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Abstract

We describe a framework for creating animated simu-
lations of virtual human agents. The framework allows
us to capture flexible patterns of activity, as well as
reactivity to a changing environment. Both lead to
variation in how an animated simulation will be real-
ized. In addition, because different parts of an activ-
ity make different demands on an agent’s resources
and decision-making, our framework allows special-
purpose reasoners and planners to be associated with
only those phases of an activity where they are needed.

Introduction

Conventional animations often seek to re-create “life”
through the artistic skills of an animator who trans-
forms his or her observations, experience, and intuition
into the images, shapes, and movements that make for
believable characters (Thom81). Recent automated
techniques for animation aim to ease the animator’s
burden. For example, dynamics can be used to animate
particles or objects (Hahn88; Wilh90), and “flocking”
can be used to constrain interactions between figures
(Reyn87; Tu84).

Producing animated people, however, seems to re-
quire more than the existing physical or manual
toolset. Omne response to this difficulty is “perfor-
mance animation”, where live actors perform, while
sensing systems monitor various body landmarks la-
beled by markers or electromagnetic sensors (Badl93a;
Robe94). While this provides motion data of unques-
tioned realism, 1t is only one instance of a perfor-
mance: different conditions can lead to different mo-

*The demonstration described here, Hide and Seek, was
designed and implemented by Roxana Cantarovici, Sonu
Chopra, Christopher Geib, Michael Moore, Barry Reich
and Thomas Trias, with help from Welton Becket. The au-
thors would like to thank Barry Reich as well for his com-
ments on the paper. This research has been partially sup-
ported by DMSO DAAH04-94-G-0402; ARPA DAMD17-
94-J-4486; U.S. Air Force DEPTH through Hughes Missile
Systems F33615-91-C-0001; Air Force DAAH04-95-1-0151;
NSF 1RI95-04372; ARO DURIP DAAH04-95-1-0023; and
ARPA AASERT DAAHO04-94-G-0362.

tions because people adapt their behavior to circum-
stances through their unconscious reactions and con-
scious decision-making,

What we note here is that synthetic humans must
also be able to adapt to circumstances if we want them
to share human qualities. Sensed human motions are
not sufficient because we do not know how to read-
ily adapt them to other circumstances. Even when
people’s behavior essentially follows a pattern, as in
going to a supermarket, playing a game, or trouble-
shooting and/or repairing equipment, they sense the
world around them, react and make choices in ways
that adapt the pattern to circumstances. It is support-
ing flexible patterns of activity that motivates much of
our research. We see animation as an integration of
a rich collection of interacting techniques, organized
in a principled, structured representation (Badl93b).
Here we show its use in representing flexible patterns
of human activity.

We start by briefly reviewing our two-level archi-
tecture for intelligent agents, then comment briefly on
previous computational approaches to patterns of hu-
man activity, and then show how PaT-Nets capture
such patterns for the production of animated simula-
tions.

The Agent Architecture

An agent is an object that is able to take action by
virtue of having a sense-control-action (SCA) loop to
produce locally-adaptive (reactive) behavior. In gen-
eral, behaviors are considered “low level” capabilities
of an agent, such as being able to locomote [to], reach
[for], look [at], etc.

An agent also manifests high-level patterns of activ-
ity and deliberation, which in turn can affect the im-
mediate formulation and parameters of an SCA loop.
Such patterns are captured in our framework through
parallel state-machines we call “Parallel Transition
Networks”, or PaT-Nets. PaT-Nets can sequence ac-
tions based on the current state of the environment or
of the system itself, and represent the tasks in progress,
conditions to be monitored, resources used, and tem-
poral synchronization. An agent’s deliberations both



prior to and during action can be captured through
special purpose reasoners and planners associated with
specific states of a network.

In this framework, the agent can instantiate PaT-
Nets to accomplish goals (e.g., go to the supply depot
and pick up a new motor), while low-level control is
mediated through direct sensing and action couplings
in the SCA loop (e.g., controlling where the agent’s
feet step and making sure that s/he doesn’t run into
or trip over any obstacles). By linking numerical feed-
back streams (SCA loops) and state controllers (PaT-
Nets supported by special-purpose reasoners and plan-
ners), we believe it is possible to obtain maximum flex-
ibility and maintain appropriate levels of specification
in the animated simulation of virtual human agents
(Badl93b; Beck93).

The rest of this section briefly describes features
of SCA loops and PaT-Nets. For more detail, see
(Badl95).

Low-Level Control: SCA Loops

The behavioral loop is a continuous stream of floating
point numbers from the simulated environment. Simu-
lated sensors map these data to the abstract results of
perception and route them through control processes,
each of which is independently attempting to solve a
minimization problem. The results go to simulated
effectors or motor actions that enact changes on the
agent or the world. This loop operates continuously.

The behavioral loop is modeled as a network of in-
teracting sense, control, and action (SCA) processes,
connected by arcs across which only floating point mes-
sages travel. An individual path from sensors to ef-
fectors is referred to as a behavioral net. It is analo-
gous to a complete behavior in an “emergent behavior”
architecture such as Brooks’ subsumption architecture
(Broo86), except that nodes may be shared between
behaviors, and arbitration (competition for effector re-
sources) may occur throughout the behavioral path
and not just at the end-effector level. The behavioral
loop is modeled as a network with floating point con-
nections in order to allow the application of low-level,
unsupervised, reinforcement learning in the behavioral
design process (Beck95). Here we briefly describe the
components of an SCA loop.

Sensory Nodes Sensory nodes model or approxi-
mate the abstract, geometric results of object per-
ception. They continuously generate signals describ-
ing the polar coordinate position (relative to the
agent) of a particular object or of all objects of a
certain type within a specified distance and field of
view.

Control Nodes Control nodes model the lowest level
influences on behavior. For example, control of
locomotion is loosely based on Braitenberg’s love
and hate behaviors (Brai84), here called attract and
avotd. Control nodes are formulated as explicit min-
imizations using outputs to drive inputs to a desired

value (similar to Wilhelms’ (Wilh90) use of Braiten-
berg’s behaviors). They typically receive input sig-
nals directly from sensory nodes, and send outputs
directly to action nodes, though they could be used
in more abstract control situations.

Action Nodes Action nodes connect to the under-
lying human body model and directly execute rou-
tines defined on the model (such as walking, bal-
ance, hand position, and torso orientation) and ar-
bitrate among inputs, either by selecting one set
of incoming signals or averaging all incoming sig-
nals. An example is the walk controller, which de-
cides where to place the agent’s next footstep and
then connects to the locomotion generator (Badl93b;
Moor95) to achieve the step.

Our main use of SCA loops to date has been in loco-
motion reasoning.

High-Level Control: PaT-Nets

PaT-Nets are finite state machines with message pass-
ing and semaphore capabilities (Beck94; Douv95).
Nodes are associated with processes that can invoke
executable behaviors, other PaT-Nets, or specialized
reasoners or planners. Invocation occurs when a node
is entered. An arc transition between nodes in a PaT-
Net may check a local condition evaluated within the
PaT-Net or a global condition evaluated in an external
environment. Arcs are prioritized, and a transition is
made to a new node by selecting the first arc with a
true condition. Nodes may also support probabilistic
transitions, reflecting the probability of transitioning
to another node at a given clock tick. Monitors associ-
ated with a PaT-Net will execute an action if a general
condition evaluates to true, regardless of the current
state. In addition, a PaT-Net may have local state
variables available to all processes and conditions, and
may also take parameters on instantiation.

A running network is created by making an instance
of the PaT-Net class. All running PaT-Net instances
are embedded in a Lisp operating system that time-
slices them into the overall simulation. While running,
PaT-Nets can spawn new nets, communicate with each
other, kill other nets, and/or wait (sleep) until a con-
dition is met. Running nets can, for example, spawn
new nets and then wait for them to exit (effectively a
subroutine call), or run in parallel with the new net,
while maintaining communication with it. Because
PaT-Nets are embedded in an object-oriented struc-
ture, new nets can be defined that override, blend, or
extend the functionality of existing nets.

Patterns of Activity

It has long been recognized that much of everyday
human activity falls into patterns. In early work
on computer-based story understanding, such pat-
terns were captured in structures called “scripts” or



“schemata” and were used to fill in what hadn’t been
said in a story as well as what had been said (Scha77).

Scripts/schemata have also be used in generating
behavior. For example, in “hierarchical planning”
(SaceT7; Wilk88), a plan operator specifies a partially
ordered pattern of actions or sub-goals that can be used
to achieve a particular goal.

Here we want to make three points about patterns
of activity:

(1) Patterns have different sources: they may be
idiosyncratic, peculiar to an individual; they may
be cultural, simplifying interactions between people
(Cass94); they may be occupational, as in a medic’s
initial assessment of a trauma patient (Chi95); or they
may be recreational, as in the pattern of a game.

(2) Patterns vary in their rigidity. They range
from low-level fixed patterns one may do daily with-
out thinking — for example, putting one’s left shoe on
first and then one’s right — to high-level patterns of
engagement where the particulars are subject to varia-
tion such as in having breakfast, making dinner, going
out for dinner, playing golf, etc. The variation may re-
flect low-level reactions to circumstances or high-level
decisions.

(3) People may be engaged simultaneously in multi-
ple patterns of activity. Their resulting behavior may
therefore reflect their allocating different resources to
different patterns, using one pattern in support of an-
other, time-slicing patterns or blending patterns.

The next section shows how PaT-Nets can be used
to capture patterns of activity in the game of Hide and
Seek. (A video demonstrating the results accompanies
this paper.)

Simulating Hide and Seek through
PaT-Nets

While there are many different sets of rules for Hide
and Seek, most involve one player (who is “it” or the
“secker”) first averting his/her eyes while the other
players hide, then setting out to find at least one
of them, then engaging in some competition with
whomever is found, which may then lead to that other
player becoming “it” in the next round. Thus Hide and
Seek manifests a pattern of behavior whose realization
may vary from instance to instance as players hide in
different places, as different players are found, and as
the competition between the player who is “it” and the
player that is found yields different results. Here we
show how this kind of pattern is easily supported in
PaT-Nets.

The high-level controller, or PlayNet, for simulat-
ing one common version of Hide and Seek is illus-
trated in Figure 1. In this version, a hider, once hid-
den, does not move until seen by the seeker, at which
time the hider attempts to run home without being
tagged by the seeker. In Figure 1, the node labelled
Sync causes players to wait until all the players are
“home”, at which point the seeker may begin counting

(Count) and the other players start to hide (Hide).
The node labelled Evade has a player running to home
base, while avoiding the seeker. (Currently this sort of
multi-goal behavior is hand-coded while a more gen-
eral approach to multiple goal integration is worked
out.) Dashed transitions in the network represent a
change in role from hider to seeker or vice-versa. The
at home condition becomes true when the agent is
at home-base, while the safe condition becomes true
when the seeker notices that the hider he is pursuing
has made it home.

At Home

All safe

Figure 1: PlayNet for Hide and Seek

While a PlayNet specifies an entire game of Hide and
Seek, each player has its own copy, which records fea-
tures of the game specific to that player (e.g., whether
the player has been seen by the seeker or made it home
safely, etc.), as well as features of the global state of
the game (e.g., whether all hiders have made it home
safely). (We have not yet examined the consequences
of having different PaT-Net “rules” for different play-
ers.)

To support agent coordination, two types of com-
municative mechanisms have been used in Hide and
Seek. First, the environment itself is used: Players
have limited (simulated) perceptual abilities which al-
low them to see unobstructed nearby things in their
environment. This supports the coordination involved
in see/seen in Figure 1. Second, coordination of all
agents is handled through semaphors. For example,
in Figure 1, count done is broadcast to all agents, as
are tag/tagged and at home/safe, since such infor-
mation is relevant to all players but cannot be insured
known through the players’ limited perception.

Focussing now on the processes associated with indi-
vidual nodes of a PlayNet, these may either be intrinsi-
cally terminating, as in count (count to 10), indicated
by a black dot on the arc, or externally terminating by
virtue of some event in the environment. For example,
search is only terminated when circumstances provide
the seeker with a hider. Note that intrinsically termi-



nating processes may also be interrupted by external
events, stopping them before completion. For exam-
ple, evade (i.e., run home while evading the seeker)
is intrinsically terminated by the hider reaching home,
but may be interrupted by the hider being tagged. For
PaT-Nets to support this, actions must be cleanly pre-
emptable, so that the simulation programmer can pass
in a condition for premature termination.

The use of special purpose reasoners and planners
in the context of specific processes is illustrated in two
of the nodes of Figure 1 — hide and search. Cur-
rently during hide, a special purpose reasoner is in-
voked when the node is entered, that evaluates the set
of hiding places the agent knows about and chooses one
that maximizes the agent’s preference criteria. Each
agent has different preferences regarding a hiding place
— differing by the importance of its distance from the
seeker, the number of available exits, etc. Once a hid-
ing place is chosen, the agent moves towards it. A
more sophisticated reasoner for choosing hiding places
might carry out noticing and evaluating hiding places
in parallel, while the player moves away from “home”,
to avoid wasting time by thinking without moving.

The use of special purpose planners is illustrated in
the search node. Searching is viewed as choosing a
place to look for a hider, and then doing what one
needs to get there. The planners that support these
two activities are described in more detail in the fol-
lowing sections.

General purpose planning

The function of general purpose planning is to expand
high-level goals into a contextually appropriate struc-
ture of more basic actions. In Hide and Seek, general
purpose planning is used to formulate and maintain a
plan for satisfying a seeker’s goal of finding a hider.
ItPlanS (Geib95) is a hierarchical planner, in which
hierarchical expansion of a plan structure to succes-
sively lower levels of abstraction only takes place to
the degree necessary to determine the next action to
be carried out. The incremental nature of the result-
ing plan allows ItPlanS to make commitments at the
appropriate level of detail for action while not com-
mitting itself to future actions that might be obviated
by changes in the world. TtPlanS is described in more

detail in (Geib95).

Search planning

Since human agents have a limited field-of-view, they
must search to find objects that are outside of it. We
have isolated this reasoning in a specialized module, a
search planner, that translates information acquisition
goals to high-level physical goals to explore parts of
the environment (Moor93). To search for an object,
an agent must know (or discover during search) the
regions of space where the object might be.

Searches terminate successfully when a referent ob-
ject is “seen” in the environment, and unsuccessfully

when there are no more regions to explore or if the envi-
ronment changes in a way that obviates further search.
For example, in Figure 1, the seeker does not continue
to search after all hiders have returned home, even if
parts of the environment remain unexplored.

Our approach to search planning relies on maintain-
ing information about the state of a heuristic search
on an internal map. It uses distance from the agent
to order regions for exploration. Two lists of regions
are maintained by the search planner, an open list of
regions yet to be explored and a closed list of regions
which have been explored. On each iteration, the clos-
est region on the open list is selected to be explored,
using Pemberton and Korf’s Incremental Best-First
Search algorithm (Pemb92). TtPlanS then generates
a plan for exploring that region, opening any doors
necessary along the way. After executing each action
in this plan, ItPlanS observes the resulting world to
determine if the desired object has been located. New
doors and regions observed during the action are added
to both the map and the open list.

Conclusion

We have just begun to explore the use of PaT-Nets
as high-level controllers of agent activity, but have al-
ready identified many questions we want to explore.
They include:

e the viability of confining high-level reasoning and
planning to particular nodes of a PaT-Net. It may
be that in other activities, reasoning and planning
need a more global purview or need to be interleaved
in as yet unforeseen ways.

e the range of activities worth framing in a net-based
approach: the greater the number of nodes, the
greater the connectivity between them, and the
greater the complexity of the arc conditions, the less
a net-based approach seems to make sense. In other
words, we would like to identify criteria we can use
to decide when to employ a first-principles planner
and when we can use a network of pre-determined
decision points. It is possible that learning a task
or becoming more expert at something entails a mi-
gration from planning as a node to more focused
networks of choices.

e a clear regimen for mapping instructions for a task
or game (including warnings and constraints) to one
or more communicating PaT-Nets.

On the other hand, we are now using PaT-Nets in sev-
eral different projects within the Center, and a graphi-
cal interface to PaT-Nets (“Visual Jack”) is under de-
velopment that will enable designers to specify much
of a PaT-Net graphically, as in Figure 1. Our experi-
ments so far indicate that the representational efficacy
of this architecture of behavioral reaction, transition
networks, and symbolic planning is necessary for mod-
eling actions of human-like agents. Whether it is suffi-
cient is a question for the future.
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