Visual
Programming of
Virtual Worlds
Animation

in virtual reality
interfaces, realistic
animation of virtual
agents enhances
human-computer
interaction by
supporting direct
engagement in the
virtual environment.
Visual programming
by example allows
designers to define
animation rules by
“training” agents,
thereby building
behavioral rules into
specification models
that run automatic-
ally during the
execution of the
virtual environment.
This allows for direct
and effective
replication of real-life
phenomena and
agent reactions to
environmental
stimuli.
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uman-computer interaction has

evolved from textual programming

toward visual languages with 3D

direct manipulation interfaces. In
this evolution, the cognitive effort necessary for
users to manage system objects has been progres-
sively reduced by augmenting their engagement
in the operation. Virtual reality environments are
the ultimate stage in this trend.!

VR environments represent directly the world
of interest. Complex interfaces engage users’ 3D
perceptual and spatial skills, which are largely
underemployed in conventional interfaces, to
accomplish a direct and natural interaction. Vir-
tual agents that change their state in response to
external and internal stimuli enhance the sense of
a real-life environment. The user can interact with
the system without referring to syntactic and
semantic conventions of an intermediary inter-
action language, relying instead on empirical
knowledge of the emulated environment. VR
applications in fields such as personnel training,
entertainment, hostile-environment exploration,
and physical therapy may profit from such aug-
mented yet simplified interaction.

Constructing and animating virtual worlds

To present an effective emulation, virtual
agents must exhibit both realistic graphic shapes
and realistic behaviors. Realistic shapes help the
user perceive the virtual environment as a replica
of a real context, thus encouraging realistic inter-

1070-986X/96/$5.00 © 1996 IEEE

action. Realistic agent behaviors improve the
user’s engagement in the virtual world by giving
a sense of interaction with a context populated by
natural agents. . ‘

Due to their inherent complexity, the con-
struction of virtual worlds requires using appro-
priate notations, methodologies, and tools that
support the designer at all stages, from specifica-
tion to implementation. Several projects have
been aimed at providing toolkits for the effective
design and construction of virtual worlds, such as
Aviary,> MR,? World and Cyberspace, and the VR-
Deck toolkit.* These tools all support the creation
of realistic object shapes through graphic libraries,
as well as effective user interaction through appro-
priate interface modules to I/O devices.. Pro-
grammers animate virtual worlds by specifying
agents’ behavior through event-action rules. Each
rule specifies which input events are of interest
and which actions and output events are generat-
ed at their occurrence. Modules representing vir-
tual objects communicate with each other by the
exchange of events corresponding to state
changes or to the occurrence of certain spa-
tiotemporal relationships among the agents.
Behavioral rules are usually defined textually,
using either a conventional programming lan-
guage® or a specific rule language.*

Textual programming offers the advantage that
rules written directly on paper can be examined
and modified at will. Its disadvantage is that it
requires learning a new-language and fully under-
standing all the conditions and reactions that
characterize the behavior of the agents under
development. This is often a complex task because
we understand real-life phenomena in terms of
empirical experience and unconscious factors,
without retaining explicit knowledge of regulari-
ties and rule details. For this reason, textual spec-
ification of an agent’s behavior creates a cognitive
gap between what we know about the real-life
entity emulated by the agent and what we can
express in terms of quantitative specification rules.

Programming by examble

Visual programming by example has been pro-
posed as a means to bridge this gap, based on the
rationale that most people deal better with specif-
ic concrete objects than with their abstract repre-
sentations. A program can be more easily written
by giving examples of what it is expected to do
than through a sequence of textual rules.
Specification by example appears to be particular-
ly well suited to the development of virtual



worlds, as it allows designers to express directly
their knowledge about emulated realities without
an explicit and complete understanding of quan-
titative details. Designers can rely instead on nat-
ural human capabilities such as intuition, sense of
distance, orientation, and the like.

A few experiences reported in the literature
apply this paradigm to the construction of
advanced interfaces and graphic animations. In
the agentsheets approach,’ the animation of a set
of typed agents moving over a discrete grid of
typed cells is specified in terms of reaction rules.
These determine the agent’s next position as a
combinatorial function of the agent type and of
the cell where it presently stands. The spread-
sheet’s cell layout is defined visually, and the
agent animations are specified through visual
examples that replicate reaction rules. This
approach is the basis of Kidsim,® designed to pro-
vide tools for young users to create graphic simu-
lations. An environment is constructed by
demonstration in terms of graphic rewriting rules
that change the appearance and position of icon-
ic agents moving over a discrete 2D grid.
Rewriting rules are defined by creating a “before-
picture” and an “after-picture” and by recording
agent trajectories that implement the transforma-
tion between them. :

The application of programming by example
to virtual worlds animation has more demanding
requirements than those encountered in 2D ani-
mation. The 3D reproduced spaces in virtual real-
ities require a high degree of animation fineness
in both space and time. The resulting dense rep-
resentation of space and time prevents the use of
discrete grids and makes ineffective the expression
of triggering environment conditions in terms of
exact quantitative relationships among virtual
agents. Virtual reality animations also must be
sensitive not only to the current environment
configuration but also to the sequential evolution
of agent relationships with the environment.
These requirements demand that the system sup-
porting programming by example have a more
sophisticated formal nucleus to support a flexible
representation of spatiotemporal conditions and
sequential reaction patterns.

To investigate how visual specification by
example copes with these augmented expressivi-
ty requirements, we developed a prototype tool
that supports an evolutionary approach to the
interactive and visual specification of virtual agent
behavior. This tool employs visual behavioral
training, a specification by example process that

defines the behavior of each agent by visually
replicating its reaction pattern to specific per-
ceived stimuli coming from the virtual world.
The system interprets examples produced by
the designer during the specification stage and
automatically translates them into specification
models. These models cast agent behavior into a

reactive framework in which the agent switches

among different operation modes based on how
its spatial relationships with the other agents in
the environment evolve temporally. During the
operation of the virtual environment, these mod-
els adjust agents’ behavior with behavioral pat-
terns emerging from the specification examples.
In the following sections, we describe the inter-
nal formalism employed to capture perceived
stimuli and reaction patterns of virtual agents. We
then present the system that embeds this formal-
ism within a visual interactive shell, discussing
principles of operation and examples of use.

Supporting behavioral training through
visual specification

In a specification by example approach, the
designer constructs the behavioral models of vir-
tual agents by replicating their actions under rel-
evant environmental conditions. The system
interprets these examples and captures them into
an internal specification model that will operate
during the execution of the virtual environment.
Our system casts this internal model within a
reactive framework made up of stimuli and reac-
tion patterns. Stimuli occur as certain temporal
evolutions of spatial relationships among the enti-
ties of the virtual environment. They are repre-
sented through an original language that extends
concepts of conventional temporal logic to deal
with space and time in a unified framework.

Reaction patterns are expressed through a Petri
net-based model that permits representation of
internal parallelism. This specification formalism
has a two-fold role in the agent’s training and
operation. First, in the training stage, it captures
the agent’s behavioral responses to stimuli and
trains it to act in a specified way. Next, in the exe-
cution stage, specification models replicate the
agent’s trained behavior. They also reproduce the
evolution of spatiotemporal relationships among
virtual agents to recognize the occurrence of situ-
ations to which the agent should react.

Specification of perceived stimuli
To encompass the expression of significant spa-
tiotemporal phenomena, as encountered in the
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L=< fastt, slow™
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Figure 1. A sketch of a 2D scene. This illustrates that obj is an object of type O
moving fast along\axis e, and slow along axis e, (that is, it has a speed vector
U= < fast*, slow*>). The XSTL assertion (p) &, < O; fast*, slow*> captures the
fact that point p is occupied by an object of type O and motion status

L= < fast, slow>. The XSTL assertion (q) |, Vg 0% < O; fastr, slow*> captures
the fact that an object of type O and motion status i = < fast*, slow*> is reached
from point q by moving for a long distance along the positive direction of axis e,
and then for a short distance along the positive direction of axis e,.

Spatial Logic of Frame Assertions

Spatial Logic quantitatively represents spatiotemporal phenomena in dy-
namic VR scenes. The sample assertions below express specific spatial rela-
tionships among elements in individual frames of a sequence.

Assertion Meaning
(p)ege  Point p satisfies spatial formula
0=<0; u>|—2,|8;, A 0,/050, Spatial formula capturing the position of a point
with respect to objects in the scene
Point p is occupied by an object of type O

(P)E<O; 1>
: which moves with speed

(P9,  Point p does not satisfy spatial formula g,
(P2, A @,  Point p satisfies spatial formulae g; and g,
(p)EL% e,  Spatial formula g, is satisfied in some point p’
reached from p moving along the positive direc-
tion of axis e such that the distance |p—p/| satis-
fies constraint vy
(PELS5e, Spatial formula g; is satisfied in some point p’

reached from p moving along the negative
direction of axis e such that the distance [p—p/|
satisfies constraint y

perceptual process of real-life entities, we designed
an original language, eXtended Spatio Temporal
Logic (XSTL). This language extends the concepts
of conventional Temporal Logic’ to support a
homogeneous description of both spatial and
temporal phenomena.? The spatiotemporal evo-
lution of elements in a dynamic scene is captured
through assertions organized in nested dynamic
and static levels.

At the dynamic level, sequence assertions,
expressed through the conventional operators.of
Temporal Logic, capture the evolution over time
of the spatial contents of the individual frames.
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These spatial contents are defined at the static
level by frame assertions formed in an original
language, Spatial Logic, which transposes the
operators of Temporal Logic to deal with space
instead of time. Misroring concepts proposed in
the literature to augment Temporal Logic with.
quantitative modeling capability, XSTL introduces
metric expressivity in both frame and sequence
assertions to permit representation of qualitative
metric relationships among space points and time
instants in which certain conditions hold.

Spatial Logic of frame assertions
Frame assertions capture spatial relatlonshlps

~ between the points occupied by agents appearing

in individual frames of a sequence. The simplest
frame assertion states that an agent of a specific
type and having a particular motion status occu-
pies some point in the scene. If p is a point, O an
object type, and [ a speed vector, the assertion
(p) <O, 1> means that point p is occupied by an
object of type O moving at speed il (see Figure 1).
We can create more complex assertions using the
operators spatial forward eventually (09%) and spatial
backward eventually (0%) to express that, starting
from point g and moving along an axis e;, point ¢’
is reached within a specified distance range yin
which a certain spatial assertion holds. The side-

r “Spatial Logic of Frame Assertions” gives
examples and detailed descriptions of assertions
that can be composed for each scene to describe
in quantitative terms the spatlal relatlonshlps
among elements.

Figure 1 shows how composing multlple even-
tually operators that refer to-multiple axes of the
scene lets us capture the displacement of point ¢
with respect to an object of a glven type and
motion status.

Recursive combination of multlple spatial even-
tually operators referring to different axes pro-
duces an assertion that basically captures the
structure of a walkthrough leading from point g
to object obj. By combining several such assertions
through the Boolean connectives, the position of
object obj with respect to point g can be charac-
terized as a set of walkthroughs leading from g to
any of the points of obj. The position of ‘an
observed object obj with respect to an observing
object obj, can then be characterized through the
set of walkthroughs leading from the points of obj,
to the points of obj. Objects represented as gener-
ic polygonal shapes can be delineated by a finite
set of points; different selections of representative
points can accomplish different levels of detail



and accuracy in representing objects’ shapes and
spatial relationships.

Operatively, if we approximate the observed
object with its minimum bounding rectangle, we
can obtain the possible walkthroughs by extend-
ing these bounds along the axes of the observing
object and then see which regions of the resulting
partition include part of the observing object. As
shown in the 2D scene depicted in Figure 2, each
such region is characterized by a specific assertion

capturing a walkthrough from that region to a -

region of the observed object. Combined, these
assertions depict the mutual position of the two
objécts as a set of walkthroughs such that (1) each
walkthrough is possible from at least one point in
the observing object, and (2) from each point in
the observing object there exists at least one pos-
sible walkthrough to the observed object.

Temporal Logic of scene sequences

Sequence assertions capture temporal ordering
relationships among the scenes in which certain
frame assertions hold. The simplest possible
sequence assertion is expressed in the form

(j)E; ® and means that the frame assertion @

holds in the jth scene of the sequence. (See the
“Temporal Logic of Scene Sequences” sidebar for
more examples and detailed descriptions.)

The temporal operator backward eventually
(0%) expresses assertions involving more than one
scene of the sequence. Moving back along the
time axis, a scene is eventually encountered, with-
in a specified temporal qualitative distance, in
which a certain sequence assertion holds. For
instance, given a sequence assertion  and a scene
index j, the sequence assertion ()l 0%y, 0
means that there exists a scene j* that precedes j
such that the distance j —j’ falls in the range of
soon and that ¢ holds in scene .

We can express complex time-ordering rela-
tionships among scenes with different spatial con-
ditions by composing frame assertions through
the Boolean connectives and with multiple tem-
poral operators. In géneral, XSTL permits repre-
sentation of stimuli in terms of relationships
among agent trajectories, with the possible use of
quantitative spatial, temporal, and speed parame-
ters. This expressivity could be extended, without
changing the essence of the formalism, by aug-
menting the syntax of the basic scene assertion
with additional motion parameters (for example,
acceleration or angular parameters) or with para-
meters characterizing relevant aspects of the
instantaneous status of the agent. This enables the
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Figure 2. A 2D scene allowing for two different
walkthroughs from the observing object obj, to the
observed object obj. The spatial position of obj,

with respect to obj is expressed by two possible
walkthroughs: if O and 11 are the type and the speed
of obj, the walkthrough assertion (obj,) , 0 0Fin
<0, > is satisfied by all the points in obja, while
(obj,) k&, 0%, <O, > is possible only for the points of
obj, in the dark gray area of the figure.

Temporal Logic of Scene Sequences

Temporal Logic assertions express time-ordering relationships among phe-
noimena in dynamic VR scenes. Below are some examples that express how
specific spatial relationships evolve among elements as frames of a sequence
unfold. - o

Assertion Meaning
()E.6 The jthscene satisfies temporal formula 6
6=D|— 6,16, A 6,]0% 6, Temporal formula capturing the temporal position of
a frame in the sequence featured by the environment
(NEQ@ The jth scene satisfies spatial assertion @
(D~ 6; The jth scene does not satisfy temporal formula 6,
(DE. 6, » 6, The jth scene satisfies temporal formulas 6, and 0,
(DE0L 6, The temporal formula 6, is satisfied in a frame with
-index k< such that the temporal distance j - k satisfies
constraint y

representation of stimuli depending on non-
motion conditions, such as the appearance or the
spirit of a living agent.

Specifying reaction patterns

Reaction patterns are specified through a reac-
tion sequential logic that defines how the agents’
elementary moves are engaged in response to
internal control commands. The agent engages
these, in turn, when it perceives stimuli from the
virtual environment. For each agent, the reaction
logic comprises a set of execution modes formed
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standing ?advance

A '
?brake A A ?steerygn,

by recursively com-
bining basic actions
through a set of trace
operators such as con-
catenation, termina-
tion, and selections
driven by the occur-

turn rence of environmental

right

—_—

turn left

Figure 3. A condition-
event representation for
the reaction logic of a
car agent. The car agent
has two operation
modes, standing and
going, activated by four
control commands:_
advance, brake, steer g,
and steer ;g
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stimuli. At the start
of behavioral training,
the reaction logic de-
fines how the agent
responds to control
commands, but does
not specify the condi-
tions under which
these commands are to
be issued. The behavioral training completes the
reaction logic by defining which spatiotemporal

‘stimuli activate control commands.

For the sake of concreteness, consider the case
of a car agent provided with three basi¢ actions: go,
iy, and turm,,,; two execution modes, standing
and going; and four control commands, advance,
brake, steeryq, and steer,,. In going mode, the car
repetitively executes the go action; different con-
trol commands may force the car to execute actions
turny,, and turn,,, or to enter standing mode. In
standing mode, the agent does not execute any
action until the user engages the control command
advance to return it to going mode.

We can describe such reaction logic suitably
using a condition-event Petri net model,® in which
mode activations are associated with conditions,
and changes in the activation scheduling are rep-
resented as events. For the car agent, the net has
two conditions corresponding to going and stand-
ing execution modes, and four events (transitions)
associated with the control commands. Figure 3
shows the token in standing condition, which
indicates that initially this is the only active
mode. Engaging the control command advance
moves the token from standing to going mode; this
sets the standing condition to “false” and the going
condition to “true.” Upon engagement of the
brake command, the agent leaves going mode and
reenters standing mode. The commands steer,,, and
steer,q, remove the agent from going mode, exe-
cute the basic actions turn,; and turn,,,, respec-
tively, and again return the agent to going mode.

The condition/event model enables designers to
represent synchronization (by allowing the explic-
it sequencing of events), parallelism (by allowing
tokens in multiple places), environment choice (by

allowing concurrent events associated with differ--
ent control commands), and non-deterministic
selection (by allowing concurrent events associat-
ed with the same control command). Canonical
Petri net extensions can further augment the mod-
el’s expressive power. Static priorities associated
with transitions can be used to support determin-
istic selection among conflicting events.?

Timing assumptions, expressed by associating
transitions with a time duration or with an exe-
cution delay, create time-triggered actions (for
example, a car starting after a 30-second stop).
Behavioral patterns that change with continuity .
(for example, a car changing its speed within a
dense range) can be represented by replacing the
low-level condition-event net with a high-level
Petri net provided with functional modeling capa-
bility.®® This permits representation of dense-
valued status information (for example, the speed
of the car), which, applied to basic actions (for
example, the method of advancing the car),.
obtains a continuously changing behavior.

Colored Petri nets enable designers to synthe-
size complex parametrized behaviors by allowing
them to specialize agent states and transitions
with attributes. By associating such state and tran-
sition parameters with stimuli dependent on non-
motion conditions, designers can also describe
interactions based on non-visual relationships.

Interactive training of virtual agents

We describe here operating principles of the sys-
tem supporting visual programming by example
and automatic operation of virtual agent behaviors.
The system runs on an IBM RISC 6000 machine
with a 7234-GTO graphics accelerator for real-time
interaction with the 3D virtual world. Visualization
is based on GraPHIGS under X-Windows. The sys-
tem derives agents’ behavioral models by inter-
preting training examples that specify r

1. which spatiotemporal stimuli are of interest
for each agent, and :

2.what control actions the agent takes in
response to their occurrence.

These examples are interpreted and represent-
ed according to the internal formalism described
earlier. After this training, the system automati-
cally operates the new behavioral models to fea-

_ture a virtual environment where agents behave

according to rules derived from the-specificatio
examples. '



Creating training examples

To create training examples, the designer visu-
ally composes dynamic scenes populated by a
number of standing or moving background
agents. These produce spatiotemporal situations
to which the agent should react. The concurrent
motion of multiple agents involved in such con-
ditions is composed according to a multi-track
recorder model: Each agent’s motion pattern is
separately recorded and played back during the
recording of subsequent agents’ motion using the
rewind and playback buttons available in the
interface. The designer can then synchronize the
patterns of multiple agents simply by adjusting
their relative speeds.

Once a training scene has been created, the
designer specifies through example how the agent
will respond to the spatiotemporal stimuli occur-
ring within that scene. To enhance designer
involvement, icons representing agents have an
internal appearance showing environment con-
tents perceived from the agent’s point of view.
This internal appearance also features a set of con-

Figure 4. Visual programming of a car agent: behavior in the presence of a
pedestrian. The background pedestrian agent is first made to cross the road (a
through c). During the playback of this motion, the designer “gets in” the car (d
and e) and drives it until she gets close to the pedestrian agent (f and g), then
engages the brake command (h) and does not advance until the pedestrian has

crossed (i).

trol buttons corresponding to the control com-
mands accepted by the agent.

As an example, Figure 4e shows a car agent’s
control buttons, including the wheel for steering,
the polyhedron for braking, and the arrow for
advancing. By assuming the internal appearance
of the agent to be trained, the designer “gets in”
the agent and drives it through the training scene
playback, using the control buttons in response to
his perception of environmental conditions. In
doing so, the designer specifies by example when
control commands are issued in reaction to envi-
ronmental stimuli occurring in the scene.

A spatiotemporal parser automatically inter-
prets the spatiotemporal contents of training,
then translates them into XSTL assertions. To per-
mit different levels of precision in the specifica-
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(pedestrian in front OR
car approaching from right)

Figure 5. The condition-
event representation for
the behavior of the car
agent after the visual
training.
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tion, the designer can control the level of detail
accomplished in the parsing. She first clicks on the
agent icons to be considered in the scene’s inter-
pretation (some agents could be included only to
achieve more realistic visualizations). For each rel-
evant object, she may then define a set of repre-
sentative points to be taken into account in the
evaluation of spatial relationships (the vertices of
the minimum enclosing rectangle being assumed
by default). Finally, a separate button interface
allows the designer to define whether the scene
must be interpreted considering only spatial or
both spatial and temporal relationships, with or
without the use of metric qualifiers.

By comparing the relation between environ-
mental stimuli and designer-issued control com-
mands to the agent operation model, the system
completes the model with those stimuli that
catised control commands to be engaged. To mod-
ify agent reaction to the occurrence of a certain
stimulus, the designer simply produces a new
reaction through a new visual example and selects
between the change with deletion and change
with addition modes. The first mode associates
the stimulus with the new reaction pattern only;
the second mode associates the stimulus with the
new reaction pattern without removing any pre-
vious association. The latter may, however, result
in a single stimulus being associated with con-
flicting reactions. The present version resolves
these concurrences on a random basis to augment
the variability of the environment. If such a ran-
dom selection is not appropriate to specific pur-
poses of the virtual environment, conflicting
conditions could be detected and resolved as

)

deterministic choices with the introduction of sta-
tic priorities associated with event transitions.’

Figures 4, 6, and 7 present simple examples
that address visual specification and operation of
a virtual environment that gives driving lessons
to a beginner. In these examples, a beginner drives
a car within a virtual environment populated by
car and pedestrian agents. Car agents are trained
to behave according to some rules of “good dri-
ving,” specifically, to stop when they find a pedes-
trian in a crosswalk and to give precedence to cars
coming from their right-hand side.

Figure 4 depicts the training scene created to
teach virtual car agents to stop when they
encounter a pedestrian in a crosswalk. N

This training results in engagement of the brake
command and the agent’s transition from going to
standing mode on perceiving a pedestrian at a near
distance. Figure 5 depicts this schematically.
Modifying training examples '

Figure 6 shows the car agent being trained to
yield to other cars coming from its right-hand side.
This training modifies the behavioral model to
cause the car agent to leave going mode and enter
standing mode whenever it detects another car
approaching its right-hand side at a near distance.

The behavioral model now includes this stim-
ulus as a disjunctive condition associated with the
brake event and leads to a transition from going to
standing mode (see Figure 5). The system operates
these behavior specifications automaticélly, let-
ting agents run autonomously within the virtual
environment. To this end, agents are associated
with passive execution automata controlled by a
spatiotemporal parser and an agent schéduler.

Verifying scenarios ,

The spatiotemporal parser observes the con-
tents of the virtual environment, evaluates frame-
by-frame the positions -and instantaneous
displacements of the agents, and detects the
occurrence of spatiotemporal stimuli relevant'to
the animation. This detection is carried out
through the subsequent application of a spatial
and a temporal model checker, which basically
follows the steps of Clarke’s algorithm. !

At each-new scene, every spatial assertion
appearing in a stimulus expression is checked
against spatial relationships among the objects in
the scene. This checking involves a worst-case com-
putational complexity that is linear with respect to
the length of the assertion itself and cubic with
respect to the number of objects referenced in the



stimulus. The cubic dependency arises from the
fact that, in a 3D space, the presence of n objects
determines a partitioning of the space into (2n+1)*
regions, each having a different combination of
walkthroughs leading to the objects in the scene.

The temporal checking is carried out by com-
paring sequence assertions representing agent
stimuli with the scene assertions satisfied in the
present scene and with the history of the envi-
ronment (within a finite memory window). Since
temporal operators of XSTL are oriented to past
time, the contents of the present scene do not
change assertions satisfied in the history. This per-
mits temporal checking of a stimulus to be com-
pleted with a worst-case complexity that is linear
in both the length of the history window and the
length of the sequence assertion.

The agent scheduler interleaves repetitive calls
to the agents’ execution automata. On each call,

the agent execution automaton checks whether
the spatiotemporal parser has detected the occur-
rence of some stimulus relevant to the agent. It
executes the possible corresponding events and
then executes the active modes of the agent one
step further.

Combining scenarios to create interactive sessions

Figure 7 (next page) shows scenes from an
interactive session of a beginning driver. The vir-
tual environment enforces the rules defined by
the two previous specification examples.

Conclusions

Our framework supports the use of visual pro-
gramming by example in the creation of VR agent
animations. The designer replicates virtual agents’
expected responses to stimuli that occur in
defined spatiotemporal relationships with other

Figure 6. Visual programming of a car agent: behavior in the presence of a car at a crossroad. A training scene is composed in which a
background car agent goes through a crossroad (a through c). Again, during the playback of the background scene, the designer “gets
in” the car (d and e) and drives it toward the crossroad (f). When she sees the background car getting close to the crossroad on her
right-hand side, she pushes the brake button (g), lets the car pass (h), and advances again (i).
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Figure 7. Interaction with trained agents in the virtual environment. The
beginner drives the red car along the road on the right-hand side of the screen; a
trained blue car comes from the opposite direction, and a trained grey car comes
from the left-hand side (a and b). When the trained grey car reaches the
crossroad, it perceives the red beginner car approaching from its right-hand side
and stops to give precedence (c), as learned during the previous training stage.
While the grey car waits for the red car to advance, the trained blue car
approaches the crossroad and stops to give precedence to the grey car (d). After
the beginner car has passed through the crossroad, the trained grey car advarices
through the crossroad (e), then the blue car advances when the crossroad is clear
(). Meanwhile, the trained grey car continues until it perceives a pedestrian in a
crosswalk (g). Again, according to previous training, the car stops and does not
restart until the pedestrian has left the crosswalk (h and i).

agents in the virtual world. Stimuli and responses
occurring in the training examples are captured
into an internal representation, which combines
a Petri net operational model of reaction
sequences with a spatiotemporal description of
environmental stimuli.

During execution of the virtual environment,
each agent’s internal representation is automati-
cally operated by an interpreter that executes the

IEEE MultiMedia

operational part of the specification and a model
checker that compares the featured scenes against
descriptions of stimuli the agents perceive. This
approach permits direct engagement of human
3D perceptual and spatial skills without requiring
designers to cast their empirical knowledge of the
emulated environment into a textual specifica-
tion. It also supports a more effective design of
agent animations and permits even nonprogram-
mer end users to modify agent behaviors and tai-
lor applications to specific needs.

System developments can focus on augment-
ing the expressivity of the internal representation
so that designers can expand the range of agent
behaviors with explicit priorities, timing con-
straints, and parametrized actions. While timing

- assumptions do not create problems from a foz-

mal point of view, their enforcement requires a
real-time execution platform to operate specifica-
tion models.

Similarly, parametrized actions basically do not
affect the automatic operability of specification
models. The finer granularity of behavior repre-



sentation, however, hinders derivation of general
rules from interpretation of single examples.
Finally, effective parameter setting requires that
specification be completed with an annotation
stage. This might reduce the immediacy of speci-
fication by example, but it also enables more
expressivity within the formalism. MM
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