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Introduction

This section gives an introduction to travel in virtual environments (VE) and introduces software design and imple-
mentation ideasto build atravel system. Wewill explain the concepts of travel in VEsat ahigh level so that abeginning
programmer can get an idea of how to implement travel in aVE application. A travel system can be implemented with
varying degrees of complexity. Affecting this complexity arefactorslike built-in features, reusability, and extensibility.
We don't show a lot of source code. To alow these notes to stand on their own, we instead give background and
descriptions of how travel methods are built and integrated into existing applications.

Navigation is composed of many elements, two of which are travel and wayfinding [Darken96]. Travel
methods are used to control motion of the user's viewpoint in athree dimensional environment. Wayfinding methods
are used to determine a path through the environment. Some application domainsthat need navigation include simulation,
training, and first person games. Effective navigation is critical, it can make or break the usability of a Virtual Envir-
onment (VE) application. In this paper, we are only going to talk about the travel part of navigation.

The concepts discussed here can also apply to 3rd person control, even though certain groups of Virtual Reality (VR)
users focus mainly on 1st person travel methods.

Why Travel?
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Travel alows usersto gain accessto areas or regions of their environment otherwise not available to them. Thisis, of
course, aso truein real life. Humans travel every day using methods such as walking, driving, flying, clicking, and
typing. In VR and other 3D interactive applications we need many of the same travel methods as we do in red life,
along with additional methods that cannot exist in the physical world, but which allow easier access.
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How is Travel Used

Some basic examples of travel methods, thislist is by no means comprehensive:

i. Driveor walk somewhere in order to experience, examine, or otherwise engage that destination in some action.
ii. Teleport to some location for convenience, so that timeis not wasted on travel.

iii. Fly up and around tall buildings or other multidimensional datato view it at convenient angles.

iv. Zoom in to do fine detailed editing and then zoom out to examine the work as awhole.

Although there are many travel methods, they al share a set of common "primitive elements’ that compose each
method. The entire set of travel primitivesis bounded by the creativity of the programmer, but includes animation and
control primitives. Some examples of these primitives are gravity, collision detection/response, friction, spring force,
interpolation along a curve or line, and tel eportation. These primitives can be mixed and matched to create many dif-
ferent navigation methods. The resulting navigation methods can be subtly or completely different from each other
depending on the needs of the application or creativity of the author. For example, to achieve a method we could call
"walking with a head-bob", mix together gravity, keyframing, collision detection/response, and acceleration. Given a
list of primitives, each could be used to enhance an existing prepackaged travel method. For example, when using our
head-bob walk travel method, the addition of a jump primitive could allow the user to access parts of the virtual
environment otherwise inaccessible.

Control of Travel Methods

For control of motion there are some methods that have been defined, such as eyeball-in-hand and scene-in-hand
[Ware90], world-in-miniature [Stoakley95], raycasting (target selection) [Hinckley], and leaning [Fairchild93].

Another common method is simple pointing, where holding a button moves the camerain the pointed direction.

» Eyeball/Scene-in-Hand: a way to control movement of the camera or world geometry by using a scaled down
representation of the VE that fitsin or near the user's hand.

*  World-in-Miniature: away to visualize aworld view of the entire VE. Shows a scaled down version of the VE for
the traveler to make decisions while in the VE.

» Raycasting: Used to select targets for navigation and locomotion.

» Leaning: A method of expressing direction of travel through body movements.

The Best Travel Methods
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With regard to interaction techniquesin general, states: "thereis no set of techniqueswhich will maximize
performance for al applications and domains'. Thereis not an absolute best travel method or group of methods. The
"best" method is application dependent, and sometimes even user dependent. For example, teleportation has the
advantage of being very fast and accurate way of getting to a destination, but also can have the side effect that it can
disorient the user. In some applications teleportation makes sense, in othersit wouldn't. Thisisthe same for any travel
method. Y ou need to understand your user's abilities, experiences, and expectations. Using this knowledge will help
you create travel methods that are intuitive to control and unsurprising for maximum user comfort. Going back to the
teleportation exampl e, for some peopl e tel eportation could be made | ess disorienting when accompanied by an obvious
visual queue that means "teleporter” - like ashimmering doorway or floor section. Another way to reduce disorientation
is when the person knows what to expect prior to teleportation.
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Wayfinding?

Wayfinding, or the process of determining a path through an environment, is a different concept from travel. It isa
way of targeting a path given some set of obstacles. There are many ways to wayfind, or navigate, through a virtua
environment, but we won't cover them here. [Darken96] is a starting place if you want to learn about wayfinding.

Software Components Of A Travel System

Avatar

Virtual

Certain software pieces need to be available to a VE application to support travel methods by the VE user. Some of
the components may be available packaged together, some may be decoupled from each other, and some may have to
be written, refactored, or extended to support special needs. Here we discuss afew of the necessary software components
for supporting travel in an application. We wait to discuss rendering of the navigation in the section called “ Integrating
B Travel System into an Application’].

Travel in VR always moves an avatar, which is at |east a data representation of the person navigating, and sometimes
partially or fully rendered in the VE. Whether the avatar gets rendered in the VE depends on a few things like camera
placement in the travel method, and the task the user is expected to do. Avatar visibility can be set based on whether
it occluds the user's view, or also whether it will be important to seeit. It isimportant to have this avatar object even
in the non-rendered case for use in keeping the avatar's state information such as position, rotation, velocity, mass, and
size. The avatar state is then used for operations such as control, animation, rendering, and collision detection.

Some examples of avatar visibility determination are: when picking or placing items it can be helpful to render the
avatar's arm doing the work so that the user can correlate the avatars movements to the VE; if the camerais set to be
from the 1st person then some or none of the avatar would be rendered since the cameraisinside of it.

This avatar data representation is also something that can be shared with other connected applicationsin collaborative
virtual environments (CVEs).

Camera

A camerais something that manipulates a viewpoint. It represents a single transform in 3D world space coordinates,
and is not usually rendered. The camerais aconcept that describes the application user's view into the world. Without
the camerathe VE could not be seen. In some non-generalized travel systems, wherethe travel method has the camera
attached to the avatar, the avatar and camera can be condensed into one single transform.

In an application with travel, the camera is often attached to the avatar using one or more methods described in
Bection called “Animation’]. This attachment could be some direct offset of the avatar's attributes (useful for 1st person
viewing of the avatar), or some dynamic effect to allow more advanced viewing abilities (useful in 3rd person viewing
of the avatar). In short, there are many ways to attach a camera to the avatar.

Move The World, Not The Camera

This camerawe've been discussing is actually a"virtual" camera, and is never actually rendered. The "real" camerais
then used to affect your viewport transform, and is inversely related to this virtual camera. When the real camerais
rendered, it does not use the virtual cameratransform asis. It actually uses the inverse. Thisis very counter-intuitive
for most new programmers, so we'll try to make a simple explanation.
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The camerain a travel system actually has two representations, each in a different coordinate system, one that isin
world space, and one in camera space. The world space camera allows intuitive animation operations in the same
coordinate frame as the avatar and world geometry, while the camera space camerais simply an inverse copy of the
other used for setting the viewport transform.

To completely understand, we should think of coordinate spaces [watt93], [watt92], namely the world and camera
coordinate spaces. Think of a camera in each one: a world-space camera, that operates and is controlled in intuitive
world coordinates; and acamera-space camera, which isalwaysat 0,0,0 and needsthings brought to it (like your world).
This camera-space camera (or "moving the world") is how graphics systems actually work, and is necessary to create
the effect of travel over distance (or rather, to make things move at you, since thisis how it really works). Sinceit is
unintuitive to manipulate the world to control the camera, we'd like to actually manipulate a world-space version of
the camera, then when we render, convert the world-space camera to a camera-space transform of the world by simply
inverting the camera’s transform.

For an example, let's consider the simplest case where your avatar and virtual cameratransforms are equal. The avatar
is placed within the world geometry using its transform. Then, to render the camera so it appears that we are looking
from the avatar, we need to bring the world from the virtual camera's location to the real camera. To bring the world
to this camera, use the inverse transform of the virtual camera. This second "real" camera has this unintuitive inverse
transform from the avatar because it is not really in the world space, it is the world that isin the camera's space.

Animation

To move the avatar and camera around the VE space, we need some way to update their transforms. The fact that we
do viewpoint motion control suggests that we need some system to manage this motion. An animation system of some
formisused for the viewpoint motion control. Here our definition of animation system may seem alittleloose, basically
we mean some controller that can influence transforms over time where the end result of these transforms may or may
not be used for rendering.

The animation system can vary in complexity from fully featured supporting many reusable, extendable, and configurable
animation methods to more single purpose or monolithic methods. The flexibility of this component can directly affect
the flexibility of the overall travel system. An animation system also supports the concept of operators. An operator
isan extractable concept that performs aspecific action (two examples could be " apply force of gravity", or "set position
to input device"). Animation system operators could be hand expanded and interwoven into one core or, for more
generality, dynamically pluggable.

The choicefor static vs dynamic operators can be made after considering performance, extension/reconfiguration, and
maintainability. Extension/reconfiguration inevitably happenswhen it isdetermined that the travel system must behave
in adifferent way. Maintainability isimportant to consider so that code is easy to understand for bug fixes or refactor
for performance and design changes. Methods of animation are implemented with one or many of these operators
modules.

Methods of Animation

Direct

We mentioned that the animation component in a travel system can be, or can be composed of, different control
methods which update the avatar. Triggers, physical effects, input device, and other procedures can al play apart in
the travel system making an influence on the avatar.

In direct animation the animatable values can be directly manipulated through some input device (mouse/trackball),
procedure (sin wave), or by path interpolation (keyframing). Examples of these methods are:
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» Direct Procedural. control of position/rotation parameters is done via self contained procedure like sine, cos, or
more complex procedures like keyframing.

« Keyframing/Motion Control [watt92]. This is a procedure that iterates over some externally supplied data vector.
The keyframe motion controller iterates over the elementsin the vector, possibly interpolating between each element
for asmooth effect over time. The interpolation can be donein many ways (i.e. linearly; on acurvefit to the data).
The keyframer key type for travel isa position and rotation pair.

» Direct linkage to input device. Thisis useful when you want to correlate movement with some physical device.
Examples are rotation of viewpoint with a knob, trackball, or mouse axis; translation of viewpoint with mouse,
PDA or tablet surface.

Dynamic

In dynamic animation, the animation values are updated indirectly. For example when using Newtonian physics,
animation parameters (position and rotation) can be affected indirectly through kinematicg[1] or dynamicg2]. Other
indirect influences can comefrom blasts of (virtual) air (force), stepping on atel eportation pad (position set), or getting
hit by a car (collision force). Examples of dynamic control methods are:

» Indirect Procedural. Control of higher order effectslike velocity, acceleration, force, are done with some procedure.
For example ajump could be implemented with a sine function or some set of keyframes defined by an artist. This
would influence the avatar transform additively through deltas, rather than directly.

» Indirect Linkage to Input Device. This can be useful if you want to share control of your viewpoint with other
control methods. It allows input device data to affect changes (or offsets) in the avatar, rather than set specific
attributes. A good example is to use keyframing to control automatic movement over terrain combined with a
trackball (two axis) controller to control fine grained movements outside the preset path.

» Newtonian Physics. Particle (and rigid body) systems are aform of animation [Moller]. Modeling travel methods
with Newtonian physics can give a very redlistic feel. Sometimes real isn't always the easiest to control, so this
should be considered.

Many things can be modeled with Newtonian physics, so this animation method can be very flexible, especially when
mixed with the others. See[Table 1 and [Table 4 for iterative equations that implement Newtonian physics. The results
calculated are changes that can be added onto current position and rotation to iteratively animate them over several
frames.

Table 1. Kinematics - velocity/rotation. Compute change in position and rotation for 1 time
unit. Normally these delta values ar e then scaled by the last frame's time measur ement and
then added onto the avatar.

e dx/idt=v X - position (point)
e dg/dt=1/2wq v - velocity (vector)
g - rotation (quaternion)
w - angular velocity (vector)

d?/dt - changein the value"?' over one time step

[1] The branch of mechanics that studies the motion of a body or a system of bodies without consideration given to its mass or the
forces acting on it

[2] The branch of mechanics that is concerned with the effects of forces on the motion of a body or system of bodies, especially of
forces that do not originate within the system itself.
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Table 2. Dynamics - for ce/torque. Compute change in position and rotation for 1 time unit.
Normally these delta values ar e then scaled by the last frame's time measurement and then
added onto the avatar.

e dx/dt=p*inv_m X - position (point)

e dg/dt=1/2wq inv_m- 1.0/ mass (scalar)

e dpldt=F p - linear momentum (vector)
e di/dt=T g - rotation (quaternion)

w - angular velocity (inv_inertia_tensor * 1) (vector)
F - force (vector)
| - angular momentum (quaternion)

T - torque (quaternion)

d?/dt - changein the value"?' over one time step

Collision Detection

Input

A collision detection system is something that given a set of geometry and an avatar (or some object), returns collision
information. Collision detection by itself isabroad topic, ranging from navigation to computer gamesto robotics. Y ou
can find information about it in computational geometry, graphics, and game references. A collision detection system
would be used by the collision/response operators which are plugged into the animation system. A classic case for
collision detection is some set of rooms with obstacles. Using some input device to control movement, the user must
not be allowed to walk through any objects or walls. To add to this, there can be iteration with the obstacles such as
friction and elasticity (bounce), each of which can be adjusted from little to full effect. Another classic caseisdriving
simulations where there is some terrain that the vehicle must not fall through.

Callision detection is a difficult issue, especially with complex scenes. Implementing a system for collision detection
can benontrivial. Brute force methods of detecting collisions (those that test every object against every moving object
without regard to spatial ordering) can bring acomplex VE's framerate to acrawl. Therefore it can be very important
to spatially subdivide the VE into quickly accessible regions.

To integrate collision detection into the travel system we're describing, an animation operator would need to be built.
The Collision/Response animation operator basically asks the collision detection system whether a collision occurred
between the avatar and the scenein agiven amount of time. If any collision occurred, then it determines an appropriate
response to feed back into the animation system. This feed back can control another operator, but usually appliesthe
response directly to the avatar. This response can be applied directly to position and rotation, or indirectly through the
other parameters. Without impulse forces, a combination of indirect and direct update methods may need to be used

[baraffos].

An input system is something that gives data useful for controlling the travel system. This system is an abstraction on
top of hardware, and sometimes software GUI widgets or other control signals. An input system is used by various
input operators which are plugged into the animation system. Upon receiving input, these operators can affect the
avatar and parameters of the other operators in the animation system. The input operators for example can apply to the
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avatar forces and torques, increase velocities, or set position. Input operator design can be monolithic (all in one), or
several decoupled piecesthat can be mixed and matched.

There are many practical and creative ways to use the data gathered from input devices. To give a small example,
consider aVR application that can run in multiple devices: desktop, head mounted display (HMD), and enclosed large
screen immersive system (LSIS). For the desktop a keyboard, mouse, and possibly a head tracker may be used. For
the HMD a head tracker combined with either amouse, trackball, glove, or wand would be appropriate. For the LSIS
there isahead tracker combined with wand or glove. To make it more complicated, in the desktop and LSIS cases the
head tracker controls perspective while the HMD head tracker controls viewpoint rotation. In L SISsthere isthe added
possibility the walls of the device could be only partially enclosed meaning that they might need the wand or glove to
rotate the world geometry relative to the display device. All of these input and display device combinations make
writing aflexible travel system interesting. It helps to have awell defined input abstraction layer defined.

Travel System Interface

To travel within an application the human user must be able to interact and control the travel method as awhole. This
means the travel system should present a facade (or interface) with which the application can interact. This facade
could be anything from a monolithic singleton, to several modular objects. It could even have multiple layers if for
example it had several modular objects under a monolithic singleton. We've suggested afew ways, but ultimately the
interface is up to the travel system software architect.

VR applications have the potential to run in several system configurations. We would like to run anywhere from a
desktop to head mounted display (HMD) to large screen immersive systems (LSIS). Since systems used to display
VESs have a diverse range of input devices, and because input can even come from application generated signals, a
flexible travel system could provide some way to configure or route these control signals.

One way to implement this configuration flexibility of the travel system isthrough the animation system. If the anim-
ation system isflexible enough, it could support dynamic addition of operators. Therefore the core of thetravel system
would revolve around the animation system. To configure the travel system, specific operators are added to define the
intended travel method.

The travel system interface can be statically or dynamically bound to the underlying animation, camera, and avatar
component. If flexibility is needed, then dynamic binding can allow you to reconfigure the travel system for many
application domains. This flexibility would allow the travel system to be placed in areusable library for use by many
types of VEs.

Integrating a Travel System into an Application
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At first it may seem natural to build the travel system directly into the application main computation loop. As the
application grows the need to refactor and decouple components becomes more important. For the simplest of applic-
ations and travel methodsthis ad-hoc approach will probably be quite effective. For more complex applicationsit could
be wiseto use atravel system that isexternal or at least decoupled from the main application code. In other words, it
would be niceif the travel system were a reusable component able to be dropped into any library.

The application will usually need to update thetravel system through someupdat e() or similar call. Theapplication
may need to render the appearance of the avatar, and will need to set the viewport transform to the travel system's
camera. Seefhe section called “Move The World, Not The Camera]] for details on getting the correct cameratransform
to pass to the rendering system.
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Conclusion

This paper has outlined what travel is, some travel methods, and what it takes to create software to implement those
methods. One of the biggest problems faced today is alack of good open source general use tools for travel in VES.
For example, abiologist should not have to focus much time on defining atravel method for their VE, they should be
able to focus wholly on the biology problem at hand. This paper has hopefully given you a high level description of
travel system software, and ideas for implementation.
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