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Pedestrian evacuations with imitation of cooperative behavior
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We analyze the dynamics of room evacuation for mixed populations that include both competitive and
cooperative individuals through numerical simulations using the social force model. Cooperative agents represent
well-trained individuals who know how to behave in order to reduce risks within high-density crowds. We con-
sider that competitive agents can imitate cooperative behavior when they are in close proximity to cooperators.
We study the effects of the imitation of cooperative behavior on the duration and safety of evacuations, analyzing
evacuation time and other quantities of interest for varying parameters such as the proportions of mixing, the
aspect ratio of the room, and the parameters characterizing individual behaviors. Our main findings reveal that
the addition of a relatively small number of cooperative agents into a crowd can reduce evacuation time and
the density near the exit door, making the evacuation faster and safer despite an increase in the total number
of agents. In particular, for long spaces such as corridors, a small number of added cooperative agents can
significantly facilitate the evacuation process. We compare our results with those of systems without imitation
and also study the general role of cooperation, providing further analysis for homogeneous populations. Our
main conclusions emphasize the potential relevance of training people how to behave in high-density crowds.
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I. INTRODUCTION

The study of crowd dynamics has recently garnered con-
siderable attention, in both academic circles and practical
applications. The challenge lies in understanding a complex
system that requires the integration of physics and computa-
tional techniques, as well as social science principles related
to decision-making processes and individual and collective
behavior. Several studies [1–5] have investigated this area
from a fundamental science perspective. Meanwhile, in terms
of practical applications, for moving individuals mathematical
models dynamics and simulation software have become es-
sential for evaluating safety conditions in building and public
facility design [6,7]. This is important not only for emergency
situations, where preventing fatalities is paramount, but also
for regular person flow and individual comfort.

One of the most critical issues in crowd dynamics is
the evacuation of enclosures through small exits or bot-
tlenecks, which poses a significant risk to people and has
been responsible for several tragic events. To understand the
fundamental aspects of evacuations, numerous controlled ex-
periments have been conducted [1,8–15]. However, due to the
inherent difficulties and risks associated with experiments,
mathematical models are crucial in unveiling the dynamics
of evacuation processes. Numerical simulations enable re-
searchers to analyze a wide range of scenarios and conditions.
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Various modeling frameworks have been employed to analyze
moving person dynamics, including fluid-dynamics models
[16], cellular automata [17–19], agent-based models [20–22],
and particle-like descriptions, such as the social force model
[23–26]. These models are vital in gaining a deeper under-
standing of evacuation dynamics and devising strategies to
minimize the risks involved.

Models that assume the same behavior for all the in-
dividuals in a crowd can provide useful information for
understanding the generalities of motion and evacuations.
However, an attempt to describe the collective dynamics more
precisely requires the consideration of the heterogeneity of
people’s behavior, as this can lead to significant deviations
from the results obtained in homogeneous models [18,27–
29]. A simple way of modeling heterogeneous populations is
to reduce the wide variety of possible behaviors to only two
categories [17,30,31]. One category corresponds to individu-
als that can be referred to as cooperative [30] or patient [31],
for instance, while the other category corresponds to pededes-
trians that may be called competitive, selfish, or impatient.
In general, a cooperative agent represents an individual who,
despite being focused on leaving the enclosure, is aware of the
presence of others, keeps calm, is not aggressive, and does not
rush. In contrast, a competitive agent tends to move faster than
normal and rushes for empty spaces. It is important to note
that different degrees of cooperativeness and competitiveness
can be considered, depending on the specific scenario. For
instance, competitive agents could simply correspond to hur-
ried or disrespectful persons in nonemergency situations, or
they could represent people dominated by panic who push
and run over others in an emergency. On the other hand,
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several studies have modeled the attitudes of moving persons
considering a continuous variable instead of only two possible
states, usually regarding panic contagion, for both cellular
automata [18] and particle-like [27,32] descriptions.

The phenomenon of panic emergence and contagion within
congested crowds is considered as one of the main causes of
tragedies in evacuations [24,33]. Panic tends to increase the
velocity of persons and can produce areas of high pressure
leading to falls, injuries, and fatalities. From the point of view
of modeling, panic contagion can be thought as the propa-
gation of competitive behavior and has been the subject of
many studies (see, for instance, [18,24,29,34,35] and refer-
ences therein). On the other hand, some studies have analyzed
the role of cooperative behaviors in evacuations [30,31,36]
with limited focus on propagation. As general trends, several
studies suggest that while highly competitive behaviors tend
to increase the risks and duration of evacuations, cooperative
or patient attitudes lead to the contrary effects. In particular, it
is a well-established fact that cooperative attitudes in homo-
geneous populations can reduce the evacuation time and risks
[11,12,22,24].

In this context, we use numerical simulations to investigate
how the propagation of cooperative attitudes, if achieved, may
facilitate the evacuation through a narrow exit of a population
that is in a considerable hurry to exit. It is worth noting
that, while the spreading of panic (or of a selfish attitude)
is a natural and explosive process related to the instinctive
response of escaping from danger, the propagation of coop-
erative attitudes (i.e., the keeping of calm and the imitation of
gentle and patient attitudes) can involve rather anti-instinctive
actions that may require training and awareness. Hence, when
assuming that cooperative attitudes propagate, we will be im-
plicitly assuming that the agents have a significant (although
not homogeneous) degree of education concerning the bene-
fits of keeping calm and behaving in prescribed forms. As we
will show, this assumption leads to notable advantages for the
evacuation process in the simulations. Our ultimate goal is to
highlight the relevance that an appropriate education on how
to behave within high-density crowds may have.

In our studies we consider the social force model to sim-
ulate the evacuations. In contrast to many agent-based or
cellular-automata models, the social force model explicitly in-
cludes the contact (mechanical) force between persons, which
is a desirable ingredient regarding the clogging dynamics
through narrow exits. We consider a population of compet-
itive agents, to which we add a variable number of what
we call cooperative agents. The competitive agents represent
hurried individuals with parameters that may correspond to
a situation close to the onset of panic [24,29]. However,
we assume that they have a minimal degree of education or
awareness, making them susceptible of being calmed, at least
temporally, by the cooperative agents. The latter, on the other
hand, represent better-trained individuals with a deeper degree
of understanding of the relevance of remaining calm within
congested crowds and with some capacity to influence their
neighbors. Then we assume that the competitive agents turn
to adopt a cooperative behavior when they are close enough
to a cooperative agent. In different scenarios, the cooperative
agents are assumed to have a more patient or, alternatively, a
more cautious attitude than competitive ones, as we will ex-

plain later. We analyze various quantities that characterize the
evacuation process and its safety as functions of the number
of added agents and of other relevant parameters. As we will
show, depending on the type of scenario and conditions, even a
limited spread of cooperativeness and a relatively small num-
ber of cooperative agents can lead to a considerable easing of
the evacuation and to an increase in safety.

It is worth remarking that our studies provide a numeri-
cal assessment of what could happen in populations with a
degree of education that may need to be higher than the one
we have in most societies nowadays, particularly in terms of
imitation of cooperation. While there is evidence of the emer-
gence and propagation of cooperative behaviors in emergency
situations (see [30] and references therein), our simulations
highlight the potential impact of education and awareness
in promoting cooperative behaviors during evacuations, and
particularly, if such an education could enable rational (even
anti-instinctive) individual decisions to prevail over instinc-
tive reactions known to cause catastrophic events. The results
could eventually be contrasted to controlled experiments with
actual persons that should follow the line of the experiments
in Ref. [14] but including protocols for imitation. Further
interdisciplinary studies are needed before suggesting con-
crete decisions on education. Beyond our main objective, the
present work provides insights and results concerning the dy-
namics of the social force model, for both inhomogeneous and
homogeneous populations, that may be of interest for basic
studies and applications of the model as well.

The paper is organized as follows. In Sec. II we introduce
the model for moving person dynamics and the rules for
imitation. We also describe the quantities used to analyze the
simulations. In Sec. III we present the results. We first discuss
the evacuation of homogeneous populations, then the evacua-
tion of mixed populations in rooms with variable geometries.
After that, we consider mixed populations that combine dif-
ferent types of cooperative agents, and finally, for the sake
of completeness, we analyze systems without imitation. In
Sec. IV we summarize our conclusions.

II. MODELS AND SIMULATIONS

A. The social force model

We analyze the evacuation of a rectangular room with sides
of length L and H , where L � H . The only exit has a size of
D and is located at the center of one of the sides with length
L [see diagram in Fig. 1(a)]. Unless indicated otherwise, we
fix D = 1 m, which corresponds to two diameters of a person.
Meanwhile, L and H are varied in different simulations.

To simulate the evacuation, we employ a standard version
of the social force model [24,25,37,38] with radially sym-
metric repulsive social forces. The dynamical equations for
a population of N persons with positions �ri, where i =
1, . . . , N , are given by

d�ri

dt
= �vi,

mi
d�vi

dt
= �F d

i +
∑

j �=i

�F s
i j +

∑

j �=i

�F f
i j . (1)
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FIG. 1. Diagram of the model. (a) Rectangular room of size
L × H with exit of size D. Inside the room, we show a sketch of
the interactions exerted on a cooperative agent (blue circle) by two
competitive agents. The competitive agent that is inside the area
of the radius rc imitates the cooperative behavior. For the sake of
simplicity we do not illustrate the interaction with the walls, which
are defined in the text. (b) Simulation frame of an evacuation.

In this context, �vi represents the velocity of person i, and
mi denotes their mass, which is set as 70 kg for all persons
in this study. Equation (1) indicates that the motion of each
individual is influenced by three forces. First,

�F d
i = mi(vd,i êi − �vi )

τi
(2)

is the self-propulsion or desire force of agent i, which is
proportional to the difference between the actual velocity �vi

and the desired velocity vd,iêi. Here vd,i is the desired speed
and êi is the unit vector indicating the desired direction of
motion which is toward the nearest point within the exit. The
parameter τi is the typical relaxation time that it takes the
agent to reach a fixed desired velocity in the absence of other
forces. In this work we set τi = 0.5 s for all i [23].

The second force term in Eq. (1) corresponds to the repul-
sion felt by agent i due to the presence of agent j, given by

�F s
i j = Aie

(Ri+R j )−‖�ri−�r j ‖
Bi n̂i j . (3)

Here Ri is the radius of agent i and n̂i j is the unit vector
pointing from �r j to �ri. The parameter Ai defines the repulsion
felt by agent i when touching agent j (i.e., when they are
separated by a distance Ri + Rj), and Bi defines the exponen-
tial decay of the force with the distance. For distances larger
than Ri + Rj , �F s

i j represents the social force, while when the
two agents overlap it also accounts for the mechanical body
force. The definition given in Eq. (3), which considers a single
continuous function for describing both the social force and
the physical force in the normal direction, corresponds to the
assumption used in [25,37–39]. Other versions of the social
force model include a separate description of the physical
force that may be relevant to reproduce particular experiments
in detail. However, as the general phenomenology observed in
the simulations of both types of models is essentially the same

and our studies do not involve fine tuning of the parameters,
here we choose the simplest version. The last term in Eq. (1)
corresponds to the tangential friction force exerted by agent j
on the agent i:

�F f
i j = κ �([Ri + Rj] − ‖�ri − �r j‖)

× ([Ri + Rj] − ‖�ri − �r j‖)(��vi j · t̂i j ) t̂i j . (4)

As � represents the Heaviside function, this force acts only
if the two agents are overlapped. It has the direction of the
tangent vector t̂i j = (−n(2)

i j , n(1)
i j ) and is proportional to the

overlap and to the tangent component of the difference of
velocities ��vi j = �v j − �vi and to the friction constant κ [24].
Following the proposals of previous works [24], we set κ =
2, 4 × 105 kg m−1 s−1, and we consider Bi = 0.08 m and Ri =
0.25 m for all i [25]. In Fig. 1 we show a diagram of the room
and of the forces acting on an agent marked as cooperative.

Both the social force �F s and the friction force �F f in Ec.
1 consider not only the interaction between individuals, but
also the interaction between them and the walls. For agent i,
the social force felt as a result of its proximity to each wall
is described by Eq. (3), where Rj = 0 m and �r j denotes the
point of the wall closest to agent i [24]. Similarly, the friction
force that the walls exert on agent i is given by Eq. (4), where
Rj = 0 m, �v j = 0 m/s and �r j is the point of the wall closest to
agent i [24].

Note that, according to Eq. (2) with the standard param-
eters considered [23], the initial acceleration of an isolated
person starting from rest may be significantly high, of the or-
der of the accelerations attained by high-performance athletes.
However, this may occur only for a very short time window
(∼0.2 s) after the initial condition of the simulation of a
low-density system. In any other situation during simulations
of evacuations, agents either move with nonvanishing veloc-
ities (of the order of vd ) or are not entirely isolated, thereby
being subject to social and contact forces that decrease their
accelerations. The simple linear model for the desired force
is primarily intended to describe the relaxation of the velocity
to the desired one for an agent within a crowd, rather than
to reproduce in detail the whole process of acceleration of an
isolated person.

The dynamical equations are solved using the velocity
Verlet algorithm with a time step of 1 ms [40]. The initial
positions of the agents, regardless of their type, are set at
random within the room, taking care of leaving at least 0.5 m
(one person’s width) of free space between any two agents and
between agents and walls. For each parameter set considered
we perform 50 realizations of the evacuation dynamics with
different random initial conditions.

B. Mixed populations and imitation of cooperative behavior

As stated in the introduction, our study will investigate the
evacuation dynamics of mixed populations composed of co-
operative and competitive agents, the latter also referred to as
egotistic agents. In particular, we will explore the possibility
of imitation of cooperative behavior by competitive agents.
We will denote the number of egotistic agents as Ne, and the
number of cooperative agents as Nc.
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TABLE I. Model parameters considered in the work. The references indicated in the column Comment correspond to articles where such
values has been previously reported or considered. Note that for patient cooperative agents we set Ac = Ae and vary vd,c in the indicated range
(with vd,c < vd,e). For cautious cooperative agents we set vd,c = vd,e and vary Ac in the indicated range (with Ac > Ae).

Parameter Value Comment

R 0.25 m Agent radius [24,25]
m 70 kg Agent mass [25]
τi 0.5 s Relaxation time to desired velocity [24,25]
rc 0 or 1 m Critical distance for imitation; see text for details
B 0.08 m Decay length defining social force [24,25]
κ 2.4 × 105 kg m−1 s−1 Friction constant [24,25]
Ae 2000 N Amplitude of social force for competitive agents [24,25]
Ac 2000 N Amplitude of social force for patient cooperative agents [24,25]

Range 3000 N to 10 000 N Amplitude of social force for cautious cooperative agents [24,25]
vd,e 3 m s−1 Desired velocity for competitive agents; see text for details
vd,c 3 m s−1 Desired velocity for cautious cooperative agents; see text for details

Range 0.25 m s−1 to 2.25 m s−1 Desired velocity for patient cooperative agents; see text for details

In the various examples that we analyze, we consider two
different types or versions of cooperative agents. The first type
corresponds to cooperative agents defined by considering a
desired velocity (vd,c) smaller than the one used for egotistic
agents (vd,e). Cooperation in this case can be associated with
a patient attitude. Note that a smaller value of desired velocity
corresponds to a less hurried attitude, which would contribute
to ordering the flux and decreasing the effective pressure.
According to Eq. (2), in a situation of clogging in which the
actual velocities of the agents are slower than the desired ones,
the competitive agents would tend to accelerate faster than the
patient cooperative ones, and they would also exert a stronger
pressure on the agents that are ahead of them. The second type
of cooperative agents considered are referred to as cautious
agents. These are defined by considering a value of the param-
eter Ai larger than the one used for competitive agents. Hence,
in this case we set Ac > Ae while the remaining parameters
are the same for both agents types. Note that the parameter Ai

is used for defining the social force in Eq. (3). A larger value
of Ai implies that the agent tries to maintain a greater distance
from their neighbors, thereby avoiding physical contact and
leaving free space for other agents to move.

The dynamics of imitation assumes that competitive agents
turn to adopt cooperative behavior if they are close enough to
cooperative agents. In most of our studies, we simulate mixed
populations with two types of agents: the competitive agents
and only one type of cooperative agents (either patient or
cautious). In these cases, the implementation of the imitation
dynamics is as follows: a critical distance for imitation de-
noted as rc is introduced. If the distance between a competitive
agent and a cooperative agent is smaller than rc, the com-
petitive agent adopts the parameters of the cooperative agent.
However, if the distance becomes larger than rc, the competi-
tive agent reverts back to behaving as competitive. Therefore,
imitation is not permanent, but rather instantaneously condi-
tioned by the proximity to a cooperative agent. Moreover, only
the original cooperative agents can be imitated, as competitive
agents who are temporarily behaving cooperatively cannot be
imitated. The imitation dynamics is the same for the cases
in which we consider patient or cautious cooperative agents.
In the first case, the competitive agents change their value of

vd when imitating cooperators, while in the second case they
change Ai.

At the end of the work we simulate evacuations of mixed
populations with three types of agents, i.e., the two types of
cooperative agents in addition to the competitive ones. In this
case, the dynamics of imitations considers the same imitation
radius rc, and is defined through a majority game algorithm
that will be explained later.

The radius for imitation is set as rc = 1 m throughout the
work, as it is reasonable to expect that people within a distance
of approximately 1 m may communicate through speaking
or physical contact. For example, cooperative agents could
try to calm other people by speaking, giving instructions, or
touching their shoulders. This parameter is kept fixed through-
out our study, as the results are expected to be robust to
small changes in rc. We also investigate the limiting case
where rc = 0 m, which corresponds to evacuations without
imitation of cooperative behavior. The other limiting case,
rc = max{L, H}, would result in a fully cooperative crowd
with homogeneous behavior.

In the diagram of Fig. 1(a) we illustrate the three types of
agents and the distance for imitation. Figure 1(b) shows an
instantaneous state of a simulation of a mixed population with
competitive agents, cooperative agents, and imitators. Table I
summarizes the model parameters used along the work.

As mentioned in the introduction, the most relevant in-
terpretation of the model of imitation is that the cooperative
agents represent people with a higher degree of education
and training on how to behave and calm other people com-
pared to the competitive ones. The competitive agents, on
the other hand, represent hurried individuals who may be at
the onset of panic [24,29], who have, however, some level
of knowledge about the benefits of remaining calm, and are
thus susceptible to being influenced, at least temporarily, by
the cooperative agents. By considering that only the originally
cooperative agents can be imitated we are implicitly assuming
that competitive agents can be temporarily induced to remain
calm or not to hurry but they cannot be induced to be able to
calm other people. This can be compatible either with a lower
degree of education, a lower conviction about the relevance of
remaining calm, a lower leadership attitude, or a higher degree
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of fear compared to cooperators. Note that competitive agents
are also unable to imitate the permanent temperance of the
cooperative agents, as they begin to behave in a selfish way as
long as they get far enough from cooperative agents.

On the other hand, an alternative interpretation of the
model is that cooperative agents may represent security
agents wearing recognizable uniforms instead of representing
ordinary individuals of the population with a deeper under-
standing of the convenient behavior. Thus, they are clearly
able to influence the behavior of their neighbors.

It is important to note that, regardless of the interpretation
considered for the cooperators, imitators are not the same as
cooperators, and the conceptual significance of the model lies
in the fact that the cooperative agents induce cooperativity in
the competitive population, but the propagation is limited, as
imitation is not permanent and imitators cannot be imitated.
Our assumptions aim to demonstrate how a relatively mod-
est degree of propagation of cooperativity can significantly
improve evacuations. If these conditions were relaxed, for
instance, if competitive agents imitating cooperative behav-
ior could also be imitated, then cooperativity would spread
rapidly throughout the population, and most agents would
start behaving like the cooperative agents. In such a case, the
effects resulting from the propagation of cooperative behavior
would be enhanced.

It is worth noting that there are some differences between
our assumptions for the cooperative agents and those con-
cerning leader agents found in the literature. It is commonly
assumed that leader agents possess superior knowledge of the
room’s geometry, including the location of the exit, or have
a heightened capacity for exploration, as evidenced in studies
like [41–43]. In contrast, our cooperative agents do not have
any additional spatial information compared to the competi-
tive agents. Instead, they possess a deeper understanding of
the benefits of remaining calm, moving slowly, and reassuring
others during evacuation. On the other hand, the competitive
agents are equally aware of the exit’s position but may lack the
understanding of the advantages of patience and cautiousness
demonstrated by the cooperative agents.

C. Quantities of interest

Here we introduce the quantities of interest that we calcu-
late in our work for the different sets of simulations. As stated
in the introduction, we are mainly interested in analyzing how
the presence of cooperative agents and the propagation of
the cooperative behavior affect the duration and safety of the
evacuations. The duration of the evacuations can be directly
quantified by the evacuation time; meanwhile, we will char-
acterize the safety of the evacuation by measuring the density
around the exit as we explain below. Other relevant metrics
to compute are the survival function, which characterizes the
intervals between escapes, and the fundamental diagram relat-
ing density with velocities.

For each parameter set considered, we perform 50 realiza-
tions of the dynamics with different random initial positions
of the agents. Then, for each realization of the dynamics, the
evacuation time T is defined as the time it takes for 80% of
the agents to leave the room [37,44]. In our analysis we focus
on the median of T computed over the 50 realizations for each

parameter set considered, and we also calculate the first and
third quartiles to characterize the width of the distribution of
T . For the sake of brevity, throughout the paper the evacuation
time T (sometimes also called exit time) refers to the median
of T computed over 50 realizations.

Another quantity of interest is the mean density around the
door as a function of time, referred to as ρ(t ). For each time t ,
ρ(t ) is calculated as an average over realizations of the num-
ber of people located in a semicircle of radius 1 m around the
center of the door, divided by the area of such semicircle. This
is a measure of the crowding around the door and an indirect
indication of the pressure felt by the individuals in that zone.
Relative small values of ρ(t ) characterize safe evacuations
while large values of ρ(t ) indicate risks of injuries.

We also analyze the survival function for the times between
successive escapes denoted as P(�t > τ ). This function,
which depends on the variable τ , gives the probability that
the time (�t) between the escapes of two individuals who
leave the room successively is greater than τ [18]. For each
set of parameters, the survival function is computed from
all the �t that occurred during the 50 realizations of the
evacuation.

Finally, we perform the calculation of the fundamental
diagram [45], which illustrates the relationship between the
average velocity of the agents in the exit zone and the corre-
sponding density. To obtain this diagram, we employ the same
region surrounding the door that was used to compute ρ(t ).
At every 100 simulation steps, we determine the mean speed
and density of the agents within the area, and then we average
the results across multiple realizations. As previously stated,
we compute the local density in the region as the number of
agents inside it divided by its surface area [46,47].

III. RESULTS

Our plan for the presentation of the results and analysis is
as follows. First, in the next subsection we analyze the case of
homogeneous populations. This is in order to establish some
ideas on the role of the parameters A and vd that we later use
to define cooperative and competitive behaviors, and also to
analyze the dependence on the geometry of the room. Then we
present our main studies of evacuations of mixed populations
with imitation of cooperative behavior. We begin by analyzing
the case of square rooms, and, after that, we consider the case
of long rooms. At the end of the section we present results for
mixed systems without imitation, for the sake of comparison
and completeness.

A. Homogeneous populations: The faster-is-slower effect

We begin by analyzing the case of a homogeneous crowd in
a rectangular room. Although the general phenomenology for
this system is known [24,26,44], here we present further anal-
ysis of the dependence on the parameters and highlight certain
features as a starting point for our study. In Fig. 2(a) we show
the dependence of the evacuation time on the desired velocity
of the agents. The typical curve exhibiting the faster-is-slower
effect is obtained [24]. Three zones can be distinguished.
First, for vd � 1, we have the faster-is-faster zone in which
the evacuation time decreases with the desired velocity. This
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FIG. 2. Evacuation time for homogeneous populations. (a) Evacuation time T as a function of the desired velocity. (b) T as a function of
A. (c) Contour plot of T as a function of vd and A. The red lines indicate the region scanned in panels (a) and (b). (d) T as a function of vd for
various sizes of the door. The rest of the parameters as in panel (a). (e) T vs vd for different aspect ratios of the room while keeping the area
L × H constant. The red and blue big dots correspond to parameter sets that will be considered for egotistic and cooperative agents throughout
the work, respectively.

corresponds to relatively ordered evacuation processes with
no relevant clogging events. Here the social force is stronger
than the desire force. On the other hand, for 1 � vd � 4.5, we
have the faster-is-slower zone in which the evacuation time
grows with vd due to the increase of clogging events that
produce an intermittent flux [11,24]. This is a consequence of
the fact that the desire force is stronger than the social force.
Finally, for vd > 4.5 the evacuation time decreases with vd

again, but this is a region of high pressure for which wounded
and fallen individuals may make the evacuation difficult, so
additional modeling may be needed [44,48].

If, as stated in the previous section, we associate relatively
small values of vd with cooperative behaviors and large val-
ues of vd with competitive or egotistic ones, the curve in
Fig. 2(a) indicates that neither fully egotistic nor extremely
cooperative attitudes are optimal for easing the evacuation in
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homogeneous systems. In contrast, intermediate behaviors
provide lower evacuation times, as discussed in [22]. The
same can be said about the parameter A. As mentioned before,
large values of A can be associated with cooperative (cautious)
behaviors and small values with selfish (incautious) ones,
while Fig. 2(b) shows that there is an intermediate value of this
parameter that optimizes the evacuation process. The increase
of the evacuation time for decreasing A at small values of
A has thus a strong analogy with the faster-is-slower effect
and could be named incautious-is-slower. It is caused by the
increase of clogging due to the reduction of the repulsion
among agents. In general, highly competitive behaviors en-
hance clogging while extreme cooperative attitudes produce
rather ordered but slow fluxes [22].

Figure 2(c) shows a contour plot of the evacuation time as
a function of vd and A. The shape of the contours indicates
that, in rather general situations, if one of the parameters is
fixed, there is an optimal (non extreme) value of the other that
minimizes the evacuation time. The red horizontal and verti-
cal segments indicate the parameters scanned while plotting
Figs. 2(a) and 2(b), respectively.

Figure 2(d) shows the exit time as a function of vd con-
sidering different door widths for the same parameters as in
Fig. 2(a). It can be seen that the positive slope of the curve
in the faster-is-slower zone decreases with D until the effect
disappears. However, the region of vd for which the faster-
is-slower effect occurs grows slightly with D. Throughout
this work, we focus on the case D = 4R with R = 0.25 m;
nevertheless, the results in Fig. 2(d) suggest that our main
conclusions may be robust to relatively smooth changes of
these assumptions provided the faster-is-slower effect exists.

In Fig. 2(e) we show the exit time as a function of vd for
varying values of the room width (L), while keeping its area
and the initial number of agents constant. As L decreases,
the curve shifts to the right, indicating that ordered fluxes are
obtained at larger velocities and higher individual speeds are
needed to observe the faster-is-slower regime. This is essen-
tially due to two related effects. First, for small L, the rooms
are narrow but large, so agents coming from the back of the
room require more time to reach the door and contribute to the
clogging around the exit. Second, the flux in narrow rooms is
better directed towards the exit, and the angles of the collisions
between agents may tend to be smaller. We will further discuss
the role of the geometry of the room when analyzing the flux
of mixed populations.

B. Results for mixed populations with imitation
of cooperative behavior

Here we analyze the dynamics of mixed populations in
which competitive agents adopt cooperative behavior when
they are close enough to a cooperative agent, as explained
in the model section. We consider a crowd consisting of
Ne = 250 competitive agents and a variable number Nc of
cooperative agents. The main objective is to investigate if the
addition of cooperative agents to a competitive crowd can
reduce the exit time of the original crowd. As mentioned,
cooperative and egotistic agents will be distinguished by their
values of the parameters vd or A, which will be referred to as

vd,c (or Ac) for cooperative agents and vd,e (or Ae) for egotistic
agents.

We begin by analyzing the case of patient cooperative
agents (vd,c < vd,e, with Ac = Ae). We choose vd,e = 3 m/s,
so that competitive agents represent hurried people which
are behaving as in the faster-is-slower regime described in
Fig. 2(a). Meanwhile, we consider different values vd,c to
scan the region vd,c < vd,e from the faster-is-slower regime
to the faster-is-faster one. In Fig. 3 we show results for the
evacuation time for the mixed system with imitation. Each
panel corresponds to a particular value of the parameter vd,c

and exhibits three curves for T as a function of the number
of added agents Na. First, in orange, is the curve for the
mixed population of interest with fixed Ne = 250 and varying
Nc = Na. Second, for the sake of comparison, we show the
curve for the pure system of competitive agents with varying
Ne = 250 + Na (with Nc = 0), and, third, is the curve for
the pure system of cooperative agents with Nc = 250 + Na

(Ne = 0). In addition, the horizontal dashed line indicates the
exit time obtained for a population of Ne = 250 with Nc = 0.

Note that, while the blue curve for pure competitive agents
is the same in all panels, the green curve for cooperative pop-
ulations sinks with decreasing vd,c from Fig. 3(a) to Fig. 3(c),
and then rises again in Fig. 3(d) for the smallest value of
vd,c analyzed. This could be expected taking into account
the profile of the curve for the exit time vs vd shown in
Fig. 2(a).

To analyze the results for the mixed system, we begin by
focusing on Fig. 3(a), which considers the largest value of vd,c

studied, so that the difference between cooperative and egotis-
tic agents is the smallest one. Starting from Nc = Na = 0, as
the number of added cooperative agents grows, the evacuation
time for the mixed system decreases to values smaller than
that for to the pure competitive population of Ne = 250 (hor-
izontal dashed line). Then for Na ∼ 50 it begins to grow and
surpasses the Na = 0 level. At large Na the curve for the mixed
system approaches that for the pure cooperative population.
This latter fact could be expected since a large concentration
of cooperators would make all the competitive agents behave
as cooperative ones. Hence, it is worth remarking that, with
imitation, a population of Ne = 250 with a number Nc = Na �
50 of added cooperative agents is evacuated faster than the
pure competitive population with Ne = 250 and Nc = 0. The
addition of cooperative agents reduces the evacuation time de-
spite the increase in the total number of persons. The maximal
reduction obtained in the results of Fig. 3(a) is of the order of
7% at Na ∼ 30. The effect is even more notable for smaller
values of vd,c than those considered in Figs. 3(b) and 3(c),
where we observe maximal reductions of the order of 17%
and 23% (indicated with vertical arrows), respectively. As an
example of a simulation with the parameters as in Fig. 3(c)
considering Nc = 75 see video 1 in [49].

Figure 4(a) shows the time dependence of the number of
escaped agents for the systems studied in Fig. 3(b) for the
case Na = 65 (in the region of maximal reduction). It can
be seen that, after a short transient, the slope of the curve
corresponding to the mixed system, i.e., the outflow flux,
becomes considerably larger than that for the pure competitive
one. This enhancement of the flux is naturally related to a
decrease in the times between successive escapes, as shown
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FIG. 3. Exit time for mixes with imitation in a square room with L = H = 30 m and D = 1 m. Mixes with cooperative and egotistic
agents differing in the values of vd . (a) Evacuation time (median) as a function of the number of added agents (Na) for the populations with
the parameter indicated in the panel. The blue and green curves correspond to pure egotistic and pure cooperative populations, respectively,
while the orange curve corresponds to mixed populations. The colored zones represent 50% confidence intervals (limited by the first and third
quartiles obtained from 50 realizations for each parameter set). Panels (b), (c), and (d) are the same as panel (a) for different values of the
desired velocity of the cooperative agents. The rest of the parameters are the ones indicated in Table I.

in Fig. 4(b), where we plot the survival functions for the same
systems. Clearly, the presence of cooperative agents reduces
clogging. The short transient regime mentioned before is re-
lated to the formation of a semicircular bulk of high density of
individuals around the door [see Fig. 1(b) and video 1 in [49]].
The effects of clogging become relevant only once such a
structure is established. The flat part of the curves in Fig. 4(b)
observed for τ � 0.1 corresponds to free flow of agents while
the decreasing regime corresponds to clogs. It is worth noting
that the survival functions for the pure egoistic systems with
Ne = 250 and Ne = 315 are nearly the same, revealing the fact
that the clogging dynamics is independent of the number of
persons for large enough N . This resembles the implication of
the Beverloo law in vertical arrangements of granular media
[50]. In Figs. 4(c) and 4(d), we show the fundamental dia-
grams [45] for particular systems taken from Figs. 3(b) and
3(c), respectively. The values of Nc for mixed systems were
chosen close to those producing the maximal reduction of
T in each case. For densities in the range of 2 � ρ � 5, the
mixed systems show a considerable enhancement of the mean
velocities compared to the pure competitive populations. The
gains are larger for the system with the smallest value of the
desired velocity of the cooperators considered [Fig. 4(d)]. We
can clearly link the enhancement of the velocity in the exit

zone caused by mixing with the previously found decrease
of clogging [Fig. 4(b)], augmentation of flux [Fig. 4(a)], and
decrease of evacuation time (Fig. 3). Interestingly, the results
for mean velocity vs density for the pure competitive systems
are nearly independent of Ne. This supports what was said in
connection with the Beverloo law.

The behavior of the curves for the smallest value of vd,c

studied [Fig. 3(d)] is noteworthy. In this case, for large enough
Na, the curve for the mixed system is below that for the
cooperative populations. This means that the evacuation time
for the mixed system is not only smaller than for the pure com-
petitive system with Ne = 250, but also smaller than for the
cooperative population with Nc = 250 + Na. This is mainly
because, for such slow cooperative agents, the initial transient
regime is considerably larger for the pure cooperative system
than for the mixed one. This effect can be observed in Fig. 5,
where the evolution of the density of individuals around the
door ρ(t ) is compared for a pure cooperative system and a
mixed system with the same total number of agents. The ego-
tistic agents reach the door much faster than the cooperative
ones, and the high-density regime is formed more quickly
in the mixed system than in the purely cooperative system.
Meanwhile, the dynamics of both high-density regimes are
rather similar since a large fraction of egotistic agents behave
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FIG. 4. (a) Number of evacuated persons as a function of time for various systems selected from those analyzed in Fig. 3(b). (b) Survival
functions for the systems studied in panel (a). (c) Fundamental diagrams for selected systems analyzed in Fig. 3(b) (cooperative agents with
vd,c = 1.5). (d) Fundamental diagrams for selected systems analyzed in Fig. 3(c) (cooperative agents with vd,c = 1).

cooperatively in the mixed system. From another point of
view, it is interesting to note that when comparing Fig. 3(c)
with Fig. 3(d), the shift of the curve for the pure cooperative
populations is much larger than that of the curve for mixed
systems. Clearly, the decrease in vd,c affects a pure coop-
erative system more strongly than a mixed system with the
same total number of agents, as could be expected. Despite the

FIG. 5. Density of persons near the exit as a function of time.
Results for systems selected from Fig. 3(d).

particular ordering of the curves in Fig. 3(d), at very large Na,
all the egotistic agents are expected to imitate the cooperative
behavior and the curve of the mixed system would approach
the pure cooperative one from below.

In Fig. 6 the evolution of the density of persons near the
exit for mixed populations is shown. The value of the param-
eter vd,c diminishes from Fig. 6(a) to 6(d), in correspondence
with the values considered in the panels of Fig. 3. Each panel
analyzes various values of Nc, including the case of Nc = 0.
Let’s focus on Fig. 6(a), which considers the largest value
of vd,c studied. The results allow us to observe the change
in the duration of the evacuation as Nc is varied, which is
in agreement with the results in Fig. 3(a). Moreover, we can
see that the addition of cooperative agents to the competitive
population produces a decrease in the values of density ob-
served along the evacuation. This decrease is on the order of
10% for the peak observed at the beginning of the evolution
(t ∼ 10 s). The effect is more notable for smaller values of
vd,c [Figs. 6(b)–6(d)], where we see a progressive splitting
of the curves for the different values of Nc, and a reduction
of the density on the order of 25% or even larger in some
cases. This indicates that the addition of cooperative agents
with imitation not only speeds up the evacuation but also
causes a decrease in the density near the exit, meaning a
smaller pressure for the persons and a lowering of the risk of
accidents.
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FIG. 6. Density of persons near the exit as a function of time. Results for mixes with imitation. Panels (a), (b), (c), and (d) correspond to
those of Fig. 3.

We now turn to the case of cooperative agents defined
through the value of A, i.e., what we have called cautious
cooperative agents. We consider Ac > Ae with vd,c = vd,e. In
Fig. 7(a) we show the results for the exit time, which are
analogous to those obtained in Figs. 3(a)–3(c). The reduction

of the exit time for the mixed system with respect to the pure
competitive system with Ne = 250 is even larger (approxi-
mately 57%). However, here we are considering a relatively
large value of Ac (Ac = 6000 N = 3Ae). For smaller values of
Ac in the range of 2500 to 5000, the reduction of the exit time

FIG. 7. Mixed systems with imitation in a square room with L = H = 30 m and D = 1 m. Cooperative and egotistic agents differ in the
values of A (cautious cooperative agents). (a) Exit time (median) plotted as a function of the number of added agents (Na) for different cases
presented as in Fig. 3. The colored zones represent 50% confidence intervals as in Fig. 3. (b) Density of persons near the exit as a function of
time for some selected cases. The rest of the parameters are the ones indicated in Table I.
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FIG. 8. Contours for the exit time of mixed systems. (a) Exit time as a function of Nc and vd,c for mixed systems with cooperative behavior
defined by the value of vd,c. The parameters are the same as those in Fig. 3, with Ne = 250. (b) Exit time as a function of Nc and Ac for mixed
systems with cooperative behavior defined by the value of Ac. The parameters are the same as those in Fig. 7, with Ne = 250.

is of the same order of magnitude as those found in Fig. 3
(results not shown). The particularly large value of Ac used
in Fig. 7(a) was selected in the search for behavior similar
to that found in Fig. 3(d), where the curve for the mixed
system surpasses that for the pure cooperative one. However,
such behavior was not found even for values of Ac as large
as 10 000 N. This supports the argument given before, which
suggests that this particular phenomenon was essentially due
to the small value of the velocity of the cooperators. Fig-
ure 7(b) shows the evolution of the density near the exit for
the mixed system for various values of Nc, considering the rest
of the parameters as in Fig. 7(a). The results are analogous
to those found in Fig. 6. Again, the presence of cooperators
decreases not only the exit time but also the density of persons
near the door.

In Fig. 8 we summarize the results for the exit time of the
systems with imitation of cooperative behavior analyzed in
this section. Figure 8(a) considers the case of cooperators de-
fined through vd . A contour plot of the exit time as a function
of Nc and vd,c is shown. Meanwhile, Fig. 8(b) shows the exit
time as a function of Nc and Ac for the case of cooperators
defined through the latter parameter. In both cases, we find a
point of minimal exit time. Additionally, regions of relatively
low exit time with not very large values of Nc can be clearly
identified.

C. The case of long rooms

Here we focus on evacuations of long rooms or corridors,
where, as we will see, the dynamics may result differently than
for a square room. We consider a long rectangular room with

(b)

(a)

FIG. 9. Mixed systems with imitation in a long room with L = 5 m, H = 180 m, and D = 1 m. Cooperative and egotistic agents differ in
the values of vd . (a) Exit time as a function of the number of added agents for the cases indicated in the panel. The colored zones represent
50% confidence intervals as in Fig. 3. (b) Density near the exit as a function of time for selected systems from panel (a).
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FIG. 10. Mixed systems with imitation in a long room with L = 5 m, H = 180 m, and D = 1 m. Cooperative and egotistic agents differ
in their values of A. (a) Exit time as a function of the number of added agents for the cases indicated in the panel. The colored zones represent
50% confidence intervals as in Fig. 3. (b) Density near the exit as a function of time for selected systems from panel (a).

dimensions L = 5 m and H = 180 m, which have the same
area as the square room considered in the previous sections.

First, we study the dynamics of evacuation for pure coop-
erative, pure egotistic, and mixed populations with the same
parameters as those considered in Fig. 3(c) so that the only
thing that changes is the aspect ratio of the room. Figure 9(a)
shows the evacuation time for the three types of populations
as a function of the number of agents added. It is worth noting
that, in contrast to what happens for the square room, here
the evacuation time for the pure cooperative population with
Nc = 250 (Ne = 0) is larger than that for the pure competitive
one with Ne = 250 (Nc = 0). This can also be seen in Fig. 2(e)
by comparing the blue and red spots denoting the parameters
for cooperative and egotistic agents, respectively. (See the
spots at vd = 1 m/s and vd = 3 m/s for different values of L.)
In Fig. 9(a) it is also notable that the evacuation time for the
cooperative population is independent of Nc within the range
studied. This latter effect is due to the fact that, in such a long
room, the cooperators are in the faster-is-faster regime. Hence,
they perform an essentially free walk with almost no physical
contact and no clogs. The evacuation time is just the time it
takes an agent located at the back of the room to reach the exit
walking at vd,c. However, the situation may change for a larger
number of agents since, as the initial density increases, clogs
would begin to occur and the evacuation time should grow.
An interesting point of the results in Fig. 9(a) is that, although
the cooperators have a larger evacuation time than the egotis-
tic agents, the addition of a small number of cooperators to
the competitive population reduces considerably the effective
evacuation time of the latter. The maximal reduction, of more
than 30%, is observed for Na ∼ 10. This optimal value of Na

is remarkably smaller than those found in the square room,
and actually rather small compared to Ne = 250.

A noteworthy fact observed in the simulations (see video 2
in [49]) is that, due to the small width of the room, single
isolated cooperative agents induce the formation of slowly
moving clusters composed of imitators. Such clusters partially
block the advance of fast egotistic persons, decreasing their
effective flux towards the exit and reducing clogging at the
exit. This effect helps to lower the evacuation time. However,

it is important to remark that we say that clusters partially
block the advance of egotistic agents because these fast agents
are occasionally capable of overtaking the slow clusters and
even forming fast corridors at one side of a cluster. The
curves for the evolution of the density near the exit depicted
in Fig. 9(b) help us to better understand all the phenomena.
It can be seen that when passing from Nc = 0 to Nc = 10,
there is a strong decrease in clogging around the exit. Still,
with such a low density of cooperators, a portion of egotistic
agents manage to arrive at the door rapidly and to escape with
small difficulties due to the relatively low clogging, therefore
optimizing the flux. If the number of cooperators is further
increased [see curves for Nc = 30, 60 in Fig. 9(b)], clogging
is reduced even more. However, in such situations, most of
the competitive agents behave cooperatively and they advance
slowly to the door, thus slowing the evacuation process. The
optimal value of Nc is obtained through a competence between
the reduction of clogging caused by the partial blockage of the
advance of the fast-moving agents and the decreasing of the
number of fast-moving agents, both effects increasing with
Nc. A last fact to note about the results in Fig. 9(b) is that the
maximum of the density around the door is obtained at a much
larger time that in the square room [compare to Fig. 6(c)].
While in the latter case, the initial rapid growth of the density
(lasting for about 10 seconds) gets the system to the maximal
density and is then followed by a slow decay, in the long
room the initial rapid growth is not that fast, and after it the
density continues to grow slowly until reaching a maximum
at about 60 s. Such a difference between the density profiles
of the square room and those of the long room occurs even for
the case Nc = 0. Therefore, it should be mainly caused by the
geometrical characteristics of the room. Note that in the long
room, the growth of the density around the door is due to the
quasi-one-dimensional flow of agents that approach the exit
essentially from a single direction. In contrast, in the square
room, persons arrive at the door from all directions (with
angle of incidence ranging from 0 to π ).

Now we turn to the case in which the cooperative agents
are distinguished by their values of A. The results for the long
room are shown in Fig. 10 and need to be compared with those
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in Fig. 7, as the systems being analyzed differ only in the
aspect ratio of the room. We observe that, similar to the square
room, the exit time for pure cooperators in the long room
is smaller than that for pure competitive agents. However,
the two main effects of changing the geometry on the results
for mixed populations are the same. Specifically, the optimal
value of Nc in the long room [Fig. 10(a)] is much smaller
than in the square room [Fig. 7(a)], and the maxima of the
density profiles are achieved at much larger times compared
to the square room [compare Fig. 10(a) to Fig. 7(b)]. It should
be mentioned, however, that in contrast to the case analyzed
in Fig. 9, when cooperative agents are defined by the value
of A, there is no formation of slow-moving clusters, and the
reduction in evacuation time is due only to the lower density
observed in the exit zone.

D. Mixed populations with combined cooperative behaviors

Up to now, we have considered separately the cases of
patient (small vd ) and cautious (large A) cooperative agents
since each one is related to a particular model parameter.
However, it is reasonable to think that cooperative agents in
real life would combine patience and cautiousness in diverse
manners. To check the consistency of our results, we have
performed two additional types of simulations in which these
prototypical cooperative attitudes appear combined in differ-
ent ways. On the one hand, we considered simulations of
mixed populations that include the three types of agents to-
gether, i.e., competitive agents, patient cooperative agents, and
cautious cooperative agents. On the other hand, we performed
simulations of populations with a single type of cooperative
agents but considering that each cooperative agent has both
characteristic together (small vd and large A).

Excepting for the imitation mechanism, the assumptions
for the three species dynamics are the same as those for
two species. In order to define the imitation mechanism for
the three-species system we consider a majority game as
follows. Let’s assume that at a given time there are n1 patient
cooperative agents and n2 cautious cooperative agents inside
the imitation radius of a certain competitive agent. Then if
n1 > n2 (n2 > n1) the competitive agent adopts the parameters
of the patient (cautious) agents. Meanwhile, if n1 = n2 > 0
there are two possibilities. First, if before the equality begins
to hold, the competitive agent was imitating a given type of
cooperative agent, then it persists imitating the same type.
Second, if the competitive agent was not imitating, it chooses
at random the cooperative behavior to imitate. For instance,
if at a given time we have n1 = 1 and n2 = 0 (thus the com-
petitive agent is behaving as patient) and suddenly a cautious
agent enters the circle so that we turn to have n1 = n2 = 1,
then the competitive agent continues behaving as patient.
On the other hand, if the competitive agent is not imitating
because we have n1 = n2 = 0 and, suddenly, two cooperative
agents of different type enter the circle at the same time step,
the competitive agent chooses at random between the two
cooperative behaviors. We remark that a competitive agent
behaves as competitive at any time for which n1 = n2 = 0
holds.

For our simulations with three species we consider the
same square room as in previous sections with a number Nc1

of patient cooperative agents (parameters vd,c1 < vd,e, Ac1 =
Ae), Nc2 cautious cooperative agents (parameters vd,c2 = vd,e,
Ac2 > Ae), and Ne competitive agents. In all the cases we
assume Nc1 = Nc2 and vary the total number of cooperative
agents Nc = Nc2 + Nc2. In Fig. 11(a) we show the evacuation
time for the three species system as a function of the number
of added cooperative agents and compare with the results for
the pure competitive systems with the same total number of
agents. The results for a pure cooperative system with the
two types of cooperative agents are also shown for the sake
of comparison. We see that the inclusion of a mix of the two
types of cooperative agents into the competitive population
leads to the same type of behavior observed in systems for
which all the cooperative agents are of the same type (compare
with Figs. 3 for patient agents and Fig. 7 for cautious ones).
Figure 11(b) shows the density near the exit as a function of
time for various values of the total number of cooperators.
Again, as in Figs. 6 and Fig. 7(b) we find that the presence
of cooperators reduces the density near the exit. Note that
the minimum in the exit time for the three species system
found in Fig. 11(a) is not as deep as in other previously shown
examples, and the reduction of density is not so notable. This
is because we have chosen a moderate degree of cooperation
for both types of cooperative agents, as done for instance in
Fig. 3(a) for the case of patient cooperative behavior. Further
decreasing of vd,c1 or increasing of Ac2 would lead to more
notable effects.

The reason why we have chosen such relatively small
degrees of patience and cautiousness for the cooperators in
the previous example is that we want to compare with the
case in which all the cooperators are at the same time patient
and cautious, with the same parameters. For this we consider
a system with a single type of cooperators with parameters
vd,c2 < vd,e and Ac2 > Ae. The imitation mechanism in this
case is the same as that considered before for a single species
of cooperative agents, but now, when a competitive agent
imitates a cooperative agent, it modifies both its value of vd

and A. The results for the evacuation time and the density near
the exit for this system are shown in Fig. 11(c) and Fig. 11(d),
respectively. As expected, the effects of reduction of T and
decreasing of the density are enhanced with respect to the
example analyzed in Figs. 11(a) and 11(b) because now all
the cooperative agents share the two characteristics. However,
the main point here is that, by analyzing two different forms of
combining the two types of cooperative behaviors considered,
the results in this section show the consistency and robustness
of our previous conclusions regarding the effect of imitation
of cooperation.

E. Mixed populations with no imitation

The results in previous sections for the social force model
indicate that the evacuation of a competitive crowd can be
eased by the addition of cooperative agents in the case that
the cooperative behavior is imitated by ordinary (competitive)
persons. The maximal reduction of the median of the evac-
uation time found was of the order 10% to 50%, depending
on the parameters and geometries. Previous studies [28] that
considered agent-based and cellular-automata models for an-
alyzing the effect of the addition of cooperative agents into a
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FIG. 11. Mixes with combined cooperative behaviors in a square room. (a) Exit time as a function of the number of added agents for the
cases indicated in the panel. In this case, the mixed system is a three-species system, as explained in the text. (b) Density near the exit as a
function of time for selected systems from panel (a). (c) Exit time as a function of the number of added agents for the cases indicated in the
panel. In this case, the mixed system is a two-species system in which all the cooperative agents are both patient and cautious. (d) Density
near the exit as a function of time for selected systems from panel (c). In all the calculations, the parameters are the same as those in Fig. 3,
excepting for those indicated in the panels.

crowd of competitive ones without imitation reported much
smaller reductions of the exit time, of the order of 3% or
smaller.

For the sake of comparison and completeness, here we ex-
plore the case without imitation using the social force model.
In Fig. 12 we show results for the exit time and density for
systems with the same parameters as those used in Figs. 3(c)
and 6(c) but considering no imitation. At a first glance, the
results in Fig. 12(a) indicate that the exit time for the mixed
system with no imitation (orange curve) increases essentially
monotonically with the number of added cooperative agents.
Note, however, that, due to the error associated to the calcula-
tion of the median, we cannot rule out the possible existence
of a tiny reduction of order ∼1% in the median at small values
of Na, (i.e., a minimum in the orange curve at a nonvanishing
value of Na). This would be in agreement with the findings in
[28]. Unfortunately, to verify this would require a very large
number of simulations (∼5000 realizations instead of 50 to
reduce the error of the median in one order of magnitude).
We find this unnecessary because the effect, if existent, has

limited statistically significant since it would correspond to
a decreasing of ∼1% for the median, while the interquartile
distance (the width of the orange shaded area) is of the order
of ∼10%.

Still, we have some relevant things to mention. Regarding
the results in Fig. 12(a), it is important to emphasize that,
taking the system with Ne = 250 and Nc = 0 as starting point,
the addition of cooperative agents results in a much slower
growth of the exit time compared to the addition of com-
petitive agents. In other words, at a constant total number
of agents, it is always advantageous to have a fraction of
them behaving as cooperative. This is in agreement with the
findings in [28]. Regarding Fig. 12(b) we see that the density
in the exit zone results essentially independent of the number
of added agents [compare to Fig. 6(c)], except at the end of
the evacuation. Hence, no reduction of the pressure felt by the
agents is expected. Again, the results are noisy and much more
detailed calculations would be needed in order to determine
whether there is a small reduction of density or not for a small
for small values of Nc, but in any case the effect would be of
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(a) (b)

FIG. 12. Mixes with no imitation. Exit time as a function of the number of added agents for the cases indicated in panel (a). The colored
zones represent 50% confidence intervals as in Fig. 3. Parameters: Ac = Ae = 2000 N. (b) Density near the exit as a function of time for
selected systems from panel (a).

very limited significance compared to that found in the cases
with imitation.

As part of our studies, we have also analyzed mixed sys-
tems with no imitation with the cooperative behavior defined
by the parameter A (with the parameters as in Fig. 7). The
obtained curves (not shown) are analogous to those in Fig. 12.
The conclusions are the same as for systems with cooper-
ation defined through the parameter vd . Moreover, we have
studied mixed systems with no imitation in long rooms with
parameters as in Figs. 9 and 10, and arrived at the same main
conclusion: the addition of cooperative agents that are not
imitated by competitive agents does not reduce significantly
the exit time T of the original crowd within the social force
model, but it produces a slower growth of T compared to
adding competitive agents.

IV. FINAL REMARKS AND CONCLUSIONS

By considering a standard version of the social force
model, we have studied the effect of cooperation and imitation
of cooperative behaviors in various scenarios of evacuation of
individuals. Our results show that the addition of a relatively
small number of cooperative agents, whose behavior is imi-
tated by the individuals in a crowd, can reduce the evacuation
time of the crowd and the density near the exit door. This
means faster and safer evacuations. The results depend on
the aspect ratio of the room, with notable effects observed
in long rooms such as corridors when a small number of
cooperative agents are added. This highlights the influence of
the room shape and geometries, especially in the presence of
populations with inhomogeneous behaviors.

It is important to stress the fact that the reduction of the
evacuation time obtained by adding cooperative agents in
the system with imitation occurs despite the total number of
agents being larger. This means, more persons evacuate faster
if some of them are cooperative. In the absence of imitation,
the reduction is not significant within our model. However,
the addition of cooperative agents produces an increase that is
smaller than that caused by the augmentation of the number of

competitive agents. Hence, at constant total number of agents,
the presence of cooperative agents is always desirable.

In most of our studies, we have considered separately the
cases of patient (small vd ) and cautious (large A) cooperative
agents. However, as it is reasonable to think that cooperative
agents in real life would combine patience and cautiousness,
we have verified that a different combination does not modify
our main conclusions. For this we have performed simulations
with three types of agents and other simulations in which
cooperative agents are both patient and cautious. In all the
cases we find that the addition of cooperative agents leads to
faster evacuations with reduced density near the door.

Our results highlight the relevance of cooperative attitudes
in facilitating evacuations, particularly emphasizing the ad-
vantages of achieving the imitation of cooperative behaviors
within a crowd. Interestingly, as mentioned in the introduc-
tion, there is evidence that cooperative attitudes emerge in
dangerous or emergency situations (see Ref. [30] and refer-
ences therein). It’s difficult to determine how many potential
tragedies in crowds have been averted by this spontaneous
mechanism—certainly, not enough to prevent all, as tragedies
occur occasionally. Hence, it is reasonable to think that
educating and training people on appropriate protocols for
individual behavior within crowds may help the spontaneous
tendency to cooperate and may further contribute to avoiding
tragedies.

A straightforward interpretation of our results suggests that
people should be taught to reduce haste and enhance cautious-
ness in emergency situations involving crowds, by trying, for
instance, to advance more slowly and to leave more space
between individuals, avoiding pushing. Moreover, they should
also be trained to try to persuade their neighbors to adopt sim-
ilar behaviors and to remember that if neighbors are behaving
collaboratively in a dangerous situation, one should also strive
to do the same. While this may hold true, such a perspective
could be overly simplistic or naive. Things are probably not so
straightforward. Since our conclusions are limited to the pre-
dictions of the social force model, further research involving
numerical simulations with other models, controlled experi-
ments, and analysis of real-life scenarios should be conducted
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before making concrete decisions on education. Additionally,
considerations of individual and mass psychology should be
taken into account. Protocols for individual behavior within
congested crowds should be designed by interdisciplinary
teams. Furthermore, the recommended protocol may depend
on the particular type of scenario and society. Nevertheless,
even though many more studies are needed, our work aims to
draw attention to the importance of designing protocols and
educating people on how to behave within congested crowds.
Our studies suggest that even if only a limited fraction of
people remain calm and are able to induce calmness in others,
the risks can be considerably reduced.

It is interesting to note that protocols and instructions for
different types of emergencies usually require individuals to
behave in ways that go against their instincts. For instance,
during depressurization events in planes, adults responsible
for children must put on their own oxygen masks before
assisting the kids. Most adults accustomed to flying are aware

of this recommendation and probably would follow it in an
emergency, even though it seems to be rather against the nat-
ural instincts of most mothers and fathers. Similarly, people
who walk in wild areas and National Parks know that, in the
case of being charged by a bear, they should lie on the ground
and play dead if the bear is brown, but they should act as
being as big as possible and fight back in the case that the bear
was black. If people can learn and follow these instructions,
we believe that they could also be trained on how to behave
within a high-density enclosed crowd, even if the convenient
behavior may be counter to their instincts of running, pushing,
and escaping.

ACKNOWLEDGMENTS

The authors acknowledge support from CONICET through
the PIP program, and from CNEA, both Argentinian agencies.
We also would like to thank Santiago Ibáñez for his help.

[1] D. Helbing, L. Buzna, A. Johansson, and T. Werner, Transport.
Sci. 39, 1 (2005).

[2] V. Coscia and C. Canavesio, Math. Models Methods Appl. Sci.
18, 1217 (2008).

[3] M. Moussaïd, N. Perozo, S. Garnier, D. Helbing, and G.
Theraulaz, PLoS ONE 5, e10047 (2010).

[4] N. Bellomo, A. Bellouquid, and D. Knopoff, Multiscale Model.
Simul. 11, 943 (2013).

[5] E. Cristiani, B. Piccoli, and A. Tosin, Multiscale Modeling of
Pedestrian Dynamics, Modeling, Simulation and Applications,
Vol. 12 (Springer, Cham, Heidelberg, 2014).

[6] A. Johansson, D. Helbing, H. Z. Al-Abideen, and S. Al-Bosta,
Adv. Complex Syst. 11, 497 (2008).

[7] N. Bellomo, D. Clarke, L. Gibelli, P. Townsend, and B.
Vreugdenhil, Phys. Life Rev. 18, 1 (2016).

[8] H.-J. Huang and R.-Y. Guo, Phys. Rev. E 78, 021131 (2008).
[9] S. Heliövaara, J.-M. Kuusinen, T. Rinne, T. Korhonen, and H.

Ehtamo, Safety Sci. 50, 221 (2012).
[10] R.-Y. Guo, H.-J. Huang, and S. Wong, Transport. Res. B:

Methodological 46, 669 (2012).
[11] A. Garcimartín, I. Zuriguel, M. Pastor, C. Martín-Gómez, and

D. Parisi, Transport. Res. Proc. 2, 760 (2014).
[12] A. Garcimartín, D. Parisi, J. Pastor, C. Martín-Gómez, and I.

Zuriguel, J. Stat. Mech.: Theory Exp. (2016) 043402.
[13] C. Von Krüchten and A. Schadschneider, Physica A 475, 129

(2017).
[14] A. Nicolas, S. Bouzat, and M. N. Kuperman, Transport. Res. B:

Methodological 99, 30 (2017).
[15] J. Adrian, M. Boltes, S. Holl, A. Sieben, and A. Seyfried,

Collect. Dyn. 5, 189 (2020).
[16] D. Helbing, Complex Syst. 6, 391 (1992).
[17] S. Bouzat and M. Kuperman, Phys. Rev. E 89, 032806 (2014).
[18] A. Nicolas, S. Bouzat, and M. N. Kuperman, Phys. Rev. E 94,

022313 (2016).
[19] S. Dongme, Z. Wenyao, and W. Binghong, J. Stat. Mech.:

Theory Exp. (2017) 043407.
[20] S. Heliövaara, T. Korhonen, S. Hostikka, and H. Ehtamo, Build.

Environment 48, 89 (2012).

[21] M. Batty, Agent-based pedestrian modelling, Working paper,
CASA Working Papers (61), Centre for Advanced Spatial Anal-
ysis (UCL), London (1993).

[22] V. Dossetti, S. Bouzat, and M. Kuperman, Physica A 479, 193
(2017).

[23] D. Helbing and P. Molnár, Phys. Rev. E 51, 4282 (1995).
[24] D. Helbing, I. Farkas, and T. Vicsek, Nature (London) 407, 487

(2000).
[25] G. Frank and C. Dorso, Physica A 390, 2135 (2011).
[26] F. Cornes, G. Frank, and C. Dorso, Physica A 568, 125744

(2021).
[27] J. R. Cao, E. Lee, A. C. Y. Yuen, T. Chen, I. M. De Cachinho

Cordeiro, M. Shi, W. Xie, and G. Yeoh, Simul. Model. Prac.
Theory 109, 102309 (2021).

[28] A. Nicolas, S. Ibáñez, M. N. Kuperman, and S. Bouzat, J. Stat.
Mech. (2018) 083403.

[29] F. Cornes, G. Frank, and C. Dorso, Simul. Model. Prac. Theory
95, 112 (2019).

[30] Y. Cheng and X. Zheng, Appl. Math. Comput. 320, 485 (2018).
[31] J. Guan and K. Wang, Appl. Math. Comput. 369, 124865

(2020).
[32] Z. Zheng, G. Zhu, Z. Sun, Z. Wang, and L. Li, IEEE Access 8,

195989 (2020).
[33] S. Xu, J. Wang, J. Li, Y. Wang, and Z. Wang, J. Loss Prevent.

Process Indus. 72, 104556 (2021).
[34] T. Elzie, E. Frydenlund, A. Collins, and R. Robinson, Transport.

Res. Rec. 2586, 1 (2016).
[35] G.-N. Wang, T. Chen, J.-W. Chen, K. Deng, and R.-D. Wang,

Chin. Phys. B 31, 060402 (2022).
[36] Y. Ma, X. Liu, F. Huo, and H. Li, Sustainability 14, 5278 (2022).
[37] E. Rozan, G. Frank, F. Cornes, I. Sticco, and C. Dorso, Physica

A 597, 127271 (2022).
[38] F. Cornes, G. Frank, and C. Dorso, Safety Sci. 166, 106218

(2023).
[39] I. Sticco, G. Frank, F. Cornes, and C. Dorso, Safety Sci. 121, 42

(2020).
[40] W. Swope, H. Andersen, P. Berens, and K. Wilson, J. Chem.

Phys. 76, 637 (1982).

054304-16

https://doi.org/10.1287/trsc.1040.0108
https://doi.org/10.1142/S0218202508003017
https://doi.org/10.1371/journal.pone.0010047
https://doi.org/10.1137/130904569
https://doi.org/10.1142/S0219525908001854
https://doi.org/10.1016/j.plrev.2016.05.014
https://doi.org/10.1103/PhysRevE.78.021131
https://doi.org/10.1016/j.ssci.2011.08.020
https://doi.org/10.1016/j.trb.2012.01.002
https://doi.org/10.1016/j.trpro.2014.09.085
https://doi.org/10.1088/1742-5468/2016/04/043402
https://doi.org/10.1016/j.physa.2017.02.004
https://doi.org/10.1016/j.trb.2017.01.008
https://doi.org/10.17815/CD.2020.50
https://www.complex-systems.com/abstracts/v06_i05_a01/
https://doi.org/10.1103/PhysRevE.89.032806
https://doi.org/10.1103/PhysRevE.94.022313
https://doi.org/10.1088/1742-5468/aa68b3
https://doi.org/10.1016/j.buildenv.2011.08.020
https://doi.org/10.1016/j.physa.2017.03.021
https://doi.org/10.1103/PhysRevE.51.4282
https://doi.org/10.1038/35035023
https://doi.org/10.1016/j.physa.2011.01.015
https://doi.org/10.1016/j.physa.2021.125744
https://doi.org/10.1016/j.simpat.2021.102309
https://doi.org/10.1088/1742-5468/aad6c0
https://doi.org/10.1016/j.simpat.2019.04.012
https://doi.org/10.1016/j.amc.2017.10.011
https://doi.org/10.1016/j.amc.2019.124865
https://doi.org/10.1109/ACCESS.2020.3034348
https://doi.org/10.1016/j.jlp.2021.104556
https://doi.org/10.3141/2586-01
https://doi.org/10.1088/1674-1056/ac4a66
https://doi.org/10.3390/su14095278
https://doi.org/10.1016/j.physa.2022.127271
https://doi.org/10.1016/j.ssci.2023.106218
https://doi.org/10.1016/j.ssci.2019.08.041
https://doi.org/10.1063/1.442716


PEDESTRIAN EVACUATIONS WITH IMITATION OF … PHYSICAL REVIEW E 109, 054304 (2024)

[41] L. Hou, J.-G. Liu, X. Pan, and B.-H. Wang, Physica A 400, 93
(2014).

[42] M. A. Lopez-Carmona and A. Paricio Garcia, Transport. Res.
C: Emerg. Tec. 140, 103699 (2022).

[43] N. Pelechano and N. Badler, IEEE Comput. Graphics Appl. 26,
80 (2006).

[44] I. Sticco, F. Cornes, G. Frank, and C. Dorso, Phys. Rev. E 96,
052303 (2017).

[45] L. D. Vanumu, K. R. Rao, and G. Tiwari, Eur. Transp. Res. Rev.
9, 49 (2017).

[46] A. Seyfried, B. Steffen, W. Klingsch, and M. Boltes, J. Stat.
Mech.: Theory Exp. (2005) P10002.

[47] S. Cao, A. Seyfried, J. Zhang, S. Holl, and W. Song, J. Stat.
Mech.: Theory Exp. (2017) 033404.

[48] F. Cornes, G. Frank, and C. Dorso, Physica A 484, 282
(2017).

[49] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevE.109.054304 for videos of the simulations.

[50] W. Beverloo, H. Leniger, and J. van de Velde, Chem. Eng. Sci.
15, 260 (1961).

054304-17

https://doi.org/10.1016/j.physa.2013.12.049
https://doi.org/10.1016/j.trc.2022.103699
https://doi.org/10.1109/MCG.2006.133
https://doi.org/10.1103/PhysRevE.96.052303
https://doi.org/10.1007/s12544-017-0264-6
https://doi.org/10.1088/1742-5468/2005/10/P10002
https://doi.org/10.1088/1742-5468/aa620d
https://doi.org/10.1016/j.physa.2017.05.013
http://link.aps.org/supplemental/10.1103/PhysRevE.109.054304
https://doi.org/10.1016/0009-2509(61)85030-6

