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1  Introduction and Motivation

3D computer graphics is becoming
more and more popular due to the
increased availability of 3D hardware
and software on all classes of comput-
ers. However, despite this growing
popularity and the existence of a num-
ber of successful 3D graphics applica-
tions, particularly in CAD, CAE, and
medical and scientific visualization,
the field is still very immature. There
are no widely accepted standards for
hardware or software platforms; learn-
ing to implement or use 3D graphics
software is still extremely laborious;
and the most effective ways for
humans to interact with synthetic 3D
environments are still not clear.

In the past few years, a number of
research and commercial groups
around the world have been studying
these problems [1][3][9][11][16][20]
[23][29][33][34][37]. Most have real-
ized that 3D graphics applications are
significantly more difficult to design,
implement and use than their 2D coun-
terparts. The authors were interested in
understanding more about these diffi-
culties, and their many diverse sources
– users’ perceptual, cognitive, and
motor skills and abilities, limitations
of currently available input and output
devices, the nature of 3D tasks, and the
variety of implementation strategies
and development environments. In
order to get a reasonable understand-
ing of these challenging issues, input
from other researchers both in our own
field and others, such as perceptual
psychology, kinesiology and graphic
design is necessary.

In order to draw together an suffi-
ciently diverse collection of research-
ers to discuss these issues, we
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organized a workshop at CHI’94
called “The Challenges of 3D Interac-
tion”. The primary objective of this
workshop, held on April 24th and
25th, 1994, was to identify the princi-
ples and techniques necessary to
design, implement and evaluate spe-
cifically 3D user interfaces – that is,
interfaces that exist in the same 3D
environment as the 3D application
objects they control. Despite the title
of the workshop and the obvious bias
of the organizers toward specifically
3D computer graphics, many of the
issues discussed during the workshop
turned out to be applicable to user
interface research in general.

2  Workshop Structure

The seventeen workshop attendees
were selected on the basis of position
papers submitted by almost 40 appli-
cants (Appendix B describes how to
obtain copies of these documents). In
selecting participants, we attempted to
gather as diverse a set of experiences
as possible.

Most of the first day was devoted to
individual presentations by the three
organizers and the seventeen attend-
ees. Each person gave a ten-minute
talk followed by a short question-and-
answer period. The remainder of the
two-day workshop was made up of the
following panel discussions:

• Application space
• Fundamentals of 3D interaction –

what is a 3D user interface?
• Psychology

• Perception
• User studies and evaluation of

user interfaces
• Conceptual design

• Borrowing from and designing
for the “real world”

• Borrowing from 2D user interface
experience

• Current state of the art in 3D user
interface research

• Non-traditional interfaces
• Agenda and directions for future

research

These topics arose partly from our
experience in the field and partly from
the attendees’ position papers. In prep-
aration for the workshop, the organiz-
ers selected a team of two or three
participants to lead each panel and
gave each team a list of potential ques-
tions to help them organize a short
introduction to the topic. Each team
then moderated a group discussion.
The following sections describe the
main points of each of the panel topics.

3  Applications for 3D Graphics

Stuart Card, David Zeltzer

This panel began by considering the
following list of application areas that
have successfully used computer-gen-
erated 3D graphics and 3D user inter-
faces. There are, of course, non-3D
applications within each of the follow-
ing areas, but we were concerned with
identifying those particular applica-
tions which have driven 3D user inter-
face research to date.

• Envisionment of intrinsically 3D
data: architecture, CAD/CAM [10],
modeling and animation, medicine

• Fantasization of worlds: games/fan-
tasy, simulation and training

• Information Visualization: financial
data, scientific visualization, data-
bases, libraries
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• Communications: teleconferencing,
meetings

We believe that these same application
areas will continue to drive future 3D
interface research. However, the hard-
ware and software implementations of
future applications must address the
following issues:

Scale: Though many of the 3D appli-
cations developed in research labs are
dealing with new interface and presen-
tation ideas, they have generally been
very small-scale, proof-of-concept
implementations (commercial systems
are generally more robust and com-
plete and therefore of greater use to
more people, but do not necessarily
push the limits of user interface
research). If these applications are to
be useful they must be able to support
higher density problems. Design
applications must support much larger
databases of information (e.g., the
Boeing 777 database is measured in
gigabytes). Likewise, information
visualization applications must handle
large amounts of data while still dis-
playing it legibly. There will also be a
great difference between consumer
and higher-end applications for medi-
cine and science: these latter applica-
tions will generally require higher
degrees of accuracy and resolution
than applications for entertainment.

Level of Detail: User interfaces must
also provide ways to manage the rela-
tive size relationship between objects
in a computer-generated 3D environ-
ment and the view of this environment
as seen by a human. For example,
some scientific datasets contain data at
many different scales (e.g., large-scale
flow of air past an aircraft fuselage
versus the much more detailed flows
around the jet engine turbines). An
application for visualizing this data
must provide ways for users to change
the size of their view so that these data
at varying scales can be observed.

Interaction model: The traditional
interaction model used for 2D WIMP
(Windows, Icons, Menus and Point-
ers) interfaces may not be appropriate
for all 3D interfaces, especially those
that use input and output devices with
more than two degrees-of-freedom

(DOF). Whereas systems employing
WIMP-style interaction models gener-
ally enforce a distinct separation
between application and user interface
and limited communication between
them, so-called “non-WIMP” [17]
user interfaces must support:

• higher bandwidth input and output
• many degrees of freedom
• real-time response
• continuous response and feedback
• probabilistic input
• multiple simultaneous input and out-

put streams from multiple users

Interaction techniques: The tasks for
which a particular application is used
will determine the interaction tech-
niques its user interface must support.
Applications for architectural design,
for instance, must provide very precise
controls for object placement and size,
but a program to help you to position
furniture in your house may need only
gestural placement tools. Similarly,
applications for which immersive dis-
plays are best must support very dif-
ferent navigation and manipulation
tools from applications for desktop
use.

While it is agreed that each application
places different demands on the design
of its user interface, a number of inter-
action tasks seem to be universal to 3D
graphics applications:

• Object creation, model definition
• Object selection
• Object placement and editing: affine

transformations (e.g., translate,
rotate, scale, alignment, etc.); modi-
fications to other parameters (e.g.,
color, shading, etc.)

• Viewpoint control
• Perception: extracting cognitive

information from an environment
• Programming: defining behavior of

objects and relationships between
objects

Just to clarify the terminology, this is a
list of tasks which are common in 3D
applications.Interaction techniques
are the interfaces one uses to complete
a particular task. Theseinteraction
techniques are discussed in detail in

Section 4, “Fundamentals of 3D Inter-
action”.

Utility of 3D UIs: The user interfaces
of some 3D graphics applications will
probably not migrate naturally into
3D. Architects, for instance, have been
trained for centuries to use 2D drafting
tools to design 3D buildings. This may
indeed be the optimal method for this
task and giving them 3D tools on a
computer may not help them at all to
design buildings. However, in order to
communicate their work to clients,
they must generally translate their 2D
drawings into 3D – for this task, a fully
3D application may be appropriate.

4  Fundamentals of 3D Interaction

Jock Mackinlay, Lutz Kettner

The interaction techniques used in
today’s 3D graphics applications to
manipulate synthetic objects and navi-
gate through synthetic worlds are gen-
erallyad hoc implementations of task-
dependent designs. Little work has
been done to unify the wide variety of
techniques into a universally applica-
ble set. There is, however, a feeling
that a general set of 3D interaction
techniques will eventually emerge.
Some examples of current techniques
are:

• ray intersection picking for object
selection

• direct-manipulation object place-
ment (screen-aligned translation,
virtual sphere rotation, etc.)

• pan, zoom, and rotation of camera
• use of textures, stereo displays,

shadows and other depth cues to aid
perception

• widgets for constraining gestural
user input to specific degrees of free-
dom (e.g., object handles, grids)

While incomplete, this list does point
to some of the difficult problems of 3D
interaction. For instance, performing
object selection by ray intersection can
be problematic when there are many
objects in a scene, because 3D objects
tend to occlude one another.

It is often difficult to implement direct-
manipulation interaction techniques
for 2D input devices (mouse, tablet,
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trackball, etc.) because correlating 2D
hand movement in the real world to
object movement in the synthetic
world can be difficult, especially if the
planes of motion are not similar. The
chain of indirection typically used in
mouse-driven 3D user interfaces
(from a user’s hand through the
mouse, then through a widget, and
finally to the object) only complicates
the matter. Higher-DOF devices (e.g.,
6D tracker, glove, etc.) may alleviate
some of these problems, but many of
these devices, at least in their current
incarnations, are very fatiguing to both
eyes and muscles and have relatively
poor spatial and temporal resolution
(though advances are being made in
these respects). The use of physical
constraints may help alleviate this
strain and may also increase interac-
tion precision, just as straight edges
and tabletops, for example, increase
the accuracy of drawing straight lines
with pen and paper. Indeed, devices
with three or more DOFs may ulti-
mately provide a more direct interface
to 3D manipulations than their 2D
counterparts, but more work must be
done to make them easier to use for
both developers and users.

Navigation in computer-generated 3D
worlds is also problematic because
these environments often have rela-
tively little detail (compared with the
real world) and the techniques used to
control the viewpoint are sometimes
difficult to use. Adding markers and
landmarks to virtual worlds may help
prevent people from getting lost so
easily. But even if users knows their
current position and where they want
to go, they must still be able to control
the navigation technique.

The use of metaphor in 3D user inter-
faces is also important in teaching
users how to translate their real-world
actions into synthetic-world effects
[27]. The popular desktop metaphor in
2D windowing systems is a particu-
larly good example of this, even
though it does not exactly mimic real
desktop behavior. Rooms, offices and
other spatial and physical metaphors
have been proposed for 3D graphics
applications to give users a sense of
the space in which they can operate
[21]; viewing metaphors include per-

spective and orthogonal views, lenses
[4], windows and other ways of dis-
torting space. One can distinguish
between object or physical metaphors
(e.g., folders or trashcan) and action
metaphors (e.g., realistic actions such
as pointing, grabbing and flying; non-
realistic actions such as teleportation).

Metaphors are something of a mixed
blessing, however [19]. For instance,
if a particular metaphor is interpreted
literally by users, they may expect that
their real-world knowledge of that
thing will transfer into the synthetic
world and that the interface will thus
require little learning. In all likelihood,
however, it will not transfer in full,
since metaphors are rarely imple-
mented completely. The challenge to
user interface designers is to develop
interfaces that promote the maximum
transfer of users’ knowledge of physi-
cal objects and actions into virtual
environments.

5  Psychology

Jim Ferwerda, Jack Loomis
Rich Gossweiler, Colin Ware, Chris-
tine MacKenzie

This topic was divided into two sepa-
rate panels. The first focused on the
different ways in which humans per-
ceive the world around them, and the
characteristics 3D user interfaces must
have to exploit these perceptual and
spatial reasoning skills. The second
focused on how people perform 3D
interaction tasks, problems posed by
multiple-DOF input devices, and user
studies and evaluation of 3D user
interfaces.

5.1  Navigation
This panel began with a discussion of
the various cues that humans use to
navigate through the real world,
asserting that we must first understand
real navigation if we are to understand
how to build interfaces for navigation
in virtual worlds [31].

Navigation is the planning and execu-
tion of travel through space, real or
virtual, carried out with reference to
external or internal representations of
the space being traveled. An appropri-
ate conceptual framework for naviga-
tion by machines, humans and other

species recognizes the three kinematic
orders upon which updating of posi-
tion and orientation is based: position,
velocity, and acceleration [14].

• Position-based navigation: also
called “pilotage” or “piloting”. This
form of navigation relies on external
signals indicating position and ori-
entation (e.g., in the form of signals
from stationary landmarks).

• Velocity-based navigation: also
called “dead-reckoning” or “path
integration”. This relies on external
signals indicating speed and direc-
tion of travel. Linear and rotary dis-
placements are obtained
by integrating these signals. Proprio-
ception1, optic flow, and acoustic
flow are all potential sources of such
velocity information in both real and
virtual environments.

• Acceleration-based navigation: also
called “inertial navigation”. With
this form of navigation, linear and
rotary accelerations of the traveler
are doubly integrated to obtain linear
and rotary displacements with
respect to the initial position and ori-
entation. Humans sense such accel-
erations on the basis of vestibular
(inner ear) [24], cutaneous, and
proprioceptive stimulation. Without
a motion base providing acceleration
signals, navigation with 3D UIs will
have to rely on position and velocity
information alone.

As yet, little is known about which
sensory signals are most important in
effectivenavigation by humans, but it
seems likely that visual position and
velocity information is most impor-
tant. The vestibular system provides
rotational information based on the
frequency of the rotational movement:
for low frequency movements it mea-
sures rotary acceleration, while for
high frequency movements it mea-
sures rotary velocity [2].

Even in the field of perceptual psy-
chology, human navigation is not very

1. Proprioceptive information derives
from both the signals from muscles,
tendons, and joints and from the com-
mands issued by the brain to the mus-
cles; it provides an awareness of body
postures and changes in posture as well
as of movement through space.[8]
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well-understood. In most graphics sys-
tems today, vision is the only channel
used to provide navigational cues to
users, though some systems generate
aural, haptic and vestibular cues (e.g.,
immersive systems like flight simula-
tors). The extent to which pure optic
flow can provide adequate information
about one’s position and orientation in
space is still unknown. However, as
mentioned earlier, landmarks can be
very useful for determining location
and are relatively easy to add to 3D
graphics applications. Features such as
horizons provide information about
one’s orientation relative to a ground
plane, and textured surfaces and shad-
ows can inform users about their dis-
tance from objects. All of these
techniques can help people to under-
stand their relation to an environment
around them, though it is still unclear
how exactly people build and maintain
so-called “cognitive maps”.

5.2  Perception2

The characteristics that 3D user inter-
faces must have to exploit the percep-
tual and spatial reasoning skills of
users fall into five categories:

Functional fidelity: Taken together,
the various sensory cues provided by
an interface define the functional fidel-
ity of a given synthetic environment.
The functional fidelity of an applica-
tion must be appropriate to the tasks
being performed. The representation
of the 3D objects in the scene should
be useful, but not necessarily photore-
alistic. More research is needed to
quantify the levels of functional fidel-
ity needed for various tasks. The level
will, of course, depend on the task
itself, but may also vary for users with
different expertise.

Responsiveness: 3D user interfaces
must be very quick to respond to user
input so that natural exploratory and
manipulative behavior can occur.
Studies have shown that lag in immer-
sive environments greatly affects the
accuracy of positioning tasks [6]. If a
user interface is too slow, it becomes
non-interactive. In most computer
graphics systems, lag is generated at

2. Further reading can be found in
[15][32][35].

all points of the I/O pipeline, including
input devices, software (application
processing and user interface), and
hardware (rendering).

Affordances: An affordance provides
information about what can be done
with an interface and what the conse-
quences are of using it [30][36]. Affor-
dances allow the creation of objects
and environments that have meaning-
ful properties, geometry, materials and
behavior, and provide clues about how
to interact with these objects and envi-
ronments.

Appeal to mental representations:
User interfaces must be organized in
such a way that they are recognizable
to users. For instance, metaphors like
those discussed earlier can be used to
transmit the structure and behavior of
a user interface to reduce the cognitive
load placed upon the novice.

Multiple/integrated input and output
modalities: User interfaces should be
able to use more than just the visual
channel for communication. Voice and
gesture can be used for input, sound
and haptics for output.

It was noted during this panel discus-
sion that most perceptual psycholo-
gists doing research today are not
studying the specific problems of con-
cern to user interface developers in the
HCI context (they are investigating the
sensory mechanisms that underlie our
perceptual functioning).

5.3  3D Interaction Tasks
People are inherently active, genera-
tive, and intentional, and fundamen-
tally biological and biomechanical.
These qualities imply a perception-
action feedback loop in every interac-
tion a human makes, including user
interfaces to computer applications.
The physical constraints include con-
stant forces such as gravity and time-
varying forces like friction that
become active when people touch or
manipulate an object. Without think-
ing about them, people use these
forces to simplify tasks. Current
human-computer interfaces very
rarely include haptic devices, and so
are mainly limited to providing visual
or audible feedback to user actions.
Humans generally respond to visual

stimuli by looking toward them and to
sounds by turning toward the source.
User interfaces may be made more
effective by capitalizing on these basic
orienting mechanisms.

5.4  Multiple-DOF Input Devices
Multiple-DOF devices such as 3D or
6D trackers and glove input devices
are excellent choices for multiple-
DOF tasks such as gestural viewpoint
or object placement. Similarly, 2D
devices are well suited for 2D tasks
such as drawing or pointing on a CRT.
Table 1 lists the degrees of freedom for
a number of devices and representa-
tive tasks.

Device DOF Task
Slider/dial 1 volume control
Mouse 2 picking, drawing,

2D location
6D mouse, 6 docking,

tracker view control
Glove, face 16+ hand/face

animation
Body suit 100+ whole body

animation
Table 1: Degrees of freedom of input

devices.
The relationships between devices and
tasks listed above are obvious and are
generally straightforward to imple-
ment and use. Problems arise, how-
ever, when using devices for tasks that
do not have the same number of
degrees of freedom. For instance,
specifying the 3D position and orien-
tation of an object with a mouse is dif-
ficult because one can only modify
two degrees of freedom at a time.
When the task space has more degrees
of freedom than the input device, the
user interface to the task often must
take the form of a complex dialogue of
composed interactions rather than
direct manipulation. Some of these
problems were discussed in Section 4
above, “Fundamentals of 3D Interac-
tion”.

Conversely, using higher-DOF
devices for lower-DOF tasks can also
be confusing if the input device is not
physically constrained to the same
degrees of freedom as the task. Con-
sider using a mouse to change the
value of a one-dimensional horizontal
Motif slider: vertical movements of
the mouse have no effect on the slider,
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thus impairing the illusion that the
screen cursor and slider have a direct
relationship. Even if the screen cursor
is constrained to the space of the slider
(i.e., in only one direction so that the
cursor is always on the slider), the
physical mouse can still move in the
orthogonal direction. These same phe-
nomena occur when modifying a one-
dimensional slider in a virtual environ-
ment with a 6D tracker because the
tracker is not constrained to the same
degrees of freedom as the slider.

A possible solution to the problem of
missing constraints is to use physical
props to constrain or suggest to the
user preferred degrees of freedom,
even though the prop may have as
many actual degrees of freedom as the
input devices connected to them. In
this way, users will tend to move
according to the perceived constraints
of the system [22]. An alternative
approach is to develop ways to con-
strain the task space to fit the input
device being used. More research must
be done to find how best to constrain
multiple-DOF 3D interaction tasks to
more manageable sizes.

5.5  User Studies and Evaluation
User studies are as important for 3D
user interfaces as they are for 2D, but
since the range of tasks differs greatly
in 3D, so also must the metrics used to
evaluate 3D user interfaces. Some
studies have been done to compare
interaction techniques for placing
objects in 3D [18][25], for instance,
but there have been no comprehensive
evaluations of entire 3D user inter-
faces.

6  User Interface Design

Paul Isaacs, Bruce Wilson
Dan Venolia, C. Overbeeke

This topic was also divided into two
separate panels: the first panel consid-
ered borrowing interface ideas from
the “real world”, and the second con-
cerned borrowing ideas from 2D user
interface design and the effects of
input devices on UI design.

6.1  Borrowing from the “Real World”
It was generally felt that “real world”
objects and ways of interacting with
them can offer valuable insights for

3D user interface design. As in real-
world design, there are a number of
criteria by which to evaluate computer
interfaces: layout/visibility, legibility/
affordances, ergonomics, color, shape,
material, feedback, etc. The relative
importance of each of these criteria
will vary depending on the input and
output devices used, the user’s level of
expertise, and the task at hand.
Whether real world designs will work
in a virtual world depends greatly on
factors of the physical environment,
such as screen resolution and lag in
input devices, computation and graph-
ics pipelines, which greatly affect
usability. One must also consider
whether a user interface design can be
implemented with available hardware
and software.

6.2  Borrowing from Other Disciplines

3D user interface designers can bor-
row ideas and techniques from a vari-
ety of other disciplines to help direct
their work, including industrial
design, architecture, 2D user interface
design, toy design, cinematography,
and psychology. In particular, the
potential contributions of cinematog-
raphy to 3D UI design were discussed.
One important difference between
these two fields is that cinema is
mainly a passive experience for the
viewer, whereas interacting with com-
puters is active. Cinematographic
techniques used to manipulate human
viewers, such as cuts, establishing
shots, and camera movements, might
not be as useful in highly interactive
applications as lighting and audio, for
instance, which are used to set mood
and provide feedback about what is
happening or will happen in a scene.

Techniques used by industrial design-
ers, however, such as affordances,
color coding, and iconography, are
very important to good user interface
design. A simple rule of thumb is that
one should never have to read a label
to understand how to use an object –
its affordances should convey this
information. While this is an honor-
able goal, interfaces, even those to
real-world objects, rarely achieve it in
practice. Iconography can be used to
communicate the effect of an interface
object. For example, a button should
invite pushing by its affordances, and

should indicate its function via icons
(though icons are often not self-dis-
closing). Color and size can be used to
relate the button to other interface
objects.

6.3  Borrowing from 2D UI Design
3D user interface designers can learn a
great deal from the field of 2D UI
design, but must be careful when
attempting to use 2D techniques for
3D interfaces. Some techniques com-
mon to 2D interfaces may be much
more difficult to both implement and
use in 3D environments simply
because they were not designed for
3D. General concepts like “direct
manipulation” can certainly be applied
to 3D, but WIMP-style widgets like
menus may not transfer so easily.

6.4  User Community
User interfaces to 3D graphics appli-
cations must be tailored to suit their
particular user communities (archi-
tects, surgeons, designers, etc.). The
design of a user interface must also
consider the different levels of skill of
its user community. Any given appli-
cation will probably be used by both
novices and experts. Because novice
users tend to spend more time explor-
ing an environment than performing
specific activities within it, novice user
interfaces should be easy to under-
stand and provide immediate feedback
and guidance. An expert user interface
can take more liberties since its users
have a mental model of the operations
that can be performed with it. An inter-
face could constantly change to
accommodate a user who is gaining
(or losing) expertise by selectively
adding and deleting components.

6.5  Input Devices
Input devices also have a great impact
on user interface design [7]. Mouse-
based interfaces have generally been
limited to a point-and-click dialogue
between user and computer, though a
few interfaces have been developed
that interpret both postures (static
positions of the hand) and gestures
(movements of the hand over time).
Many-DOF input devices such as 6D
trackers, gloves and others can provide
input data with much more content
than mice. Glove interfaces based on
gesture or posture recognition have
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been found very hard to use because it
is difficult to remember the gesture or
posture corresponding to a given com-
mand. However, though they have not
been widely used yet, gloves may yet
become quite useful devices as better
software techniques (e.g., speech and
gesture) are developed to support
them.

One possibility for future interfaces is
to follow the real world’s example
closely and provide different input
devices for different tasks. This solu-
tion obviously does not exploit the
flexibility of the computer. However, it
is quite difficult to build interfaces that
make it easy to perform a wide variety
of tasks with a single input device.

7  State of the Art in 3D UI Research

Bill Chapin, Mark Green

Current 3D user interface research
involves mainly exploring the design
space of 3D interfaces to existing 3D
graphics applications and looking for
new applications that 3D graphics will
enhance. This exploration includes
experimenting with different interac-
tion models, interaction techniques,
and software architectures for underly-
ing support systems.

Despite the large amount of research
in interactive 3D graphics over the
past ten years, the field is still very
immature with respect to providing
integrated toolkits for constructing
new 3D interaction techniques or user
interfaces. There is no system that pro-
vides for 3D the functionality that
state-of-the-art 2D interface builders,
such as UIM/X, do for 2D. Some com-
mercial products, like SGI’s OpenIn-
ventor, provide programming
environments at a higher level than
basic graphics languages like
OpenGL, XGL or PHIGS+, but still
rely on programming in C++. Products
like Autodesk’s Cyberspace Devel-
oper’s Kit and research systems like
the MR Toolkit from the University of
Alberta provide interfaces to low-level
device drivers and simple object cre-
ation. The vast majority of research
systems being used today were created
from scratch, starting with low-level
graphics libraries. Also, the range of
hardware input and output devices

used by 3D graphics systems is large
and there are no standard interfaces for
these devices. One consequence of this
is that the particular input devices one
chooses to use determine both the
interaction model and style of the
interface.

The current feeling is that there may in
the future be generic toolkits for creat-
ing 3D interfaces for all application
domains, but such toolkits will have to
support a very wide variety of interac-
tion tasks. Simulation applications
will need 3D objects that behave
according to sets of rules, such as the
principles of Newtonian physics;
design applications need techniques
for manipulating and constructing 3D
objects with precise control; visualiza-
tion applications require navigation
and orientation techniques as well as
the ability to handle possibly large
datasets.

Some of the factors which make 3D
interface design difficult even for
desktop systems (i.e., mouse and
monoscopic CRT) have been dis-
cussed above. Some 3D interfaces,
however, may also be fundamentally
different from any existing 2D UI.
Immersive environments, for instance,
with many multiple-DOF input
devices and multiple simultaneous
users, will require software systems
very different from those usually seen
in 2D and 3D applications (these dif-
ferences will likely be at the operating
system, application and user interface
library levels). Direct manipulation of
objects becomes the primary mode of
interaction in immersive 3D environ-
ments, as opposed to indirect control
via 2D or 3D widgets.

Some preliminary solutions to device
handling, software structure of under-
lying systems, and basic geometry and
behavior editing have already been
presented, but these are only first
steps. Unsolved problems include:

• standardization of interaction primi-
tives

• presentation technologies (LCD,
haptic, aural, etc.)

• input techniques (speech and gesture
recognition, gaze tracking, non-
intrusive position-measuring
devices, etc.)

• networking
• multimodal I/O
• relieving symptoms due to pro-

longed use of input and output
devices

• scale, level of detail

8  Non-Traditional Interfaces

Yoshifumi Kitamura, George Fitzmau-
rice

This panel aimed at identifying some
of the emerging input and display
technologies and discussing their
effects on the design of 3D user inter-
faces and software systems for interac-
tive 3D graphics. The categories of
relevant technologies include:

• tracking (hand, body, eye, mouth,
etc.)

• recognition (speech, gesture, etc.)
• display (visual, haptic, aural, etc.)

Each of these can be applied to desk-
top, semi-immersive, immersive or
augmented reality systems, as appro-
priate. Numerous applications of these
various hardware technologies have
been published in recent years. New
technologies, such as holographic dis-
plays and esoteric input devices for
special purpose applications, will be
developed as needed. There are as yet
no standard multi-DOF input devices
or display devices for interacting with
or visualizing 3D worlds. Until stan-
dards are adopted, however, software
systems for interactive 3D graphics
applications will have to be designed
with specific hardware technologies in
mind.

9  Agenda and Future Directions

Our final discussion focused on topics
for future research in interactive 3D
graphics applications. We believe the
research community needs to:

• Develop efficient and useful inter-
faces to existing 3D graphics appli-
cations. Often, 3D user interfaces
work by displaying elements of the
real world in a virtual environment
in a way that facilitates a better
understanding of the virtual world
by providing a means to interact with
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it and possibly change it. 3D graph-
ics can be used to represent real-
world objects, but can also be effec-
tive for visualizing more abstract
data [12].

• Identify new applications for which
3D user interfaces are needed.

• Assess the perceptual, cognitive and
motor capabilities of humans
engaged in 3D interaction in the
physical world, as well as in the HCI
context. 3D interfaces will benefit
from a better understanding of
human spatial cognition and of ways
to portray 3D space, shapes and rela-
tionships among objects so that users
can perceive and interact with them
effectively.

• Assess the different demands placed
on user interface design by desktop,
semi-immersive, immersive, and
augmented reality systems [5][26].

• Incorporate other senses, such as
audition, touch and kinesthesis, that
have not yet been widely used in 3D
user interfaces.

• Find general techniques for certain
interaction tasksthat are indepen-
dent of input and output devices
(e.g., navigation and manipulation).

• Define ametric of fidelity by which
we can determine how much realism
a synthetic environment must have
to be understandable. The current
feeling is that the level of fidelity
required is task-dependent and that
there are few general guidelines to
follow.

• Explore the possibilities of develop-
ing 3D user interfaces and 3D graph-
ics applications that are appropriate
for and available to a wider audi-
ence. For instance, American Dis-
abilities Act (ADA) advocates are
pushing for greater access to com-
puting facilities by the blind [28], a
community rarely considered by
graphics-oriented researchers who
are mainly concerned with exploit-
ing the visual capabilities of the
sighted to facilitate learning and pro-
ductivity. The apparent contradiction
here is worth some careful thought.

• Develop better tools for creating 3D
applications. Present tools are not as
well developed as their 2D counter-
parts.

• Define the human-computer dia-
logue for interactive 3D graphics
applications so that concrete guide-

lines for 3D user interface design can
be laid out.

• Address software engineering issues
unique to interactive 3D applica-
tions. Time-critical rendering, mod-
eling and simulation techniques
must be developed to guarantee
interactive frame rates though nego-
tiated graceful degradation even in
complex environments [13]. It is felt
that current operating systems are
not capable of supporting the real
time demands of 3D interfaces.
Other software engineering concerns
include support for iterative design
of interfaces and for distributed and
networked environments.

• Address hardware limitations, such
as resolution and accuracy, which
are amplified in augmented reality
systems for which accurate registra-
tion with the real world is crucial.

• Find ways to assess the usability of
complex user interfaces.

Research in the above areas will be
useful in determining design require-
ments for 3D user interfaces, applica-
tions and hardware.
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