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Abstract

We describe the ZAROFF system, a plan-based con-
troller for the player who is “it” in a game of hide and
seek. The system features visually realistic human fig-
ure animation including realistic human locomotion.
We discuss the planner’s interaction with a changing
environment to which it has limited perceptual access.

Introduction

The game of hide and seek challenges the ability of
players to plan for acquiring information. The player
who is “it” (hereafter called the seeker) must explore
his environment attempting to locate other players.
Those players must select hiding places which are diffi-
cult to discover while providing access for them to run
safely to home base when the way is clear. The goal of
this is to develop simulated agents that can play hide
and seek (or more dangerous games). Due to the com-
petitive nature of the game, reasoning must take place
quickly in dynamically changing hostile surroundings.

This paper presents part of ZAROFF! a system for
generating an animated simulation of humans play-
ing hide and seek. (Figure 1 shows frames from one
game.) We describe a planning system for the seeker
and its vertical integration into a system that selects
reactive behaviors to execute in an animated simula-
tion. Operation of the planner is interleaved with exe-
cution of the reactive behaviors so that the agent may
adapt to a dynamic environment. Adaptivity is also
supported through least-commitment planning, as the
planner only looks ahead one action at each level of its
abstraction hierarchy.

The planner described in this system has been
ported from an initial domain that combined search
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!Named for the hunter in Richard Connell’s 1924 short
story, The Most Dangerous Game

and manipulation tasks (Geib, Levison, & Moore
1994) to this new domain which requires locomotion.
The software chosen for this work is Jack® (Badler,
Phillips, & Webber 1993) running on Silicon Graph-
ics workstations. Jack is a human modeling and sim-
ulation program developed at the Center for Human
Modeling and Simulation at the University of Penn-
sylvania, that features visually realistic human loco-
motion based on both kinematic and dynamic tech-
niques (Ko 1994). Jack’s LISP application program-
ming interface (Becket 1994) is used to implement
ZAROFF. This interface supports access to the en-
vironment (a database) and its behavioral simulation
system.

In ZAROFF, a planner interacts with an animated
simulation that provides a dynamically changing envi-
ronment to which the planner has only limited percep-
tual access. These environmental characteristics moti-
vate our system architecture.

Interacting with the environment

Our planner interacts with a multi-agent environment
that consists of a database of graphical entities (e.g.
geometric objects, human figures) and a behavioral
simulation engine that moves objects in the database.
The database records data on three-dimensional ge-
ometric figures with position and orientation. The
planner’s access to database information is restricted,
to better simulate the limits of human perception.
The planner’s actions either directly manipulate the
database, or indirectly affect the database by influenc-
ing the behavioral simulation engine.

Perception in ZAROFF

By limiting the planner’s access to the database, the
planner only has access to information about objects
which the seeker can “see”. For the planner to decide
on an action, it must see all the objects involved in
that action.

We implement a model of perception which restricts
access to only those objects in the environment which
are in a direct line of sight from the seeker. This is ap-
proximated using the graphics technique of ray-casting.
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Figure 1: Frames from the conclusion of a game

Rays are cast from the seeker’s eyes toward other fig-
ures. If any of these rays hit a figure before intersecting
another object, that figure is perceivable. While “per-
ception” is not synthetic vision, it satisfies the same
role of forcing information-acquisition actions and mo-
tivates our use of a special purpose search planner.
This model of perception is less restrictive than that
used in HOMER (Vere & Bickmore 1990), another an-
imated simulation, which limited distance (only close
objects can be seen) and angle of view (only objects in
front can be seen) in a two-dimensional environment.

Action in ZAROFF

Actions chosen by the planner are carried out by an
action ezxecution module (see Figure 2). Both compo-
nents are well matched to the dynamic environment
in which ZAROFF acts: the planner quickly selects the
next action to perform based on comparison between
the perceived world state and an incomplete hierarchi-
cal plan that is regularly revised. The action execu-
tion module controls locomotion in a manner reactive
to changes in the terrain and moving objects.

System Architecture

Our division of the control of a seeker between a plan-
ning component (the general purpose planner and spe-
cial purpose search planner) and a reactive behavior
component (the action execution module) reflects a
distinction between deliberative and non-deliberative
actions. Keeping track of where you are located in
a complex environment and what hiding places have
been checked requires deliberate effort, while walking
from one place to another generally does not. To-
gether, these two components create realistic anima-
tions of human decision-making and locomotion while
playing hide and seek.

Figure 2 depicts information flow in ZAROFF. The
system starts by initializing the plan with the input
goal (finding a hiding human), populating the database
with the initial locations of all the objects and human
figures in the simulation, and creating a partial map
from what the seeker can see around him. The planner
and the Behavioral Simulation System start processing
simultaneously. The planner queries the state of the
database through the Filtered Perception module to
decide how to elaborate the plan and select an action.
If necessary, the Search Planner is consulted to assist in
planning how to find things. When the planner decides

on an action, it instructs Action Execution to carry it
out. Further planning is suspended until the action
has terminated (successfully or unsuccessfully).

In making decisions about what to do next, each
component makes use of its own internal simulation,
which differs from the graphical animation of the en-
vironment. The planner uses abstract descriptions of
the effects of each action to choose one which will move
closer to the specified goal. The search planner simu-
lates the movements of an agent on its internal map of
the environment. Action Execution simulates taking
the next step in several alternate locations. At each
level of decision making, an internal simulation is used
at an appropriate granularity.

Action Execution

The Action Execution module is responsible for the
control of all actions occurring in ZAROFF. Most
actions such as opening and closing doors are per-
formed directly by this module. Human locomotion
is a special case which is performed by the Behav-
ioral Simulation System (BSS) (Becket & Badler 1993;
Badler, Phillips, & Webber 1993). Action Execution
controls this locomotion indirectly.

Non-locomotion actions are performed directly by
Action Execution manipulating the environment. For
example, a door is opened by rotating it about its
hinges. This rotation is done incrementally, a small
amount each frame of animation.

Locomotion is performed indirectly by Action Ex-
ecution creating sensors and binding them to human
figures in the database. Since BSS is constantly moni-
toring the environment, this immediately initiates the
appropriate agent locomotion.

Neither path-planning nor explicit instructions are
used to drive locomotion; agent control and appar-
ent complexity are the result of the interaction of a
few relatively simple behaviors with a complex (and
changing) environment. An agent is made aware of its
environment through the use of a network of sensors.
Based on the information gathered by these sensors the
path through the terrain is incrementally computed.
This allows the agent to react to unexpected events
such as moving obstacles, changing terrain, or a mov-

ing goal (Reich et al. 1994).

Sensors

A sensor is a function which maps a human’s posi-
tion and orientation (his state) in the environment to



a stress value, where lower values represent more de-
sirable states. The agent (here, the seeker) utilizes a
set of sensors in interacting with its environment. Cur-
rently there are four classes of sensors:

Attraction: An attraction sensor (attractor) is used
to draw the seeker toward a goal, either an object
or a location. If a goal object moves, the point of
attraction moves appropriately. The sensor output
(stress value) of an attractor is high when the agent
is far from the goal and decreases as the agent nears
the goal.

Repulsion: A repulsion sensor (repulser) is used to
avoid collisions between the seeker and objects. Re-
pulsers have a sector-shaped region of sensitivity. If
there are no objects in this region the sensor output
is zero. Otherwise the output is proportional to the
distance and size of the detected objects.

Field-of-View: A field-of-view sensor determines
whether or not the agent is visible to any other
agent. (It will be used to support the players who
must hide.) The sensor output is proportional to the
number of agents’ fields-of-view it is in, and inversely
proportional to the distances to these agents.

The Behavioral Simulation System

BSS provides general locomotion of objects in Jack,
and is used in ZAROFF to generate human locomotion.
The central control mechanism of BSS is a loop that
includes perception, control, and action. During the
perception phase the sensors are polled, during the
control phase the next foot position is selected, and
during the action phase the step is taken.

General purpose planning

The next two sections describe the system for plan-
ning the overall behavior of the seeker agent, which
combines a hierarchical planner with a special purpose
search planner.
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Figure 2: Information flow in ZAROFF

ITPLANS (Geib 1992) is a hierarchical planner, in
which hierarchical expansion only takes place to the
degree necessary to determine the next action to be
carried out. It consists in an incremental expansion of
the frontier of the plan structure to successively lower
levels of abstraction. The incremental nature of the
plan allows the system to make commitments at the
appropriate level of detail for action while not com-
mitting the system to future actions that might be ob-
viated by changes in the world. The close coupling of
ITPLANS with the environment manifests itself in two
ways:

First, the traversal and pruning process the planner
follows at each interval relies on being able to deter-
mine the actual state of the world and compare that
with its goals. During the expansion process ITPLANS
examines the state of the world and its memory to de-
termine if any of the goals within its plan have been
satisfied. When a goal has been satisfied serendipi-
tously, it can be pruned out of the plan structure, and
the system can move on to consider its next goal.

Second, ITPLANS “leans on the world” (Agre 1988)
when predicting the results of its actions. Rather than
maintaining a complete model of the world and the
state that results from executing the action, ITPLANS
uses a simpler method based on associating conditional
add and delete lists with each action. ITPLANS as-
sumes that a given proposition is true in the state that
results from the action if (1) the proposition is explic-
itly added by the add list or (2) the proposition is true
now in the world and it is not contained on the delete
list. By this method, ITPLANS can make predictions
about the results of executing an action without mod-
eling the entire world state.

Search planning

A consequence of limited perception is the occasional
need to find objects. Our approach is to isolate 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.
As Haas points out (Haas 1993), any plan for acquir-
ing information must rest on what the agent knows
about the environment. That is, in order to search for
an object, an agent must know (or discover during the
search) the regions of space where the object might be.

Searches terminate successfully when a referent ob-
ject is seen in the environment. They terminate unsuc-
cessfully when there are no more regions to explore.
A search may also be terminated if the environment
changes in a way that obviates the search.

Maintaining a Map

Our approach to search planning relies on maintaining
information about the state of a heuristic search on an
internal map. The heuristic search has finding a de-
sired object as its goal. It uses distance from the agent
to order regions for exploration. Two lists of regions
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Figure 4: Plan view of example environment

are maintained by the search algorithm, an open list of
regions yet to be explored and a closed list of regions
which have been explored. Its internal map consists of
nodes that correspond to bounded regions connected
by links that correspond to doors.

In one iteration of the search, the closest region on
the open list is selected to be explored. ITPLANS gen-
erates a plan for going to and exploring that region,
opening any doors necessary along the way. After each
action in this plan is executed, the resulting world is
observed 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.

Pemberton and Korf (Pemberton & Korf 1992)
present optimal algorithms for heuristic search on
graph spaces, where only a portion of the graph is avail-
able before the agent must commit to an action. We
use their Incremental Best-First Search (IBFS) algo-
rithm, which uses best-first search to find the closest
known open node. Heuristic estimates for this known
part of the graph are recalculated as necessary.

Example

Having given an overview of the system’s components,
we now illustrate ZAROFF with an example drawn from
a game of hide and seek. To illustrate the conduct of a
search, we will use an example environment with two
buildings, one of which has two internal rooms sepa-
rated by a door (Figure 4). Consider the seeker’s goal
of finding a hiding player. This is specified as goto(X)
with the added constraint that type(X) = HUMAN.
ITPLANS considers the action goto(X) to be prim-
itive but underspecified since the variable X is not
bound to a particular object of type HUMAN. In order to
bind the variable, the search planner must be called to
generate a plan for locating a HUMAN. To this end, IT-
PLANS adds to the plan a find node and calls the search

door 1

door O

Figure 5: Initial map

planner to instantiate a search plan (Figure 3a).

The search planner reasons from this knowledge ac-
quisition goal of locating a HUMAN, to the goal of ex-
ploring regions where a HUMAN might be. Satisfying
this goal requires physically searching through possi-
ble regions.

ITPLANS asks the search planner to expand the find
node. Each time a find node is expanded, the search
planner first examines the Jack environment to deter-
mine if an object of the specified type is visible to the
agent. If not, the search planner selects a region to ex-
plore next, generates a goal to explore that region, and
adds it to the plan (Figure 3b). The initial map (Fig-
ure 5) of regions has two doors for the search planner
to choose from; the closest, door1, is recommended for
exploration. This goal is then further expanded by IT-
PLANS to go to door1 and open it (Figure 3¢). Since
all of the arguments in the first action are bound to
specific objects, it can be carried out. Action Execu-
tion performs this action indirectly by binding an at-
traction sensor to the seeker. When the seeker arrives,
doorl is opened directly by Action Execution.

After doorl is opened, ITPLANS uses the search
planner to evaluate the progress of the search by exam-
ining the world for objects having the property HUMAN.
If one is located, the search is considered successful.
If not, the search planner selects a new region for ex-
ploration and the searching process repeats until there
are no more regions to explore.

In this case, opening door1 does not reveal a HUMAN,
but does permit the agent to see another door, door2,
that is automatically added to the search planner’s in-
ternal map. As door?2 is the closest unexplored space,
on the next iteration the planner will plan to explore
behind door2. Opening door2 does not reveal the
HUMAN, so the search proceeds to the next closest un-
explored region — the other building.

Here we see the advantage of maintaining a map.
Immediately after opening door2, the agent is inside
one building and decides to go to the door of the other
building. Since this destination region is known (from
having seen it previously), we could simply take the
action goto(door0). This would result in the agent
walking directly toward the door until stopped by the
wall. To avoid getting caught in this local minimum,
the search planner uses its internal map (Figure 6) to
plan a path to the next region. The only known path
to door0 is to exit the current building through door1.
The search planner returns this sequence of intentions

door 1 door 2

door 0 <:>

Figure 6: Final map
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Figure 3: Evolution of the plan graph

to ITPLANS, which then invokes Action Execution to
generate locomotion along this path. After opening
door0, the seeker finally sees a HUMAN and can go to it.

Conclusion

We have implemented a plan-based controller for the
seekerrole in the game of hide and seek. Our agent dy-
namically reacts to changes in the environment, from
the level of terrain up to changes in information about
where the other players may be hiding. The imple-
mentation combines general purpose planning, special
purpose reasoning about conducting a search, and re-
active control of human behaviors.

ZAROFF is an effective system for animating humans
carrying out tasks that require locomotion. Limiting
the human agent’s awareness of its environment by
simulated perception increases the realism of the be-
havior generated.
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