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ABSTRACT. This article is devoted to the modelling of the movements of an assembly of particles.
Our aim is to develop a model capable of reproducing the behavior of a crowd of people in
walking situations (free motion, emergency evacuation, etc.). The final model must be able to
handle local interactions such as pedestrian-pedestrian and pedestrian-obstacle in order to
reproduce the global dynamic of pedestrian traffic. Three already existing discrete methods,
originally proposed to simulate a granular assembly, are first analyzed and compared. These
methods are able to manage collisions between rigid particles. They are then adapted for
representing pedestrians together with their willingness to move. Their numerical
implementation allows for the performance of simulations in various specific configurations.

RESUME. Dans cet article, nous nous intéressons a la modélisation des mouvements d’une
assemblée de particules. L’objectif est de proposer un modele d’une foule de piétons dans
plusieurs situations de marche (libre, évacuation d’urgence, etc.). Ce modéle doit traiter les
interactions locales piéton-piéton et piéton-obstacle (mur, etc.) afin de mieux comprendre et
reproduire la dynamique globale d’un trafic piétonnier. Trois approches discrétes existantes,
permettant de simuler le mouvement d'une assemblée de grains et de gérer les collisions entre
les particules supposées rigides, sont d’abord analysées et comparées. Nous les avons ensuite
adaptées en représentant les piétons par des grains circulaires rigides « actifs » ayant une
volonté de se déplacer vers une destination souhaitée. Des simulations numériques dans
différentes configurations d’évacuation ont été réalisées.

KEYWORDS: granular assembly, crowd movement, contact, collisions.

MOTS-CLES : assemblée de grains, mouvement de foule, contact, collisions.

DOI:10.3166/EJCM.20.189-206 © 2011 Lavoisier, Paris

EJCM - 20/2011. Dynamics of materials, structures and systems, pages 189 to 206



190 EJCM - 2002011 Dynamics of materials, structures and systems

1. Introduction

Over the last fifty yeas, many studies have been performed to describe the be-
havior of walking pedestrians (Hankin et al., 1958 Helbing, 2002. With the dm
of reprodwcing particular observed crowd phenomena, models of crowd movements
have been developed. These models diff er acarding to the goalsthey are intended to
achieve (Blueet al., 2000 Sunget al., 2004 Mus= et al., 2007 Venel, 2008 and can
be dassfied acordingto several criteria (seeTable 1): the mode of representation o
the aowd with maaoscopic models (where the aowd is represented as a whale) or
microscopic models (where the behavior, adions and dedsions of ead crowd mem-
ber are treaed individualy); the representation o the aeaof displacement by either
continuouws or discretized space the representation o the mntad, either by usingreg-
ularizing laws or by solving a locd non linea problem; the representation o the
movement of pedestrians by means of rules, data or forces; the target phenomenato
be analyzed, either courterflow lines or evaauation; the type of crowd walking, either
normal walking velocity or emergency walking; etc.

In this paper, discrete gpproaches are preferred, i.e. microscopic models of crowd
are chosen, in which the movement of ead pedestrian is represented in time and in
space The interadions of one pedestrian with the surroundng environment (other
pedestrians, obstades) are treaed locdly.

We propacse to model the contad among pedestrians by a granular medium ap-
proach. Most of these gproaches which are ale to ded with multiple smultaneous
collisions can be dasdfied into two caegories acmrding to the way the contad is
treaed: theregular (“smoath™) methods, wherethe mntad forcesarise by adired cd-
culation, andthe nonregular (“non-smooth”) methods (Moreau, 1988 Moreau, 1994,
wherethe cdculation of contad forcesis given bythe solution of anorlinea problem
(see Table 2). The modelling o grain movements is then adapted and enhanced to
study the movements of a acowd. Each particle is then treaed as a pedestrian with a
willi ngressto move acordingto agiven target, possbly varyingin time.

In addition, to model the pedestrian-structure interadion, a noninea diff erential
equation can be added to the adapted approaches. This equation can be of Kuramoto
type (Strogatz et al., 2005 Bodg, 2008 Péal et al., 2010 or of modified Van der Pol
type (Erlicher et al., 2010. An adapted approach has been couped with a Kuramoto
differential equation and its appli cation to the North Span of the Mill enium Bridge is
presented in (Pécol et al., 2010).

This paper is divided into three parts. The first part briefly presents three eist-
ing approaches originally formulated for studying granular assemblies. Thefirst one,
the Distinct Element Method (DEM) (Cundall, 1971), belongs to the regular meth-
ods class has inspired many of the subsequent approach of this class It allows usto
understand the performance of such approaches. Concerning the non smoath meth-
ods (NSM), we retain two approaches inspired by the work of Moreau that we term
“NSM1" (Maury, 2006 and “NSM2" (Frémond, 1995 Frémond, 2007). In NSM1,
the velociti es of particles after colli sion alow only for admissble positions, i.e. ve-
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Table 1. Criteria for the dassfication of crowd movements models

Mode of repre-
sentation o the
crowd

maaoscopic

(Henderson, 1971, Bodg et al., 2007

microscopic

(Reyndlds, 1987 Helbing et al., 1995
Blue et al., 200Q Hoogendoan et al.,
2001, Teknomo, 2006 Paris et al.,
2007 Venel, 2008 Pél et al., 2010

Representation of
the aea of dis
placement

continuows gace

(Reynalds, 1987 Helbing et al., 1995
Hoogendoan et al., 2001, Teknomo,
2006 Paris et al., 2007 Venel, 2008
Péwol et al., 2010

discretized space | (Blueetal., 2000
Representation of | by using regular- | (Helbing et al., 1995 Hoogendoan et
the contadt izing laws al., 2001, Teknomo, 2006

by solvingalocd
non linea prob-
lem

(Venel, 2008 Pécl et al., 2010

Representation of | rules (Reyndlds, 1987 Blue et al., 200Q
the pedestrians Venel, 2008
movement
data (Pariset al., 2007, Paris, 2007)
forces (Helbing et al., 1995 Hoogendoan et
al., 2002, Teknomo, 2006 Péwl et al.,
2010
Target phe- | courterflow lines | (Helbing et al., 1995 Hoogendoan et

nomena to be
analyzed

al., 2001; Teknomo, 2006 Paris et al.,
2007, Venel, 2008 Péal et al., 2010

evaauation

(Helbing et al., 1995 Hoogendoan et
al., 2001, Venel, 2008 Péwl et al.,
2010

Type of crowd
walking

normal  walking
velocity

(Helbing et al., 1995 Hoogendoan et
al., 2001 Teknomo, 2006 Paris et al.,
2007, Paris, 2007 Péool et al., 2010

emergency walk-
ing

(Helbing et al., 1995 Hoogendoan et
al., 2001, Venel, 2008 Péml et al.,
2010

191

lociti es are determined so that there is never an overlap between particles by imposing
a aongtraint on their positioning. Only inelastic oolli sions are treaed. NSM2 intro-
duces the concept of a pseudopdential of disspation to handle the reboundinstead
of the concept of a wefficient of restitution used by Moreau. It has been shown that
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Table 2. Clasdfication o some granuar approachesthat are able to deal with multi-
ple ssimultaneous colli sions

Smocth (Cunddll, 1971, Cunddl et al., 1979 Allen et al., 1987
Kishino, 1989
Non-smoath (Moreau, 1988 Jean €t al., 1992 Moreau, 1994 Frémond,

1995 Radjai et al., 1996 Jean, 1999 Paoli, 2001 Renouf,
2004 Maury, 2006 Saussne et al., 2006 Frémond, 2007,
Radjai et al., 2009

the use of a restitution coefficient can be gopropriate to manage the allision o two
particles but its extension to multi ple wlli sions is questionable (Frémond, 2007): for
thisreason, NSM2 has been retained.

In the second part, we focus on the way to adapt the previous approaches to the
crowd by assgning a willi ngnessto the particles. DEM has aready been adapted
to the aowd modelling by Helbing (Helbing et al., 1995 Helbing et al., 200Q Hel-
bing, 2002, using a social forcemodel. NSM1 has been applied to the aowd mod-
elling by Venel (Venel, 2008, using a mathematicad model based on the notion o
“sportaneous’ velocity. An original enhancement of NSM2 is propacsed here. So-
cia forces as well as a desired diredion/velocity are introduced in order to simulate
the behavior of pedestrians. This adaptation can be eventualy extended to other ap-
proaches.

The third part is devoted to numericd simulations. Three gplicaions are studied:
the first al ows one to compare the contad treament of the previous non-adapted ap-
proaches; the second deds with the evacuation of a room, we compare the average
flow throughadoar between the numerica simulations results obtained with the three
adapted approaches and an experiment imitating condtions of panic; andthe last one
concerns the evacuation of a movie theaer, and a comparison is made between red
exercise and numericd simulations results obtained with the edapted NSM 2.

2. Three approachesfor granular media

Inthis £dion, the threeretained methods, DEM, NSM1 and NSM2 (in their orig-
ina formulation for granular media) are presented and their numericd aspeds are
discussed. A granular medium is by definition a set of particles subjeded to gravity,
that interad by contadswith or without frictionand with or withou cohesion. Gener-
aly, itisaccepted to tred them ascircular with amoreor lesslargesize However, itis
possbleto take into acourt diff erent shapes (Dal Pont et al., 2006). In the foll owing,
three asumptions are made: the problem isin a plane, particles are drcular, and the
rotation o the particlesis negleded.

We mnsider a system consisting o N circular particles movingin a plane, with

. . d .
center tﬂi = (q7,q}) € R?, radiusr; and velocity u,(t) = %;t(t) for the :*" particle.
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Let¢) = ¢,(0) andu = u,(0) be respedively theinitial positionand velocity of the
ith particle We asaume that the generalized displacement vedor ¢ of size2N, 'q =

(¢ ql, Dy oo qN) is aifficiently regular to allow us to write the dynamics equation
for eam particle, obtaining the system:
Ma(t) = f(t)+g(t (1]
u(t) = q(t)

where M isthe 2N x 2N mass matrix of aII the particl&s ¢ denotes the general-
ized velocity vedor of size 2N, 'q = (*q,," 4,,..." 4, ) f (resp. g) is the vector
of size 2N of forces withou contadt (resp. contad forces) applied to the system,
i (ip iQ,.. iN) (resp. g_(gl, Gor oos QN)) We dso introduce the rel-
ative deformation velocity between the i* and j** particles, defined by A ; (u(t)) =
u;(t) — u;(t); and the unit vedor direded from particle i to particle j, defmed by

Cij = ‘\;,g;\ Where|2j _Qi| = \/(q]' - qi) + (qj - qi) -

Two major steps in the modelling have to be analyzed in ead of the three g-
proaches. the detedion and the treament of every contad. In the following, we
analyze only particle-particle interadions becaise particle-obstade interadions are
treded analogously. The detedion of a contad is sraightforward in the case of circu-
lar particles. We define the distance D;; between two particles: and j by:

Dij(9) = lg; = ¢, = (ri +75) (2

Thereis a mntad between particlesi and j when D;;(¢) = 0, and an overlap when
D;j(g) < 0. More dficient contad detection methods (Ericson, 2004 can be found
when the number of particles increases in order to reduce the computational time.
These methods are not necessary to the simulations presented in this article, dueto the
relatively small number of considered pedestrians.

Concerning the contad treament for the three gproacdes, g(¢) must be deter-
mined in order to find u(t) then ¢(t). In DEM, the locd contad force between two
particles i and j is chosen to be propartional to D;;; in NSM1, it is determined so
that there is never an overlap between the particles, i.e. there is a constraint on the
pasition o the particles; in NSM2, it is determined with a constraint on the relative
deformation vel ocity between particles.

The determination of the movement of particles is dore using a time stepping
scheme. Thetimeinterval [0, 7] isdiscretized into N;,,, regular intervals[t", " 1] of
lengthh = —. Knowingq™ andu™ (attimet™), positionsand velociti es of particles

at time t"“ are given by dfferent numerica schemes, presented in the foll owing.

For DEM, an explicit schemeis used:

utt =y + hM (i +g" ) [3]
gn+1 _ q + hunJrl
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The expresson o the total contad force gplied to the i*" particle & the instant t” is:

N
=>4 [4]
j=1

where the locd contad force between two particles ¢ and j, propartional to D;;, can
be chosen as:

gy, = kmin (0,Di;(q"™)) et [5]

=1

with £ a constant stiffness its numericd value chosen by Helbing (Helbing et al.,
2000 for crowd simulation is 1.2 x 10° kg.s~2. So, overlapping is necessary to
control the contad.

For NSM1, an implicit schemeis used:

n arg min
u +1 = ve R2N [%Hﬂfztm‘al'ﬁw
X Dy G w)] (g
1<i<j<N
Wlth Ktrial — gn + hﬁ_lin+1(gn)

gn+1 — gn + hgnJrl
where G, (¢") = VDi;(q ”)and;/“rl isaL agrange multi plier and hasthe dimension
of aforce

The constrained minimizaion problem must be solved in order to caculate w™ !, with
pi > 0and Dij(g" ) = Dij(g" + hu" ') > Dij(¢") + h'Gj(¢")u" ™ > 0.

The expresson o the total contad force d the ingtant ¢"+! is:

et = Y wt Gy [7]

1<i<j<N

g

The perfedly inelastic collision law is implicitly involved in the minimizaion con
straint. The constraint aff eds the positions of pedestrians at the end o the considered
time step and the final computed velocity is auch that these pasitions are admissble.
The adaptation o the scheme to other types of collisions is not straightforward
(Maury, 20086).

For NSM2, an implicit schemeis used:

arg min
X = X EgRQN )

Pt (0n) M Y] [8]
ﬂn+1(9n) = ﬂnJrl(onJrl) = 2&

qn+1 =q" + h '+1(9n)2+yn(9n)



Crowd movement modelling 195

where 6, is the middle of the interval [t", t"T1]. p** represents exterior percussons
applied to the deformable system compased of N rigid particles and has the dimen-
sion o aforcemultiplied by atime. The regular force f ontheinterval [t",t" 1] is
replaced with the percusson p°** exerted at the instant 6,, (Dimnet, 2002 Dal Port et
al., 2006 Dal Port et al., 2008. ® isapseudopdential of disspation (convex function
(Moreau, 1970) defined as: & = ®? + ®” where ¢ and " aretwo pseudopdentials
which allow us to define the disgpative and readive interior percussonsrespedively.
The pseudopdential ®¢ all ows usto choase an inelastic or elastic collision. It ischo-
sen to be quadratic:
PUAWY)) = 5 NST[EKr (PA,(X(0,)) tel)
1<i<j<N ) [9]
+o KN (A (X(0n))e;)” ]

where )\;Lj“ is0 if thereis no contad between particlesi and j, and 1 otherwise; K
and K arethe wefficientsof disdpationfor the normal and tangential comporentsof
percussons. K y refleds the inelastic nature of colli sions between particles and K
results of atomizaion d viscousfriction. A collision between a particle andawall i s
perfedly elastic for Ky — oo (Frémond, 2007). Pradicdly, avalueof K > 10% kg
iswell suited for our analyses.

The pseudopdential " all ows usto corred for overlapping. It is given by:

u™ (en )
2

)| [0

=j1

A = Y. ut! [ A (Y (0n))ef; + FA(
1<i<j<N

where 7

i isalagrange multiplier and hes the dimension o force multiplied by
time. This Lagrange multiplier exerted at the instant 6,, replaces the contad force
g7 onthe interval [, t"*'] (Dimnet, 2002 Dal Port et al., 2006 Dal Port et

al., 2008.

3. Adaptation of granular approachesto the crowd

A pedestrian can be represented as agrain by gvingit awillingress i.e. adesire
to movein aparticular diredionwith aspedfic speed at ead time. Several definitions
of the desired trajedory of one pedestrian are passble: either (i) the most comfortable
trajedory for him, where he must provide the least effort (e.g. to avoid to take the
stairs), and where there ae fewest changes of diredion, etc.; or (ii) the shortest path or
(iii) the fastest path to move from one placeto ancther (Hoogendoanet al., 2001). It
is passbleto combinetwo strategiesin the same simulation, or to changethe preferred
strategy for any reason duingthe simulation.

The strategy of the shortest path to get from one point to another (Kimmel et
al., 1996 isimplemented throughaFast Marchinga gorithm andcan be used to oktain
the desired diredion, ¢, ;, of anindividual 4. This diredion depends on the evolution
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space(obstades, etc.), the time and also the charaderistics of the individual (gender,

Ly, (1)

age, hurried steps or nat, etc.). Itisdefined by: e, ;(t) = Tt T whereu,, ,(t) isthe
desired velocity of the it pedestrian. ’

The amplitude ||u, , || of the desired velocity represents the speed at which the "
pedestrian wants to move on the structure under consideration. It can beinfluenced by
the nervousnessof pedestrian. Thisvelocity is chosen following anormal distribution
of average 1.34 m.s~! and o standard deviation0.26 m.s~! (Henderson, 1971).

To adapt the granular approaches to the aowd, we introduce an acceeration
force f*(t) (Helbing et al., 1995 that allows to give adesired direcion and inten-
sity of the velocity to ead pedestrian. The generic comporent fj(t) of the force
= Cf St fY,) of dimension 2N, is asociated with pedestrian ¢ and can
be expressed as.

ia(t) —my ||ud,z|‘§d,z(t) U; (t) [11]

3 T’L

where u, is the acual velocity; 7; is a relaxation time, allowing us to recover the
desired velocity after a contad. Smaller values of 7; let the pedestrians walk more
aggressvely (Helbing et al., 2000. Helbing chose 7 = 0.5 s. An example of the
trgjedories of two identicd pedestrians i and j moving in oppdaite diredions, after
collision, isill ustrated in Figure 1 function o diff erent values of .

The pedestrians' behavior can be eriched by acounting for other external so-
cial forces (Helbing, 2002 Moussiid et al., 2010 in order to become more redistic
(socio-psychalogicd force, attradive force, groupforce, etc.). For instance, a socio-
psychologicd force can refled the tendency of pedestriansto kegp a cetain distance
from other pedestrians. The form of this force, applied to the i*" pedestrian due to
interadionwith pedestrian j, is given by:

F10(t) = Asexp (_DJTW> <A¢ +(1- Ai)%) e; 112

where A; denotesthe interadion strength; B; isthe range of the repulsive interadion;
A; < 1 alowsto consider the anisotropic charader of pedestrian interadions, as the
situation in front of a pedestrian has a larger impad on his behavior than what is
happening kehind; ¢;; is the angle between the diredion ¢, ;(¢) of desired motion
andthediredion —eg;; of the pedestrian exertingthe repulsive force. Only this type of
social forcewill be used in the next sedion.

4. Simulations

In this edion, simulations generated with the previous approaches, implemented
in a MATLAB code, are presented. In afirst subsedion, we compare the mntad
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1=0.1s
1=056s

ucl.j %

Figure 1. Representation o the trajedories of two identical pedestrians andj mov-
ingin oppaite diredions with different values of ~. After collision, for each pedes-
trian, the exernal accderation force all ows the pedestrian to gradudly switch from
the actual veocity after shock to the desired veocity, depending onthe values of 7;
andr;. Inthisexample, 7; = 7; = 7

treament for the threenon adapted approaches in the same configuration. Then in a
secondsubsedion, we study the evacuation o a room and compare the average flow
througha doar of 82 ¢m width, between the numericd simulations results obtained
with the three alapted approaches and an experiment imitating condtions of panic
(Helbing et al., 2009. Finally, we study the evaauation time of a movie theare and
compare the red egress stuation results with numericd simulations results obtained
with the adapted NSM2.

4.1. Contact treatment

In this subsedion, we compare the three non adapted approacdes in the way of
managing the contad. We mnsider a particle of radiusr = 0.3 m, initial position
g = '(0.6,0) andinitial velocity u = *(—2,—1). An obstadeispositioned at = = 0
and the time step chasen for the numericd simulationish = 0.1 s.

In Figure 2, the evolution o the pasition and the velocity of a particle before and
after a shock against an obstade is shown. With DEM, we can achieve aperfedly
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elastic collisonwith agoodchoiceof & (Figure 2a). The velocity of the particle &ter
the contad isw 4, = (2, —1).

a. b.
05 ; " 0.5
o] t=0s
B
0 ) - Q
T
A
to.5r C -0.5
L
E t=04s
- . L.
-0.5 0 0.5 1 -0.5 0 0.5 1
c d.
0.5 0.5 .
t=0s t=0s
0 0
-0.5 0.5
=04 s t=04s
-1 - . .
-0.5 0 0.5 1 -0.5 0 0.5 1

Figure 2. Shak of a particle against a rigid obstacle. Comparison o the threenon
adapted appoaches. a. DEM: perfedly dastic collision; b. NSM1: perfedlyinelastic
colli sion, theavoided pasition o the particle duringthe contact isthelight-grey drcle
with circle markers; c. NSM2: perfedly dastic collision; d. NSM2: perfedlyinelastic
collision. At z = 0, the vetical blackline represents an olxstacle, the situation before
contact is black, the situation duing the contact is light-grey and the situation after
contact is dark-grey

With NSM1, we obtain a perfedly inelastic collision. The particle’s position is
awaysadmissble (thereis never any overlap), at eat time step the velocity is chosen
in order to ohtain an admisshble geometric configuration. Figure 2b shows the avoid-
ance of overlapping between the particle and the obstade. Att¢ = 0.2 s, the avoided
pasition o the particle is the light-grey circle with circle markers, and the final po-
sition o the particle is the light-grey circle. The “geometric” velocity of the particle
after the contad, at t = 0.4 s, is*(0, —1).

With NSM2, elastic or inelastic colli sions can be obtained, functions of the value
of the parameter K (Frémond, 2007 Dimnet, 2002 Dal Port et al., 2008. Figure
2c shows a perfedly eastic collision. The velocity after contact is ¢(2, —1), but the
pasition o the particle dter contad contains a numericd error. The smaller the time
step is, the more acarate the position o the particle dter collision will be. Figure
2d shows a perfedly inelastic collision. If we compare the treament of the mntad
between NSM1 and NSM2, we find the same velocities at the end o the simulation
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for the two approaches: (0, —1). Only the positions are diff erent becaise for NSM2,
an overlap can exist numericdly. If we choose asmaller time step, we will find the
same pasition for this particle with bath approades.

It can be noted that with DEM, when the value of & is fixed, the choice of the
time step h is esential. We consider a particle of radius» = 0.3 m, initial position
g = '(0.6,0) andinitial velocity u = *(—2,—1). A wall ispositioned at = = 0.
Table 3 gives the velocity of the particle dter contad as a function o the time step ,
when k is chosen equal to 1.2 x 10° kg.s~2 (Helbinget al., 2000).

Table 3. Velocity of the particle after contact u ¢, function o thetime step 2
h (S) Qf’inal

101 | 1(12.14710605261293, —1)
1072 | *(2.03066571837719, —1)
1073 | 7(2.00035320567159, —1)
10~% | %(2.00000264342070, —1)
10~ | *(2.00000003535854, —1)

When the chasen time step 4 is increasing, the value of the velocity after con
tad beames more and more inacairate. Thus, the smaller the time step is, the more
acarrate the velocity of the particle dter collision will be. DEM is well adapted to
quasi-static modelling. This approach neals to use asmall ti me step, which can in-
crease the computationtime.

4.2. Evacuation of aroom

The a@m of this subsedion is to compare an evaauation situation for the three
adapted approaches, considering orly the way of treaing the locd pedestrian-
pedestrian contad and the locd pedestrian-obstade contad. So, only the accéeration
forceintroduced in equation[11] is used in order to give the desired velocity to eat
pedestrian.

We mnsider a square room of side 5 m, where 20 pedestrians want to escgpe
by a doar of 82 ¢m width. The parameters used in simulations are given in Table
4. For ead adapted approad, 50 simulations are performed (Figure 3). The initia
condtions of these runs are the same for ead approach.

Figure 3 showsthe linea regresson o the 50 simulations for the adapted NSM2.
The dope dlows us to oltain the average flow throughthe doa. The values of the
average flow througha doa of 82 c¢m width, for the simulations obtained with the
three aapted approaches and compared to that an experiment imitating conditi ons of
panic (Helbinget al., 2005, are mlleded in Table 5.

Average flow obtained with the adapted NSM2 is smil ar to the one obtained in the
experiment imitating condtions of panic. Pedestrians escgpe faster with the adapted
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Table 4. Parameters used in simulations of the evacuation (* uniformly distributed

within their range)

Parameter Symboal Vaue Unit
walking speed * g 4| [1.2,2] | m.s7!
radius of ead pedestrian * T [0.2,0.25] m
massof ead pedestrian * m; [60, 100] kg
relaxationtime * Ti [0.1,0.5] s
constant stiffness k 1.2 x 10° | kg.s72
normal coefficients of disgpation Ky 10° kg
tangential coefficients of disdpation Kr 0 kg
time step h 0.01 S
20-
g 15t
§ —linear regression
] 101 50 simulations
3
5
B
E 5
2
% 2 7 6 8 10 12

Figure 3. Smulated evacuationtime for aroomwith a doa of 82 ¢m width. Shawnis
thetotal number of pedestriansout vs. time for the adapted NSM2. The 50 simulations
are the light-colored curves. The linear regresson o the 50 simulations (black line)
allows usto oltain the average flow throughthe doar

Table 5. Average flow (pedestrian/s) through a doo of 82 cm

Simulations or experiment

average flow (pedestrian/s)

Simulations with the adapted DEM
Simulations with the adapted NSM 1
Simulations with the adapted NSM2

Experiment imitating condtions of panic 2.67

3.04
4.65
2.60
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NSM 1 than with the two others adapted approaches. These results are probably dueto
the way the contad is treaed: perfedly inelastic in the adapted NSM1 and perfedly
elastic in the adapted DEM and NSM2. The difference between the average flow
obtained with the adapted DEM and the one obtained with the adapted NSM2 could
be due to the overlapping effea which is needed in order to trea the contad for the
adapted DEM. Takinginto acourt elastic colli sions sansto be necessry to consider
pedestrians who start pushing.

4.3. Evacuation of a movietheatre

We onduct a comparison between red exercise and numericd simulationsfor the
evawation o amoviethedre. The evacuationexerciseisdorein (Klpfel, 2003. 101
students are in a movie theare which contained 174 seds, their initial positions are
fixed. There are two escgpe routes avail able, route A and B (Figure 4). Everyone ae
urged to ad carefully in order to avoid injuries. When the darm is triggered, people
start evaauating.

The red exercise results comprise egresstimes of ead individual pedestrian. In
acordancewith the observations in the exercise, parameters used in simulations are
chosen and summarized in Table 6.

Table 6. Parameters used in simulations of the evacuation (* uniformly distributed
within their range)

Parameter Symbad Value Unit
walking speed * llag |l [1.2,2] | m.s7!
walking speed in stairs [ 0.5 m.s 1
resporse time * [0, 4] 5
radius of ead student * T [0.2,0.25] m
massof ead student * m; [60, 100] kg
interadionstrength A; 2000 N
range of the repulsiveinteradion B; 0,08 m
anisotropic charader of pedestrian interadions A; 0
angebetweene, ;(t) and —¢;; ©ij 90 degree
relaxationtime * Ti [0.1,0.5] 5
normal coefficients of disgpation Ky 10° kg
tangential coefficients of disspation Ky 0 kg
time step h 0.01 s

Numericd simulations are performed with the adapted NSM2 that contained the
socio-psychdogicd forceintroduced in the Sedion 3 Pedestrians choaose the short-
est path to evacuate. Some "cortrol rules' are alded to make their movement more
redigtic (Figure 4). If the number of pedestriansis at least 5 in the first or second
redangle, or at least 15in the third redangle, other pedestrians move in the diredion
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Screen I Route A

Stairs

Route B

Seats

Doors 1

‘Walls

Figure 4. Snahats of numerical simulations; seats, walls, screen, stairs, and doas
are represented; escape routes are the route A at the top androute B bottom; depend-
ing onthe number of students in the redanges (number 1, 2 or 3), students movein
the diredion o the dark-colored arrow instead o the light-colored ore

of the dark-colored arrow, correspondng to its considered redangle, instead of the
light-colored ore. These rules prevent the energenceof useesscongested aress.

An example of progresson o one numericd smulationis shownin Figure5. The
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Figure5. Snaphoats of numerical simulations at different times. Students are the dr-
cles

resultsof both thered exercise andthe numericd simulationsare summarizedin Table
7. Accordingto this Table, thereis basicdly no dff erence between the results of the
red exercise and numericd simulations. We can seein Figure 6 that the egresscurve
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Table 7. Comparison between real execise and numerical simulations for the exacu-

ation o the movie theatre

Red exercise | Numericd simulations
Number of students 101 101
Number of Seds 174 174
Number of runs 1 100
Route A
Time (last person) 45s 494 s
Mean egresstime 311s 30.7s
Route B
Time (last person) 66s 62s
Mean egresstime 531s 486s
Overdll
Time (last person) 66s 62s
Mean egresstime 44s 419s

obtained from thered exerciseis rather simil ar to egresscurves obtained by numericd

simulations.
120
o 100f —real exercise ya
5 ---mean 100 simulations rd
2 100 simulations /
2 sof i
Ee)
(]
o
S e0f
(0]
ks)
T 401
£
=)
=
20r
O | | | | | |
0 10 20 30 40 50 60 70

Time (s)

Figure 6. Number of persons out vs. time (egresscurves), comparison between real
exeacise result and numerical simulations results: the 100 numerical simulations are
the light-colored curves, the mean o these ssimulations curvesis the black bold datted
curve andthereal execise aurveistheblackbold ore
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5. Conclusion

This paper presents three «isting dscrete goproaches (DEM, NSM1 and
NSM?2), originaly propacsed to simulate agranular assembly, and that we adapted
for representing pedestrians with their willi ngnessto move. Socia forces as well
as a desired diredion/velocity are introduced in order to smulate the behavior of
pedestrians. The three alapted approaches are then numericdly implemented. They
are gplied to two red cases of evaauation (room and movie thedre). The obtained
results are compared to the experimental ones. The alapted NSM2 allows one to
consider pedestrians who start pushing by wing elastic colli sions, which seamns to
be non-negligible for evacuation problems. Numericd simulations with the adapted
NSM2 for the evaauation of a room or a movie thedre show that this approac is
cgpable of reprodwcingared evaauation exercise in a satisfadory way.
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