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Abstract

Crowd simulation is becoming indispensable in com-
puter games and animations. Several approaches to this
problem have succeeded in generating flocking
behaviors with virtual forces but it remains difficult to
manipulate the collective behaviors of a crowd to respect
certain desired shape. In this paper, we propose a crowd
simulation system that can generate a feasible path tak-
ing the crowd to the goal while maintaining a
user-specified shape as much as possible. The system
consists of two key components: a path planner that can
search for a feasible path for a region of flexible shape
and a local motion controller based on three classes of
fuzzy rules for generating desired agent behaviors. We
will demonstrate the implemented system with several
examples to show the generated path and the corre-
sponding crowd motions adhering to a desired shape.
Keyword: Motion planning, computer animation,
multi-agent system, crowd simulation

1 Introduction

Group formation has many applications in the enter-
tainment industry. For example, formation of a group in
a battle game like the one shown Figure 1 could be a key
factor in defeating an enemy. Different shapes formed by
a group could provide different functions for distinct
physical and visual effects. We often see animations
showing a crowd of congregated animals through a
shape of elephant, geometry, or a death’s-head in tradi-
tional cartoons to exaggerate the visual effects and to
convey special contextual meanings to the audience.

In traditional animation production, animators manu-
ally arrange the position of every animated object in
each key-frame in order to show the final flocking be-
havior. This process is very tedious and time-consuming
even with the helps of animation tools available today. In
the literature of computer animation, some mo-
tion-planning techniques have been proposed to generate
a path for a rectangle shape and then constrain motions
of the agents in a group in this shape. However, the rigid
shape greatly limits the applicability of this technique in
a real animation production. In this paper, we propose a
new crowd animation tool, in which a new motion plan-
ner is designed to take the requirement of flexible shape
into account. Given the geometric description of envi-
ronment, the planner is capable of generating a colli-
sion-free path for the deformable object while account-
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Figure 1. Snapshot of group formation in a battle game

ing for the preference of a user on the shape of the crowd.
The final crowd motion is generated with the help of
fuzzy rules in a agent-based simulation system to show
the desired visual effect.

Next, we will first describe some research pertaining
to our work and then show how to formulate this new
planning problem and the algorithm for generating such
a path automatically. Several experimental results show-
ing how the shape of the crowd changes during a path
will also be given at the end.

2 Related Work

Simulating emergent behaviors for virtual agents is a
common topic in computer animation. Reynolds pro-
posed a virtual force model (separation, cohesion, and
alignment forces) for the simulation of flocking
behaviors [1][2]. The main advantage of this approach is
ease of use. However, it is also difficult to tune the
weights of these forces directly in order to achieve a
specific effect. Anderson used a simple force model in [3]
to create a flocking behavior for a crowd with an ex-
pected appearance by continuously adjusting the position
and velocity of the agents according to the estimated
global shape. This method can generate a crowd motion
respecting the given desired appearance but the time
spent in adjusting the positions and velocities of the
agents is also too large for on-line applications.

In the literature of Robotics, it has been a classical
problem to generate a feasible path for a robot moving
from its initial configuration to a goal configuration. One
can find many approaches to this problem in Latombe’s
book [4]. However, most the traditional motion planner
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Figure 2. System architecture

considers the robot as a rigid body or chains of rigid
bodies whose shape cannot be changed during the tra-
jectory. In [5], Bayazit added some global information in
the roadmap of the environment to facilitate more so-
phisticated flocking behaviors, and proposed three group
behaviors exploiting global knowledge of the environ-
ment.

Kamphuis modeled a group of crowd with a deform-
able shape, and planned the global motion of the shape
by Probabilistic Roadmap Method (PRM) [6]. He used a
group potential field to control the local motion of enti-
ties in the shape. This method can solve the problem of
controlling the appearance of a moving crowd, which
cannot be solved by applying behavior rules only. How-
ever, the bottleneck of this method is that the crowd can
only move along the path consisting of simple shapes
and constrained by narrow passages.

Adaptive fuzzy logic controller (FLC) provides a good
solution for autonomous robot to move in an uncertain
environment. The main advantage of FLC is that it is
highly adaptive and nimble in tackling the uncertainty of
control system through linguistic presentation. Tunstel
used the idea of FLC to design an autonomous robot
having three types of basic behaviors as described in [7]:
goal-seek, route-follow, and localize. Corresponding
primitive actions were also designed for each behavior.

3 Problem Description

The architecture of the system proposed in this work,
as shown in Figure 2, consists of two key components: a
path planner to search for a feasible path for a flexible
region and a local motion controller based on fuzzy lo-
gics. We assume that we are given a geometric descrip-
tion of the environment as well as the initial configura-
tion and a goal position of the virtual crowd. We hope
that that proposed motion planner can generate a feasible
path for the region of flexible shape automatically. While
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Figure 3. Example of shape configuration and configu-
ration coverage map

accounting for the length of the path, the planner should
generate a path that can allow the crowd to maintain
some preferred shape as much as possible during the
movement of the crowd along the path.

Our system first searches for a feasible path for the
flexible region of a fixed volume. We use a set of cells
called shape configuration to describe the region of the
flexible shape. The system generates new shape con-
figurations in the neighborhood of the current shape con-
figuration in the process of motion planning until the
goal configuration is reached. The path returned by the
planner consists of a sequence of shape configurations in
which the crowd will be put into simulation using fuzzy
logic controllers to control the motions of the agents for
desired flocking effects.

4 Path Planning for a Flexible Shape

4.1 Configuration and coverage map

We represent a region of flexible shape with a con-
served volume by a fixed number of connected discrete
cells in the workspace. The obstacles in the environment
are also represented as forbidden cells in the workspace. ,
A shape configuration, denoted by S, is collision-free if
and only if all of the cells in S do not overlap with the
obstacle cells.

In order to facilitate the measure of incremental
movement of S, we distinguish two types of cells in S:
inner cells and boundary cells. A boundary cell for a
shape configuration, denoted by Cgoundary, is defined as
the cell having at least a free cell in its neighbors. An
inner cell for a shape configuration, denoted by Cy,er» 18
the cell inside the region of shape configuration but is
not a boundary cell. Examples of these two types of cells
are illustrated on the left of Figure 3. Note that these two
types of cells are for a shape configuration. Since each
cell consists of two degrees of freedom, the complexity
of the overall configuration space, growing exponential
in the overall degrees of freedom is rather large. How-
ever, the spatial and temporal relations of these cells are
not without constraints. We assume that the region needs
to move as a connected component and the speed of the
movement for each cell is limited. In the planner, we
ensure that the region moves continuously by allowing



Procedure: Generate New Shape Configuration
Input. A configuration S.
Output. A new shape configuration S”.
1. Clone S’ from S
2. if all cells in Cgyunian(S’) have no collision-free
neighbors then return nil
3. Randomly choose Crin Cgpypaary such that a
neighbor of Cymust be collision-free
let v be the vector from C;to the free neighbor
Add all Cgpundary cells of S” into a list O sorted
according to the distance to Cy
6. while Q is not Empty
7. begin
8 poll the front element C; from QO
9. if C; + v is free in workspace then
10. poll the rear element C; from O
11. remove C; from S’
12. add C; +vinto S’
12. end
13. return S’
Figure 4. Procedure for the generation of a new shape
configuration
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only one cell of difference in two consecutive configura-
tions. Hence, we only need to consider the variation of
Choundary 10 generating a new shape configuration.

We use a data structure called Configuration
Coverage Map (CC-Map) to record the trace of regions
covered by the generated shape configurations. This
coverage map contains three types of cells: CCp,p,
CCBoundarys and CClpy, as shown on the right of Figure 3.
CCry.. are the unvisited cells in the freespace. Similar to
the definition of the region in shape configuration, CCy,.
nrer are the set of inner cells in the covered region so far
while CCpoundary 1s the set at the boundary. In order to
ensure that the motion planner makes progress in each
step of the search process, a new shape configuration is
considered valid only if it can expand the coverage re-
gion by at least one cell. In other words, the difference of
the region for a new shape configuration, S,.,, and the
existing coverage map must be at least one cell.

4.2  Generating a new shape configuration

The procedure used for generating a new valid shape
configuration is shown in Figure 4. The procedure starts
by duplicating the given shape configuration S to S’.
Then the system checks if there exists at least one cell in
Choundary 0f S that is collision-free. The system randomly
chooses a seed cell Cyand a moving direction from the
intersection of CCpoundary a0d Croungary 0f S’. If the new
neighboring cell along the chosen direction is
collision-free, then we move other cells in Cguniary along
the same direction by one cell if the new cells are colli-
sion-free. The way we move the whole region is by re-
moving the cells at the other side of the boundary and
put them in the new cells along the moving direction.

Since the number of cells is not changed, the volume of
the region is also conserved.

4.3 Motion planning for flexible shape

In the planner, we use a Best-First Search (BFS) algo-
rithm, commonly used in the motion planners for low
dimensional search space, to search for a feasible path.
In the algorithm, the planner keeps track of the explored
valid configurations that can be further expanded, called
OPEN, and selects the best configuration in it to explore
further according to some criteria such as an objective
function. In this work, we define the objective function
as the weighted sum of the following two scores. One is
the distance score computed according to the average
distance between the cells of the current configuration
and the goal position. The other is the shape score de-
termined by the difference of the ideal shape and the
current shape.

When a shape configuration is selected for exploration,
all new configurations that can extend the region of
CC-Map further are inserted into the OPEN list for fu-
ture exploration. The system will continue to generate
new shape configurations, update the CC-Map until the
generated shape configuration covered the goal position
(success) or the OPEN list becomes empty (failure). If
the goal configuration (any configuration that can con-
tain the goal position) is found, we can then backtrack
the search tree to obtain the path for the flexible shape.

5 Fuzzy Rules for Crowd Simulation

According to our observation of the interaction be-
tween people in our real life, we model the behaviors of
the agents in a crowd with a three-layer fuzzy logic: fype
of model, behavior model, and primitive action. Each
type of models contains several behavior models, and
each behavior model contains primitive actions. Three
types of behaviors are defined in our system: /ntra-agent,
reactive, and inter-agent. The fuzzy behaviors use rules
and linguistic variables to describe the relation between
sensation and actions. Each primitive action is repre-
sented by a distinct control policy governed by fuzzy
inference. We use a fuzzy knowledge base (FKB) to
store the fuzzy rules and linguistic variables and use a
fuzzy logic controller (FLC) to control the motions of
the agents. In each control loop, the system fuzzifies the
position and velocity of the agents and some environ-
mental information for the processing of FKB. Then it
defuzzifies the results to obtain the control parameters
driving the motions of the agents.

6 Experimental result
We use the scene in Figure 5 to demonstrate how the

selection of different weights on distance and shape af-
fect the paths generated by the planner. Key snapshots,
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Figure 5. Key snapshots along the paths of a flexible
object in various experiments

arranged from the top to the bottom, of these experi-
ments are shown in Figure 5. The weights on the dis-
tance score and shape score are the only parameters that
are different among these experiments. The weights
(shape/distance) for experiments A, B, and C are
(0%/100%), (25%/75%), and (75%,25%), respectively.
Since distance is the only criteria used in searching for
the path in experiment A, a shortest path passing through
the narrowest passage was generated.

7 Conclusion

It is a time-consuming and challenging task to create
the animation of a crowd motion that conforms to the
environment and respects a specific shape. In this paper,
we have designed a motion planner to address the prob-
lem of how to generate the path for a region with flexible
shape and fixed volume. We use the concept of coverage
map in workspace to ensure the completeness of the
best-first search algorithm. The system allows a user to
specify his/her preference on path length or ideal shape
with weights on the corresponding evaluation scores. In
addition to the application of crowd simulation, the con-
figurations and paths generated by the motion planner

Figure 6. Applying the result generated by the planner to
the simulation of liquid motion

can also be applied to liquid simulation as show in
Figure 6. We have also designed a fuzzy-behavior model
to facilitate the motion control of the agents inside the
moving shape. More examples created with these fuzzy
control rules will be reported in the future.

Acknowledgement

This research was founded in part by the National
Science Council (NSC) of Taiwan under contract no.
NSC 93-2213-E-004-001

References

[1] Reynolds CW (1987), Flocks, Herds, and Schools: A
Distributed Behavioral Model. Computer Graphics:
ACM SIGGRAPH, pp.25-34

[2] Reynolds CW (1999), Steering behaviors for
autonomous characters. In Porc. of 1999 Game De-
velopers Conference, pp.763-782

[3] Anderson M, McDaniel E, Chenney S (2003), Con-
strained Animation of Flocks. In Proc. of ACM Eu-
rographics/SIGGRAPH Symp. on Computer Anima-
tion 2003

[4] Latombe JC (1991), Robot Motion Planning, Kluwer,
Boston, MA

[5] Bayazit OB, Lien JM, Amato NM (2002), Better
Flocking Behaviors in Complex Environments Using
Global Roadmaps. In Proc. of the 2002 Artificial Life
(ALIFE), pp.528-534

[6] Kamphuis A and Overmars MH (2004), Finding Path
for Coherent Groups using Clearance. In ACM SIG-
GRAPH/Eurographics Symposium on Computer
Animation, pp.193-202

[7] Tunstel E, Danny H, Lippincott T, Jamshidi M
(1997), Autonomous Navigation using an Adaptive
Hierarchy of Multiple Fuzzy-Behaviors. In Proc. of
Intl Symp on Computational Intelligence in Robotics
and Automation, pp. 276-281




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


