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Human Swarm Modeling in Exhibition Space and Space Design
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Abstract—In an exhibition space, it is possible to control
human flow implicitly by changing a layout of exhibits. The
objectives of this paper are the layout optimization of exhibits
to reduce congestion and the amenity space design. For these
purposes, macro modeling of human swarm behavior and the
optimization method of a layout of exhibits are required. So far,
human swarm behavior has been modeled by two-dimensional
vector field and individual behavior is represented by dynamics
including collision avoidance vector of individuals. In this paper,
we extend the human model to multi-dimensional dynamics
in order to represent individual characteristics in measured
data and visitors’ stopping to view exhibits. In addition, a
layout of exhibits is optimized based on the proposed model
by minimizing collision avoidance vector. The proposed method
is verified by simulations and experiments using swarm robots
which consist of autonomous mobile robots and radio controlled
robots. The results show that the comfortable exhibition space
is designed.

I. INTRODUCTION

An exhibition space such as an art museum is gener-
ally a crowded place. Visitors feel uncomfortable due to
congestion, and it sometimes causes a serious accident.
Reducing congestion helps with designing a comfortable and
safe space. One of the methods of congestion reduction
is redesigning and widen the exhibition space. However,
this method takes a long time and costs too much. So in
this paper, the layout optimization of exhibits is considered
to reduce congestion as shown in Fig.1. By changing the
layout of exhibits, the congestion will be reduced. In previ-
ous researches, the relationship between layout and human
behavior in exhibition space has been investigated in [1], [2]
and [3].

Comfortable!

Fig. 1. Congestion reduction by the layout optimization of exhibits
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Because congestion depends on human flow in the space,
it is necessary to model it quantitatively to solve the problem.
So far, various modeling techniques have been proposed.
In [4], [5], and [6], cellar automaton models are proposed.
These are the discrete meshed models used for modeling
complex phenomena extensively. However, it is difficult to
represent people and obstacles accurately using this model
because a space is approximated by grids. In [7], people
evacuating from building are modeled by stochastically,
and optimization of crowd guidance based on probability
is contributed. However, because a layout of exhibits is
determinable, it is difficult to introduce this model in our
situation. In [8], [9] and [10], physically based model of
human crowd behavior in panic situations is proposed. Indi-
vidual behavior is represented by dynamics based on desired
velocity. Especially in [10], though individual characteristics
are modeled by some parameters which influence desired
velocity with time function, the proposed individuality is
specialized to evacuees. In addition, because viewing time of
visitors varies from individual to individual, it is difficult to
represent them using desired velocity. In [11], human swarm
is modeled by continuum fluid and its behavior is represented
by dynamics based on two-dimensional flow field. Using this
model, the space design method is proposed to reduce the
congestion using static elements. However, people stopping
to view exhibits are difficult to represent only by this two-
dimensional model.

In this paper, human behavior is modeled by dynamics
including collision avoidance of individuals, and individ-
ual characteristics in measured data and viewing behavior
are modeled by multi-dimensional extension of dynamics.
Furthermore, to design amenity space without congestion,
positions of exhibits are optimized by minimizing collision
avoidance vector of individuals. This vector causes conges-
tion in the space and the minimization of it enable the
satisfaction of viewing exhibits. In the following sections, the
human swarm model is proposed and evaluated by simula-
tions, and the layout optimization of exhibits is proposed and
verified by experiments using swarm robots which consist of
autonomous mobile robots and radio controlled robots.

II. HUMAN SWARM MODELING IN EXHIBITION SPACE

A. Vector field design and individual behavior

In this section, the modeling method of human behavior is
illustrated. Human intent is represented by vector field based
on the measured trajectory, and multidimensional extension
of dynamics is introduced to represent individual walking
variability and visitors’ stopping to view exhibits.
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Step 1 The human trajectories in the space (without ex-
hibits) are measured as:

E={& & €0} @

and vector field f(x) is designed so that the
dynamics represented by

xlk + 1] = z[k] + f(x[k]) 2

is entrained to =. By setting many x; near &,
f(xy) is defined by f(xy) = &, —xk, and f(x)
is obtained by functional approximation as shown
in Fig.2. In this paper, we use /-th order power
polynomial of x as:

f(w):a0+a’1$+a’2$2+"'+a5$2 3)
=== v]' @)

where a; are coefficients of polynomial. Note that
x" is defined by

Fig. 2.

Definition of vector field

Step 2 Individual behavior is defined by
zlk+1] = z[k] + f([k]) + D07+ ve ©

iFi w
where v and w,, represent collision avoidance

vectors with individuals and walls respectively.
They are defined by the following equations.

.. ij
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- Ttep{a(lrll = 8} 7]
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where .., 3, and +, are constants. v,, is defined
in a similar way.

B. Modeling of individual characteristics in measured data

Because f(x) is a smooth function that is the macro
model of human swarm representing human intent, individual
behavior does not always follow the measured route =. There
is error between = and f(x) as:

Or = (&1 — &1) — F(&) &)

Because = includes walking variety, d; can be considered
as individual characteristics. In this paper, dj, is modeled by
dynamics as follows:

8[k] = coo + car®[k] + coa@®[k] + -+ + cﬂgmz[k]
+cao + card[k] + caad?[k] + - + caed[k]  (10)
dlk] = [ 67 [k — 1] 8Tk —m] 1" € R*™ (1)

where m is the number of past errors which is determined
based on “False Nearest Neighbor (FNN)” method [12]. m
is obtained by the smallest integer that satisfies the following
inequality.
min [[d[i] — d[j][| > rm
i#]
where 7, is a threshold of distance.
Because of large m, the calculation cost in (10) will be
high, and dimensional reduction is required. To hold the
effectiveness of FNN, the following Principal Component
Analysis is utilized. Consider the linear projection 7' that
reduces d to d as follows.

12)

d=Td (13)
Then, we can obtain 7" that maximizes the distance A(aij)
i dlE)—d[j) .,
ld[i] - d[j]]l

by using Singular Value Decomposition (SVD) of the fol-
lowing matrix.

Ap=[ Ad"?) A@d"?)
SVD of Ap is represented by
Ap =USVT

- (15)

S1 0 %
s[5 2]
Sl :diag{ g1 02 Ory } (17)
ngdiag{ Org+1  Ory42 Oom } (18)

By assuming o,, > o0,,41, the linear projection 71" is
obtained by

T=Ul (19)
By using the reduced d, equation (10) is rewritten by
O[k] = co0 + corx[k] + cao®?[k] + - - - + copx’[k]
Fego + cardlk] + card (K] 4 -+ Cdéaé (k] (20)

and equation (6) is replaced by
wlk+1] = w[k] + F@[k]) + Y v+ v, +8[k] 21)

i w

Individual behavior based on (6) and (21) are compared by
the simulation as shown in Fig.3. In (a) and (b), black circles
show trajectories of three individuals based on (6) and (21)
respectively. The entrance is the upper left corner and the exit
is the lower right corner. Black lines and blue lines represent
walls and human routes =. Because individuals behave along
human routes in (b), we can say that the proposed model
based on (21) represents individual walking variability.

5022



(a)2 (b)2

>0 =0

-2 0 2 -2 0 2
X My
Fig. 3. Trajectories of three individuals based on the proposed model

C. Multi-dimensional extension of dynamics for human stop
modeling

People in the exhibition space will stop to view exhibits,
however, it is difficult to represent stopping behavior by two-
dimensional vector field f(x). In this section, by introducing
the viewing coordinate ¢, for each exhibit e, viewing behav-
ior is modeled by multi-dimensional extension of dynamics.
The individual behavior is redefined as:

z[k + 1] = z[k] + oF
te[k + 1] = te[k] + bge(x, te)
F(x,t) = f(x)+ > v7 4+ vy, +08+h(x,t) 24

i w

(22)
(23)

a is a variable that is defined by

|F||> - |G|?
= W (IF| = [I1G])) (25)
0 (IFI < IGl)
G=[ gz, 1)) gp(@,te) " (26)

where F is the number of exhibits. b is a constant varying
from individual to individual. Functions g, and h are defined
as follows respectively.

'YgSe
e 7te = 27
9@ te) = T g = By &7
hlw,te) = 3 mSeexp(-anlrelP)pen @9)

e=1 ¢
1

Se = 1+ exp{ac(te — Be)} 29
Te =T — T (30)

where «,, B, and ~, are constants and x. denotes the
position of exhibit e. The constants are identified on the basis
of observation of human behavior in a real exhibition space.
ge represents the velocity along ¢. axis and h represents
the attraction to exhibit. Note that norm of F' is limited as
follows:

1 (2, te)]| < || f ()]

to prevent the individuals from moving with over velocity.
The behavior of individuals using the proposed model is
represented by Fig.4. An individual near the exhibit is

3D

aF (a=1)

e (a=0)
Exhibit
—

aF (a=1)

Fig. 4. Individual behavior based on the proposed model

attracted by h. According to (25), a changes to zero and an
individual moves along ¢, axis, which represents the viewing
(stopping behavior) of the individual. After ¢, reaches to [,
a returns to one and an individual moves by following f(x).
This model can represent visitor’s stopping in x-space. Fig.5
shows the simulation result of individual behavior in the
same exhibition space as Fig.3. Black circles, black lines and
blue lines represent individual trajectory, walls and human
routes Z respectively. Fig.5-(b) shows the projection of
individual behavior in Fig.5-(a) to x-plane. From this result,
we can see that the proposed model represents visitors’
stopping to view exhibits by multi-dimensional extension of
dynamics.

Exhibitl
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Fig. 5. A trajectory of individual based on the proposed model

III. LAYOUT OPTIMIZATION OF EXHIBITS

Due to congestion, people are not satisfied with viewing
exhibits. The cause of congestion is collision avoidance
vector of individuals »%. In this section, a layout of exhibits
is optimized by minimizing v*/ and congestion is reduced.
The measured velocity of individual ¢ is represented by

V' =nik] —n'lk — 1] (32)

On the other hand, the ideal velocity is described by

~1

V—a {ﬂaf‘[k]) +3 o, +hi<mi[m7tz[k1>} (33)
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without v . By using (32) and (33), the evaluation function
J is defined as follow:

N e
J=Y|vi-v
i=1

By minimizing J, individual behavior is close to ideal one.

(34)

Because V' including h’ is the function of . according to
(28) and (30), the partial differential of J with respect to x.

is written by
2aZH {( 1 > ;T }
2a, + ripl” — T
Z el i) "
(35)

H =S, exp(—ah||ré||2) (36)

while the partial differential of J with respect to time is
defined by
oJ
ot

By using gradient method, positions of exhibits are updated
and optimized as follow:

aJ (0J\"

— A

ot (aw) v

where Ax is a constant. Fig.6 shows the results of the layout
optimization of exhibits in the same exhibition space as
Fig.5. (a) shows the layout before the optimization and (b)
shows after that. The red dashed lines denote trajectories
of exhibits in (b). Fig.7 shows time variation of evaluation
function J and the number of individuals N from beginning
of the optimization. From these figures, we can see that
the number of individuals N is reduced by decreasing the

= J[k] — Jk — 1] (37)

@[k + 1] = x [k] — (38)
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Fig. 6. The simulation result of the layout optimization of exhibits
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Fig. 7. Time variation of evaluation function and number of individuals

in the exhibition space

evaluation function J which means congestion is reduced.
Because the exhibits placed in the middle of the hallway
can be watched from any direction, huge crowds do not
exist around them. Fig.8 shows distribution and average of
the 100 individuals’ total time from the entrance to the exit.
(a) shows before the optimization and (b) shows after that.
Fig.9 and 10 show distribution and averages of the viewing
time before and after the optimization. These results show
that the average of the viewing time becomes longer by
the optimization. Individuals are more satisfied with viewing
exhibits because of the longer viewing time in spite of the
shorter visit.
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Fig. 8. Distribution of the total time (100 individuals)
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Fig. 9. Distribution of the viewing time BEFORE the layout optimization
of exhibits (100 individuals)
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Fig. 10. Distribution of the viewing time AFTER the layout optimization
of exhibits (100 individuals)

IV. EXPERIMENTAL VERIFICATION USING
SWARM ROBOTS

A. Experimental Mobile Robots

In this section, the proposed method of optimization is
verified by experiments using swarm robots in the small
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Fig. 11.  Autonomous mobile robot and radio control robot

exhibition space. Swarm robots consist of autonomously
mobile robots and radio controlled robots. By mixing ra-
dio controlled robots, the pseudo human environment is
represented. Fig.11-(a) shows an autonomous mobile robot.
This robot has a battery, a micro control unit (MCU),
a localization sensor and range sensors. Through wireless
LAN, robots communicate with host computer. Three omni-
directional wheels are installed in the lower layer. Fig.11-
(b) shows a radio control robot which has a camera and a
transmitter sending video signal by wireless so that a driver
can control the robot with camera images.

B. Experimental Procedure

First, some people control one robot in turns and their
trajectories are measured in order to design vector field.
Second, the layout of exhibits is optimized by the proposed
method. Finally, the total time and the viewing time before
and after optimization are compared.

Autonomous mobile robots behave based on the proposed
model represented by (22) and (23). Because processing abil-
ity of MCU is limited, host computer calculate f(x), 9, t., h
and v,,, and velocity commands are sent by wireless LAN.
Meanwhile, collision avoidance vector between individuals
v" is calculated by MCU using range sensors information.

C. Experimental Results and Verification

Fig.12 shows robot trajectories (indicated by blue lines)
and designed vector field (indicated by green arrows).

2—

Fig. 12. Designed vector field based on the experimental data

Fig. 13. Overhead view of the experiment using swarm robots
2 -
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Fig. 14. Trajectories of swarm robots

The layout of two exhibits are optimized by the proposed
method in this space. Fig.13 and the attached movie show
the experimental environment. In Fig.13-(a) and (b), the
layout of exhibits is unoptimized and optimized respectively.
The positions of exhibits are indicated by red rectangles.
Eleven autonomous mobile robots and one radio controlled
robot are used. Some trajectories of radio control robots and
autonomous mobile robots are shown in Fig.14. The former
is indicated by blue lines and the latter is indicated by green
lines. This result shows that the proposed model represents
human behavior in exhibition space because the behavior
of autonomous mobile robots are mostly consistent with
that of radio control robots. As with simulation, distribution
and average of the total time of swarm robots are shown
in Fig.15. (a) shows before the optimization and (b) shows
after that. Red arrows indicate averages of the total time of
autonomous mobile robots and blue arrows indicate those of
radio control robots. In these results, the layout optimization
shorten the average of the total time. In addition, Fig.16 and
Fig.17 show distribution and average of the viewing time
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of swarm robots. In these results, robots are more satisfied
with viewing exhibits by the optimization, despite the shorter
visit. Consequently, these results show that the proposed op-
timization method designs the comfortable exhibition space.
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Fig. 15. Distribution of the total time in experiments
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Fig. 16.  Distribution of the viewing time in experiments BEFORE the

layout optimization of exhibits
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Fig. 17. Distribution of the viewing time in experiments AFTER the layout
optimization of exhibits

V. CONCLUSION

In this paper, the macro model of human swarm behavior
in exhibition space was proposed, and amenity space was
designed by optimizing layout of exhibits. The results of
this paper are described as follows:

o Human intent was modeled by two-dimensional vector
field, and individual behavior was represented by dy-

namics including collision avoidance vector of individ-
uals.

o To represent individual characteristics in measured data
and visitors’ viewing exhibits, multi-dimensional exten-
sion of dynamics was introduced. The proposed model
was verified by simulations. Individual behavior along
with human route and viewing the exhibits was realized.

o The layout optimization of exhibits was proposed by
minimizing collision avoidance vector of individuals.

e The proposed optimization method was verified by the
simulation and the experiment using swarm robots. The
results showed that people took longer viewing time
and were more satisfied with viewing exhibits by the
optimization, which represent the amenity space was
designed.

Congestion exists not only an exhibition space but also
an entrance of stations or stadiums. Human behavior in
such places is also represented by the proposed model.
Furthermore, it will be possible to reduce the congestion
using that model.
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