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Abstract Freestyle formations appear widely in animation
of groups. Most existing algorithms for generating special
formations focus on the visualization performances of tar-
get formations, while social dynamics factors in the process
of crowd motion are ignored. Thus, disregarding those fac-
tors will decrease the bionic features and fidelity of the crowd
motion. According to this problem, a method based on bionic
intelligence algorithm and self-adaptive evaluation to gener-
ate special formations is proposed in this paper. Simulation
effect with good fluency and lively interaction is generated
by means of user interaction, data analysis and crowd motion.
In this method, 3D reconstruction is used to repaint charac-
ters, graphics or patterns in the 3D modeling system to build
the basic virtual scene. Then, station points are generated
through interlacing cross sampling. Based on the concen-
tric circles model of fitness, each individual, self-adaptively,
chooses a target station point which matches it aptly. Finally,
the Artificial Bee Colony algorithm is used for path plan-
ing to generate the optimum route to the destination without
collision. Visual simulation experiments are also made on
the platforms of ACIS/HOOPS and Maya. The results show
that this method can generate the optimum target formation
with natural motion features and in accordance with users’
input. This method is also insensitive to the scale of crowd,
exhibiting good performance when the number of individuals
is large.
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1 Introduction

With the developments of computer graphics and virtual real-
ity, the visual effect of computer simulation is enhanced sig-
nificantly. Recently, simulation and visualization of the emer-
gence of behaviors among individuals in a crowd as well as
between the group and the environment have become a new
research focus in the field of crowd simulation.

In natural crowd motion, the group is generally required
to abide by special behavioral constraints to get in a par-
ticular formation, such as large-scale joint performance of
group calisthenics, real-time maneuvers of campaign, etc.
Manual analysis and design on the simulation of freestyle
formations should appoint a target position for each individ-
ual, which results in low efficiency, poor accuracy and weak
global controllability. The applications of computer simula-
tion systems provide fresh ideas on how to generate group
formations. Both accuracy and efficiency can be improved
using a system’s automatic analysis and computation. There-
fore, this paper proposes a method of crowd simulation based
on constrained and controlled group formation. A simulation
system is also built to exhibit the processes of generating
particular formations by taking advantage of graphic load-
ing, pixel analysis, 3D reconstruction, uniform sampling and
intelligent motion. This system can generate the optimum
group formation automatically, in accordance with the origi-
nal characters, graphics or patterns based on users’ paramet-
ric settings. Our major contributions in this paper are:

1. To propose a method for generating special forma-
tions based on swarm intelligence (SI) and self-adaptive
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evaluation, describing the principle and process of this
method in detail.

2. To apply the concentric circles model in urban planning
for implementing discretization of the characters, graph-
ics or patterns according to density, and search for the
global optimum target point for each individual.

3. To generate the optimum solution for organizing the
particular formation, and build a 3D simulation exper-
iment system to make microcosmic simulations on the
processes of generating group formations based on typi-
cal cases.

The rest of the paper is organized as follows. In Sect. 2, we
briefly introduce the main research achievements of crowd
simulation on group formations. In Sect. 3, we describe
the main processes necessary for generating freestyle for-
mations, such as data preparation, 3D reconstruction, self-
adaptive matching, and path planning. In Sects. 4 and 5,
we show experiments for generating special formations
using, respectively, ACIS/HOOPS and Maya. Conclusions
and future research focuses are described in Sect. 6.

2 Related work

Crowd simulation originates from the simulation research
on crowd motion and collision avoidance in emergency. The
mature thoughts of crowd simulation at present include par-
ticle systems and artificial life systems based on multi-agent
[1–5]. In Refs. [6] and [7], the researchers proposed a simu-
lation model of crowd motion based on particle swarm opti-
mization (PSO) algorithm, in which the best path from the ini-
tial position to the destination was computed by means of the
PSO algorithm. In Ref. [8], the researchers applied ant colony
optimization (ACO) algorithm to evacuation simulation in
social emergency. They also built a computational framework
of crowd simulation based on the ACO algorithm. In Ref. [9],
the authors presented the analysis of a systematic research
on crowd evacuation behaviors in panic situations, and estab-
lished a crowd simulation model for panic conditions. In
Refs. [10] and [11], the authors designed a crowd evacu-
ation simulation model based on cellular automata (CA).
The simulation’s performance was evaluated with respect to
autonomy, cooperation and scalability in a confined space.
It provided fresh ideas for crowd simulation and research on
emergency management.

The constraint and control of formations are commonplace
in crowd simulation, computer animation and collaborative
robotics, and derive continuous attention of researchers in
recent years [12–14]. In Refs. [15] and [16], the authors pro-
posed an interactive dynamic programing framework to sim-
ulate freestyle formations, providing a series of interfaces to
input free-form data and generating a scheme to update posi-
tion for each individual automatically after evaluating the

distribution of target points. The research adopted two-level
control mechanism to generate crowd path, but the bionics
features and the fidelity of path planning were limited. In
Ref.[17], the researchers presented a method for editing and
controlling crowd motion in team formations. Crowd anima-
tion with fluency and high fidelity was synthesized after the
processes of matching roles, cross optimization and updat-
ing positions. This paper proposed a method of generating
special formations, while details of crowd simulation such
as path planning and collision avoidance were not described
in detail. Ref. [18] combined CA with ACO algorithm to
plan path for robots group and built the lifelike controllable
scene of crowd motion without collision. This paper only
researched on the formation control in the process of robots
group motion, while generating final special formations was
not studied.

Compared with the related works above, our main inno-
vations are listed below.

(1) To apply swarm intelligence in generating special forma-
tions. The inspiration of SI derives from crowd behaviors
in nature. It can improve crowd simulation’s intelligence
and speed the typical algorithms in the SI.

(2) To propose a density-centered method for generating for-
mations. In Refs. [15] and [16], the target formations are
generated based on the crowd’s size input by users in
advance. But when designing formations in our real life,
the designers always do not realize the accurate number
of individuals. Therefore, our method generates forma-
tions based on the density input by designers. The number
of individuals necessary for the target formation is com-
puted by the system according to the target pattern and
density. This thought is not only in accordance with the
design process, but also an effective approach to reduce
the designer’s workload.

Therefore, our paper describes the core algorithm and
main process of generating group formations in detail.
According to the special characters, graphics, patterns and
density input by users, the concentric circles model and
bionic intelligence algorithm are adopted to make self-
adaptive evaluation and path planning, respectively. It can
improve intelligence and fidelity in crowd motion.

3 Flow of generating freestyle formations

In this section, we propose a method for crowd simulation
based on constrained and controlled group formation. The
3D simulation system using this method can automatically
generate the optimum path from the initial position to the
corresponding destination for each individual, with fluency
and without collision. The flow of this method is described
in Fig. 1.
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Crowd simulation based on constrained and controlled group formation 7

Fig. 1 The flow chart of
generating freestyle formations
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In Fig. 1, users can draw or import an image with charac-
ters, graphics or patterns through the graphic interface pro-
vided by this system. Then the system automatically analyzes
the characters, graphics or patterns, making 3D reconstruc-
tion to generate the target formation patterns to be organized
according to the analysis result. Based on the density input
by users, the interlacing cross sampling mechanism is used
to generate basic station points covering the original pat-
terns. Finally, the system initializes the crowd according to
the result of sampling, matching station points and planning
path to generate the optimum routes to the target points with-
out collision. The detailed processes are listed below.

3.1 Data preparation

In the process of data preparation, firstly, users input an
image with characters, graphics or patterns through the

interface, and then, the system automatically recognizes and
analyzes the image to capture basic data information. This
process includes two main sections: users’ input and data
capture.

According to Fig. 1, the system provides two versions
of the “Graphic Interface”: Draw Graphic and Load Image.
Users can draw basic vector graphics like rectangles and pen-
tagons through the “Draw Graphic” interface. While arbitrary
forms of images with characters, graphics or patterns can be
imported to this system to be transformed into the binary
format through the interface of “Load Image”. Because the
size of the 3D modeling environment is set to 600×600
px. So the image imported by users is required in size
600×600 px. If the image format is not bitmap, the system
will transform it to the standard bitmap format. So, the sys-
tem is non-sensitive to the image format. But to save process-
ing time, we recommend users to import the bitmap image
directly.
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Fig. 2 The result of 3D
reconstruction. a 2D characters,
b 3D scene

In the “Data Capture” process, the system automatically
recognizes and analyzes the pixels of characters, graphics
or patterns input by users, extracting the border and inner
points, respectively, to store for subsequent use.

3.2 3D reconstruction

Simulation environments are always three-dimensional to
improve fidelity of crowd simulation, while the image with
characters, graphics or patterns is two-dimensional. There-
fore, the system should make 3D reconstruction according to
the stored pixel data, as described in Sect. 3.1, to be able to
implement transformation from a 2D image to a 3D scene.

In this research, the system automatically reads the stored
border data (see Sect. 3.1) and reconstructs the contents in
the ACIS/HOOPS modeling engine framework. The result is
described in Fig. 2.

3.3 Station points generation

In crowd simulation based on constrained and controlled
group formation, the set of station points forms the basic
frame of the formation. The positions and distributed char-
acter of station points directly determine the final formation
and visual effect of the crowd simulation.

To implement global even distribution, this method adopts
interlacing cross sampling algorithm based on density. It
can generate uniform lattice to cover the original charac-
ters, graphics or patterns through processes of dividing grids,
crosswise and lengthwise cross sampling. The algorithm flow
is listed below.

Step 1: Input the density of station points.
Step 2: Initialize grids (set pixel as the fundamental unit and

construct cross grids).

Step 3: Sample crosswise (run the algorithm of interlacing
sampling along Y axis based on the density of station
points).

Step 4: Sample lengthwise (run the algorithm of interlacing
sampling along X axis based on the density of station
points).

Step 5: Adjust the station points.

The station points on the border are generated through sam-
pling crosswise, while the station points in the inner area
are generated through sampling lengthwise. In characters,
the distance between borderlines is fairly short. Therefore,
only transverse sampling is required for basic characters to
prevent the algorithm from generating a large number of sta-
tion points cluttering together to distort the display of the
characters’ formation. The set of vertices is the key factor to
determine the basic contour of characters, graphics or pat-
terns, which may be ignored in the process of sampling. So,
a necessary adjustment to the station points should be made
in Step 5. The adjustment formula is listed below.

Posi

=
{

Ik, if ‖Posi − Ik‖≤ 1
2 ave_distance, k ∈ [0, In)

Posi , otherwise

(1)

where Posi is the coordinate of the i th station point, Ik is
the coordinate of the kth vertex, ave_distance is the density
input by users and In is the number of vertices. The result
after adjustment is described in Fig. 3.

Figure 3a shows that some vertices are ignored in the orig-
inal sampling process. Figure 3b shows the sampling result
after adjustment. In Fig. 3c, we take one point for example
to depict the adjustment according to formula (1). As can be
seen from the comparison in Fig. 3, the sampling with adjust-
ment can fill vertices effectively, providing accurate data set
for matching station points and intelligent motion.
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Crowd simulation based on constrained and controlled group formation 9

Fig. 3 The comparison of the original sampling and the result after adjustment. a The original sampling, b the result after adjustment, c the
adjustment of one point

3.4 Self-adaptive matching

The aim of crowd motion is to generate the optimum path
from the initial position to the destination without colli-
sion. Before this process, each individual should evalu-
ate the station points and set the optimum one as its des-
tination. In the process of matching station points, there
are two types of optimization: individual optimization and
global optimization. When using the individual optimiza-
tion method, each individual will choose the nearest sta-
tion point as destination. This method is simple to imple-
ment and the computational complexity is low. However,
a large number of individuals may be jammed and cause
a speed decrease in the crowd motion. In the global opti-
mization method, a global optimization algorithm is used
to minimize the time overhead of the crowd motion. When
choosing station points, each individual evaluates not only
the distance but also the accessibility. Therefore, this method
can guarantee congestion avoidance by effective in-advance
optimization.

In our research, we adopt a global optimization method
to match station points. We borrow some urban planning
ideas to propose a concentric circles model based on the
optimum center. Firstly, the system divides areas automati-
cally on the characters, graphics or patterns according to the
crowd density. The result is described in Fig. 4, in which
r1 = r2 = ave_distance. As is shown in Fig. 4, we draw
some circles using the image’s center point as the circles’
centers. The radius gradually increases by r1 from the inner-
most circle to the outermost one. To generate some sub-areas,
we divide the annulus to many sectors using r2 as the heights
along Y-axis.

Each individual chooses a station point as destination
based on formula (2):

Fig. 4 The concentric circles model

⎧⎪⎪⎨
⎪⎪⎩

goalposik = c1
‖Posk−center‖∑sn

j=1

∥∥Pos j −center
∥∥ + c2

‖xi −Posk‖∑sn
j=1

∥∥xi −Pos j
∥∥

+ c3
count[k]

sn

goalposi = min(goalposik)

(2)

where goalposik is the fitness of the kth station point rel-
ative to the i th individual, center is the coordinate of the
center point, sn is the number of individuals, count[k] is the
number of individuals in the ring area tk that contains the kth
station point, goalposi is the destination of the i th individ-
ual and c1, c2, c3 are weight coefficients (c1 + c2 + c3 = 1).
The parameter count[k] depends largely on ave_distance.
As can be seen from formula (2), individuals take fac-
tors of distance, accessibility and distributivity synthetically
into consideration when choosing station points. Each indi-
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Fig. 5 The description of path
planning

vidual, self-adaptively, chooses the station point with the
global optimum fitness as destination to improve the speed
of crowd motion.

3.5 Path planning

When the process of matching station points finishes, the
crowd should perform path planning in order to generate the
optimum routes with high fluency, good fidelity and without
collision [19]. The aim of path planning is to search the opti-
mum position set appearing on the route of an individual’s
motion. The data set is described as formula (3):

R = {B, s1, s2, . . . , sn, E} (3)

where B is the initial position, E is the destination and si is
the i th point on the route. The result is described in Fig. 5.

In Fig. 5, rectangles and ellipses represent obstacles.
To reduce the computational complexity of path planning,
we make transformation on the original coordinate system
(XOY). Set the line covering point B and E as X axis and the
line perpendicular to X axis as Y axis to generate a new coor-
dinate system (X ′BY ′). The formula to transform coordinate
is:(

x ′
y′

)
=

(
cos α sin α

− sin α cos α

)(
x − xB

y − yB

)
(4)

where (x ′, y′) is the new coordinate, (x, y) is the original
coordinate, α is the angle between BX′ and OX and (xB, yB)

is the original coordinate of point B. In Fig. 5, the original
solution space is continuous. Therefore, a path should be
discretized into n +1 uniform segments. The positions along

a path are limited to the set of lines (r1, r2, . . . , rn) that go
through discrete points and are perpendicular to the X’ axis.
The length of each path can be computed with formula (5).

D =
n∑

i=0

√( |B E |
n + 1

)2

+ (si,y′ − si+1,y′)2 (5)

where s0 = B, sn+1 = E . Thus, path planing can be formu-
lated as an optimization problem to minimize D.

This method uses the artificial bee colony algorithm
[20–22], which was recently proposed in the area of swarm
intelligence, to plan a path by taking D as the fitness func-
tion. Compared with the other traditional path-planning algo-
rithms such as the A* algorithm, artificial potential field
method and topological method, the ABC algorithm has a
simple model and less parameters, which result in low com-
putational complexity and rapid convergence in path plan-
ing. Moreover, the ABC algorithm is non-sensitive to the
shapes of obstacles. It can be easily transfered from a simple
environment to another complex environment without any
adjustment. The algorithm flow is listed below [23].

Step 1: Initialize the scale of bee colony, the maximum iter-
ation number, the solution space, etc.

Step 2: Calculate fitness for each solution according to for-
mula (5).

Step 3: Sort the solutions in descending order of fitness and
select the top 50 % to build an employed matrix.

Step 4: Compute the selected probability of each employed
forager.

Step 5: The remainders switch roles to scouts or onlookers.
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Crowd simulation based on constrained and controlled group formation 11

Step 6: The candidate solutions update positions according
to their corresponding roles.

Step 7: Go back to Step 2 if the iterative condition is satis-
fied, otherwise exit the iteration.

While initializing parameters in Step 1, set d as the dimen-
sionality of the solution space, MC N as the maximum iter-
ation number and limit as the threshold of fitness. Generate
m particles according to formula (6):

G = {S1, S2, . . . , Sm} , Si = {
si,0, si,1, . . . , si,n+1

}
(6)

where i ∈ {1, 2, 3, . . . , m} , si, j , are generated randomly on
r j and out of obstacle range.

In Step 4, compute the selected probability of each
employed forager according to formula (7) [24]:

PSi = f i tSi∑en
i=1 f i tSi

(7)

where PSi is the selected probability of the solution with
number Si , f i tSi , is the fitness of the solution with number
Si , and en is the number of employed foragers.

In Step 6, update positions of the employed foragers
according to formula (8):

xi j = xi j + rand(−1, 1) × (xk j − xi j ) (8)

k ∈ (1, 2, 3, . . . , en), where k is randomly generated and
k �= i . Position updating is based on a greedy strategy. Update
position if the new fitness is greater than the current value
and recalculate position otherwise. Abandon this solution and
generate a new one randomly if it remains stagnant for limit
times. Go back to Step 2 if the iteration number is less than
MC N , and exit the algorithm to output the global optimum
solution otherwise.

3.6 Output data

When all individuals arrive at station points, the system pro-
vides the function of path delineation to trace the experienced
route visually, generating a path data set to store and output.
The data set can be imported into a design system of 3D ani-
mation such as Maya or 3dMax to generate crowd simulation
effect with higher visualization quality.

4 Simulation experiments on ACIS/HOOPS

To demonstrate the good performance of the proposed
method, we make microcosmic simulation experiments on
crowd motion based on constrained and controlled group
formation.

4.1 Experimental environment

These experiments adopt the virtual environment model-
ing method [25] based on component, to build a model-
ing system using Visual Studio.NET 2003 and ACIS/Hoops
[26] as platforms on a DELL Precision T3500 (Xeon
W3550/12GB/500GB) graphic workstation. The basic con-
figuration of this system is listed below.

Hardware system: Xeon W3550 quad-core processors,
12G DDR3 RAM, NVIDIA Quadro FX580 HD graphics,
Broadcom 5761 gigabit ethernet controller, etc.

Software system: Visual Studio.NET 2003, Xtreme
Toolkit Pro, ACIS/HOOPS modeling engine and application
framework, etc.

4.2 Description of operation panel

The operation panel is described in Fig. 6.
The functions of this operation panel are listed below.

Fig. 6 The operation panel to generate freestyle formations
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Fig. 7 The simulation experiment based on geometry graphics. a Draw a graphic, b initialize crowd, c the final formation

Step Size: Limits the size of a single step for all individ-
uals, to maintain good visual effects.

Density: Defines the distribution density to limit the dis-
tances between individuals.

Particle Number: Displays the number of sample particles.
Draw Graphic: Allows users to draw basic geometry

graphics directly in the 3D environment.
Fill Character: Samples and fills characters, graphics or

patterns based on the filling principle of characters.
Fill Graphic: Samples and fills graphics or patterns based

on the filling principle of graphics.
Draw Picture: Provides the function to draw 2D charac-

ters, graphics and patterns.
Load Image: Loads image files with characters, graphics

or patterns.
Reconstruction: Reconstructs characters, graphics or pat-

terns in the 3D environment after analysis.
Sampling: Analyzes and samples characters, graphics or

patterns based on the density and shows the number of station
points in the “Suggestion”.

Start: Starts the process of crowd motion.
Pause: Pauses the process of crowd motion.
Draw Path: Shows the path of each individual.
Store Path: Outputs and stores the path data.
Stop: Stops the process of crowd motion and clears the

environment information.

4.3 Simulation experiments based on typical cases

4.3.1 Draw graphics

In this experiment, users can draw a basic geometry graphic
in the 3D environment by choosing a special graphic from
the toolbox. The process is described in Fig. 7.

Figure 7a shows a rectangle we draw with the ACIS/
HOOPS modeling system. In Fig. 7b, rectangular particles
represent the initial crowd. The system automatically ana-
lyzes and samples on the rectangle graphic and generates

station points based on density. All particles make self-
adaptive matching based on the procedure described in Sect.
3.4, and plan their paths to destinations based on the proce-
dure described in Sect. 3.5. The final formation is shown in
Fig. 7c. The color of each station point will change to red
to indicate that the particle has reached its destination. As
can be seen from Fig. 7c, the formation is filled with regular
queue, uniform space and high fidelity.

4.3.2 Fill characters

In this experiment, users can firstly draw 2D characters using
the function of “Draw Picture”. Then the image with char-
acters can be imported and analyzed in this system by the
function of “Load Image”. Finally, the characters will be con-
structed in the 3D environment by the function of “Recon-
struction”. The process is described in Fig. 8.

Figure 8a shows some characters we input in an image and
then saved in binary format. Figure 8b shows the system’s
3D reconstruction for the characters in the ACIS/HOOPS
environment. Figure 8c depicts the result of sampling. Rec-
tangular particles represent the crowd in Fig. 8d, e. In Fig. 8e,
the particles, self-adaptively, choose station points and plan
the paths to their destinations intelligently. The red station
points in Fig. 8f represent that all particles have arrived at
their destinations.

4.3.3 Fill border of patterns

In this experiment, users can draw images with graphics or
patterns using the function of “Draw Picture” and import the
images to the system. In the sampling process, the system
analyzes the graphics or patterns and only samples on the
borderline to generate station points filling the contour. The
special formation is finally generated through path planning
and intelligent motion. The process is described in Fig. 9.

Figure 9a shows the peace dove we draw in an image and
then saved in binary format. Figure 9b shows the system’s 3D
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Fig. 8 The simulation experiment based on characters. a 2D characters, b 3D reconstruction, c the result of sampling, d initialize crowd,
e a screenshot in crowd motion, f the final formation

Fig. 9 The simulation experiment based on the border of patterns. a The 2D pattern, b 3D reconstruction, c the result of sampling, d initialize
crowd, e a screenshot in crowd motion, f the final formation
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Fig. 10 The simulation experiment based on patterns. a The 2D pattern, b 3D reconstruction, c the result of sampling, d initialize crowd,
e a screenshot in crowd motion, f the final formation

reconstruction for the pattern in the ACIS/HOOPS environ-
ment. Figure 9c shows the result of sampling. Rectangular
particles represent the crowd in Fig. 9d, e. Figure 9e shows
that the particles, self-adaptively, choose station points and
plan the paths to their destinations intelligently. The red sta-
tion points in Fig. 9f represent that all particles have arrived
at their destinations.

4.3.4 Fill patterns

In this experiment, users can draw images with graphics or
patterns using the function of “Draw Picture”s and import
the images to the system. In the sampling process, the sys-
tem analyzes the graphics or patterns and samples on the
whole area (including the border and inner region). The spe-
cial formation is finally generated through path planning and
intelligent motion. The process is described in Fig. 10.

Figure 10a shows the flower we draw in an image and then
saved in binary format. Figure 10b shows the system’s 3D
reconstruction for the pattern in the ACIS/HOOPS environ-
ment. Figure 10c shows the system’s uniform sampling of
the border and inner region. The crowd is initialized at two
entrances, as shown in Fig. 10d. Figure 10e shows that the
particles choose the border or inner station points adaptively
and move to their destinations intelligently to generate the
final formation, as shown in Fig. 10f.

4.4 Performance comparison with other related method

In this section, we make performance experiment and analy-
sis on our proposed method (PM) compared with the method
proposed in Ref. [15] (RM). In this experiment, a heart-
shaped pattern is used as the target formation shape. The
crowd’s distribution and the time overhead for generating
the specified formation are the core evaluation indices in
different groups of experiments. The representative results
obtained are described in Fig. 11.

In this experiment, the separation distance between every
two particles is set to 10 pixels. Figure 11a shows a screen-
shot in crowd motion based on the method proposed in Ref.
[15]. This method does not evaluate the crowd’s density
when matching station points, which results in the conges-
tion around the optimum station points and a speed decrease
of crowd motion. Figure 11b shows a screenshot in crowd
motion based on our proposed method. In this method, the
distance and density are all taken into consideration when
matching station points, which can guarantee avoidance of
congestion and improve the speed of crowd motion. Table 1
shows the experimental results under different constraints of
the separation distance.

In the No. 1 experiment, the separation distance is big,
which results in the low number of particles and low proba-
bility to be congested. Therefore, the difference of time over-
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Crowd simulation based on constrained and controlled group formation 15

Fig. 11 The experimental
results of these two methods. a
A screenshot in crowd motion
based on the RM, b a screenshot
in crowd motion based on the
PM

Table 1 The experimental
results under different
constraints of the separation
distance

Number Separation
distance /pixel

The number of
particles

PM’s time
overhead/s

RM’s time
overhead/s

Speed-up
ratio (%)

1 15 36 9.7 10.2 5.2

2 10 129 20.6 26.5 28.6

3 5 456 53.4 70.8 32.6

head between the two methods is not obvious. However, our
method’s performance superiority becomes more and more
obvious along with the decrease of the separation distance. As
is shown in the No. 2 and the No. 3 experiments, when using
the RM, the probability of resulting in congestion becomes
much bigger because of the increase of the number of par-
ticles. It results in the speed decrease of crowd motion and
increase of the time overhead. While our method can guar-
antee avoidance of congestion effectively and maintain good
performance when the crowd’s size is large. The reason for
our method’s rapid speed exists in two points. First, the ABC
algorithm, which is used to plan path, has a simple model and
few parameters. It can reduce the computational complexity
and improve the convergence speed in a way. Moreover, our
method takes the distance as well as the density into con-
sideration when matching station points, which provides an
effective approach to increase the speed of crowd motion.

We point out that our proposed method and built system
can deal with characters, patterns and graphics effectively,
generating the final formation in accordance with users’ input
and with uniform distribution, good visualization effects and
high biofidelity. The main processes, including 3D recon-
struction, cross sampling, self-adaptive matching and intelli-
gent motion play important roles in the crowd simulation of
freestyle formations. An interactive interface to set density
is also provided in this system to control formations dynam-
ically to improve the system’s intelligence.

5 Simulation experiments on Maya

To enhance the visualization quality of simulation experi-
ment and exhibit the practical value of our research, we make
simulation experiment on group formations using Maya plat-
form. We develop a plug-in module with built-in scrip lan-
guage to read the environment information and import the
data obtained from the ACIS/HOOPS modeling system to
Maya. A model base is also set to render and update scene
with high fidelity. This experiment takes the large-scale
joint performance of group calisthenics as simulation object,
simulating the processes of cross sampling, self-adaptive
matching and intelligent motion. The simulation results are
depicted in Fig. 12.

In Fig. 12a, a city square constitutes the basic scene.
In Fig. 12b, the formation pattern and crowd are initial-
ized, respectively, at the center and at the entrances of the
square. Figure 12c shows the individuals in the crowd, self-
adaptively, setting the target station points and moving to
their destinations intelligently, generating the final formation
as depicted in Fig. 12d. This experiment demonstrates that
it is possible to visually define and simulate the process of
group formation with high quality, exhibiting good accuracy,
adaptability and global controllability. The research also pro-
vides fundamental theoretical and experimental references to
other crowd simulation experiments and related researches
of the control of natural crowd motion.
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Fig. 12 The simulation experiment on Maya. a The scene of a square, b initialize the pattern and crowd, c a screenshot in crowd motion,
d the final formation

6 Conclusion

This research proposes a crowd simulation method based
on constrained and controlled group formation. We also
make microcosmic simulation experiments both in the
ACIS/HOOPS and Maya environments, providing fresh
ideas for the research of group formations. The interfaces of
drawing graphics, loading images and setting density guar-
antee good interactivity of this system. The cross sampling
implements uniform distribution of the crowd, while self-
adaptive matching and path planning, based on Swarm Intel-
ligence, improve the system’s intelligence and visualization
effect. The data set output from the system provides data tem-
plate and reference to implement realistic simulation behav-
iors with much higher quality.

The computational efficiency and visualization effect
are key factors in crowd simulation. Therefore, our future
research will focus on the three points below.

1. Optimize existing sampling algorithms and improve the
ability and accuracy to deal with complex characters,
graphics and patterns. Make sure that the sampling can
fill key points accurately, exhibiting good distribution and
regular appearance.

2. Combine the existing computational model with parallel
or distributed computing modes. Propose crowd simu-
lation methods based on parallelization to improve effi-
ciency and accuracy.

3. The sampling with uneven distribution is always required
in many real simulation scenarios. So, we should improve
our method to make it much more universal to implement
control of uneven distribution or local distribution.
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