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Abstract—Simulation of crowd motions has great potential in
many applications in robotics, games and animationglowever, it
is also a great challenge to be able to control thaotion of a vir-
tual crowd according to the intents of its designesuch as making
the crowd conform to a specific shape while avoidan collisions
with other agents in the crowd or with obstacles.r this paper,
we propose a simulation mechanism that works in twateps:
global motion planner for a shape template and fuzz controller
for shape constraints. The system first uses a moti planer to
generate a rough path for a desired shape that malye partially
in collision with the environment. Then a fuzzy cotroller based
on several criteria is used to move the agents ingroup to con-
form to the desired shape. We will demonstrate thenplemented
system with several simulation examples that showh¢ path of
the shape template and how the crowd effectively aforms to the
template.

Keywords—Virtual Crowd Simulation, Motion Planning,
Fuzzy Control for Crowd Motion, Compuer Animation

. INTRODUCTION

Group formation is a problem that has been stuitie-
botics for long. In recent years, the problem ofidating the
motion of a large crowd consisting of many ageais &ttracted
much attention in the applications in the entertaint industry
such as games and films. The characteristics ofptbhblem
defined for this type of applications differ froimet robotic ap-
plications in several ways: the physical modelhef &gents can
be simplified, the simulation can be centrally coled, and
the visual effect usually is the primary objectiduch pre-
vious work has successfully demonstrated the pafersing
virtual forces or similar techniques to create istial emergent
group behavior for a large crowd with consisterdugr beha-
viors. Some commercial simulation packages candadfso this
function to animation designers. However, due rnhture of
the simulation-based approaches, which usuallyslackglobal
view and fine-grain control, it is still a greatatlenge to create
crowd motions that can conform to a user-specifibdpe
along a reasonable path for a crowd in an autorfeglton.

In many applications, the shape of a crowd may Bpar
cial meanings in the application context that tesigher would
like to convey. For example, forming an arrow shdmea
group of soldiers, as shown in Fig. 1, could bdulse defeat-
ing their enemy. In addition, different shapes odwas for
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Figure 1. Example of shape formation for crowd simulatioraibattle game

congregated animals are often created in cartoonadions to

create special visual effects. For example, a crofvoees can
form the shape of an elephant to express powedsivisually.

However, with the traditional tools for creatingiraations,

authoring such a scene would be very tedious ama-ti
consuming because the complex motion of the crosatis to
be specified by hand. Most current crowd simulatmols can-
not easily enforce such a shape constraint either.

In this paper, we propose a novel approach to tbielgm
of creating crowd motions with shape preferenceraatically
according to a user-defined goal. The approachisisnsf two
steps: first generating a rough path for the ddsiteape tem-
plate and then control the crowd to move with fuzaies.
Given the specification of goal configuration armvhstrictly
the shape should be respected, the planner attergpherate a
path for the shape template that may not be alisat free.
The template along the path will be used to guigenotion of
the crowd with fuzzy rules of several types. Tlesuiting
crowd motion would be one that moves along a restsen
route that can keep the desired shape as muclssibieo

In the next section, we will discuss the previousknper-
taining to crowd motion simulation. In Section Mg will de-
scribe a modified version of Best-First planningagithm that
is used to generate the motion for the templaté&dction 1V,
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we will present the classes of fuzzy rules thathaee used to
control the motion of the crowd such that they gemform
desirable movement behaviors. In Section V, we wg# simu-
lation examples to illustrate the effectivenesthefplanner and
control system. Finally, we will conclude the papéth future
directions.

II. RELATED WORK

The topic of crowd simulation has attracted mudardion
in the field of computer animation in the past tdecades. In
his early work on simulating flocking behaviors fbpids,
Reynolds [12][13] proposed a virtual force modehsisting of
three types of steering forces: separation, cohesind align-
ment, which are used to drive the motion of eadividual
agent to create emergent behaviors. Despite thantaye of
easy implementation, the resulting crowd motiodif§cult to
control by simply adjusting the weights of thesgual forces.
Anderson used a similar force model and some slcape
straints for the crowd to make the agents confarrthé given
shape in an incremental fashion [1]. However, thegps of the
crowd needs to be determined before hand, andirtieethat
the system takes to adjust the shape makes icuiffior on-
line applications.

Computing paths for a single robot or a group diots are
classical motion planning problems in robotics [3pwever, in
most traditional motion planner, the robots aresatered as a
rigid body or a system consisting of several rigmly parts
that cannot be deformed at run time. Bayazit addede glob-
al information in the roadmap constructed for aegienviron-
ment to facilitate more sophisticated group behavixploit-
ing the knowledge of the environment [2]. Kamphuisposed
to generate crowd motions by planning the motiorsae

Algorithm: Template_ BFPni , Tyoa)

Input: Initial and goal template configuratiofg, Tgoa, Ob-

stacle bitmapDB.

Output: a feasible patP.

1. Initialize a priority queu& sorted according to the objec-
tive functionF, and a configuration space C.

2. SUCCESS:-false

3. InsertT;,; into Q

4. while Q is not Empty an@UCCESS- false
5. begin

6. T.=DequeudDd)

7. for all neighborT" of T,

8. if T" is collision-free inOB and not visited irC then
9. Inser” into Q

10. MarKT’ as visited irC

11. if T =Tgeathen

12. SUCCESS true

13.end

14.if SUCCESS true then
15. return the constructed path by tracing the template con-

figuration fromTgo, back toTi,
16. else return failure

Figure 2. The Template_BFP algorithm

deformed to an arbitrary shape probably due tdiffieulty of
parameterizing this kind of objects. In our preoumork [5],
we have attempted to design a motion planner feshapeable
object that can deform to pass narrow passagéigrtviron-
ment to reach a goal while keeping the shape ofecas much

given shapes with the Probabilistic Roadmap Methods possible. However, due to the complexity of maéming the

(PRM)[7]. This method can overcome the problem wfug

shape control that is difficult to achieve by vatdorces. How-
ever, the bottleneck of this method is that limisdthpes are
allowed in the planning; thus, it limits the fedsilpaths that
can be generated for more flexible shapes.

The methods of using fuzzy logics have been widslgd
in many applications including robot motion congtdt has the
advantage of being able to incorporate uncerta@rggamlessly
into traditional control methods. Adaptive fuzzygio control-
lers (FLC) were designed especially for controllirmipots to
tackle various kinds of uncertainties through liistja presen-
tation. In [14], Tunstel proposed an FLC for autmoais robots
with three basic types of behaviors: goal-seekterfoilow,
and localize. Some of these behaviors are alsoideresl in
this paper. Berman has also used a hierarchicaiviimhmodel
with fuzzy rules to control many agents moving irs@ne
while avoiding collisions with each other [3]. Mabhd pro-
posed using fuzzy selection to select appropriat®rs ac-
cording to the environment the robot is situatefl0j.

Ill.  MOTION PLANNING FOR SHAPE TEMPLATE

Most early work on the problem of motion planning f
flexible objects focused on existing physical otgewith flex-
ibility to some degree such as a plate or a stfirig[7][4].
However, no much work has been done for objectsdia be

configuration of a flexible shape, the performan€¢he plan-
ner starts to degrade when the dimension of otientés in-
troduced for an asymmetric shape.

Instead of coping with detail shape changes in ajlofo-
tion planning, in this paper we have adopted alevel plan-
ning approach: generating a path for the desirageskemplate
with minimal collisions and then deforming the sbazcord-
ing to the configurations of the template along ga¢h in a
postprocessing step. We will describe these twpsste the
following subsections.

A. Planning for Shape Template

We assume that, as in a traditional path plannioflpm,
we are given a geometric description of the 2D shhpat we
prefer the crowd to form and its initial and goahfigurations,
which are in a 3D configuration space (C-spaggy,(q). The
objective of the planner in this stage is to geteeaacontinuous
path in the template C-space such that the cehtirecshape,
defined as part of the geometry, remains colligier- along
this path. In addition to this hard constraint, sosoft con-
straints, acting as preferences, can be specifidduaed as the
search criteria. For example, the length of thé patd the de-
gree of overlapping with the obstacles in the eminent are
two criteria that we have used in our planner. tegree of
overlapping is defined as the areas (or numbeketé)cin the



Algorithm: Deform_ShapeT, C)

Input: Template configuratiofl, parent shape configuration
C, Obstacle Bitma®B

Output: New configuratiorC’

Define: G is a cell inC, and Dist(@) is the distance to Tem-
plate atT

1. CloneC’ fromC

2. Qsrc andQqg; are queues sorted according DEyt(

3. for each G; of Cgoyndaryin C'

4. Inser(G; into Qs

5. for eachG; neighbor ofG;

6. if G is collision-free iNOBthen
7. InserG;’ into Qqyst

10. nb_moves =0
11.while Qg is notnil andQys;is notnil
12. begin

13. S = DequeudDsy)

14. D.= DequeudDys)

15. if Dist(D.) > Dist(&) then break
16. remové&. inC’

17. add.inC’

18. nb_moves ++;

19. end

20.if nb_moves = thenreturn nil
21.return C’

Figure 3. The DeformShape procedure used to deform the shape
according to a template configuration

workspace where the template and the obstaclekeirenvi-
ronment overlap.

The path planning algorithm is a modified Best4R&an-
ning algorithm that is commonly used in solving thetion
planning problems in lower dimensional C-spaces \[@ as-
sume that the workspace and the C-space are afisered as
discrete space of uniform grids. The algorithm JechITem-
plate_BFP, is outlined in Fig. 2. The main differes from
traditional BFP planners are in line 6 and lindr8line 8, a
configuration is considered legal if the centethaf template is
not inside an obstacle. In line 6, the priorityarqueue is de-
fined according to a functiok, which is composed of two
componentsshapecost andength cost. The shape cost for a
template configuration is calculated based on thebrer of
cells overlapping with the obstacle regions. Thegtk cost is
computed based on the Euclidean distance of thiercalong
the path in the workspace. Since the two costscaneputed
based on different metrics, we have to normalismtibefore
they are linearly composed according to user-sigecifieights.
The path generated by the algorithm is then smdo#iveord-
ing to the same criteria to obtain a less jerky armte natural
movement for the shape template.

B. Deforming Shape According to Environment Constgint

Once the path for the shape template is generatedyill
use it to compute the real shape, possibly defornmedvery
step of the path for the crowd according to thestaints of
the environment. Since the agents in a crowd camuste in-
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Figure 4. Snapshots of the deformed arrow shape in the geaepaths with
different search criteria

stantaneously, the shape of a crowd cannot be elanighout
a limit. Without losing generality, we further assel that the
agents can move one cell at most for a given tiee onse-
quently, the shape deformation can be realizedobyding on
the boundary cells only.

The algorithm for shape deformation is shown in. Hg
The procedure takes the shape configuration fraptevious
step, the current template configuration, and thstaxle bit-
map as inputs. A shape configuration consists lift af cells
constituting the deformed shape in the free workspdhe
output of this procedure is the shape configuratiorthe cur-
rent step. What the procedure does is moving the icethe
boundary region of the shape forward to the unadecuiegion
of the template at the new configuration. We kewep priority
queues for the source and destination sets of éetighe
movement and attempt to move cells one by one ftioen
source to the destination region until one of thewps be-
comes empty. The order of movement priority is cotag
based on the distance to desired template. Thetasells that
are farther away will have higher priority to béosated to the
empty region in the new template configurationr &ach tem-
plate configuration along the path, we may call phecedure
multiple times until the shape cannot be furthefodeed to
yield a better score on the distances to the tampla other
words, the path of the template is parameterizedirbg ac-
cording to the speed limit of the cells in the shap allow
large deformation to occur.

C. Example

We have implemented the planner with the Java lagegu
Snapshots of the deformed shape along the patherajed
with three different criteria are shown in Fig.The initial con-
figuration for the template is at the left cornérile the goal is
at right corner. The initial shape is a rectanglal the desired
shape is an arrow. Along the path in each casegrtioev shape
is formed gradually and kept as long as the enwient is al-
lowed. In this example, we have designed an enrisori con-
sisting of several passages with various widthsthin three
cases shown in Fig. 4, we have used different vigigh the
costs of shape and path length. The weightg.{s Wieng) for
the two costs in the three examples are (0.0, (0, 0.5), and
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Figure 5. Hierarchy of behavior model used in designing fuzdgs

(1.0, 0.0), respectively. For example, in case t{&, shape is
deformed to go through the lowest narrow passageéetd the
shortest path. The planning times for generatirgytédmplate
paths are 516, 703, and 1812ms, respectively, badpost-
processing times for deforming the shape are 42221and
19,125ms, respectively, on a P4 1.6GHz machines CHse in
(c) takes the longest time since a longest patfetierated as a
result of searching a larger portion of the confagion space.

IV. USINGFuzzy LoGics TOCONTROL CROWD MOTIONS

Although the path for the desired shape deformedrding
to the environment has been generated as desdnilibd pre-
vious section, the final crowd motion may not ekaabatch
the deformed shape. Instead, the deformed shapsed as a
reference to guide the simulation of the crowd pmatiln this
section, we will describe how we use the mecharugfiuzzy
control to design appropriate fuzzy rules to cdrttire motions
of the agents in a crowd to form a desired shape.

A. Fuzzy Behavior Model

According to our observation of the interaction viestn
people in our real life, we have modeled the badravof the
agents in a crowd and the primitive actions assediavith
these behaviors. We classify the behaviors inteethtypes:
Intra-agent reactive andinter-agent.Each category of beha-
viors contains several fuzzy behaviors, and eablaver mod-
el contains primitive actions, as depicted in Egln the Intra-
agent category, we consider the behaviors thabased on an
individual agent’s intents regardless of other #&gend the
environment. These behaviors include keeping atanhspeed,
seeking the goal, and attempting to move withinvargshape
template. The second category concerns reactivavimh
such as avoiding collisions with other agents erdhstacles in
the environment. The third inter-agent categotgtisut how to
maintain collective motions as a group with emetdaesha-
viors, which is similar to the virtual force modloposed by
Reynolds[12].

B. Design of Fuzzy System

We have used the systems described in [3][15] &-re
ences to design our fuzzy control system. We usguistic
variables and fuzzy rules to describe the reldtietween sen-
sation and actions. The linguistic variables anchiner of lin-
guistic terms associated with each primitive actiom listed in
Table I. Examples of linguistic terms for speed anéntation

related linguistic variables are shown in Fig. Gcl primitive
action is represented by a distinct control polipyverned by
the fuzzy inference of General Modus Ponens (GMR) have

TABLE I. LANAGUAGE VARIABLES AND NUMBER OFLINGUISTIC

ITEMS FOREACH FUzzY BEHAVIORS

Fuzzy Primitive Action Linguistic Variables Linguistic
Behavior Terms
Keep Keep constant Current_Speed 7
speed speed & Stay still | Expected_Acceleration 9
Move toward goal FacingAngle_Difference 9
Expected _TurningAngle 9
Seek goal -
Stay around goal Distance_ToGoa _ 3
Expected_Acceleration 9
Keep Move toward FacingAngle_Difference
shape _template & Stay Expected_TurningAngle
in template —

_ Keep distance Distance_To_Agent_ 3
Avoid Expected_Acceleration 9
others Adjust angle Relative_Angle 9

Avoid_Agent_Angle 9
Keep distance Distance_To_Obstac 3
Obstacle_Forc 3
Avoid Left_Detection 3
obstacles Adiust anale Front_Detection 3
! g Right_Detection 3
Obstacle_TurningAngle 9
Keep same speed Relaive_Spee __ 5
Expecec_Acceleraion 9
Group Keep same Relative_Angle 9
forming direction Expected_TurningAngle 9
Keep constant Relative_Distance 3
distance
1 Zero PS PM PL PXL 1 NL NM NS Zero PS PM PL
0% 1 4 93 2 1 o 1 2 3
(a) (b)

Figure 6. Examples of linguistic terms for (a) speed relatadables and (b)
orientation related vartiables in the membershigfions

designed a fuzzy knowledge base (FKB) to storeftlzey

rules and used a fuzzy logic controller (FLC) tatcol the

motions of the agents. In each control loop, tleesy fuzzifies
the position, speed, and orientation of the agantsenviron-
mental information such as goal position, surrongdagents,
and obstacle configurations for the processingkB.FThen it

defuzzifies the results to obtain the control paetars that
drive the motions of the agents. In this work, veedused the
method of center of gravity to defuzzify the resBefore

sending the result for execution, all of the getestacontrol

commands will be filtered through a physical modolensure
that the physical constraints such as maximal acabn and
velocity are not violated.
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Figure 7. Examples of crowd motions conforming to a givenpgha

V. EXPERIMENTAL RESULTS

A. Implementation

Figure 8. Example of crowd motion moving through scatterestaties
while maintaining an arrow shape

Figure 9. Snapshots of crowd simulation in 3D for the exaniplEig. 8

obstacles. However, the formation of a specifigoghaay not
be kept all the time due to the obstruction of shattered ob-
stacles. Nevertheless, the agents in the crowdefanm and
resume the desired shape very quickly along the afaene-
trating the obstructive region and thereafter. Témulting si-

We have implemented the crowd simulation system defulation can be exported to commercial 3D animapaok-

scribed in the previous sections with the Javauagg. The
system contains a graphical user interface allovliguser to
design the environment, specify the desired sheape position
the initial and goal configurations for the shapeaplate. After
the problem is specified, the system will first geate a path
for the shape template to reach the goal and teéorrd the
shape along the path according to the obstacldienviron-
ment. This transforming shape will then be usethi keep-
shape behavior (see Section V) to constrain theomof the
crowd.

B. Simulation Examples

We have used several template shapes to testfdoied-
ness of the fuzzy control system as shown in Fig.he snap-
shots in each sub-figures are taken in the formatiothe de-
sired shapes (arrow-shape, u-shape, w-shape) fieninitial
square shape. Note that the red hollow shapeshardesired
shape templates specified by the user while thke patid re-
gions are the collections of cells deforming totfie shape
template. Since there are no obstacles in this, thsaegions
will fit the template eventually. The dots in edidure are the
agents composing the crowd (128 dots in this cad#)ough
not all of them can retain in the desired shapesguhe de-
formation process, they all intend to move into designated
shapes under the keep-shape fuzzy rules describtt ipre-
vious section.

ages such as Maya for postprocessing of betteerignpquali-
ty as shown in Fig. 9.

VI.  CONCLUSIONSAND FUTURE WORK

Crowd simulation is a popular topic with great égtion
potential in recent years. The generation of ptdestrowd
motions has also been demonstrated in much previauk.
However, designing a crowd simulation system tlaat gener-
ate controllable results remains a great challelmgthis paper,
we have described a motion planning and fuzzy obsegrstem
that can generate crowd motions that can conforra tser-
specified shape while complying to environmentalstraints.
Despite the high complexity of the path planningtegn, we
have designed a practical planner that can genpadls for a
deformable shape in an on-line manner. In additea,have
designed a collection of fuzzy rules to control dyents in the
crowd to move in a collective, collision-free, acdnforming
manner toward the goal location. We have used aksinula-
tion examples to demonstrate the effectivenessralmgistness
of the implemented system.

Although the fuzzy control system has been buitt anc-
cessfully demonstrated, not all desired crowd nmokiehaviors
have been fully covered. For example, in the carsgstem,
we sometimes find that although the agents caniremahe
desired shape, it takes some time for them to dpexanly
inside the shape. In addition, all the agents endtowd in our

We have also used an environment scattered withy many,rrent system use the same set of rules. This srileecrea-

small obstacles, as shown in Fig. 8, to test thestness of the

fuzzy control system on environment variables. Sitiee ob-
stacles are relatively small, the template peresréitem direct-
ly to reach the goal on the right of the workspakdee arrow
shape also did not deform much due to the smadl sfzthe

tion of emergent group motion easier but it alsaité the be-
havior diversity that can be created when the hiehawodel of
each agent is individualized. We are currently waglon these
directions to design a more controllable virtuaived.
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