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ABSTRACT
Interactive information design is presently restricted by the
flat displays commonly found on desktop and mobile devices.
This limits users’ abilities to both engage with and comprehend
complex spatial data. This paper discusses research into human
cognitive perception, as applicable to emerging technologies
that replace the flat screen-based visual user experience with
immersive, 3-dimensional virtual environments and gestural
interfaces. The goal of this research is to identify successful
modes of interaction and spatial information design that can
be utilized to create an effective, enjoyable, and immersive
information experience.
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0. INTRODUCTION
In recent years, there has been an explosion of “big
data” generation across a wide range of commercial,
industrial, and scientific sectors. Big data are data sets
containing many parameters for each of many data points
that collectively describe complex systems. These data,
properly evaluated by scientists, engineers, statisticians,
and students of many diverse disciplines can yield
incredible insight into the physical or virtual systems
they model. However, large multi-dimensional data sets
present unique challenges to information designers.
Advances in technological capabilities have led to the
decline of static information design for traditional print
media, while giving rise to interactive information design
for electronic media that are better able to communicate
complex information dynamically. Designers now have
a great deal of latitude in how they present information,
with even pocket-sized devices boasting high screen
resolutions and impressive processing capabilities. Yet
these devices are still restricted to 2-D data visualization,
which limits a user’s ability to engage with and
comprehend complex spatial data. Rich, immersive 3-D
virtual experiences can engage a wider range of user
perception modalities than flat 2-D design, offering users
the ability to engage naturally with information content,
promoting improved understanding and retention.
Several virtual reality devices capable of producing such
experiences are now available to consumers. Although
the history of VR technology stretches back to the 1990s,
with early adoption for military and aerospace training
applications, as well as gaming and adult entertainment,
VR is only now reaching a developmental critical mass in
the consumer technology market.
In 2012, Oculus Rift was only a bulky prototype
constructed of wire bundles and duct tape, built by a
young independent engineer. After several refinements
to the prototype, it was purchased in 2014 by Facebook
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for the sum of $2 Billion. That sum alone clearly declares
Facebook’s intention to develop the Oculus Rift platform
into an industry-leading VR platform. The consumer
release of the technology is scheduled for the first quarter
of 2016. (“The VR Race”)
Oculus Rift is among the forerunners for consumer virtual
and augmented reality technologies, but it is not at all
alone in the mixed-reality market (“The VR Race”). Virtual
and augmented reality headsets from Google, Microsoft,
Sony, HTC, and Samsung, are either already on the market
or are scheduled for release by the end of 2016. Another
handful of independent offerings are also scheduled for
release in 2016, boasting a variety of unique features.
Some of these offerings take the form of headsets to
which users mount their compatible smart-phones to
serve as the processor and display unit (“The Best VR”).
A large majority of electronics consumers already use
smart phones that are compatible with headsets, reducing
the initial release price and making VR technology more
accessible to consumers in a wide range of economic
strata. Google Glass remains in the high-value market,
while Oculus Rift and competitors will be accessible to
mid-level consumers. Google Cardboard, on the other
hand, achieves an extremely affordable immersive
experience with a compatible android device and a
headset constructed, as its name implies, from cardboard.
With mixed-reality technologies poised to flood
consumer markets, the time has come for interactive
media designers across disciplines to understand
and design for virtual reality and augmented reality
platforms. Competing technologies offer very different
technical capabilities that make it nearly impossible to
design a universal experience or even a cohesive set of
design conventions that work well for users of different
platforms. However, as these technologies evolve, they
will likely converge, meaning that design experimentation
at the current stage of technology will remain relevant
as these technologies evolve into the new paradigm
for consumer consumption of rich media experiences.
Immersive experiences come with unique design
challenges. Each experience must reflect the capabilities
and limitations of the specific platform for which it was
developed, but these platforms also offer designers a new
set of perceptual tools to keep users engaged with content
presented in a natural environment.

Research comparing leading immersion platforms will
ultimately be applied to create an educational experience
based on recent data gleaned from astronomy, and
especially from ongoing research into the habitability of
planets outside our solar system. Planetary habitability
data is ideal for immersive information design due to
the abstract spatial nature of the data. Visualizations of
exoplanetary systems must account for many parameters
such as planet size, composition, temperature, and
surface gravity, and must also communicate the
spatial relationships and dynamic interactions of
planets with the nearby star or stars and other orbiting
objects. These and other physical parameters that
describe exoplanetary systems only convey meaningful
information when understood collectively and in
context. As no humans have ever traveled to any of the
planetary systems outside our own, and because even
our own solar system is too large to be seen from an

individual human perspective, the nature of planetary
systems is inherently abstract. Further abstracting such
information onto a 2-dimensional medium leaves room
for interpretation errors. 2-D experiences require the user
to perform the mental task of reconstructing 3-D space
from flat representations. This leaves room for a user to
misinterpret spatial information due solely to inaccurate
or incomplete perception of the space to which it applies.
An immersive 3-D environment can place a user directly
in the context of a given star system, engaging many of
the perceptual modalities that humans naturally use to
perceive the world around them. By allowing users to see
temperature and planetary composition as surface color
and texture, and to understand the relationships between
the major orbiting bodies of a star system by watching
their procession over time, the nature of distant star
systems can be understood intuitively.
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1. PERCEPTION OF PHYSICAL & VIRTUAL ENVIRONMENTS
Humans use five basic senses to perceive the physical
environment around them. Understanding three of these
senses is necessary to design a convincing immersive
environment that provides a pleasing and engaging
experience. While smell and taste do not yet play major
roles in virtual environments, designers should strive
to engage users’ senses of sight, hearing, and touch to
provide the highest degree of immersion possible and
maximize user-engagement with content presented within
the environment.

The major human senses are processed individually by
different parts of the brain. Visual perception is processed
by the visual cortex, sound by the auditory cortex, and the
sense of touch by the somatosensory cortex (“Sensory
Areas”). Visual perception can yield information about
one’s location within a space, as well as an inventory of
other objects in the space. Perceived size, shape, motion,
and other visual parameters give us clues about the
nature of objects present in the environment. Audible
information can reinforce the sense of location and
action within a space, and can also provide information
about events that occur outside of the visual space.
Proprioception is part of the sense of touch, and it
communicates where one’s own body is located in space,
and the relative position and movements of body parts
such as one’s own hands (“Leap Motion Best Practices”
16). This is the sense that allows a person to touch the tip
of their nose with one finger in a completely dark room.
While these senses provide a great deal of information
individually, the holistic perception of a given
environment is built in the mind by a cognitive process
known as mental mapping. A distinct region of the brain
called the hippocampus is responsible for combining
sensory information from audio, visual, proprioceptive
6

and other natural modes of perception to build a map of
one’s environment (Manns 618).
The hippocampus helps map the spatial relationships
between one’s self and objects within a space, to serve
as a reference against which subsequent perceptual
information is compared (Johnson). The mental map
becomes more detailed with greater exposure to
information about the environment, such as filling in new
perspectives while moving around within a space, or by
tracking the position of a sound over time to anticipate
where and when an object will come into view.

Recalling the previous configuration of objects within a
space and comparing new sensory information to that
mental map requires much less mental work for users
than reconstructing familiar scenes from new sensory
information. This effectively reduces the amount of
cognitive processing required to perceive the environment
(Manns 616). For example, if a person places a familiar
object, like a coffee mug, on a table and then leaves the
room, upon returning to the room and seeing an object
on the table, it is faster and easier to identify the object
by recall than by perceiving its physical features. This
is known as top-down processing, a perceptual process
in which existing knowledge contributes to perception.
Rather than tying up the visual cortex with the complex
task of combining visual information about an object
to identify it, the simpler perceptual task of identifying
an object in a familiar location is sufficient to infer the
object’s identity in the context of the mental map. One’s
own movements through an environment and interactions
with objects strongly influence the mental map. After
placing the coffee mug on a table in front of themselves,

most people are then able to reach for and pick up the
mug by the handle without looking. This is because the
action of placing the mug on a table updates the mental
map of the table space. To then reacquire the mug, it may
be sufficient to recall the shape of the mug and its location
on the table. Visual cues that reinforce the mental map
serve to confirm preconceptions and those stimuli are
processed very quickly (Jacobs 285).
Providing sensory information that agrees with a
user’s mental map of an immersive space allows for
rapid evaluation of scenes and a sense of continuity.
On the other hand, inconsistent sensory input often
draws attention and can be disconcerting in a virtual
environment. A user who sets down a coffee mug in
their peripheral vision, for example, and then reaches for
the mug only to discover it has become a potted plant
will likely pause to consider the discontinuity. If a user
places the mug on a magic table surface, and that action
initiates some visible state-transition that turns the mug
into a plant, then there is no perceptual discrepancy
and the presence of a potted plant can then be accepted
by the user. However, if there is a perceived continuity
disruption, users will be distracted from the experience
while attempting to reconcile perception and recollection.
The distraction breaks the natural flow of the experience,
and in cases where the perceptual discrepancy is severe,
users may even become motion-sick as a result. For this
reason, state-changes in virtual environments should
be initiated by users directly, or should be designed to
communicate information to users with accompanying
secondary perceptual information.

A tea kettle, for instance, may transition from blue to red
when a user places it on a stove in a virtual environment to
communicate that it is undergoing a rise in temperature.
A corresponding rise in sound effect reinforces that the
temperature continues to rise when the user looks away.
This allows a user to focus attention on other tasks while
keeping track of the kettle’s progress and also prevents
a jarring discontinuity when the user turns back to see
the blue tea kettle has become red. Providing agreement
among multiple senses creates a more complete sense of
immersion within an environment, and by spreading the
communication of information over multiple perceptual
channels of the brain, the overall cognitive load of the
environment is greatly reduced. When an immersive
environment achieves a low cognitive requirement, its
users are better able to engage directly with content.

2. CREATING NATURAL USER EXPERIENCES IN VR
When designing user-interaction in an immersive 3-D
environment, all modes of user-interaction should be
intuitive enough so that users quickly feel as though the
interface is an extension of their bodies. When users do
not have to think about the actions required to accomplish
tasks, they are free to navigate and engage with content in
the immersive experience fluidly and intuitively (Wigdor).
Users should be introduced to any new immersive
experience with only basic forms of interaction required
to start. Using a minimum number of interaction models
allows users to quickly master the basic experience
and encourages further exploration (“Leap Motion Best
Practices” 5). When designing fundamental interactions
for an immersive experience, consider which tasks a user

must perform first, and most often. These interactions
should employ simple actions that are natural to the
environment, actions that a user would expect to perform
in the context presented. If users are required to perform
gestures or actions to trigger interaction with an object,
the object should present specific affordances that
communicate instructions for its use. A tea kettle has a
handle that indicates to a user that it may be lifted, and
a spout that communicates the functional ability to pour
liquid. In a virtual environment, users should be able to
close their hands around the handle to engage the tea
kettle, and with a pouring gesture, activate its function.
By building additional complexity on established basic
interactions, users will naturally learn as they progress.
(Norman)
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The pacing of interaction and navigation events should
always be user-driven in immersive experiences. Userdriven experiences afford users of varying abilities and
degrees of engagement the time they desire for the
experience. Interactions designed with prescribed pacing
might rush a novice user and at the same time, bore an
expert user.

The sense of immersion can be enhanced by treating
interface element design as a form of object design. Users
intuitively rely on depth perception to make sense of
spaces, whether physical or virtual. Modeling interface
elements with physical attributes such as volume
permits users to interpret the interface in a natural
way. During interaction events, if objects respond to
user-initiated forces like pressure and friction by moving
and accelerating naturally, users will quickly learn to
anticipate the visual feedback from interaction as natural
confirmation that their input was successful. This further
enhances the sense of immersion within the environment,
while maintaining a low cognitive processing requirement.
Interface elements can take advantage of the user’s
ability to build mental maps. Placing interface elements
in consistent locations with respect to a user’s frame of
reference allows the user to find the interface controls
they desire (“Oculus Best Practices” 7). The spatial
relationships of objects must remain clear and consistent
throughout the experience in order to ensure a natural
interactive experience.

In severe cases, interaction delays that interrupt the
natural progression of an immersive experience carry
the risk of motion-sickness. This risk can be reduced if
all interactive elements react to user input, and only to
user input. In the absence of any interaction cues from
the user, all interactive elements should remain in an
idle-state. However, to avoid giving the impression of an
unresponsive environment the virtual experience must
at all times show unobtrusive but visible “Signs of Life”
(“Leap Motion Best Practices” 5).

In a flat screen-based experience, a static interface
environment may be preferable in many cases to
encourage content-engagement. However, when an
immersive environment appears completely still, users
may perceive the environment as unresponsive, which can
be quite disconcerting to them. So while user interface
elements and navigation events should proceed only
when initiated by the user, the experience should never be
completely static.
Unobtrusive background motion and uninterrupted
audible ambiance can communicate to users that the
experience is merely idle, waiting for input. When a
user finally initiates interaction or navigation events,
feedback should be clear and immediate. Even a small
delay in feedback can leave a user wondering whether
their input was recognized, thereby disrupting the
experience. Interaction feedback should be contextappropriate and either conform to a user’s expectations,
or communicate meaningful information by its departure
from expectations.
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3. USER INPUT DEVICES - CAPABILITIES & LIMITATIONS
Immersive experience design presents unique challenges
to user input and control. There are many input devices
from which to choose when designing an immersive
experience, each with unique capabilities, advantages,
and limitations. Devices that allow users to interact with
computers and media devices generally fall within a
relatively small number of categories for different modes
of input.

Keyboards, mice, and video game controllers feel natural
to many users, but they are indirect input methods that
require the user’s intentions to be translated through an
intermediary. In order for users to perform interactions
by pressing keys on a keyboard, they must learn the
keystroke that is assigned to the desired interaction.
Keyboards only feel natural to users who have developed
a deep familiarity with the device through thousands of
hours of experience using the device in many applications.
Yet, as a means of inputting text, only voice recognition
systems boasting a high degree of precision can be more
natural. Mice and joysticks are more intuitive means for
communicating position and desired movement, but they
are also indirect. Joysticks become intuitive faster than
keyboards by assigning physical actions to analogous
virtual actions. Pushing the joystick forward causes
a player to move forward in the virtual environment.
Pushing left results in a left turn. A person in the physical
world who desires to move forward does not think about
how to accomplish that action. Once the decision is made
to move forward, the action of stepping forward follows
naturally. While joysticks can become intuitive fairly
quickly, they still require that a user’s intentions to move
around a virtual environment be translated into actions
that do not naturally produce locomotion in the physical

environment. Although the effect may be small, the
mental process of performing that translation adds to the
overall cognitive load of the experience, detracting from
the potential for content engagement.
One natural method of indicating a position within
view is pointing. The mouse allows users to point at
virtual locations, but the pointing action must still be
translated through an indirect-input device. A user
cannot pick up a mouse in their hand and point it at the
screen to successfully communicate a target position to
the computer. Instead, the user must mentally transfer
the virtual space with which they are interacting to
the desk surface underneath the mouse, and translate
the intention to point at a location to the equivalent
hand-movements on the surface of the desk. Track-pads
get closer to a natural experience with the use of fingertips as inputs, but they still require the user to connect a
position in virtual 3-D space with a position on an external
2-D surface.

Touchscreen systems evolved to bridge the gap left by
track-pads, allowing users to point with their fingers
directly at an interactive element and touch it to trigger
the interaction. Novice users become familiar with this
basic input mode very quickly. Adding complexity to
the basic mode of interaction, touchscreen devices can
recognize multi-finger inputs and gestures performed on
the screen surface. Some gestural inputs mimic realworld actions, like swiping from right to left to turn to
the next page of a book, while others are inherent to the
touch-screen medium, like pinching to zoom in or out in
a media application. If a person viewing a photographic
print on a table top in the physical world wanted to
inspect the image more closely, they would never place
9

2 fingers on the print and perform a gesture to enlarge
it. However, on a touchscreen tablet where the image
actually is able to respond to gestural input, the gesture
makes sense. While some gestures are further abstracted
from their function than others, gestural control is
the most natural mode of input for user interaction on
touchscreen devices.
As touchscreens continue to evolve, the addition of tactile
feedback that supplements the visual feedback on screen
will create the potential for even more natural interfaces.
Tactile feedback helps users to build a richer mental map
of the system with which they are interacting. Tactile
interaction cues may, in some cases, be rich enough to
replace visual cues altogether. Although when used in
concert with visual feedback, tactile interaction can
create a very natural experience with only a minimal
impact on a user’s cognitive resources. Creating this type
of natural interactive experience is a critical component of
complete immersion in 3-Dimensional environments.

Augmented reality devices that are worn on users’
heads, such as Google Glass and Microsoft Hololens,
allow users to see the real world in addition to virtual
content. Using a touch-interface with those augmented
reality devices is possible. Google Glass makes use of
such a touch-interface. However, those input modes
loose effectiveness in augmented reality environments
because restricting input to a limited surface within the
overall field of view – or outside of the field of view –
disconnects the interaction from the interactive object
in much the same way as keyboard and mouse inputs
are disconnected from on-screen events. Google Glass
uses a multi-modal input system that combines head
movements with touch-input on a head-mounted panel to
trigger interaction. While this solution is partially inherent
to the medium of a head-worn device, it does not connect
to a natural human mode of interaction. Humans are able
to communicate a direction in space by head movements,
but tapping and stroking a panel on the side of the user’s
head is not an intuitive method of human interaction.
The unnatural mode of interaction imposes perceptual
10

restrictions that make it difficult for users to access the full
potential of the Google Glass device. A solution that might
be more natural for users is to track hand-position within
the field of view, and adapt a familiar gestural language to
control interaction. Unfortunately at this time, the image
processing required to track hand-position visually and to
recognize gestures accurately places a heavy burden on
the Google Glass hardware.
Game systems such as Microsoft Kinect utilize dedicated
infrared and optical cameras and proprietary hardware
to process a user’s gestural input. This permits a user to
move their hand naturally in the direction of an interactive
element on a screen in front of them to activate the
desired element and follow-up with a gesture to perform
an interaction. While these interactions can feel natural
under ideal conditions, the complex physical parameters
of a given user’s environment can impede reliability.
Large objects like furniture and walls can interfere with
gestures performed near by, and sub-optimal positioning
of the Kinect controller can render gestures difficult to
recognize.

Even under ideal conditions, gestural interfaces such
as Kinect suffer from one key failing, compared to
touch-based input systems. Keyboards and mice, game
controllers and joysticks, and touch-based gestural inputs
all enter an idle state when the user removes their hand
from the device. In the idle state, the device does not
interpret input or trigger unintended interaction. Systems
such as Kinect that track the position of a user’s body in
a physical space are always active and seeking gestures
that resemble recognized input. Movements that are not
intended to be gestural input, but are performed inside of
the field of view of the device, may be recognized falsely
and lead the user to unintended consequences that break
the natural flow of the experience.
In-air gestures are featured as a primary mode of userinteraction for Microsoft’s Hololens platform, which
is still under development. This augmented reality
platform promises to improve on the Kinect experience
by mounting similar motion-tracking hardware directly
on the Hololens device, which is worn on the user’s

head. In this way, only hand positions and gestures
performed approximately within the user’s field of view
are recognized as input, and that input very closely
matches the user’s own perceived hand positions. This
hardware design approach offers designers the ability
to create extremely natural user interactions. Users of
well-designed Hololens experiences will be able to use
their own hands in a natural manner to interact directly
with content and interface elements as if those elements
were the physical objects they appear to be. For example,
within the augmented reality experience of Hololens, a
user may see an interactive virtual object appear on a
desk in front of them. The user might activate that object
by tapping it with their index finger, and follow up with
a more complex gesture like a sideways swipe to engage
a more complex interaction, like flinging the object off
the table. By adding complexity through a series of
interrelated gestures, as opposed to unique gestures for
each interaction, users can learn the basic vocabulary
of the gestural interface quickly and master complex
interactions as a function of natural progression through
the experience.
Fully immersive platforms, such as Oculus Rift,
give designers the power to create very compelling
experiences that place a user in a complete 3-D
environment with much of the freedom to explore
that they are accustomed to in the physical world. An
augmented reality experience can add virtual elements
to the user’s physical environment, but an immersive
virtual environment can free the user from the confines
of the physical environment almost completely. While
full-immersion is a powerful experiential tool, head-based
systems like Oculus Rift do present their own unique
challenges to interaction designers. Immersed in these
3-D environments, users are not able to see the physical
environment outside of the virtual experience.

Experiences should be designed to encourage users to
remain comfortably seated at all times for safety, with
interactions that are designed to be performed safely from
the seated position. Unfortunately, because the users
hands are also obscured from view, the visual feedback to
support a natural gestural interface is not present unless
motion-tracking sensors are added and visualizations of
the user’s hands are incorporated into the experience.
These experiences may rely on touch-based input systems
instead, such as keyboards, video game controllers, and
joysticks for user-interaction. These modes of input
may feel intuitive to a large number of users, but they
exist in a physical environment outside of the immersive
environment. This imposes an additional degree of
separation between the user’s intentions to act and the
actual interaction, creating a relatively high cognitive
load for interaction and preventing complete immersion.
No matter how natural the virtual environment may feel,
users must translate interaction desires into actions in
the surrounding physical environment based on a mental
map that does not correlate to real-time visual perception.
Even the most intuitive controller used in this way feels
awkward and unnatural. Additionally, when a user loses
contact with an input device, it can be difficult to re-orient
without the ability to see the device’s location in the
physical environment.
Proprioception generally gives humans a functional
sense of where their hands and arms are in the space
around them, even in the absence of visual cues. This
sense allows users to perform gestures in the air without
seeing their hand movements, although accuracy and
reliability suffer from the lack of visual reinforcement. If
hand positions are represented virtually in real time to aid
proprioception, gestural control becomes as natural in the
immersive environment as it can be in augmented reality
experiences.
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Several systems now exist to capture in-air gestures and
map hand positions into a virtual space. Sixth Sense
is one such motion-capture system that uses cameras
mounted on a user’s chest. Individual finger positions
are tracked via markers or gloves worn on the hand. The
S.T.E.M. controller made by Sixense tracks hand positions
through connected devices held in the user’s hands, but
this requires the use of a controller interface on the handdevice and does not allow the user to interact with the
environment through natural hand and finger movements.
Leap Motion VR is a motion-tracking system that can be
mounted on the head set for Oculus Rift. Leap Motion
tracks hand and individual finger positions as they would
be seen from the user’s own visual perspective. No glove
or device is necessary to track the user’s movements, so
hand and finger motion is completely unimpeded. The
leap-motion software provides a selection of ready-made
hand and arm visualizations that track well with their
hardware and offer users enough realism to identify
the virtual hands functionally as their own. While these
hands and arms do not accurately represent the visual
appearance of the user’s own hands, real-time gesture
and position tracking is sufficient to associate the visual
perception of movement with the proprioceptive sense,
creating a sense that the virtual limbs are real. This
delivers the same potential for natural user interaction to
the immersive environment of Oculus Rift that is promised
by Microsoft Hololens’ augmented reality experience.

However, in order to fully realize the potential to create a
natural experience for users, interfaces and interactions
must be carefully designed to take advantage of hardware
capabilities, while considering design solutions that
overcome or circumvent hardware limitations.

4. ENVIRONMENTAL INTERFACE & INTERACTION DESIGN

12

Oculus Rift and Leap Motion have no provision for
tactile feedback to confirm gestural input from users.
Without tactile feedback for interaction events in a
virtual environment, users may not experience complete
immersion (Rathod). However, careful interaction design
can largely overcome the lack of tactile response, and in
some cases even fool the user into perceiving touches that
have no physiological basis (“Leap Motion VR”).

the surface quality, information is derived from visual
perception of an object’s reflectance and visual texture
(Anderson). If an object can be moved, the way it moves
can provide critical perceptual information. Most people
have a sense of the force required to move an object in the
physical world, and the combination of proprioception
and visual feedback ensures reliable and accurate object
interactions.

In the physical world people may touch anything
within reach, and anything touched will provoke a
tactile response. Objects have a wide range of surface
features that can be generally distinguished by touch.
For example, most people have no difficulty telling the
difference between rough stone and smooth glass by
touching the material surfaces, but highly polished stone
can approximate the smoothness of glass. In cases of
perceptual ambiguity, multiple senses are combined
to form a more complete picture. In addition to feeling

Without tactile sensation, visual and audible feedback
must suffice for all interactions. In immersive virtual
reality, all interactive elements should be reactive to the
user’s actions, even when those actions do not trigger
interaction. For example, when a user’s hand comes into
contact with an interactive element or object, it should
respond with motion or a partial transition towards the
active state. “When this happens, the kinetic response
of the object coincides with a mental mode, allowing
people to move their muscles to interact with objects”

(“Leap Motion Best Practices” 5). When a control displays
this kind of partial transition state, the user perceives
it as being in response to touch. This is analogous to
hover states used in web-based and other 2-D interactive
media designs, though much richer due to the simulated
tactile engagement. The hover state affords users an
opportunity to instinctively withdraw their hand from
the control if the interaction is unintended, or to further
engage through proprioceptive intuition to fully activate
the control.
Hover states go a long way towards simulating tactile
responses, but additional visual cues are needed to create
truly believable immersion. Lighting in the environment
should behave as in the real world. When a hand casts
a shadow on interface elements, it reinforces the spatial
relationship between hand and interface. When a hand
approaches an interface element or any other interactive
object, light from the object should reflect off the hand
as well. Realistic lighting affords users the anticipation
of contact. Audible cues that coincide with visual cues
to communicate contact after the anticipation of contact
create a profound sense of immersion (“Oculus Best
Practices”). Because environmental perception is a
cognitive process that combines input from multiple
sensory pathways, the anticipation of touch followed by
well- timed audible and visual indicators of touch can
be effectively perceived by the brain as touch (Jacobs,
Rathod). For example, when a user sees a convincing
representation of a hand approaching and then touching
a button-like control, and sees the button depress slightly
accompanied by a subtle pop or thud as the sound of
a finger landing on a button, they may feel the contact
as though they were touching a physical button. A
subsequent click or tap sound when the button is fully
depressed communicates full engagement, and prompts
the user to withdraw their hand from the control.
In the physical world, people commonly interact with
objects that are hidden from sight underneath their own
hands. When a person reaches for a small interactive
object, like a light switch, in the moment before the switch
is touched, it may be fully obscured by the person’s hand,
but with knowledge of how the switch works, tactile
feedback ensures successful operation of the switch.
Without actual tactile feedback, controls should never
be completely obscured in immersive virtual reality. To
strengthen and enrich the simulation of tactile feedback,
Leap Motion recommends making controls large enough
to be seen underneath virtual hands, or allowing virtual
hands to become partially transparent when close to
interactive elements. Either approach ensures that visual
feedback of interaction is always available to users at the
moment of contact.

When designing interactive elements for immersive
virtual experiences and considering the form of visual
feedback that best communicates interactivity, it is
equally important to consider which gestures will trigger
interaction. The natural movements of the human hand
tend towards curved arcs due to the geometry of the arm
bones. Interactive elements must allow for activation
from a range of directions in three dimensional space
to accommodate natural movements. A button may be
pressed with a straight gesture in the direction of the
button’s axis, but the button must also react to motion
perpendicular to its axis, as natural motion is not typically
confined to a single axis (“Leap Motion Best Practices”).
Gestural control systems such as Leap Motion and
Microsoft Kinect track hand positions most reliably when
the hand is flat and moving through an open space with
fingers visible and spread (“Kinect Gestures”, “Leap
Motion VR”). Interactions should not be designed to
use fingers out of sight of the controller. For example,
interfaces should be designed that only encourage
pinching motions that keep the fingers visible, as opposed
to pinching an object that may be obscured by the user’s
hand at the moment of interaction. If the controller
cannot see the gesture being performed, the user cannot
interact by performing that gesture.
For the Leap Motion controller mounted on Oculus Rift, the
space between eye level and desk level is recommended
for most interactions. Users who sit near a desk or table
while using Oculus Rift may experience unexpected virtual
hand movements when their physical hands come close to
the desk or table surface, due to the infrared reflectivity of
many surfaces materials. Errors in tracking can produce
unnatural virtual hand movements that do not correspond
to physical hand movements, weakening the sense of
immersion by breaking proprioceptive correlation with the
real world. Forcing users to raise their arms above their
heads may obscure much of the environment or produce
abnormal tracking behavior. To avoid tracking errors and
provide the most pleasing and convincing experience
possible, most interaction cues should be placed in the
virtual environment between desk and eye height (“Leap
Motion Best Practices” 12).
Abnormal hand tracking may also occur near the edges of
the controller’s field of view. Interactive elements should
be disabled when in the far periphery of the user’s field of
view, to discourage users from keeping their hands near
the edge of the field of view. Leap Motion has a 135º field
of view for hand tracking, wider than the 100º field of view
presented to Oculus Rift users. (“Leap Motion VR”) Oculus
Rift suffers from poor resolution in the far periphery, so
while tracking errors may not be severe, discouraging
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peripheral interactions also reduces eye strain within
the experience. (“Oculus Best Practices” 13) The edge of
the interactive space should be communicated in a way
that develops user intuition without distracting from the
experience. Leap motion suggests applying transparency
to the virtual hands slowly as they approach the edge of
the interactive space. Users are not terribly disturbed by
hands fading out at the edge of their field of view, because
in the real world, a person may easily lose sight of their
hands while looking around in 3-dimensional space. In the
virtual experience, as long as the user’s hand fades back in
where it is expected, proprioceptive correlation with the
user’s physical arms is preserved.

Depending on the context of the specific environment, it
may be more appropriate to render field-of-view feedback
through other visual techniques like reducing the amount
of ambient light that is reflected off the virtual hands or
employing color variation in the periphery. Whatever
the method used, visual feedback indicating the edge
of the interactive space like all other interaction cues
should be consistent with the design and behavior of the
environment. This will maintain the sense of immersion
while imposing only a low cognitive load on users, thereby
enabling them to enjoy the greatest possible level of
engagement with content.

5. OPTIMIZING USER ENGAGEMENT WITH CONTENT DESIGN
When designing experiences that require users to move
around a virtual space in order to explore content, special
care must be taken to avoid causing motion sickness.
In AR, such as Google Glass and Microsoft Hololens
experiences, locomotion within the experience is achieved
as naturally as moving through the physical space to
which the augmented reality is applied. A user may simply
walk around in physical space, progressing through
the experience as they go. However within the virtual
experience of Oculus Rift, forcing users to control their
locomotion by walking around the physical environment
creates unmanageable safety concerns because the
physical environment surrounding the user is completely
obscured from sight. In this case, although walking may
be the most natural mode of locomotion for most users, it
is prohibitive because of the current form of technology.
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To avoid motion sickness, the experience must never
transport users except in response to interaction input
(“Leap Motion Best Practices” 10). It is therefore very
important to design a natural-feeling interface that gives
users complete control over their own locomotion. While
there is no single correct approach to locomotion in
virtual reality, a number of experimental approaches have
achieved a measure of success.
The Planetarium, a Leap-Motion demo application, uses
a spherical control that the user can manipulate with
their hand. Rolling the ball forward and back and to
the left and right controls travel across the surface of a
spherical plane such as the surface of the earth. In this
case, the user is floating far above the surface of the
earth at a fixed altitude, and the control sphere displays
a compass during navigation to aid user orientation. The
Planetarium mitigates motion-sickness risk by letting all
motion be user-controlled, keeping accelerations brief,
and presenting the visual content of the experience from a
resting position to discourage extraneous movements.

Another demo called World of Comenius employs an
artifact that users can tap to initiate travel from place to
place. In World of Comenius, these are glowing orbs that
transport the user to a new location. When activated,
the animated transition gives the sensation of being
transported instantly between places, rather than
traversing the space between places.
This avoids the risk of motion sickness that arises from
uncontrolled motion through space, but the transition
can be momentarily jarring until the user becomes
accustomed to the visual effects employed. Any number
of virtual reality simulations use the two-handed “SuperMan” gesture to fly around space, including Weightless for
Oculus Rift and Leap Motion. This method is fairly intuitive
for guiding the direction of short travels through space,
but it requires nearly fully-extended arm positions which
can lead to fatigue after many navigation events (“Leap
Motion Best Practices” 15).

While the Leap Motion controller offers a number of
locomotion options in their interaction examples,
designers are not restricted to using those methods. Any
gesture or action that the system can recognize may
be used to control interactions. The Three.js plug-in
provides some additional mechanics for controls. One
such control, called Spring Controls, permits a user to
momentarily pinch a location in space to travel quickly
to that location, or to hold their fingers together longer
to slowly float in that direction. In either case, motion is
user-controlled, and a spring-like action eases any sudden
acceleration to keep the risk of motion-sickness low
(“Three.js”).
The choice of locomotive control ultimately depends
on the context of the specific virtual experience. Like
other forms of interaction a user may perform, the style
of locomotion should seem as natural as possible to the
immersive environment. Whenever it is possible to design
an immersive experience without requiring the user to
move through space, doing so will greatly reduce the risk
of motion sickness. When an experience requires that
users move around the environment, accelerations should
be gradual at the start and finish, and be kept brief.
Users of immersive virtual experiences tend to be
comfortable without seeing any representation of
their own body. Virtual arms suffice for interaction,
but no visualization of body is necessary to produce
convincing immersion. Users have become accustomed to
“disembodied observation” (“Leap Motion Best Practices”
16) through television and movies that are experienced
from a fixed perspective external to one’s body. If a body
is necessary to a particular experience design, the body
should only be visible as a first-person perspective. While
users do not need a body to feel immersed, they can have
difficulty relating natural movements and gestures to
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an avatar in a third-person perspective. A third-person
perspective, as if the user were a puppeteer controlling
a character on a stage, prevents complete immersion
within a virtual environment and carries additional risk
for motion sickness when users attempt to navigate the
environment (“Oculus Best Practices” 8).

known galaxies extending to the cosmic microwave
background at the edge of the visible universe (“Exoplanet
App”). While the Exoplanet App does an excellent job of
representing spatial information within the confines of
a 2-dimensional screen, the app fails to engage user’s
depth perception sufficiently to communicate the scales
involved.
A great deal of astronomical data is available to the
public, and by extension, to media designers. Enough is
known to virtually model many star systems that contain
exoplanets. A 2-dimensional model of the orbital paths
that planets take around their host star may communicate
the basic timing and distance relationships between
orbiting objects, but by engaging depth perception, a
richer mental map of the space makes a more intuitive
understanding of the environment possible.

If locomotion can be accomplished with a low risk of
motion sickness, it does offer information designers
a powerful tool for organizing information. As a user
navigates from one space to another, relationships
are drawn between the spaces and between the
contents of each space (Johnson). When presenting
spatial information in an immersive environment, the
opportunity exists to design transitions that communicate
meaningful information. For example, human beings who
have never traveled outside of the Milky Way galaxy may
have difficulty grasping the enormity of space. As Douglas
Adams tells us throughout The Hitchhiker’s Guide series,
“Space is Big.” In virtual reality, a user might float in space
far above the milky way galaxy and view an approximation
of it’s structure. Then by some mode of locomotion, a user
might fly in closer and inspect a single section of one of
the milky way’s spiral arms that might contain one million
stars. Another fly-down or series of navigation events
could effectively zoom in to a view of the earth from orbit,
a scene that will be familiar to many consumers of digital
media entertainment. If navigation between spaces is
designed to visually reflect the size relationship of those
spaces, the navigation event itself can create an intuitive
understanding of the scale of the Milky Way galaxy.
Available for iOS and Android, the Exoplanet App features
a Milky Way view that presents just such an experience
for 2-D devices. With a pinching gesture on the device’s
touchscreen, users can zoom with a very fine degree
of control from a galaxy view down to the scale of star
systems, though not as finely granular as individual
planets. A single finger swiping gesture controls the
user’s orientation in space. In-app purchases can enable
additional levels of detail, from the positions of known
asteroids in our solar system to a representation of all
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Virtual environments do not need to be strictly rational.
If a user floating in space wishes to compare multiple
star systems, a series of gestures may be designed to
allow the user to arrange them side-by-side rather than
in their proper locations. This approach avoids motion
sickness by transporting targeted interactive elements
towards the user, rather than transporting the user
through space. A user who is able to view several star
systems simultaneously in this manner may be able to see
at a glance the differences and similarities between the
star systems, thus intuitively beginning to form an idea
about common and dissimilar traits among planets in our
galaxy without relying on a scientific background to derive
understanding.
In many cases, text, images, and video will be essential
to support immersive experiences. When designing
flat content or presentation containers for flat content
embedded in 3-D environments, it is as important as ever
to consider both the user and the technology. Because
Oculus Rift suffers from poor resolution in the periphery,

content placed at the edge of the user’s field of view may
seem blurry. Designs should encourage users to view
2-dimensional images, videos, and text directly. Eyes
move while reading, which can cause blur and distortion
within the Oculus headset. This may be perceived as
motion without user-interaction, and can cause nausea
(“Oculus Best Practices” 26). For this reason, narrow
columns of scrollable text are preferred to wide columns
that require excessive eye movement.
When text is attached to a flat surface in 3-dimensional
space, if a user chooses to observe that surface from an
angle, such that one side is farther from the user than the
other, then scanning a line of text also triggers a change
in focus in the user’s eye. Because the Oculus experience
is at all times conveyed through lenses at a fixed distance
from the eye, focus changes can cause image distortions
and blurring that result in nausea. Environmental designs
should discourage users from reading text from any large
angle by hiding text when the user perspective angle
becomes great enough to present viewing challenges. For
the most natural presentation of text, images, and other
2-dimensional media, such content should be placed on
a concave surface. If content is wrapped on a spherical
plane with a fixed radius to the user’s point of view, then
all points on the surface will be perceptually equidistant
to the user’s eye so that no change of focus will be
necessary (Erkelens, “Oculus Best Practices” 25).

The specific placement and geometric form of 2-D content
will always depend on the nature of the content within
the overall context of the 3-D virtual environment. As
the technology evolves, it will impose fewer design
restrictions on content design. Nevertheless, the
perceptual foundations of content design will remain
critical for as long as humans use their own natural senses
to perceive.

6. CONCLUSIONS
Successful immersive virtual environments require
careful attention to many facets of design. Environmental
and interface design must support interaction and
navigation design, which must in turn support content
such as information designs. In every experiential detail,
designers must consider multi-modal user perception and
natural modes of human interaction. Many technological
factors play into design considerations at every level.
However, when an experience provides users with a high
level of immersion and presents a low cognitive demand
for interaction, the potential to communicate big data
naturally and intuitively is nearly boundless.
In a virtual environment, data visualization can be
grounded in the natural perception of the physical system
the data describe. This can enable users to engage
with content in a natural feeling way, even in a virtual
environment that might give the user fantastic control

that could never be achieved in the physical world, or in
an environment that selectively breaks free from mimicry
of the physical world. Virtual reality gives designers
the power to communicate through visual and audible
means just as could be done in 2-dimensional media, but
also allows designers to communicate through users’
natural sense of spatial awareness. Motion tracking and
gesture recognition systems empower users to interact
with virtual environments through the fluid and natural
movements of their own hands, providing another layer to
content engagement. With each new perceptual modality
that can be engaged by thoughtful virtual experience
designs, there comes a corresponding rise in the
information communication capacity of the medium.
The 3-D immersion capabilities of Oculus Rift, combined
with the motion-tracking gestural control from Leap
motion, affords designers the opportunity to create
17

natural data visualizations that promote intuitive learning.
Users can enjoy incredible control of the environment and
of content, allowing them to explore in new ways that add
dimensionality to their perception of information. The
addition of headphone or surround-sound audio, with
sounds designed to support the virtual environment, can
contribute to a well designed experience and produce a
profound sense of immersion. The consumer VR and AR
markets will see a large number of competing devices
by the end of 2016, each with a unique set of features
that promotes the most convincing sense of immersion
possible. However the suite of technological devices
necessary for absolute reality in virtual environments is
not quite complete. As the technology evolves, it would
be convenient for designers to be able to control true
tactile feedback within the physical world, as users touch
and interact with virtual objects.

At least one company, Ultrahaptics, is attempting
to provide that capability with a product that is now
available to selected VR developers for evaluation
(“Ultrahaptics”). When this, or a competing technology,
succeeds in adding tactile control to consumer virtual
reality platforms, designers will gain the ability to
communicate information to users in substantially
every way that users are able to perceive – other than
by taste and smell. Tactile design, like 3-D environment
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design, will evolve with greater levels of refinement
over time, but the same fundamental tenants will apply
to the development of tactile interaction designs as to
the development of gestural interaction or the visual
and auditory design of an immersive environment.
Tactile designs must support the greater context of
the environment with appropriate textures, simulated
movement, pressure, friction, and any characteristic
that communicates meaningful information within the
experience.
While existing tactile interfaces are not ready for widescale development, the same can no longer be said of
immersive virtual reality. With creative control over a
broad perceptual range, interactive media designers can
present users with an unprecedented range of content and
experiences on current virtual reality platforms and those
soon to be released en mass. The time for immersive
information design has come.
Going forward, this research will contribute to the
production of a prototype data visualization that enables
users of virtual reality headsets to explore star systems
first hand to develop an intuitive understanding of what
it means for a planet to be considered habitable. The
prototype is to be built using Unreal Engine 4 for the
Oculus Rift Developer’s Kit 2, pending the consumer
release of the platform in 2016. Leap Motion gestural
control will serve as the primary means of user
interaction. The principles discussed in this paper will
guide the overall design of the experience, which will be
refined in an ongoing process of research and practical
experimentation. A proof-of-concept prototype is
tentatively scheduled for release in the first quarter of
2016, in time to take advantage of the momentum that is
sure to be created by the Oculus Rift consumer release.
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