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critical component of Virtual Reality applications. Due to their virtual nature
they can accommodate an infinite number of possibilities. A theoretical work
is presented, which decomposes those innumerous possibilities into concepts
to help clarify the vast design space and provide insights for future applied
research. We propose that what makes environments interesting and engag-
ing is having worlds that are both active and reactive. This article explores
the manifestations of those actions and reactions in what we term: dynamic
components and interactions. We term worlds containing these Dynamic In-
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each component, e.g. the possible kinds of interactions. We point to exam-
ples throughout the field to ground and explain concepts presented. We then
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of research that are yet under-explored, and provide better understandings of
ways in which DIVE creation can be supported.
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1 Introduction

Statements like “in Virtual Reality anything is possible” and “the possibilities
are only constrained by the imagination of the designer,” have been heard for
decades. In many senses, these statements are true, as it is all just virtual.
However, this promise of everything and anything in Virtual Reality (VR)
has never really come to fruition. The realizable possibilities are much more
constrained than the imagination of almost any of us. Part of this is that we
do not yet have an understanding of what the virtual environment, the center
point of VR, is and can be. Tools have been developed to solve technical
problems; yet, rarely, has there been consideration of what is needed to create
the virtual environments that fulfill the endless possibilities of VR. The tools
for creating “anything is possible” simply do not yet exist. We feel the largest
hindrance is currently that we do not have an understanding of what the
possibilities are, and, therefore, do not have appropriate system support to
enable its creation.

The work presented here strives to advance our understanding, through an
investigation of the design space of the possibilities of virtual environments. We
focus in this paper on those virtual environments (VEs) that are engaging and
experiential. Naturally, the creativity of the designer is an important factor,
and what makes an environment interesting or engaging is difficult to precisely
define and somewhat personal. However, as with other media, like film or
books, it is possible to identify components that are likely to assist in creating
engaging or meaningful experience. In this work, we focus on the aspects that
can be supported from a computer science standpoint.

In this article, we put forth a series of taxonomies designed to make those
interesting and engaging components explicitly visible and tangible. These
taxonomies were created through a process of collecting potential components
and categorization. By identifying the basic components that are able to create
such engaging, experiential environments, we can gain valuable insight into
what is possible. The taxonomies serve as a reference for getting ideas of
what can be done to make environments more interesting. They also outline
the design space, providing a new, more formal basis and understanding of
what VEs can be. Moreover, this work exposes the time based nature of many
of these different components; based on that knowledge new approaches to
their application and implementation may be fruitful to explore. Components
found near each other in the taxonomies are likely to share many design and
implementation details. This can assist with finding methods for development
as well as insight for future design patterns.

The following section will propose that the two basic components neces-
sary for such environments are dynamic components, changes happening
over time, and interaction, in general and with dynamic components. Both of
these function to liven the environment and to make it more interesting, par-
ticularly over longer periods of time. While individually they are interesting,
environments that combine interaction and dynamic components in differing
ways are likely to be more interesting. After introducing the style of environ-
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ment we refer to as Dynamic Interactive Virtual Environments (DIVESs), we
explore the design spaces of the main identified components individually in
Sections 3 to 7. A short discussion of work on DIVEs follows in Section 8.

2 Engaging Environments

Our goal in this section is to come to a basic understanding of the components
that make up environments characterized as: engaging, exciting, affective, in-
teresting, experiential. We take inspiration from an arbitrary selection of a
few simple, yet illustrative, examples of well known environments that achieve
such experiences. Considering those examples, we identify and define what
we believe are the critical components that require system support to enable
designers to create engaging experiences.

2.1 Example Environments

Virtual Reality Distraction Therapies are an example of the class of engaging
environments. The goal of these environments is to capture the attention of
the user so completely that they are able to remain detached from the physical
realities surrounding them and even partially ignore painful procedures. The
“Snow World” application is one example of this [32,50]. Snow World has
been used in various applications, but originally was for burn treatment. The
environment is just a simple game, presented immersively, where the user
shoots snowballs at snowmen, while moving through a snowy environment.
The original version is of quite low fidelity, though newer versions have more
up to date graphics. What is interesting in Snow World is that such a simple
game, with limited interaction possibilities, can reduce the perception of pain
by successfully engaging the user.

Another highly successful application has been a Virtual Reality Expo-
sure Therapy (VRET) design for treatment of Post-Tramatic Stress Disorder
(PTSD) [45]. In therapy sessions, the patient is exposed to scenarios from the
traumatizing events. Early applications were for therapy of Vietnam veter-
ans [31]. For this therapy to work, the patient has to feel that they are in the
situation(s) that caused the trauma. In early works, a Vietnam scenario was
used. Of particular importance were the actions in the environment, e.g. heli-
copters. VRETSs are now used for war veterans and active duty personnel [37]
as well as being used in setting such as the September 11 attacks [18]. VRET
applications are different than distraction therapy, because at its core it is
about transporting the patient to another place and having them experience
some particular time and events. It is necessary that the scenario “comes to
life.” Although the scenarios are filled with action, interaction is typical min-
imal. They are also multi-sensory, moving beyond visual and audio to include
haptic and olfactory (smell) cues, both as transient and static parts of the
environments.
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Finally, one of the classic virtual environments, “Crayoland,” is a worth-
while example [41]. Crayoland is very polygonal, with textures that were made
with crayons. The grass plane of the scene is contained by cutout mountains.
A small shack with windows and a door is present as well as a tree and a
pond. On the tree is a bee hive that, when swatted, releases bees that swarm
around the user for a while. In a field of flowers is a butterfly, which patient
users can get to land on their virtual hand. When Crayoland becomes reality
is while batting of the beehive and the ensuing pursuit of angry bees — are
they really angry? In our experience, the visitor to Crayoland tends to say
they were angry, anthropomorphizing them similarly to what has been shown
to happen with virtual characters [21]. Another case is getting the butterfly to
land on your hand; it actually lands on a virtual hand representation that is in
front of the control device; However, people recall the event as if it landed on
their hand. Without those parts of the world that are active and reactive to
the user, Crayoland would likely be long forgotten. Crayoland only functions
because it reacts to the user and is alive itself.

2.2 Deriving Components

The examples above are only singular examples of the many possible environ-
ments. However, they demonstrate that environments can produce powerful
experiences, even when extremely simple. In the distraction therapy example,
a clever context and a simple set of interactions is enough to engage the user
to an extent that it can reduce pain perception. The VRET example shows
that extensive interaction is not necessary; instead, it creates a meaningful
and intense experience through action in the environment. Finally, Crayoland
demonstrates the power of the combination of interactions and action and pro-
vides important examples of those combinations. Certainly in these examples,
content that interests the users and that affects the user’s emotional state is
important. Content designers and storytellers can create these human connec-
tions, but require a well defined framework of their design space in which they
should work and mechanisms to support content creation within that design
space. We believe two critical components that are fruitful to support from the
CS perspective are reactivity, i.e. interaction, and activity, i.e. changes over
time.

In the literature, we find support for interaction’s importance. Interaction
is usually included as part of the definition of virtual reality and is a definite
requirement for games. Central to attempts to understand the experience of
immersive virtual environments has been presence [48]. In presence research,
interaction was consistently seen as a factor [28,51,56]. Other recent work has
used interaction as a foundational component of experience [17,22,57,61]. The
distraction therapy example demonstrates this markedly, as the interaction
helps place the user in a different environment than the therapy room.

There is some support in the literature for activity being an important
component of experience in VEs. It has even been argued that action is what
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defines the reality of the environment [65]. Recent theories put forth by Slater
et al. have held that the plausibility of the actions in an environment [53] and
the “behavior-response” of the environment on user interactions are necessary
components of presence [54]. Both of these imply further that the environment
has to be believable. We contest that part of believability is that the world
is not static. Slater’s behavior-response concept requires this, and his exam-
ples are based on this. However, Slater’s arguments seem to implicitly assume
avatars as the actors and interactors, where we see this more broadly. These
non-static environments are instead dynamic, such as the activities in the vir-
tual Vietnam VRET or the bees and butterfly in Crayoland. These dynamic
and interactive components often lead to more believable environments.

Our investigation of the design space followed a multi-step process. The
first step was to formally define the components of interest outlined above. The
second step was to identify manifestations of each different class of elements.
This was done by posing questions like: What interactions can you imagine
being possible in a virtual environment? We produced these lists over a number
of weeks, holding small workshops with various participants with backgrounds
ranging from VR to computer gaming. An immense number of examples were
produced. To reduce that data into a manageable quantity we categorized
the data into taxonomies. The leaves of the taxonomies are examples and the
branches capture the common natures of those examples.

2.3 Defining the Components

Two key components of the type of environments we are interested in were
identified in the previous discussion. In this section we formally define the
components and further derive three additional components.

We define interaction as:

Interaction is the user taking influence on the environment or its con-
trolling structure.

This definition takes a different approach to interaction than has previously
used in the VR community. The VR view of interaction has largely identi-
fied with Bowman’s interaction taxonomy [11] and is still the prevalent view,
cf. [35]. Bowman did not define interaction, but his focus was clearly on in-
teraction techniques and was closely tied to implementation. This viewpoint
holds that four interaction types (tasks) exist: selection, manipulation, navi-
gation, and system. The community has largely focused on these interactions
and techniques, devoting limited effort on other possible interactions.

The second component identified was action. These actions can be better
understood as aspects that change over time. We refer to the portions of the VE
that change over time as “dynamic components,”! as they create the opposite
of a static environment, and define them as:

1 In prior publications we had referred to these as ‘dynamics.” A discussion of the choice
of nomenclature can be found in Online Resource 1.
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dynamic component is anything that changes over time that effects
perceivable changes to the VE either directly or indirectly.

Our definition is purposefully general, covering an immense spectrum. We feel
anything that changes over time potentially makes the environment more lively
and interesting. However, we constrain the meaning slightly to anything that
has a perceivable effect on the VE. Anything that is never perceived does not
really make the environment more interesting. Perception in our understanding
includes unconscious perception, allowing ideas like masking, but excluding
phenomena like “change blindness.” This perception clause does not, however,
imply that an immediate or direct visibility of the changes is required. A
dynamic component can also be an indirect and even invisible change to the
actual user of the system, for instance a branch in a story due to the user
‘choosing door number two.” This visibility issue is also a motivation for using
the term dynamic component, as it does not imply a visible object change.

We are interested in VEs that contain both dynamic components and in-
teraction, such as those in the Crayoland example. An important question that
needs to be addressed is what happens when components are both interactive
and dynamic? We feel this question is crucial to the development of better
support of new types of interesting environments. Unfortunately, the areas at
the conjunction of dynamic components and interaction are under-developed.

There are two ways in which such actions and reactions can be combined.
Examples of these combinations are found in the Crayoland example. The
butterfly is a dynamic component, and furthermore one with which the user
can interact, when getting it to land on your hand. We refer the resultant
combination as an interactive dynamic component. When the butterfly is on
the hand, a new dynamic component is introduced through the interaction,
i.e. slow movement of the butterfly induced by the user’s hand. These we refer
to this as a dynamic interaction.

We define dynamic interactions as:

Dynamic interaction is any interaction that either induces a dynamic
in the environment or the interaction takes place over a period of time.

Dynamic Interactions are quite commonplace in classical VR. Most of Bow-
man’s manipulation category of interaction techniques falls into this category.
Manipulations cause an object to move, rotate, or scale over time. Although
one does not often think of those manipulations as causing a dynamic, without
seeing the physical manipulation — for instance in a distributed VE without
an avatar — the changes would just be a dynamic component. An even more
commonplace dynamic interaction is travel. Dynamic interactions exist be-
yond those that are part of Bowman’s taxonomy and will be discussed in
Section 5.

The other combination of dynamic components and interaction is a class
of interaction involving dynamic components:

Interactive dynamic components are any interaction, where the
“object” of interaction is a dynamic component.
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This subset is those interactions that are with dynamic components that are
changing at the moment of interaction. For instance, if we are to strike a
virtual football that is traveling towards us, the ball would be an interactive
dynamic component. Even the selection of the object would be an interactive
dynamic component. In our definition, object is offset in quotes to indicate
that the ‘object’ of an interaction may not be a traditional, concrete thing
that is “manipulated.” Having a conversation with an embodied agent would
be a case of an interactive dynamic component. The ‘object’ might not even
be visible; for instance, interactions with the storyline, via the user’s actions,
would also be an interactive dynamic component.

There remains one additional step along this path that we can take. When
investigating interactive dynamic components, it becomes apparent that their
combination with dynamic interactions is inevitable. These are dynamic inter-
actions, where the target of the interaction is a dynamic component. We refer
to these as dynamic interactions with dynamic components.

Dynamic interaction with a dynamic component is a special
subset of interactive dynamic components that is concerned with cases
when the interaction performed is itself occurs over time. Hence, the
object of interaction is changing over time as well as the interaction
with that object.

Five types of components we believe contribute to creating interesting, en-
gaging types of environments have been identified: dynamic components, inter-
action, interactive dynamic components, dynamic interactions, and dynamic
interactions with dynamic components. In the coming sections, we investigate
each of these component type in turn. For each, we develop catagorizations.
The interaction design space is presented in the next section, followed by the
dynamic components design space. Sections 5 and 6 explore the design spaces
of dynamic interactions and interactive dynamic components respectively. Fi-
nally, the special case of dynamic interaction with dynamic components will
be discussed, before moving onto a general discussion in Section 8.

3 Interaction

Interactions are a fairly obvious component for creating environments that
can be interesting for longer periods of time. Although there are infinitely
many conceivable interactions, they reduce nicely into a relatively small hi-
erarchy of interaction types. The developed taxonomy of interactions can be
found in Figure 1. Prominent among them are the classical VE interactions of
object manipulation; however, there are other interactions not often consid-
ered in immersive VEs. These actions are somewhat more common in games,
though still in limited capacities. Many of these interactions are complex. For
instance, conversations with a virtual character are definitely interactions, but
are hard to implement unless trivialized. An example is the classic “click on
the response” method for avatar interactions seen in many computer games.



8 Kristopher J. Blom, Steffi Beckhaus

travel

pointing .
parameter (list) selection collision / other movement

object haptic conversation

manipulation entity interactions / changing path
direct direct interactions

manipulation
feeling texture

translation

rotation

scaling

mesh editing

manipulation of

applied forces entity meshes

haptics passive
on meshes P forces

active

head tracking

starting/stoping simulation

ChairlO

manipulated
device

continuous « start/stop simple "keypress" interactions

dynamics | hausable dynamics
speech \ replay a path

gestures
| gestures

steering
wheel

Travel

walk in place

"wand" travel methods

continuous modal e
real interactions pointing

(in local space) conversing

instantaneous jumps
changing time flow

wayfinding /|
manip of dLrect )’a'“e navigation _define a path tracked body parts
simulation changing orati / bodily ideo input
parameters exploration Interaction video inpu
changing physiological _ BCI
autonomous parameter devices | eye tracking

o steering
entity internals hammer a nail
indirect

influences

object object

. . screw in a lid
interactions

changing valid
story/game

shoot a target
components

emotional storytelling

changing time flow load object

interactive story

load scene st
delete scenes scene changes / \_meta-interactions RLLN
- real (local)

Fig. 1 Design space of interactions with a VE. Bold font indicates a category or sub-
category, and standard font listings are concrete interaction examples.

Portions of the categorization merit additional explanation. Speech and
gesture interactions are not further discussed here, as they are classes of inter-
actions of their own right [27,62]. Interactions that occur in real space, though
involving the virtual space, form a perceptually different class. For instance,
two people pointing to virtual objects and talking about them. Though not
purely VR interaction, they are important and have been researched by a
number of groups, cf. [5,47]. When considering the possibility of distributed
virtual environments, these person to person interactions take on a slightly
different meaning, but are essentially the same.

An emerging type of interaction is non-intentionally controlled interactions.
Bodily interactions of emerging types, like those using physiological signals,
are an example of this type of interaction. For instance, various researchers
are working on emotional coupled steering of games and VEs [7,26,64]. It
is important to note, that many of the same signals may also be used for
intentional steering. For example, the emerging area of passive BCI [66] uses
brain activity to determine cognitive or emotional state, and intentional BCI,
such as motor imagery [23], has been shown capable of controlling a VE.

The final two interaction categories on the right hand side have been only
narrowly considered to date in the VR community. Meta-level interactions
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provide deeper meaning to the environment; this is vital for creating experien-
tial environments. Creating such interactions is challenging, from conception
to design and implementation.

The area of object-object interactions has had some attention in VE re-
lated communities, but has been limited in scope. The simplest example is
shooting a gun, where the bullet then interacts with objects in the scene.
This is common in many games, but also in immersive VR in the military,
e.g. [12,20]. The area of training applications, where interactions are based
on some tool, has done some work in this direction. Conceivably any (virtual)
tool could act upon another. Examples in VR include surgical simulators [38,
43], welding trainers [63], and automotive painting simulators [34]. Extensive
research has been done in the computer graphics community on implementing
complex object-object interactions, such as collisions [58] and soft-body defor-
mations [40]. Object-object interactions might not even be initiated by user,
but interactions between virtual objects independent of the user. For instance,
virtual characters may interact with the simulated environment [33].

4 Dynamic Components

When considering the possible dynamic components that could be found in a
VE, the number is overwhelming. As with interaction, when we collected ideas
we strove to: not constrain ourselves by prior ideas, not get lost in the myriad of
endless variations (e.g. by different objects being put together), and not to miss
things by generalizing prematurely. The most important criteria we used when
generalizing and grouping was that of observer perception. This is in contrast
to a typical view of how they are implemented. We felt this was important, as
thinking about the implementation at this stage tended to constrain one’s view
greatly. After collecting the potential dynamic components, we categorized
them according to observer perception. A complete look at all levels of the
categorization is not possible in this article. Instead, we present the highest
levels and most important discoveries; a more complete view of the whole
classification can be found in [6].

The dynamic components design space consists of six top level categories.
Moving from the most overarching to specific, then to the most abstract, the
categories are:

Overall Presentation artifacts of the presentation method
Scene Attributes artifacts of the scene presented as a whole
Singular Objects changes affecting a single item in the scene

Propagating Quantities time change effects that are not directly associated
with the medium (object) in which they are present

System State artifacts of changes in the technology, either hardware or soft-
ware, that is used in presenting the VE
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In the following text, each category is presented separately and more clearly
delineated. Important sub-categories are mentioned. A mindmap of the highest
levels of the taxonomy built on the perception direction is shown in Figure 2.
The full taxonomy in [6] develops the areas of Scene Attributes and Singular
Objects to deeper levels.

The Owverall Presentation category deals with artifacts that are attributable
to the presentation method. These components affect the entire VE, but are
differentiated from the Scene Attributes category in that they are not strictly
part of the scene. Examples include filters that change how the scene is pre-
sented. For instance, visual effects, e.g. cartoon shading, could be added to
change the appearance completely [25]. Similarly, something as simple as the
audio level fits in this category. A physical example of this is the warming of
the projectors over time. This changes the color of the complete system.

Scene Attributes are dynamic components present at the level of the whole
world. These dynamic components are part of the scene, but are not just sin-
gular objects within the scene. Ambient effects across the different modalities
fall into this classification. The addition of ambient sounds, such as a “sound-
track,” to make the VE more interesting is one example. A common dynamic
component implemented in VR classes is changes to the number of objects in
the environment. This can either be the introduction of new objects or the
deletion of objects. We categorize them as scene attributes changes, because it
is not a change of the object itself, but rather a change of the scene’s compo-
sure. Similarly, the breaking of an object into multiple objects, a conceptually
simple, physically based phenomenon fits into this category. The final dynamic
component category is changes of the scene in its entirety. This typically re-
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duces to a sub-worlds concept, as it is at some level still the same VE or
at least the same program. The most common manifestation of this is the
level paradigm common to computer games. Similarly, interactive storytelling
environments may have different scenes as the story progresses.

The largest subset is dynamic Singular Objects and likely the most com-
monly thought of dynamic component. The two classical dynamic components
of virtual worlds are in the sub-categories of Spatial Behavior and Autonomous
Entities. The Spatial Behavior of an object is its movement through space.
For instance, the classical manipulation of VEs is a spatial behavior [11]. Au-
tonomous entities includes the classical virtual humans, which for many people
is the quintessential dynamic component.

On account of their unique nature, Propagating Quantities are in their
own category. These propagating quantities are manifest only through another
medium. Examples include waves in an ocean, waves in a pool of water, sound
waves, and smells. We chose to categorize these differently, because there is a
perceptual difference for the observer. One doesn’t think of the ocean moving,
but instead of waves. One doesn’t think of particles moving in the air, but
instead of smells moving through the world. Here, the motion has its own
importance that is largely independent of the transport medium, making the
distinction important.

A number of potential changes are not so much a part of the VE, but rather
of the system state. However, these impact the experience of the environment.
Only one of these is a typical dynamic component of existing applications,
modal interaction. Interaction with VEs is often performed with only a sin-
gle device, which is overloaded in functionality. The changing between modes
is an important dynamic component of the system. Related to this is the
possibility of changing the display configuration or system configuration at
run-time [4]. For instance, in certain Scientific Visualization contexts this may
mean changing the number of processors or even computers involved in the
computation [59,29]. Similarly, in distributed applications this can be changes
the connections or changes to the aspects of the VE that are distributed [52].
However, recall for these to fit our definition of a dynamic component, they
have to have perceivable consequences, e.g. the speed of the simulation in-
creases or new virtual characters appear.

Abstract Components of dynamic change are less tangible, but aspects that
are implicit and potentially powerful components to making a VE into an ex-
perience. Story and game components of VEs are two of the major components
at this level. Both of these necessarily unfold over time. In early games this was
created primarily through levels; However, today’s attempts try to handle this
solely through a changing environment, without the explicit changes. Interac-
tive storytelling environments are also implicitly dynamic VEs, particularly in
that the stories are influenced by the user.

The final major potential abstract dynamic component of VE is time it-
self. As dynamic components are defined as being aspects that change over
time, this may seem intrinsically wrong. However, in a synthetic world, time
is not limited to moving in one direction or at a specific rate. More formally
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expressed, time does not have to be a homogeneous time arrow. Time in VR
is flexible. This is a possibility that is often recognized and is often considered
desirable [13,14,42,46]. An example use of this is for learning environments. In
such cases the learner can experience the proper process at different speeds and
review them freely [3]. Conceivable and even often suggested methods include:
reversing time’s flow, freezing time, changing time’s “speed,” heterogeneous
time skewing, and an “undo” for time. However, these possibilities are rarely
realized and, even then, usually in very limited ways.

The discussion of dynamic components up to now has been on classifying
the potentials of the design space in terms of perceptual groupings. This is
useful when thinking of the possibilities. We believe this will become a useful
tool when considering how to make more interesting worlds, by providing a
structured way to investigate possible dynamic components to add. It is also
useful when evaluating systems for VE creation. Systems can be checked for
support of each different class of dynamic component. Implementations within
hierarchical categories can be expected to contain similarities or even exact
methods. However, for implementation insights there is another way to classify
the collected potentials, based on the decisive factor, time.

Classifying the dynamic component design space by how time is perceptu-
ally understood provides interesting insights into how to create the individual
effects and how to support them. We have created a time based classifica-
tion of dynamic components. The resulting taxonomy is shown in Figure 3.
It is important to note that three of the four categories involve continuous
or piecewise continuous time changes. This insight will be taken back up in
Section 8.1.

5 Dynamic Interactions

Having looked at the design spaces of dynamic components and interactions,
we can now move to the areas that combine them. The first we investigate
is dynamic interactions. Recall that they are dynamic components induced
through interactions. The design space of dynamic interactions provides inter-
esting insight not only into what is possible, but uncovers a large research field
that is largely unexplored and provides new insight into the necessary support
mechanisms for such interactions.

The design space of dynamic interaction consists of various standard in-
teractions and less conventional interactions. We present the design space in
Figure 4 only in the form of a time based categorization, as the equivalent
categorization based on perception contributes little additional information.

Considering first the different possibilities themselves, we see that a good
number of the possible dynamic components are induced by interactions. This
is interesting, as it supports the prevalent thought that interaction is of im-
portance for making things interesting, as they also produce actions. We’ll
introduce the different dynamic interactions in three groups: classical VR in-
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examples.

teractions, meta-level interactions, and those from “advanced” or “immersive”
interfaces.

When we consider the interaction techniques that are typically used in VR
environments, it turns out that most of them fall into the category of dynamic
interactions. The ubiquitous interactions of object manipulation are a prime
example as well as most of the travel methods that are crucial to VR. These
classic VR interaction types are rarely considered with regard to their dynamic
nature, exceptions include [30,49,55].

Meta-level interactions include a number of things like games and story-
telling. However, other potential dynamic interactions can be included here.
Conversations, gestures, and speech all can be include. Each is dependent on
something occurring over time, which is part of what makes them challenging.

Finally, certain devices enforce a dynamic interaction. Basically, these are
“continuous” sensors. Standard spatial tracking devices are this way, if values
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Fig. 4 The design space of dynamic interactions is shown in taxonomy form. Bold font
indicates a category or sub-category, and standard font listings are concrete examples.

are continuously used. Haptics devices are also continuous in nature, because
of the fidelity required. However, newer devices like Brain Computer Interfaces
(BCI), eye tracking, and physiological sensors are potentially of this type dy-
namic interaction, even if they are rarely used as such.

When categorizing based on time representation, the dynamic interaction
design space is divided into four categories. Two categorizes are continuous in
nature, differing only by their boundedness in time, continuous infinite and
continuous over an interval. The second set of interactions involves ordered
sets of interactions that occur over time. We further differentiate between
ordered sets that are composed of either continuous over intervals segments or
discrete events.

The boundedness difference for the continuous time categories may seem
trivial and irrelevant. However, this may prove to have an impact on the im-
plementation, making it more than a conceptual difference. In the continuous
infinite case, we expect the interaction to be active over the entire course of
the application’s life. A classic example of this is head tracking. Another ex-
ample is the ChairlO travel interface [2], which is continuous for the length
of program. On the other hand, tracking of an input device used for travel or
manipulation typically is handled as a continuous interval, as they are almost
exclusively performed as modal interactions.

The second set of categories is based on the premise that the interaction is
composed of an ordered set of interactions that are distributed in time. The in-
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viewpoint
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dividual interactions take meaning through their association together. In this
sense these are interactions that occur over time. For example, a conversation
is a collection of speech components that occur in a specific order. Games and
stories can be found as both sets of intervals and of discrete events. Although
this deals primarily with implementation details, there is a conceptual im-
pact on how the interaction is viewed. Classically, implementations view the
interactions as a collection of discrete occurrences. This is partially because
interactions in storytelling and games have been seen implemented as discrete
interactions, but mostly because the implementation is based on a state ma-
chine approach. While the story of the experience is retold in this discrete way,
the experiences are almost always continuous over some period of time, i.e. a
continuous time interval.

6 Interactive Dynamic Components

The alternative combination of interaction and a dynamic component is an
interactive dynamic componen. They are simply interactions that occur with
a dynamic component. Conceptually this is quite straight forward; however,
they are not as well understood and explored as prior ideas. Known examples
of interactive dynamic components are yet limited in scope; however, we feel
the larger area of interactive dynamic components will become important in
the near future.

The design space of interactive dynamic components can be seen in Fig-
ure 5. The design space is seemingly small in size, though many of the cat-
egories encapsulate countless potentials. This small number may be more a
result of the little exploration that has been performed in this direction than
truly an indication of a small design space.

Examples of interactive dynamic components can be found in real life.
Interactions with dynamic objects are performed in real life, though few cases
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are frequent for the average person. Many sports involve such interactions at
their core, for instance kicking a moving ball. This often forms much of the
challenge of the sport, particularly for youth and amateurs. While not everyone
actively plays sports, another category is very commonplace; The “simple” act
of having a conversation is built upon interactions that fall into this category.

One class of interactive dynamic components is simply taking dynamic
components and interacting with them. While it is easy to say we will in-
teract with a dynamic component, actually doing it or even considering and
planning to do it more difficult. Computer games do this often as a way to
increase the challenge. Because of implementation challanges, interaction with
dynamic objects are typically instantaneous. However, as we saw in dynamic
interactions, there are a whole class of interactions that are continuous and,
potentially, more interesting than just “instantaneous” shooting and stomping
interactions that are classic in computer games. These overlapping areas are
what we have termed dynamic interactions with dynamic components and will
be introduced in the next section.

A few of the categories shown in Figure 5 merit explanation. Parameter
steering is a category, where the interactions are not directly with the dy-
namic component in question, but rather manipulation of some controlling
mechanism in the simulation. Direct value changes are similar to what Bow-
man called “system” interactions. An example of this would be controlling the
passage of time, e.g. stop, play, slow play, fast forward, and reverse buttons.
Another could be controlling gravity’s defined value. Indirect parameter steer-
ing is likely to be found in interactive storytelling. Here, the user’s actions
cause parameters in the story manager to be modified, e.g. the user ignores
a character in the Interactive Drama Facade [36]. This in turn modifies the
next act or task that the story manager picks out, which in turn modifies the
behavior of the actors, e.g. the ignored character accosts the user. Such effects
could be more subtle and long term, as seen in various current role playing
games.

Most other interactions highlighted happen more at a meta-level. The ob-
ject of interaction is not so concrete here. For instance, most meaningful inter-
actions with an “entity” (avatar, person, animal/thing) involve some abstrac-
tion. A conversation implies that there is a change happening in the internal
state of the conversant. Similarly, interactions in an interactive storytelling
application imply that the interactions of the user influence in some way the
flow of the story. Although, this may not actually be the case in the program-
ming, perceptually successful applications provide the illusion of such deeper
interactions.

7 Dynamic Interactions with Dynamic Components

Dynamic interactions with dynamic components are a challenging area first
formalized here. They are interesting both for the application user and as a
research area. It turns out that a large portion of the identified interactive dy-
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namic components in the previous section fit into this category. For the user of
an application, the meta-level dynamic interactions with dynamic components
(e.g. conversation, interactive-storytelling, entity relations) provide depth to
a world and make them seem more realistic. Haptics have been extensively
explored; however, the area, as a whole, is largely under-explored. We believe
a large portion of this is simply that they are very challenging.

What exactly does a dynamic interaction with a dynamic component (DID)
entail? The examples given in the prior section focused on interactions well
known from our everyday life. Conversations involve “give and take” methods,
such that one actor talks and the other(s) listen, in “turn taking.” Here, rules
have emerged in culture to make the DID possible. However, body language
may play a role in conversations even between those discrete intervals of speech.
Similarly, haptics research largely implements well know sets of rules based on
physical properties, i.e. we push on something and the force (an abstraction
over time) is feed into the system.

Dynamic interactions with dynamic components that are not based in ex-
isting physical and/or cultural rules are not as clear. An abstract example
that functions well is Beckhaus’ Guided Exploration system [1]. Her system
created a hybrid interactive and guided system for exploration of a virtual
environment. A passive user would be guided through an environment, from
one point of interest to the next. However, the user had the possibility of in-
terrupting the guidance system to navigate on their own. When returning to
a passive mode, the guidance system reengaged. The system was designed to
be emergent, such that it “created” a different tour through the environment
after the interaction intervention. The user’s new position started the system
anew, and it took into account the points of interests visited by the user while
they were in control.

The guided exploration example presents one possible method of DIDs:
an informed takeover of control. Conversation involves exclusion in the verbal
modality in the turn taking convention. However, when trying to extrapolate
from those examples to come to an “essence” of DIDs, one quickly runs into
difficulties.

To illustrate this, an example will be made of classical direct manipulation
in VR. This interaction is a good example, because it is both easy to visualize
and also commonly thought of when first approaching this kind of interaction
(though according to the authors’ experience, always quickly disregarded when
attempting to implement it). Assuming the manipulation being performed is
translation, looking at the possible ways in which the dynamic component
and the manipulation dynamic component can be combined is informative.
Figure 6 visualizes the possibilities listed here:

— add the manipulation to the continuing object movement - changing the
position directly

— add the manipulation to the continuing object movement - changing the
dynamic at a higher-order level (e.g. velocity)
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Fig. 6 This diagram shows the identified methods in which direct manipulation and existing
dynamic component can be combined. For simplicity, the interaction is reduced to a 2D
space. The timings of the interaction and the dynamic component are seen on the left hand
side.

— add the manipulation to the continuing object movement - snap back to
dynamics afterwards

— stop the movement and manipulate - continue as before (i.e. the manipu-
lation has no effect after manipulation ends)

— stop the movement and manipulate - continue dynamics from the manip-
ulated position

Implementations of each are possible; the larger question is, what manipula-
tions make sense? We feel that the answer to that lies in the application for
which it is needed, making it a difficult to answer question.

8 Discussion

As we performed this research, we were often reminded of the immense pos-
sibilities for what could be and, yet, so rarely is. This was true even for the
areas of interaction and dynamic components. In this section, we discuss briefly
some of the insights won during the process of this research. We also discuss
briefly two topics of importance related to this work. The first is supporting the
creation of DIVEs, a central motivation of this research. The second is some
of the ongoing research into the newly identified research areas, in particular
interactive dynamic components and dynamic interactions.

Interaction is the one area that has been extensively researched in the VR
community, and yet this is the first work we know of that has asked what
is possible. Here, we have shown that many potential avenues of interaction
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have not yet been deeply explored. Many of these interactions are related to
dynamic components, another area that has had limited attention. The Web3D
community has been the primary area of research on dynamic components in
the recent years [10,16,39).

We believe, however, that the most interesting part of this work is the
revelation of the very under-explored areas at the intersection of dynamic
components and interaction; we have termed the different ways in which they
can combine as dynamic interaction, interactive dynamic components, and dy-
namic interaction with dynamic components. These different combinations of
interaction and action are likely to be compelling and interesting components
of VEs. From a research viewpoint, each combination is interesting. A primary
reason is the challenge. The combination of components that change over time
and interaction with that same object is difficult. It is often difficult to con-
ceive interactions that are functional and user friendly. In turn, these kinds of
interactions are usually difficult to implement.

Given the challenges and the huge potential of these areas, it is surprising
how little research exists on these topics. Most of the relevant prior research
has been mentioned in sections introducing each concept. In the following
subsection, we briefly present the system we have developed specifically to
support the creation of Dynamic Interactive VEs. After that, we introduce
some of the research we have been performing on such combinations of dynamic
components and interaction.

8.1 Supporting DIVE Creation

The number of existing and previous VE systems is expansive, so it is surpris-
ing that only a single system has been designed with DIVE creation in mind.
Reviews of the various systems can be found in [6,9]. We briefly introduce the
issues surrounding supporting DIVE creation and introduce our system that
was designed to fully support DIVE creation.

Systems that support interaction can be readily found, including various
systems specifically for interactions. However, support for creating dynamic
components is generally lacking in most systems. Most systems that support
time based changes, do so by providing the programming language itself and
a “timer.” In all but a few exceptions, the support systems consider time
to be instantaneous and occurring only at the frame update. If “continuous”
dynamic components are supported, they are typically enabled only through
pre-planned — typically keyframe — animations. Unfortunately, pre-planned
animations exclude most interactions. Interactive dynamic components and
dynamic interactions are rarely, if ever, supported in current systems at any
level.

Based on the research presented here, we developed a system specifically
to support the creation of DIVEs, called Functional Reactive Virtual Reality
(FRVR) [6,8,9]. It directly and natively supports time based creation of dy-
namics of every class identified in Sections 4. It also provides provisions for
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reactive interaction with those dynamics, thereby supporting every category
of DIVE described previously.

FRVR is built upon the Functional Reactive Programming (FRP) paradigm.
In FRP, time is a first class part of the system and is considered continuous [19,
60]. What differentiates FRVR from other systems that can handle continuous
time is that it: still handles instantaneous time changes well, supports inter-
action, and is VR system independent. This support of interaction can be for
all classes of interaction: instantaneous, interactive dynamic components, dy-
namic interactions, and even dynamic interactions with dynamic components.

The FRP paradigm focuses on two things, expressing (time based) behav-
iors as mathematical functions and being reactive to input. Although FRP
is not exclusively for time based usages, its strength lies therein. Time is ex-
plicit to the system, but hidden from the developer. Instead, typical dynamic
components are programmed using integrals. FRVR uses the Yampa FRP im-
plementation, which is written in Haskell using Arrows [15].

FRVR expands on the original FRP paradigm for the needs of Virtual Re-
ality. FRVR adds diverse abilities for traditional usages, like keyframed anima-
tion. FRP’s reactive system enables switching between “behaviors,” and also
for emergent and non-linear behavior of the system. FRVR adds support for
exploration of the dynamic interaction through various functionalities. Even
time is flexible in the FRVR system, manipulatable for all behaviors, indepen-
dently per behavior, or as groups of behaviors. Time can even be frozen, while
still allowing interactions. An undo functionality that is unique to FRVR can
even step back through time. As with many of these abilities, undo requires
only the addition of a single function.

FRFR is open source and freely available?. It is cross platform and can be
integrated into any VR system, using any graphics libraries. Currently imple-
mentations of FRVR exist for two VR systems and have been demonstrated
with five different graphics engines. FRVR is additionally designed to be mul-
tiply connected to various input and output generation systems, e.g. sound,
that are running at different update rates. To achieve this, FRVR has only
a loose coupling to each system, including the VR system, via a blackboard
implementation. Additionally, FRVR has a variable simulation rate that can
be determined as required by the application.

8.2 Active DIVE Research

A limited amount of research into the newer areas of the DIVE spectrum has
been undertaken. We have started research into interactive dynamic compo-
nents at various levels and introduce those directions here.

As this area is yet under-developed, we have started with the simplest
of interactions, selection. In our initial work, we tested various methods of
selection of dynamic objects [49]. We attempted various methods of selection

2 http://imve.informatik.uni-hamburg.de/projects/FRVR
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based on expectations gleaned from the developed taxonomies. We performed
user tests with four different methods: standard ray picking, the snapping
pointer, the time cone, and the trajectory based selections. The last three
methods use a cone selection with specialized functions for determining the
selected object, based loosely on the research of de Haan, et al. [24]. In a
small study we found that the snapping pointer - closest object in cone - and
time cone methods - selection based on length of time the object is present in
the cone - worked best for single object selection and selection in a occluding
group. This work on selection of dynamic objects has continued outside our
group in [30] and by others [44].

We have also performed research exploring dynamic interactions with dy-
namic components. Our initial work was with defining and refining of paths
through an environment. Here, we have been dealing with the classic issue of
defining a “fly through” of an environment. The path is recorded in FRVR and
then can be played back. The simplest interaction that can be implemented
with FRVR is allowing dynamic changing of the flow of time for the playback
(requiring the addition of only a single function). Developing interactions be-
yond the time manipulation requires some thought.

In order to edit the spatial changes, we experimented with the replacement
of sections of the path [3]. This is probably the easiest DID method, at least
with the FRVR implementation. We just select a starting time and ending
time, replacing it with a newly recorded segment that roughly “matches up.”
Currently one watches/experiences the path and triggers the start and end
times during the playback (time manipulation can occur during this to increase
accuracy if desired). Then the start position and end position are visualized.
The user starts from the start position, recording a new path, ending at the end
position. Classically such a method would cause discontinuities that are not
acceptable, particularly for viewpoint paths. However, using FRVR’s different
transitions functions we can smooth the transitions from one to the other,
without having to intervene. Usage of transition functionalities requires only
the replacement of the switching functionality with a special function that
implements the desired transition method.

9 Conclusion

We have introduced and investigated the area of Dynamic Interactive Virtual
Environments (DIVESs). These are a class of engaging VEs based on the idea
that what makes them interesting are their dynamic and interactive compo-
nents. This paper defines and explores the design space of this class of envi-
ronments, providing insights into what is possible, identifying new areas for
research, and providing insights into how to support their creation.

We identify five types of components to the environment that have to be
regarded: interaction, dynamic components, dynamic interactions, interactive
dynamic components, and dynamic interactions with dynamic components. For
each area we have explored and categorized the design spaces of what is possi-
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ble. This has made explicit the design space of possibilities for each and shed
light unto a myriad of exciting areas of research. We have additionally pro-
vided an analysis of the dynamic component design space based on how the
passage of the time based is perceived, providing insight into implementation
requirements for these components. Among the more interesting areas for re-
search formalized through this work are dynamic interactions and interactive
dynamic components, two areas that have large potentials and are widely open
for future research.
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