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Abstract

The aim of this communication is to propose a neswd movement modeling considering a new particsildrgroup behavior:
pedestrians holding hands. The first step in thislysis to improve our 2D crowd movement modelidg3] introducing the

orientation of each pedestrian, rarely used irrditee. The next step is to describe the particeldogroup behavior of the
pedestrians who hold hands. An at-a-distance uwglaxfi deformation allows one to control the intd¢iac between linked

pedestrians. The proposed model takes into actberdffects of the subgroup as a continuous defd@mavithin the particular

subgroup of pedestrians who hold hands while exjstiethods in literature describe the cohesioh®fhormal” subgroup with

external forces. Finally, numerical simulationsiviie presented to study the influence of the peides orientation on his
movement and to compare subgroup behavior models.

Keywords: discrete model, crowd movement modelanggnted pedestrian, subgroup behaviour, pedesthaltling hands, emergency
evacuation ;

1. Introduction

Crowd movement modeling is currently a challengingblem in various fields, such as in architectamd civil
engineering to study flows of people in confine@dags, in the entertainment and visual effects immgue create
realistic models of crowds for use in movies, angsychology/sociology to validate human behaviodais under
different environmental conditions like panic stioas. Over the last fifty years, many studies hlagen performed
to describe the behavior of walking pedestrianslitémature, several discrete models of crowd mosets [1-8]
exist and allow to well reproduce some observetl aglanization phenomena (counter flow lines, fatiora of
arches, etc.).

Authors have proposed in [1-3] a new 2D microsc@pproach in which the movement of each pedesisian
represented in time and in space. To control tbevdrmovement on the ground, three targets have tmegaged:
(i) multiple simultaneous collisions, i.e. to ddtemd to treat each local interaction, such as steéde-pedestrian
and pedestrian-obstacle; (ii) the desire of eaaegteian to move in a particular direction withpeeaific speed at
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each time; (iii) the possibility to add forces take the behavior of the pedestrians more realsticial forces,
subgroup forces, etc.).

Pedestrian-pedestrian and pedestrian-obstaclesiooki have been modeled using an approach devotdtet
movements of particles. The non-smooth approacpgsed by Frémond [9-11] that has mainly been agpbehe
movement of granular media was selected to treatd¢mtact and to control the type of collisions amparticles.
This original approach is based on the theory difstons of rigid bodies, first proposed by Frémd®d 10] in a
rigorous thermodynamic frame, along the lines &f thorks of [12]. Frémond introduces the concepttha
coefficient of dissipation to handle the rebound ahe velocities of particles after each collisigh.further
constraint condition is applied to velocities toomv overlap. The description of the behavior ofdlection of
discrete bodies is based on the consideratiorthbaglobal system is deformable even if partickesrayid.

To represent a pedestrian, a willingness is giweedch particle to move according to a given pbgdime
varying target. Social forces as well as a dediliegction/velocity are introduced in order to siatel the behavior
of pedestrians [1-3].

The next step is how to include the behavior ougsoor sub-groups in this modeling. A “group” idided as a
physical collection of people following the sameitey but who may or may not be part of the same&bkgoup and
a “subgroup” is defined as people within the sarhgsjral “group” who want to stay together [13] likeose of
friends or a family. Several studies have revedhad smaller subgroups constitute the majorityhaf people in a
crowd [13, 14]. But very few studies are able todelothe “subgroup” behavior [13, 15]. A particusubgroup
concerns pedestrians who hold hands. It is recednihat holding hands the most effective way of keeping
children safe from traffic injury.

The aim of this communication is then to proposew modeling of the behavior of pedestrians wha tainds.
To describe the particular subgroup behavior ofpdsgestrians who hold hands, we were inspired &tticle [16]
describing the interactions between rigid partiéesan at-a-distance velocity of deformation. Theppsed model
takes into account the effects of the subgroup @snéinuous deformation within the subgroup of Etdens who
hold hands while existing methods in literaturecdié® the cohesion of the subgroup with externedde [13, 15].
This new subgroup model needs that pedestriansidated, so the rotation of the pedestrians on #edves will be
integrated in the model to obtain an improvemerthef2D microscopic approach [1-3]. It is importéminote that
the pedestrian’s orientation is rarely used inditere [7, 8].

Numerical simulations will be presented to study thifluence of the pedestrian’s orientation onrhidzvement
and to compare subgroup behavior models.

2. Crowd mode

The proposed crowd model is an improvement of the gresented in [1-3], taking into account the tiotaof
each pedestrian on himself. First, the granular eh@lowing to manage multiple simultaneous catlis, is
presented. Then, the adaptation of this granulateiio the crowd one is done.

2.1.A non-smooth granular model based on the theoRré&fond [9, 10]

Let us consider a system & circular particles moving in a plane, defined hgit massm, their inertial, ,
their radius r;, their center position (i.e. center of gravit§ in this study) described by the vector
tqi =(£1ix,qiy OR?, their velocity of center position denoted oy (t) :dqi(t)/dt, their orientationg and their
rotational velocitye (t) =dé /dt . -

Contacts between particles are assumed to be @inblotjing 'r; = (tq_ 9) ty,(t) =dr, (t)/dt = (tgi ,cq) and
the generalized displacement vector of size 3N, t[=<t[1,‘[2 '[N) the relative deformation velocity
between the'land the | particles colliding at point ; is:

A, V(t)):Hi +Qix%—kgj +w, x%) 1)
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The dynamics equation for each particle can beewrias the following differential system:

My(t)=-1" @)+ () almosteverywhere ()
ﬂ&r (t)-v (t))= —p"™ (1) + p™'(t) everywhere ()

where M is the 3N x3N inertial matrix of all the particlesf ** (resp. fi”t) is the exterior forces vector (resp.
interior forces vector) of dimensioBN applied to the deformable system. The existengesuflution of the system
given by Egs. (2) and (3) is proven in [10, 11,. Hquation (2) describes the smooth evolution efrtiultiparticle
system, whereas (3) describes its non-smooth eéwenluturing a collision. Hence, Eq. (2) applies adino
everywhere, except at the instant of the collisiafiere it is replaced by Eq. (3). When contact esedted,
velocities of colliding particles are discontinupasid so in Eq. (3), the percussiop®" and p®*, interior and
exterior to the system respectively, are introdudeyg definition, percussions have the dimensionaoforce
multiplied by a time. Thep™ percussions are unknown; they take into accountligsipative interactions between
the colliding particles (dissipative percussionsll ahe reaction forces that permit the avoidancewalapping
among ,particles, (reactive percussions). FrémondlL(3,defined the yelogjty eformation at the nearh of
impact (A LC l)+ AL jj 2 and showed thap'nt is defined in duality Wlth(tj j) 2 accordmg to the work of

internal forces. He then introduced a pseudopateotidissipation® that allows us to expresp

Bint 0 aq{g\—/_);_éﬁ)] (4)

where the operatod is the subdifferential that generalizes the déinresfor convex functions [10]. The convex
function ® [18] is defined as the sum of two pseudopotentidls- o +®"; where®® and ®' characterize the
dissipative and reactive interior percussions retspay. The pseudopotennadbd is chosen to be quadratic:
o (y) K y2/2 where K is a coefficient of dissipation. This choice alkane to find the classical results when
the coefficient of restitution is used. Other clesiof ®° allow one to obtain a large variety of behavioreaf
impact [10, 17].

In Eq. (3), the problem is to find the velocity after particles’ collision. To determing”, the following
constrained minimization problem has to be solved:

x= oYMy +olaty)- o+t pu ] ®
Y o

where the solutiorX = Y 2—

Proof of the existence and uniqueness of the wglaci after the simultaneous collisions of several rigdids,
as well as the dissipativity of the collisionspresented in [9-11].
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2.2.Adaptation of granular approach to the crowd

A pedestrian can be represented as a circularcfgahly giving it willingness, i.e. a desire to mawea particular
direction with a specific speed at each time. THap#ation [1-3] is improved to take into accourg tiotational
degree of freedom.

The first step of the modified approach is to givdesired trajectory to each particle. Severalnitefns of the
desired trajectory of any one pedestrian are plessdither (i) the most comfortable trajectory fum, where he
must exert the least effort, e.g. by avoiding ttaérs or making the fewest changes in directioa,; €ii) the shortest
path; or (iii) the fastest path to move from onacgl to another [19]. It is possible to combine strategies in the
same simulation or to change the preferred stratmggny reason during the simulation.

The strategy of the shortest path from one poirdartother is implemented through a Fast Marchingrélgnm
[20] and is used to obtain the desired directigyy of an individuali [1-3]. This direction depends on the
environment in which pedestrians walk (obstaclds,).ethe time of day, and also the characteristtshe
individual (gender, age, hurried steps or not,)ettis defined by:e,; (t)—gd'I /"chI " whereuy; is the desired
velocity of the i-th pedestrian.

The amplltude"udlf[)of the desired velocity represents the speed athathe i-th pedestrian wants to move, and it
can be influenced by his nervousness. This velasithosen by following a normal distribution wih average of
134ms 2 and standard deviation di26ms™ [21].

In the second step, the desired velocity of eademan is introduced into the original discretedels to simulate
crowd movement. Leff 'm() r_f"() where h®(t () allows one to give a desired direction, amplitofi¢he velocity
and orientation to each pedestrian. Each compoh@ft} of the vector of dimensio8N : 'h* = ‘bf,tbg e 'S ),
is associated with pedestrianand can be expressed élsa() l(Of a),12 (t)T where f: ( is the so-called
acceleration force [6] giving the desired directeomd amplitude of the velocity to the pedestnard §(t)is an
angular torque giving him his desired onentatlcfr"i‘( ) is defined in [1-3, 6] by:

17()= m”ud'"edl -u;(t)

T

(6)

where u; is the actual velocity and; is a relaxation time, which specifies how long feglestrian will take to
recover his desired velocity either after a contacafter he suddenly changes his walking directidelbing [6]
choser = 05s in his numerical simulations. Smaller valuesmflet the pedestrians walk more aggressively. The
influence of the relaxation time parameterhas been studied in [3]. The chosen value ofgghismeter is less than
or equal to05s; as such, several contacts may occur becausestiesipians walk aggressively.

I2(t) is the combination of a linear spring (with thesided direction) and linear damper, it is defingd b

12(t) = k(8 - 64 )- o @
where ;; is the angle betweeg,; and a reference directiog) = [1;0] , k is the stiffness and the damping.

The pedestrians’ behavior can be enriched by adulingr external social forces [3, 6, 15] so asdoome more
realistic (socio-psychological force, attractived®, group force, etc.).
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2.3.Influence of the pedestrian’s orientation

Two different simulations are presented in thig paustudy the influence of the pedestrian’s oagion. The first
one concerns the interaction between two pedestead the second one is about an evacuation exercis

Three cases are studied in the following simulatidanction of the coefficients of dissipation the tangential
components of percussion&; and of the rotational degree of freedom:K({)is neglected, soK; =0kg;
(i) Ky =100kg and the rotation of each pedestrian on himsetieiglected, so the pedestrian is not oriented; and
(iii) K+ =100kg and the rotation of each pedestrian on himseken into account, so the pedestrian is oriented.

2.3.1. Pedestrian / pedestrian interaction

Two identical pedestrians are moving in oppositeation. After the collision, they try to recovéretr desired
velocities. The numerical simulations are done ddp® on the value oK, and on the rotation of each pedestrian
on himself.

—_— KT =0kg
KT = 1e2 kg, without orientation
— KT = 1e2 kg, with orientation

Fig. 1. Different trajectories of one pedestriateiaf shock with an other one.
Figure 1 shows the behavior of the pedestrian aftshock is different when an orientation is gitenthe

pedestrian (red curve) or not (other curves). t@rditure, crowd models rarely take into accourd triterion. It
seems to be interesting to consider it now.

2.3.2.Evacuation of a square room

The aim of this part is to compare an evacuatitmason for the three different cases, considednly the way
of treating the local pedestrian-pedestrian cordaadtthe local pedestrian-obstacle contact.

We consider a square room of side 5 m, where 268gtgdns want to escape by a door of 1 m width. BigThe
parameters used in simulations are given in Table 1



Pécol, Argoul, Dal Pont, Erlicher / Vibrations, &ks and Noise 2012

Table 1. Evacuation of a classroom - parameters imsgimulations (* uniformly distributed
within their range). The response time is the timaeded by pedestriaro start evacuating after
the triggering of the evacuation movement.

@ @ Parameters Symbol|  Value Unit

% @ @ Walking speed* "U di ” [1.2,2] ms—
c @G Radius* I [02,025 | m

€ € Mass* m [60,100 | kg
% Response time t 0 S
@ @ Relaxation time* T, |_ 0.1, 0.5] S
Normal coefficient of Ky 10" kg
dissipation
Tangential coefficient of K+ {0,10‘} kg
Fig. 2. Evacuation of a square room. dissipation
Time step h 10°° S

For each studied case, 50 simulations are perfofffigd 3). The initial conditions of these runs #re same for
each case. Figure 3 a, b and c shows the lineegssign of the 50 simulations in each case. Theesédlows us to
obtain the average flow through the door. The ole@ilinear regressions can be compared in Figude Bhe
orientation of each pedestrian which is usuallyleetgd in literature, wherK; =100kg and when the rotation of
each pedestrian on himself is taken into acconfiyances the results of this evacuation exer@se this rotational
degree of freedom has to be considered in crowcemenwt in the future.

20 20p

—linear regression
50 simulations

33}
o

()}
&)}

Number of escaped pedestrians
5

Number of escaped pedestrians
IS

b)

Number of escaped pedestrians
Number of escaped pedestrians

5 d) Time (s)

Fig. 3. Evacuation of a square room — 50 simulatamd linear regression — k@T = Okg ; b) KT = 100kg and the rotation of each
pedestrian on himself is neglected;lé)r = 100kg and the rotation of each pedestrian on himsei#kien into account; and d) comparison of
the three linear regression.

-6 -
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3. Pedestrians holding hands

We propose a particular case of subgroup: pedestiielding hands. While existing methods descriee t
cohesion of the subgroup with forces [13, 15], pheposed method to describe this original behavimpired by
[16] proposing an at a distance interaction betwegid particles, is to model the effects of thébgroup as a
continuous deformation of the system for both Ichkedestrians.

The at a distance velocity of deformation is thewdgive with respect to time of the squared distabetween
linked shoulders, i.e. point§ and A; for pedestriansand;j (Fig. 4).

Fig. 4. Two pedestrians holding hands — Examplekéd shoulders.

Taking this example, the at a distance velocitgefbrmation is expressed as:
Y v(t) = zkgi +w XG A _(Qj tw; xGj A »Ajpi )

In the pseudopotential of dissipatioh®, as well as quadratic terms taking into accountmab Ky and
tangential K; coefficients of dissipation, an other quadratiomeK,, is added for the coefficient of viscous
dissipation.

On a same example, a comparison has been doneemetifierent subgroup approaches: Singh [13], Maiss
[15], and pedestrians holding hands wiky, =100kgm™. A subgroups composed of three pedestrians csllide
with a fourth pedestrians. Figure 5 shows the psedasubgroup approach allows one to re-form thgrsulp after
a collision faster than the others. Moreover, oftilg proposed approach allows one to keep the sbhjlee
subgroup throughout the simulation.

4. Conclusions

An improvement of the crowd movement model preskid1-3] is proposed in this communication.

First, the orientation of the pedestrians, usuagglected in literature’s models, is introduced.ni¢uical
simulations in an evacuation situation show tha thiterion influences the pedestrian’s behaviod has to be
considered in the future.

Second, a particular case of subgroup is propgsegestrians holding hands. It's an original appihoasing the
formalism of pseudopotential of dissipation to eohthe link between two pedestrians. A compariebthis new
proposed approach with two others ones of thealitee gives satisfactory results.
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Fig. 5. Example of a three pedestrians’ subgrouilaty with a fourth pedestrian — each row cor@sp to an approach: Singh [13] top line,
Moussaid [15] middle line, and pedestrians holdiagds down line.
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