected and used in
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pairs (with each doll representing a different object or set of objects in the scene).
The doll in the non-dominant hand (typically representing multiple objects as a par-
tial WIM) acts as a frame of reference, and the doll in the dominant hand (typically
representing a single object) defines the position and orientation of its correspond-
ing world object relative to the frame-of-reference doll. This provides the capability
for users to quickly and easily position and orient objects relative to each other in the
larger world. For example, a user can position a lamp on a table by first selecting the
table with the non-dominant hand and then selecting the lamp with the dominant
hand. Now, the user simply places the lamp doll on top of the table doll. The table
does not move in the larger virtual world and the lamp is placed relative to that table.

Moving into one’s own avatar. By moving one’s own avatar in the WIM, the user’s
egocentric viewpoint can be changed (i.e., a proxy controlling one’s own viewpoint).
However, directly mapping the doll’s orientation to the viewpoint can cause signifi-
cant motion sickness and disorientation. To reduce sickness and confusion, the doll
pose can be independent of the egocentric viewpoint; then when the doll icon is re-
leased or the user gives a command, the system automatically animates/navigates or
teleports the user into the WIM via an automated viewpoint control technique (Sec-
tion 28.3.4) where the user “becomes” the doll [Stoakley et al. 1995]. This avoids the
problem of shifting the user’s cognitive focus back and forth from the map to the full-
scale environment. That is, users think in terms of either looking at their doll in an
exocentric manner or looking at the larger surrounding world in an egocentric man-
ner, but not both simultaneously. In practice, users do not perceive a change in scale
of either themselves or the WIM; they express a sense of going to the new location.
Using multiple WIMs allows each WIM to act as a portal to a different, distant space.

Viewbox. The viewbox[Mlyniec etal. 2011]is a WIM that also uses the Volume-Based
Selection Pattern (Section 28.1.4) and 3D Multi-Touch Pattern (Section 28.3.3). After
capturing a portion of the virtual world via volume-based selection, the space within
that box is referenced so that it acts as a real-time copy. The viewbox can then be
selected and manipulated like any other object. The viewbox can be attached to the
hand or body (e.g., near the torso acting as a belt tool). In addition, the user can
reach inside the space and manipulate that space via 3D Multi-Touch (e.g., translate,
rotate, or scale) in the same way that she can manipulate the larger surrounding space.
Because the viewbox is a reference, any object manipulation that occurs in either space
occurs in the other space (e.g., painting on a surface in one space results in painting in
both spaces). Note due to the object being a reference, care must be taken to stop the
recursive nature of the view, otherwise an infinite number of viewboxes within other
viewboxes can result.
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28.5.3 Multimodal Pattern

Description

Multimodal Patterns integrate different sensory/motor input modalities together (e.g.,
speech with pointing). Section 26.6 categorizes how different modalities can work
together for interaction.

When to Use

Multimodal Patterns are appropriate when multiple facets of a task are required,
reduction in input error is needed, or no single input modality can convey what is
needed.

Limitations

Multimodal techniques can be difficult to implement due to the need to integrate
multiple systems/technologies into a single coherent interface and the risk of multiple
points of failure. Techniques can also be confusing to users if not implemented well.
In order to keep interaction as simple as possible, a multimodal technique should not
be used unless there is a good reason to do so.

Exemplar Interaction Techniques
Immersive “put-that-there.” The classic example of the Multimodal Pattern is a put-
that-there interface [Bolt 1980] that uses a combination of the Pointing Pattern (to
select the “that” and “there”) and the Non-Spatial Control Pattern via voice (to select
the verb “put”). Neely et al. [2004] implemented an immersive form of a “put-that-
there” style of region definition. With this technique, the user names and defines the
vertices of a polygonal region on a terrain via pointing and speaking. An example is
“Make Target Zone Apple from here (pointing gesture) to here (pointing gesture) . . .
and to here (pointing gesture).” Figure 32.2 shows the architectural block diagram for
this system.

For manipulating a single object, a “that-moves-there” interface (Section 26.6)
where the object is selected before specifying the action is often more efficient (Sec-
tion 26.5).

Automatic mode switching. One knows when the hand is within the center of vision
and can effortlessly bring the hand into view when needed. Mode switching can
take advantage of this. For example, an application might switch to an image-plane
selection technique (Section 28.1.3) when the hand is moved to the center of vision
and to a pointing selection technique (Section 28.1.2) when moved to the periphery
(since the source of a ray pointer does not need to be seen).
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Interaction: Design
Guidelines

Just as there is no single tool in the real world that solves every problem, there is
no single input device, concept, interaction pattern, or interaction technique that is
best for all VR applications. Although it is generally better to use the same interaction
metaphor across different types of tasks, that is not always possible or appropriate.
Interaction designers should take into account the specific task when choosing, mod-
ifying, or creating new interactions.

29 1 Human-Centered Interaction (Chapter 25)
| |

Intuitiveness (Section 25.1)

e Focus on making interfaces intuitive—that is, design interfaces that can quickly
be understood, accurately predicted, and easily used.

e Use interaction metaphors (concepts that exploit specific knowledge that users
already have of other domains) to help users quickly develop a mental model of
how an interface works.

e Include within the virtual world everything that is needed to help users form a
consistent conceptual model of how things work (e.g., within world tutorials).
Users should not have to rely on any external explanation.

Norman'’s Principles of Interaction Design (Section 25.2)

e Practice human-centered design and follow well-known general principles to
help users create simplified mental models of how the interactions work. These
include consistent affordances, unambiguous signifiers, constraints to guide
actions and ease interpretation, obvious and understandable mappings, and
immediate and useful feedback.
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Affordances (Section 25.2.1)

e Remember that an affordance is not a property of an object, but is a relationship
between an object and a user. Affordances don’t only depend on the object being
afforded, but also depend on the user; affordances may be different for users
with different capabilities.

Signifiers (Section 25.2.2)

e Make affordance perceivable through signifiers. A good signifier informs users
what is possible before interacting.

e Make obvious to the user the state of the current interaction mode.

Constraints (Section 25.2.3)

e Where appropriate, add constraints to limit possible actions and to improve
accuracy and efficiency.

e Use constraints to add realism (e.g., do not allow users to travel through walls).

e Do not assume real-world rules such as gravity are always appropriate. For exam-
ple, hanging tools in the space around the user makes them easier to grab.

e Use signifiers wisely to prevent users from making the wrong assumptions about
constraints. If a user doesn’t know what to do, she is effectively constrained.

e Make constraints consistent so learning can be transferred across tasks.

e Consider allowing expert users to remove constraints for advanced interactions.

Feedback (Section 25.2.4)

e Usefeedback substitution when haptics are not available. For example, use audio
and highlighting to signify touching of objects.

e Do not overwhelm users with too much feedback.

e Consider putting information in front of the user in the torso reference frame
near the waist rather than on a heads-up display in the head reference frame.

e If a heads-up display in the head reference frame must be used, only present
minimal information on the display.

e Provide the capability to turn on/off (or make visible/invisible) widgets, tools,
and interface cues.
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Mappings (Section 25.2.5)
e To maximize performance and satisfaction, maintain directional compliance,

nulling compliance, and temporal compliance.

e Focus first on creating mappings that have directional compliance (the direction
of sensory feedback should match the direction of the interface device) so users
can anticipate motion in response to their physical input.

e For fully direct interactions, maintain position compliance (i.e., make the virtual

position of objects match the physical position of the device).

e If position compliance is not appropriate, use nulling compliance (the virtual
object should return to its original location when the device returns to its original
location).

e Use nulling compliance to take advantage of muscle memory.

e Choose absolute input devices over relative input devices in order to maintain
compliance.

e If the results of an interaction cannot be immediately computed (i.e., a lack
of temporal compliance), then provide some form of immediate feedback to
inform the user the problem is being worked on.

e For non-spatial mappings, use commonly accepted metaphors (e.g., up is more,
down is less).

Direct vs. Indirect Interaction (Section 25.3)
e Use tools to extend one’s reach so users feel like they are directly interacting.

e Use direct, semi-direct, and indirect interactions where appropriate and not
where not appropriate. Do not try to force everything to be direct.

The Cycle of Interaction (Section 25.4)

e To design or improve interactions, use Norman’s seven stages of interaction to
break up typically subconscious processes into explicit steps.

e Think about what stages are missing or what stages do not work well that make
interaction difficult. Then add or modify signifiers, constraints, mappings, and
feedback as appropriate for each stage.

e Use the seven stages of interaction with task analysis as a stepping stone toward
implementation.
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The Human Hands (Section 25.5)
e Support interactions with two hands where appropriate.
¢ Do not assume just because two hands are used for an interface that the in-
terface will be better. Two-handed interfaces can be difficult to use if designed
inappropriately.
e Feedback from users is even more essential for two-handed interaction than one-

handed interaction.

e Have the non-dominant hand maintain the reference frame so the dominant
hand can work precisely without having to work in a locked position.

e Design bimanual interactions to work together in a fluid manner, switching
between symmetric and asymmetric modes as appropriate for the task.

2 9 2 VR Interaction Concepts (Chapter 26)
|

Interaction Fidelity (Section 26.1)
e Consider using realistic interactions for training applications, simulations, sur-
gical applications, therapy, and human-factors evaluations.
¢ Consider using non-realistic interactions for increasing performance and min-
imizing fatigue.
e Use magical interactions to enhance the user experience, circumvent the limi-

tations of the real world, and teach abstract concepts.

¢ Consider interaction metaphors as a source of inspiration. Unless realistic in-
teraction is a primary goal, use intuitive and useful magical techniques.

Proprioceptive and Egocentric Interaction (Section 26.2)

¢ Exploit the one real object every user has—the human body.

e Use torso tracking in addition to head and hands tracking whenever possible
to maximize proprioception. Alternatively, chair rotation can be tracked to esti-
mate torso rotation.

e Place commonly used tools relative to the body to take advantage of muscle
memory so users do not have to take visual attention away from that which is
being worked on (tools do not even have to be within the user’s field of view).

Meta Platforms, Inc. - Ex. 1025
Page 147



29.2 VR Interaction Concepts 359

e Don’t assume exocentric perspectives preclude egocentric perspectives. Take
advantage of egocentric intuition even when designing an exocentric experience.

Reference Frames (Section 26.3)

e Provide the capability for users to think and interact in an exocentric virtual-
world reference frame when the intent is for users to create content over a wide
area, form a cognitive map of the environment, determine their own global
position, or plan travel on a large scale.

e Be careful of placing direct interfaces in virtual-world reference frames as they
can be awkward to reach without easy and precise navigation capability.

e Drawrestframes (e.g., an automobile interior, a cockpit, or non-realistic cues) in
the real-world reference frame for users to feel stabilized in space and to reduce
motion sickness.

e Provide a place for users to set physical devices when not needed and render
those objects in the real-world reference frame so they can easily be seen and
picked up.

e Place information, interfaces, and tools relative to the body by placing them in
the torso reference frame.

e Allow advanced users to turn on/off or make invisible (but still usable) items in
the torso, hand, and head reference frames.

¢ Place avisual representation of hand controllers in the torso reference frame for
non-tracked controllers and in the hand reference frame for tracked hand-held
controllers.

e Place signifiers in the hand reference frame pointing to buttons, analog sticks,
and/or fingers so it is obvious what they do. Provide the capability for users to
turn them on and off.

e Minimize cues in the head reference frame for anything other than a pointer if
head tracking is used for input.

Speech and Gestures (Section 26.4)

e Use explicit visual signifiers (e.g., a list of words or hand icons) to portray what
speech or gesture commands are available. Provide feedback by highlighting the
selected option.

e Have users verify important commands to prevent major errors.
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e Use a small number of words or gestures that are well defined, natural, easy for
the user to remember, and easy for the system to recognize.

e When more than one person will be present in the same space, use push-to-talk
and/or push-to-gesture to prevent accidental unintended commands.

e Use direct structural gestures for immediate system response.

e When users have their own unique system, use speaker-dependent recognition
if they are willing to train the system and adaptive recognition if they are not.

e Reduce the potential for error by only allowing a subset of vocabulary to be
recognized depending upon the context.

Modes and Flow (Section 26.5)

e When multiple interaction modes are used, make it clear to the user what the
current mode is.

e Use object-action (or selection-manipulation) sequences over action-object se-
quences.

e Enable smooth and easy transition between selecting an object and manipulat-
ing or using that object.

e Minimize distractions to enhance the flow of interactions and allow for full
attention to the primary task.

e Design interactions so users do not have to physically (whether the eyes, head,

or hands) or cognitively move between tasks.

e Use lightweight mode switching, physical props, and multimodal techniques to
help maintain the flow of interaction.

Multimodal Interaction (Section 26.6)

e Use a single specialized input modality when it is clear that single modality is
best for the task and there is no reason to include other modalities. Do not add
a modality just for the sake of adding a modality.

e Consider using equivalent input modalities when user preferences are strongly
divided.

e Use redundant input modalities to reduce noise and ambiguous signals.

e Use concurrent input modalities to improve efficiency by enabling the user to
perform two interactions simultaneously.

e Use complementarity input modalities for “put-that-there” or “that-moves-
there” types of interfaces.
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e Allow transfer of input modalities when one modality device is unreliable so
users will not have to start over if there is a failure.

Beware of Sickness and Fatigue (Section 26.7)
¢ Be extra careful of viewpoint control techniques that can induce motion sick-
ness. Study Part III and follow the guidelines in Chapter 19 to minimize adverse
health effects.

e When motion sickness is a primary concern (e.g., for users new to VR or a general
audience), only use one-to-one mapping of real head motion or teleportation.

e Avoid using and creating interactions that require the user to hold the hands up
high or in front of the body for more than a few seconds at a time. Use devices
that do not require line of sight so interactions can be performed comfortably
in the lap or from the sides of the body.

Visual-Physical Conflict and Sensory Substitution (Section 26.8)

e Enforce physics constraints when hand penetration into objects is shallow so
the hand does not pass through the object surface. Do not enforce physics
constraints when penetration is deep; instead allow the hand to pass through
virtual objects.

e Consider drawing two virtual hands for a single physical hand—one that pene-
trates objects and one that doesn’t.

e Use highlighting to convey an object is selectable when the hand is close to the
object.

e Use audio to convey collisions.
e Use passive haptics or vibrotactile haptics whenever possible.

e If training transfer is not important, use ghosting to signify a new potential
position until the user confirms placement.

2 9 3 Input Devices (Chapter 27)
|

Input Device Characteristics (Section 27.1)
e Match the interaction technique with the device and match the device with
the interaction technique. Understand the different device characteristics and
classes in order to determine what is best for the project.
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¢ Use 6 DoF devices whenever possible and then decrease DoFs in software where
appropriate.

e Choose input devices that work in a user’s entire personal space, do not require
line of sight, are robust to various lighting conditions, and work for all hand
orientations.

¢ Use buttons for tasks that are binary, when the action needs to occur often, when
immediate response and reliability are required, when abstract interactions are
appropriate, and when physical feedback of feeling the button pressed/released
is important.

¢ Do not overwhelm users with too many buttons.

e Use bare-hand systems, gloves, and/or haptic devices that correspond to virtual
objects when a high sense of realism and presence is important.

Classes of Hand Input Devices (Section 27.2)
e If not sure what to use or there is no strong preference, then start with tracked
hand-held controllers. They are currently the best option for a majority of inter-
active VR experiences.

e For public location-based entertainment, consider building customized inter-
faces such as world-grounded devices that are optimized for the particular expe-
rience.

e Attach labels to virtual representations of controllers to signify what the con-
trols do.

¢ Use tracked hand-held controllers when the user commonly holds virtual devices
to enhance presence through physical touch.

e Don’tassume gloves are only for full hand tracking. Consider using pinch gloves
that don’t require holding a physical controller but have the advantages of but-
tons via pressing the fingers together.

Classes of Non-hand Input Devices (Section 27.3)
e If eye tracking is available, do not overuse it. Instead use eye gaze for specialized
tasks and in subtle ways (e.g., have virtual characters respond when looked at).

e When designing eye gaze interactions, maintain the natural function of the
eyes, augment rather than replace, focus on interaction design, improve the
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interpretation of eye movements, choose appropriate tasks, use passive gaze over
active gaze, and leverage gaze information for other interactions.

¢ Use microphones that are specially designed for speech recognition.

2 9 4 Interaction Patterns and Techniques (Chapter 28)
|

Selection Patterns (Section 28.1)

e When interactions do not need to be realistic, use the Pointing Pattern or the
Image-Plane Selection Pattern.

Hand Selection Pattern (Section 28.1.1)
e Use the Hand Selection Pattern when interactions need to be realistic.
e For high interaction fidelity, use a realistic virtual hand to select objects.

e For mid-interaction fidelity, use hands without arms to reach just beyond per-
sonal space (i.e., near action space).

e Consider the go-go technique for personal space and midrange action space.

Pointing Pattern (Section 28.1.2)

e For more controlled pointing, consider using a precision mode.

e For selecting objects that are small, consider using pointing with object snap-
ping.
e Do not use dwell selection unless there is no other good way to provide a signal

or there is another good reason to do so.

e Do not use eye tracking for selecting objects unless there is a good reason to
do so.

Image-Plane Selection Pattern (Section 28.1.3)

e For easy-to-use touch at a distance, use image-plane selection. However, do not
use when the user must frequently select objects as gorilla arm can result.

Volume-Based Selection Pattern (Section 28.1.4)

e Use the Volume-Based Selection Pattern when selecting data/space that has no
geometric surfaces.

e Be careful of requiring volume-based selection for novice users.
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Manipulation Patterns (Section 28.2)
Direct Hand Manipulation Pattern (Section 28.2.1)
e Use the Direct Hand Manipulation Pattern unless there is a reason not to as it is
more efficient and satisfying than other manipulation patterns.

e For high interaction fidelity, use a virtual hand for both selection and manipu-
lation.

e Consider using non-isomorphic rotations to reduce clutching and to increase
performance and precision.

Proxy Pattern (Section 28.2.2)

e Use the Proxy Pattern to intuitively manipulate remote objects or when the user
scales himself or the world.

e Use tracked physical props for direct action-task correspondence. Such props
result in an easy-to-use interface that does not require any training, facilitate
natural two-handed interactions, and provide tactile feedback to the user.

3D Tool Pattern (Section 28.2.3)

e Use the 3D Tool Pattern to enhance the capability of the hands to manipulate
objects.

e Use signifiers for object-attached tools to make it obvious how to use those tools
to manipulate the object.

e To enable precise modeling and reduce complexity, use jigs that enable user-
controlled constraints, snapping, and discrete manipulations.

Viewpoint Control Patterns (Section 28.3)

e Be especially careful of sickness and injury when choosing, designing, and im-
plementing viewpoint control techniques, especially for users new to VR. See
Part III.

Walking Pattern (Section 28.3.1)

e Use the Walking Pattern when high biomechanical symmetry and high presence
is desired, fatigue is not a concern, and safety measures to prevent tripping,
physical collisions, and falling are covered.

e Usereal walking when the physically tracked space is as large as or larger than the
virtual walkable space, and both spatial understanding and minimizing sickness
are important.
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e Use redirected walking when the physically tracked space is smaller than the
virtual walkable space.

e Use walking in place when the physically tracked space is small or safety is a
concern.

* Use a treadmill when walking/running vast distances is required.

Steering Pattern (Section 28.3.2)
e Use the Steering Pattern when sickness is not a primary concern, interaction
fidelity is not important, acceleration/deceleration can be minimized, and real-
world stabilized cues can be provided.

e Make steering as simple as possible to minimize cognitive load so the user can
focus on spatial knowledge acquisition and information gathering.

e Provide visual cues to help users know what direction is forward.
e Consider not using virtual rotations if torso/chair tracking is available and the
system is wireless.

e Ifvirtual rotations are required and the user can be constrained to the ground,
use dual analog sticks.

3D Multi-Touch Pattern (Section 28.3.3)

e For applications not requiring high interaction fidelity, use the 3D Multi-Touch
Pattern when creating assets, manipulating abstract data, viewing scientific
datasets, or rapidly exploring large and small areas of interest from arbitrary
viewpoints.

e Consider adding constraints (e.g., force uprightness, limit scale, and/or disable
rotations) for novice users.

e Provide a visual indication of the center of rotation/scale.

Automated Pattern (Section 28.3.4)

e Use the Automated Pattern when free exploration of the environment is not
desired or not possible.

e Use teleportation when traveling large distances, or between worlds, when effi-
ciency is important, or when motion sickness must be minimized. Do not use if
spatial orientation must be maintained.

e Use smooth transitions when maintaining spatial orientation is the primary
concern.
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e When passively moving the user, reduce motion sickness by keeping visual
velocity as constant as possible, providing stable real-world reference cues (e.g.,
a cockpit), and/or providing a leading indicator.

Indirect Control Patterns (Section 28.4)

e Use an Indirect Control Pattern when spatial mappings are not appropriate or
details of how something is done are not important to the user. Uses include con-
trolling the overall system, issuing commands, changing modes, and changing
non-spatial parameters.

e For indirect control, make signifiers obvious, such as the shape and size of
controls, their visual representation and labeling, and apparent affordances of
their underlying control structure.

Widgets and Panels Pattern (Section 28.4.1)

e Use the Widgets and Panels Pattern when it is difficult to directly interact with
an object.

e Where appropriate, use well-known 2D interaction metaphors such as pull-
down/pop-up menus, radio buttons, and checkboxes.

e Use gestalt concepts of perceptual organization when designing a panel—use
position, color, and shape to emphasize relationships between widgets. For
example, put widgets with similar functions close together.

e Place widgets and panels in a way that is easy for users to access (e.g., on the
non-dominant hand or in the torso reference frame).

e For commonly used commands, use pie/marking menus to teach gestures and
to embed those gestures into muscle memory.

e For pie/marking menus, use pointing over projection or roll.
e If pinch gestures are available, place menu options on the fingers.

e Consider placing panels or widgets above the head so users can pull them down
when needed.

e Consider placing a panel in the non-dominant hand that can be turned on or
off, and where widgets on the panel are controlled by the dominant hand.

e For 2D tasks that require precision, consider using a physical panel the user
holds in the non-dominant hand or that is attached to the forearm.
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Non-Spatial Control Pattern (Section 28.4.2)
e Use the Non-Spatial Control Pattern for global action performed through de-

scription instead of a spatial relationship.

e Use real-world words and gestures that are intuitive and easy to remember. Keep
the number of options small and simple.

e Provide signifiers (e.g., icons for gestures or a list of words for voice) to remind
non-expert users what options are available.

e Always provide some form of feedback.

e When accuracy is more important than speed, verify commands. Make the con-
firmation process fast and do not require precision. Examples include clicking
a physical button or saying “confirm.”

e Use push-to-talk or push-to-gesture to prevent accidental unintended com-
mands.

e Use voice control when moving the hands or the head would interrupt a task.

e Be careful of depending on voice recognition when multiple people are in the
same physical environment or there is a lot of noise.

Compound Patterns (Section 28.5)
Pointing Hand Pattern (Section 28.5.1)

e When high interaction fidelity is not required, use the Pointing Hand Pattern to
select objects at a distance but to manipulate them as if held in the hand.

World-in-Miniature Pattern (Section 28.5.2)

e Use the World-In-Miniature Pattern to provide situational awareness, to quickly
define user-defined proxies, or to quickly move oneself.

e Consider using the equivalent of a forward-up map for the world-in-miniature
so that the orientation of the map matches the orientation of the larger world.
When appropriate, provide the capability to turn this feature off.

e Toreduce sickness, do not directly map the user’s doll in the world-in-miniature
to the user’s movement. Instead, animate/navigate or teleport the viewpoint into
the doll when commanded by the user.

Multimodal Pattern (Section 28.5.3)
e Use the Multimodal Pattern when multiple facets of a task are required, when
reduction in input error is needed, or when no single modality can convey what
is needed.
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e Only use a multimodal technique when there is a good reason to do so. When
used, keep interactions as simple as possible.

¢ Consider using automatic mode switching when each technique is only usable
in specific situations and those situations are clear to the user.
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Design thinking takes a solution-focused approach to problem solving, working
collaboratively to iterate an endless, shifting path toward perfection. It works toward
product goals via specific ideation, prototyping, implementation, and learning steps
to bring the appropriate solution to light.

—]Jeff Gothelf and Josh Seiden [2013]

Up to this point, this book has provided a background on the mechanisms of per-
ception, VR sickness, content creation, and interaction. However, such mechanisms
are not entirely understood and very much depend on the goals and design of the VR
project. Furthermore, assumptions about the real world or how we perceive and in-
teract with it do not always hold in VR. One cannot simply look up the numbers when
designing VR experiences or get the experience perfect on the first attempt. VR design
is also very different than 2D desktop or mobile application design, and there is not
nearly as much known or standardized about VR. VR design must be iteratively cre-
ated based off of continual redesign, prototyping, and feedback from real users. In
fact, the design of many VR experiences is due to “accidental discoveries” that were
not initially intended (Andrew Robinson and Sigurdur Gunnarsson, personal commu-
nication, May 11, 2015). This chapter focuses on iterative design concepts to help the
team move toward ideal experiences as quickly and efficiently as possible.

With new development platforms such as Unity and other tools, VR experiences can
be created in a fraction of the time they could be created compared to just a few years
ago. Experienced designers can now literally create a simple VR experience in hours,
without any programming experience required. Some modifications can be as easyas a
click of a button, and some assets and behaviors built by others can be integrated with
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Define Make

Learn

Figure VI.1 High-level iterative process common to all VR development.

basic programming skills. Because of how quickly simple VR experiences can be built
and modified, prototyping basic individual components can often be done in a day
or less. However, to go beyond the basics, designers should either be programmers
themselves, learn basic programming skills for simple prototyping and testing, or
work directly in pairs with programmers. Note that this is not to say professional
programmers are not required for creating compelling VR experiences. Integrating
advanced/innovative features and behaviors, understanding software architecture,
and writing clean code takes time to do properly and are essential for creating efficient
and maintainable code.

The Define-Make-Learn Cycle
Although a single overall detailed process is not appropriate for VR design, there
is general agreement that iterative design consists of defining the project, building
prototypes, learning from users, and continually improving upon previous ideas.
Careful consideration of these stages is critical to optimizing user experience and
comfortable VR.

Part VI discusses the philosophy of iterative design and then the three iterative
stages (Figure VI.1) as summarized below.

1. The Define Stage. This stage attempts to answer the question “What do we
make?” and includes everything from the high-level vision to listing require-
ments.

2. The Make Stage. This stage answers the question “How do we make it?” and then
proceeds to make it.

Meta Platforms, Inc. - Ex. 1025
Page 159



	Contents
	Preface
	Figure Credits
	Overview
	I. INTRODUCTION AND BACKGROUND
	1. What Is Virtual Reality?
	2. A History of VR
	V. INTERACTION
	25. Human-Centered Interaction
	26. VR Interaction Concepts
	27. Input Devices
	28. Interaction Patterns and Techniques
	29. Interaction: Design Guidelines
	VI. ITERATIVE DESIGN



