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Abstract

Improving emergency evacuations is a top priority in human safety and in pedes-
trian dynamics. In this paper, we use the social force model, in order to optimize
high-anxiety pedestrian evacuations. We explore two architectural layouts, the
1-door vestibule, and the 2-doors vestibule. The “vestibule” is defined as the
room next to the exit door and it is characterized by two structural parame-
ters: the vestibule width (d) and the vestibule door width (w). We found that,
specific values of d and w, can almost double the evacuation flow compared
to the no-vestibule scenario. The key to this achievement is that the density
(close to the exit door) can be controlled by d and w. Therefore, it is possible
to tune these parameters to a density that maximizes the available space while
preventing the formation of blocking clusters at the exit door (p ~ 2.5p/m?).
As opposed to the optimal condition, low-density values (p ~ 1p/m?) lead to
suboptimal flow since there is unused space left; while higher density values
(p ~ 4p/m?) also lead to suboptimal flow due to the presence of blocking clus-
ters at the exit. Moreover, we take into account the usually foreseen fact that
high pressures can actually be reached at the exit, threatening the health of
pedestrians. Therefore, we studied the crowd pressure using the agents’ overlap
as an indicative. We found that the explored vestibules reduce the crowd pres-
sure compared to the no-vestibule situation. In particular, we show that the

2-doors vestibule scenario performs better than the 1-door vestibule, because it

Preprint submitted to Elsevier September 29, 2022



reduces the overall local density (by enforcing the crowd to spread out more).
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1. Introduction

Improving emergency evacuations is an issue of fundamental importance for
human safety. Despite the efforts being done by crowd management legislations
worldwide, catastrophic events such as human stampedes and fatal emergency
evacuations are still common [I 2]. In the last years, the scientific community
has arrived at a growing number of ideas to address this problem [3| 4]. The
proposed solutions can be classified into three categories [5]: planning-based

solutions, behavioral-based solutions and architectural-based solutions.

In the first place, planning-based solutions consist of optimizing the depar-
ture schedule and planning the right path to escape a building [6, [7]. Some-
times these solutions require a central authority to control the crowd. Secondly,
behavioral-based solutions consist of proposing modifications in the attitude of
the pedestrians [8, 0]. These solutions require training and proper instructions

to be acquired by potential evacuating individuals.

Finally, architectural-based solutions consist of proposing design and in-
frastructure adjustments that reduce the evacuation time and increase safety
during the evacuation process. Unlike the aforementioned approaches, the
architectural-based solutions do not focus on the guidance of pedestrians nor

their specific training.

Among the three approaches, the most popular one is the architectural-
based. In particular, positioning an exit in the corner of a room [10] and placing
an obstacle in front of the exit door [I1] appear to reduce the evacuation time

in both numerical simulations [12, [13], and controlled experiments [14].



In the seminal work of Helbing et al., it was proposed for the first time the
use of a column-like obstacle to improve the evacuation performance [3]. Since
then, many efforts have been made to understand this phenomenon. Although
some results favor the initial hypothesis [I1], some others challenge the state-

ment that the column-like obstacle can enhance the evacuation performance [15].

Placing panel-like obstacles instead of pillar-like obstacles, although it is a
simpler proposal, it appears as a more promising solution in terms of increasing
the evacuation flow. There are numerical results [I2] as well as experimental

evidence [I4] that support this idea.

The authors in Ref. [I3] postulate the idea that placing two panel-like ob-
stacles in front of the exit door improves the evacuation performance. They
introduce the concept of “vestibule” (say, the space near the exit door) as a
more relevant one than the obstacle itself. The authors found that the evacua-
tion flow is determined by the density at the vestibule. Moreover, the density
can be controlled by architectural features such as the number of vestibule doors,

the vestibule width and the wall friction coefficient.

In addition to improving the evacuation flow, it is important to reduce the
physical pressure exerted on individuals. Many different approaches appeared
in the literature regarding the pressure in crowd dynamics [I6]. The pressure
used in some empirical and experimental studies is defined as the product of
the local density and the velocity variance [I7]. This magnitude has proved to

correlate with the probability of tripping and the anxiety level [18].

Other approach worth mentioning is the numerical study done by Cornes
et al. which define pressure as a function of the normal forces acting on the
individuals [19]. In line with this, it is worth remarking the experimental efforts
done by different authors who craft “pressure vests” in order to measure the

contact forces applied to the human thorax [20].



This paper is a numerical study that is framed in the architectural-based
approach. We investigate emergency evacuations in the presence of a closed
vestibule. The closed vestibule is defined as the room next to the exit door
which is enclosed by panel-like obstacles. We show that this layout is capable of
improving emergency evacuations for two reasons. On one hand, it substantially
increases the evacuation flow of pedestrians. On the other hand, it reduces the

pressure exerted on them.

The paper is organized as follows. In Section [2] we present the model and
theoretical definitions. In section [3| we describe the numerical simulations and
the explored layouts. The results are exhibited in Section [d] We finally resume

the conclusions in Section [Bl

2. Background

2.1. The Social Force Model

The social force model [3] provides the necessary framework for simulating
the collective dynamics of pedestrians (i.e. self-driven agents). The pedestrians
are represented as moving particles that evolve according to the presence of
either “socio-psychological” forces and physical forces. The equation of motion

for any agent 7 of mass m; reads

dv; ; N N
mi b = £+ 3£ 4 5 £l (1)
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where the subscript j corresponds to any neighboring agent or the walls. The
three forces fy, f; and £, are different in nature. The desire force f; represents the
acceleration of a pedestrian due to his/her own will. The social force f;, instead,
describes the tendency of the pedestrians to stay away from each other. The

physical force f,, stands for both the sliding friction and the repulsive body force.



The pedestrians’ own will is modeled by the desire force f;. This force stands
for the acceleration required to move at the desired walking speed vg4. For a fixed
parameter 7 reflecting the reaction time, the desire force is modeled as follows

(1) 7(8) (i)
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where €(t) represents the unit vector pointing to the target position and v(t)

stands for the agent velocity at time ¢.

The tendency of any individual to preserve his/her personal space is accom-
plished by the social force f;. This force is expected to prevent the agents from
getting too close to each other (or to the walls) in any usual environment. The

model for this kind of “socio-psychological” behavior is as follows

£ = AeFis—ris)/B 1, (3)

where r;; is the distance between the centers of mass of particles ¢ and j, and
R;; = R; + R; is the sum of the pedestrians radius. The unit vector 1;; points
from pedestrian j to pedestrian i, meaning a repulsive interaction. The param-
eter B is a characteristic scale that plays the role of a fall-off length within the
social repulsion. At the same time, the parameter A represents the intensity of

the social repulsion.

The expression for the physical force (the friction force plus the body force)
has been inspired from the granular matter field [2I]. The mathematical ex-

pression reads as follows

£59) = R g(Rij — 14) (A - 835) 35 + K g(Rij — 7ij) R (4)

where g(R;; —ri;) equals R;; —rq; if R;; > r;; and vanishes otherwise. Av(¥).¢;;
represents the relative tangential velocities of the sliding bodies (or between the

pedestrian and the walls).



The sliding friction occurs in the tangential direction while the body force
occurs in the normal direction. Both are assumed to be linear with respect to
the net distance between contacting agents. The sliding friction is also linearly

related to the difference between the tangential velocities.

The coefficients k; (for the sliding friction) and k,, (for the body force) are
related to the contacting surface materials and the body stiffness, respectively.
The friction force between an agent and a wall/panel has the same mathemati-

cal expression as the friction between two agents.

The model parameter values were chosen to be the same as the best-fitting
parameters reported in the recent study from [22]. These values were obtained
by fitting the model to a real-life event that resembles an emergency evacuation.
The parameter values are: A = 2000N, B = 0.08m, x; = 3.05 x 10° kg/(m.s),
k, = 3600N/m, 7 = 0.5s.

2.2. Blocking clusters

A characteristic feature of pedestrian dynamics is the formation of clusters.
Clusters of pedestrians can be defined as the set of individuals that for any
member of the group (say, 7) there exists at least another member belonging
to the same group (j) in contact with the former. Thus, we define a “granular

cluster” (Cy) following the mathematical formula given in [23]

Cy:PeCyes3IjeCy/rij < (R, + R)) (5)

where (P;) indicate the ith pedestrian and R; is his/her radius (half of the
shoulder-to-shoulder width). That means, C, is a set of pedestrians that interact
not only with the social force, but also with physical forces (i.e. friction force
and body force). A “blocking cluster” is defined as the minimal granular cluster
which is closest to the door whose first and last agents are in contact with the

walls at both sides of the door (i.e. the first and last agents are the closest



ones to each doorjamb) [24]. Previous studies demonstrated that the blocking
clusters play a crucial role in preventing pedestrians from getting through a

door [24] 25, 26].

3. Numerical simulations

We performed numerical simulations of pedestrians evacuating a room in the
presence of a 1-door vestibule and a 2-doors vestibule (see Fig. |1 and Fig.
respectively). We simulated crowds of N=200 agents whose trajectories followed
the equation of motion . We used the circular specification of the social force
model for the interaction forces acting on the agents (see Section for the
corresponding mathematical expressions). The model parameter values were
chosen to be the same as the best-fitting parameters reported in the recent

study [22], and the ones cited in Section

The mass of the agents was fixed at m = 80kg, and the radius was set to
R = 0.23m according to data reported in [27]. The desired velocity (which is
the parameter that controls the anxiety level) was varied in the interval 1m/s <
vg < 6m/s. Although the upper limit (vg = 6 m/s) may seem rather extreme,
recent empirical measurements at San Fermin bull-running festival in Pamplona

shows that non-professional runners can achieve velocities v ~ 6 m/s [28].

Initially, the agents are placed in a 20 m X 20 m area with random positions
and velocities. The direction of the desired velocity was such that the agents
located outside the vestibule point to the nearest vestibule door. Once they are

inside the vestibule, the updated target becomes the exit door.

The exit door’s size was DS = 1.84m, which is equivalent to four agents’
diameter in accordance to [22]. The 1-door vestibule (Fig. [1) is composed of 2
panel-like obstacles (i.e. walls). The walls that define the vestibule extend to

the side of the room. The door of the vestibule is placed symmetrically with



respect to the exit door. The width of the vestibule door is w. See Section [3.1

for more details.

The 2-doors vestibule layout (Fig. [2]) is composed of 3 panel-like obstacles.
At this instance, we chose a commonly expected configuration: the middle panel
shares the same length as the exit door DS, and it is placed right in front of
it. The left and right panels are as long as the room. Both vestibule doors
have the same width w/2 (therefore, the total vestibule entry width is w). The
middle panel is fixed (in length and location) regardless of w. This means that

increasing w widens each door outwards.

In this research, we analyzed the effect of varying 3 parameters: the desired
velocity wvg, the vestibule width d, and the total vestibule door width w. For
each parameter configuration, we performed 30 evacuation processes that fin-

ished when 90% of agents left the room. No re-entry of agents was allowed.

We recorded the positions and velocities every 0.5s from the beginning of the
simulation until the end (i.e. when 90% of the individuals have left the room).
Then, we computed the mean density, the evacuation flow, and the probability

of blocking clusters formation.

The density was measured in the inner vestibule region and it was defined
as the number of pedestrians divided by the inner vestibule area (see Fig[l] and
Fig. The area of the inner vestibule is DS x d (where DS stands for the
size of the exit door and d is the vestibule width). The density was calculated
every 0.5s. Afterward, the mean and standard deviation were computed from

the recorded values.



The evacuation flow is defined as follows,

J= (6)

where n is the number of evacuated pedestrians and t. is the time it takes for

n
te

those pedestrians to evacuate the room. The evacuation finished when 90% of

the initial number of pedestrians abandoned the room.

The blocking clusters are the set of pedestrians that block a door (see Section
for a formal definition). We measured the probability of blocking clusters
formation in three different regions: the exit door, the doors of the vestibule,
and also the blocking clusters inside the vestibule. The probability is defined as
the fraction of time that the blocking clusters are formed over the total evacu-

ation time.

The numerical simulations were carried out using LAMMPS, which is a
molecular dynamics open-access software [29]. The implementation also re-
quired customized modules developed in C++. The integration of the agents’
trajectory was computed using the Velocity Verlet algorithm with a time-step

At =10"%s.

8.1. The explored layouts

In architecture, a vestibule is defined as a small room that leads to a larger
space [30]. In this paper, we consider vestibules placed next to the exit door.
Two different layouts were explored: the 1-door vestibule and the 2-doors
vestibule. Fig. [1] illustrates the 1-door vestibule layout. It consists of 4 walls in
total. Two walls delimit the exit door and, the other two delimit the vestibule

door.

The vestibule is a corridor as long as the room and width d. It has a single

door of width w in front of the exit door. The shady area in Fig. [T] represents



the “inner vestibule”, which we define as the rectangular area enclosed by the

exit door and the vestibule door (this area will be relevant in our analysis).

1-door vestibule

(Outdoor) Exit door
Vestibule
vestibule door d
\ Inner vestibule
w
(Indoor)

Figure 1: 1-door vestibule layout. The vestibule door of width w is placed in front of the exit
door. The vestibule looks like a corridor as long as the room and width d. The sides of the

room are not drawn.

The 2-doors vestibule layout is exhibited in Fig.[2l In this case, each vestibule
door has a width w/2 (w is the total vestibule door size). The two doors are
separated by a wall similar in size to the exit door. This wall is located in front
of the exit door. The 2 vestibule doors are symmetrically located with respect
to the exit. The shady area in Fig. 2] represents the inner vestibule. In this case,
it is defined as the rectangular area enclosed by the exit door and the opposing

wall.

Notice that, we are dealing only with “closed vestibules” rather than “open
vestibules”. These are closed vestibules since the enclosing walls are as wide as
the room. On the other hand, the open vestibules are characterized by one (or
multiple) panel-like obstacles in front of the exit door. Previous research dealt
with open vestibules where pedestrians were able to dodge the obstacles [13] or
even step over them [31] in order to access the vestibule. Instead, in the closed

vestibule scenario, pedestrians have to go through the vestibule doors to access
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2-doors vestibule

Exit door

y

\ Inner vestibule
| ]

[— [ —}
v

(Outdoor)

vestibule left door Vestibule

o |

(Indoor) ?

Figure 2: 2-doors vestibule layout. w/2 is the width of each vestibule door. Both vestibule
doors are symmetrically placed in front of the exit door. The vestibule is a corridor as long

as the room and width d. The sides of the room are not drawn.

it.

3.2. Clarifications

We will refer to d (the vestibule width) and w (the vestibule door width)
as the “structural parameters”. In order to keep a clear notation, we will ex-
press the structural parameters (d and w) in units of the agent’s diameter. For
example, if w = 4, we actually mean that w = 4 x 0.46m = 1.84m. Where

0.46 m is the average pedestrian’s shoulder-to-shoulder distance reported in [27].

Regarding the panel-like obstacles that define the vestibule, these panels
reach the sides of the room. Therefore, individuals can’t dodge them. More-
over, in this research, panel-like obstacles are treated as walls (meaning that

individual-panel interactions are the same as the individual-wall interaction).

In this research, we use the agents’ overlap as a reasonable indicator for the
pressure exerted on them. We are aware that the overlap does not have units
of pressure. Nevertheless, we argue that any reasonable measure of pressure

should be correlated with the overlap since all the forces acting in the normal

11



direction are monotonically non-decreasing functions of the overlap. In Section

we will use the term “overlap” as a synonym of “pressure”.

Throughout this paper, we use the symbol p to denote the density in the
inner vestibule region. In the same way, we use the symbol J to refer to the

evacuation flow.

4. Results and discussions

This Section is divided into three parts. In the first part (Section , we
show the results corresponding to the 1-door vestibule layout for N=200. The
second part corresponds to the 2-doors vestibule layout (Section . These
two sub-sections focus on the evacuation flow improvement that is possible to
achieve with the aforementioned layouts. The explanation for this improvement
is based on the fundamental diagram and the blocking cluster probability (also

discussed in the aforementioned Sections).

Finally, in Section [f.3]we further examine the effects of both vestibule layouts
on the crowd pressure. We compare one layout against the other and also against

the no-vestibule condition.

4.1. The 1-door vestibule

We present in this Section the main results corresponding to the 1-door
vestibule layout that was previously introduced in Fig. [l We explore a wide
range of values for the structural parameters d and w and its consequences on
the evacuation flow. Under some structural conditions, the presence of a 1-door
vestibule improves the evacuation. At the end of the Section, we provide an
explanation of the flow improvement given by the relation between the density

inside the vestibule and the blocking clusters.

12



Fig. [3 shows the evacuation flow as a function of the vestibule door size (w)
for different vestibule widths (d). The evacuation flow is defined in Eq. (6]).
The horizontal dashed line in Fig. [3] stands for the “no-vestibule” situation. If
a curve surpasses the horizontal dashed line, it means that the vestibule yields
an enhanced evacuation flow with respect to the no-vestibule situation. Each

plot corresponds to a different desired velocity vy as indicated in the plot’s titles.

If w is small (w < 4), the evacuation flow of the vestibule situation is equal
to (or less than) the no-vestibule situation. On the opposite limit (w > 10), the
evacuation flow also converges to the no-vestibule situation. Notably, intermedi-
ate w values yield an evacuation flow that is much higher than the no-vestibule
situation. This behavior holds for any vg in the range 2.5m/s< vy < 6m/s.
Fig. and Fig. show the results corresponding to vy = 3m/s and vg = 6m/s,

respectively.

Notice that, regardless of vy, varying d does not affect the qualitative be-
havior of the flow curves. However, the evacuation flow strongly depends on
w. Therefore, in the 1-door vestibule, we can assure that the evacuation flow is

dominated by the structural parameter w rather than d.

The largest difference between the 1-door vestibule situation and the no-
vestibule scenario is given in d = 4, w = 6 and vy = 6m/s. In this case, the
flow increment is more than 4 p/s (which represents a 70 % increment). In
a real-life environment, such a big contrast might be the difference between a

regular evacuation and a disastrous event.

At a first inspection, the flow increment provided by the vestibule can be

explained by the density in the “inner vestibule”.

Recall that, the fundamental diagram (flow-density plot) is a meaningful

chart for the “free-flow” regime (where the flow increases as the density in-
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Figure 3: Evacuation flow as a function of the vestibule door width w for 1-door vestibules.
Each curve corresponds to a different vestibule width d. The horizontal dashed line indicates
the flow for the “no-vestibule” scenario. Data was averaged over 30 evacuation processes with
random initial positions and velocities. The initial number of pedestrians was N=200. (a)

the desired velocity was vg = 3m/s, (b) the desired velocity was vy = 6 m/s.

creases) and the “congested” regime (where the flow diminishes as the density
increases). The former is associated with a low-density scenario, whereas the

latter is associated with a high-density scenario.

Fig. exhibits the fundamental diagram for the 1-door vestibule at d = 4
and vy = 6m/s. The horizontal dashed line corresponds to the no-vestibule
situation. The markers stand for the w values and the solid curve is the average

over the data points. The data points correspond to different initial conditions.

The lowest w values yield a free-flow regime, while the largest w produce a
congested regime. Notice that w = 6 is the door width for intermediate densities
(p ~ 2.5p/m?) and the maximum evacuation flow. We will explain the details

of this phenomenon at the end of this Section.

If the density on the inner vestibule is low (say, p ~ 1 p/m?), the evacuation

flow is below the optimal condition because there is unused space left close to
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the exit door. This phenomenon makes the crowd to evacuate “in dribs and

drabs”.

If the density is high (p ~ 4p/m?), the evacuation flow is also suboptimal
because the area close to the exit door gets congested and produces blocking

clusters that hinder the flow.

However, the intermediate density values (p ~ 2.5p/m?) trade-off the two

above mentioned phenomenons and therefore maximize the evacuation flow.
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2121wl gy ’-k 2 08 o— H—
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B4 ¥ u-li (L o s
B deWo 2 0.6
: v el |
s 87 %
5 _‘. Z 044
SRS i/, =7 ettt = ©
Q =l
5 Z 021 [
B4 E /
m
T T T T 0.0 +4— 4 T T T T T
0 1 2 3 4 5 4 6 8 10 12 14
Density (p/m?) w

(a) (b)

Figure 4: (a) Evacuation flow as a function of the density (fundamental diagram) for 1-door
vestibules. The horizontal dashed line indicates the flow for the “no-vestibule” scenario. The
density was measured on the inner vestibule and, it was averaged until 90% of individuals
evacuated. Each data point belongs to a single evacuation process where the initial condition
(positions and velocities) were set to random. (b) Blocking cluster probability as a function of
the vestibule door width w. The probability is defined as the fraction of time that a blocking
cluster is present over the total evacuation time. The initial number of pedestrians was N=

200. The desired velocity was vg =6 m/s.

To complete the picture, we calculated the blocking cluster probability at
the exit door and also at the vestibule door. A blocking cluster is defined as
the set of pedestrians in physical contact that clog a door. Previous studies

have shown that blocking clusters play a critical role in high-anxiety evacuation
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processes [24] [26].

Fig. B shows the blocking cluster probability as a function of the vestibule
door size w. Recall that, the blocking cluster probability is defined as the frac-

tion of time that a blocking cluster is present over the total evacuation time.

The vestibule door curve and the exit door curve display an anti-correlation
pattern (see Fig. [4b). If the vestibule door is small (w < 6), there is a high
blocking cluster probability at the vestibule door. The blocking clusters at the
vestibule door prevent the inner vestibule from having high densities. This is
why, for small w, the presence of blocking clusters at the exit door is almost

negligible (< 0.2).

Increasing w reduces the blocking clusters at the vestibule door, letting a
larger number of pedestrians access the inner vestibule at the same time. As a
consequence, the exit door blocking cluster probability exhibits a sharp increase
at w = 7. Notice that, this increment is in agreement with the flow reduction

of the congested regime exhibited at the fundamental diagram (see Fig. .

It is worth clarifying that, although we only show the fundamental diagram
and the blocking clusters corresponding to d = 4, the qualitative behavior at
different d values is similar. In the same way, despite we only exhibit results
for v = 3m/s and vy = 6m/s, the qualitative behavior of the results for any

desired velocity in the interval vy > 2.5 m/s is similar to the ones presented here.

To conclude the Section, we remark that the evacuation flow is sensible to
the inner vestibule density. At the same time, this density can be controlled
mainly by the structural parameter w. Our most important result is that the
evacuation flow gets maximized when the inner vestibule achieves a maximum
density value such that almost no blocking clusters are produced at the exit

door but not as low as to evacuate “in dribs and drabs”.
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4.2. The 2-doors vestibule

In this Section, we present the results corresponding to the 2-doors vestibule
layout (illustrated in Fig. [2). This Section is organized in a similar fashion to
the previous one. First, we explore the structural parameters (d and w) that
improve the evacuation flow and its relation to the fundamental diagram. Then,
we discuss about the blocking clusters’ role in relation to the fundamental dia-

gram and the evacuation performance.

The evacuation flow as a function of the vestibule’s total door size (w) is
shown in Fig.[5] Since we are dealing with 2-doors vestibules, w now stands for
the sum of both vestibule door sizes. Recall that in this paper we only explore

symmetrical vestibules. That is, the size of each door is w/2.

Fig. |ba] corresponds to vy = 3m/s, while Fig. corresponds to vy = 6m/s.
Each curve stands for a different d value (see legends for details). The no-
vestibule evacuation flow is shown by the horizontal dashed line. As a first
inspection, we can notice that d = 2 worsens the evacuation performance, but
d = 3 increases the evacuation flow until reaching a plateau above the no-

vestibule situation.

In the case of v = 3m/s (Fig. [5a]), the widest vestibules (d = 4 and d = 5)
exhibit similar patterns. Small w values worsen the evacuation performance
but, the evacuation flow improves for w > 6. In both cases, the curves reach a

maximum at w = 8 and then reduce the flow as w increases.

In the case of vy = 6m/s (Fig. 7 the vestibule of size d = 4 produces the
maximum flow at w = 8 (the reader may watch the video in the supplementary
material). After this “peak”, the flow slowly diminishes for increasing values of

w. It is worth noting that, for w > 6, the evacuation flow is substantially higher
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Figure 5: Evacuation flow as a function of the total vestibule door width w for 2-doors
vestibules. Each curve corresponds to a different vestibule width d. The horizontal dashed
line indicates the flow for the “no-vestibule” scenario. Data was averaged over 30 evacuation
processes where the initial positions and velocities were set to random. The initial number of
pedestrians was N=200. (a) the desired velocity was vy = 3m/s, (b) the desired velocity was

vg = 6m/s.
than the no-vestibule situation.

If the vestibule is wider (d = 5) and v4 = 6m/s (see Fig. [5b)), the curve also
exhibits an interval in which the evacuation flow is much higher than the no-
vestibule situation. The “peak” of flow is around w = 8 and the flow converges

to the no-vestibule scenario as w increases.

It is important to remark that the 2-doors vestibule is capable of improving

the evacuation flow under a wide range of values of the structural parameters

(d and w).

Interestingly, the maximum flow value for 2-doors vestibule is around w = 8,
whereas the maximum flow for the 1-door vestibule is around w = 6. It means
that a single door of size w yields more flow than 2 doors of size w/2. Similar
results were reported for two-doors pedestrian evacuation simulations [25] and

also for experiments performed with granular media accelerated by the force of
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gravity [32]. In [Appendix B|we provide a brief discussion regarding this topic.

The vestibule improves the evacuation flow if certain structural conditions
are met (specific values of d and w). At a first inspection, the flow increment can
be explained with the help of the fundamental diagram (i.e. the flow vs. density
plot). As we did for the 1-door vestibule, we measured the evacuation flow as a
function of the density. The density was measured in the “inner vestibule” (the

area between the exit door and the vestibule wall; see Section for details).

Fig. [6] shows the fundamental diagram for different structural parameters
(see the titles and the labels). The horizontal line stands for the no-vestibule
situation. The markers represent different vestibule door size w and each data

point correspond to a different initial condition.

The narrowest vestibule explored is d = 2. Under this condition, the density
in the inner vestibule remains very low (p < 1) regardless of the size of the
vestibule door (Fig. . The cause of this phenomenon is that pedestrians get
stuck at the entrance of the inner vestibule preventing this zone to have a larger
number of pedestrians. The direct consequence of this phenomenon is a lower

evacuation flow than that of the situation without a vestibule.

Fig. [6D] corresponds to 2-doors vestibule and d = 3. Although this structural
condition allows a wider range of density and flow, only the free-flow regime is
observed. This means that the inner vestibule does not get overcrowded (re-
gardless of w). This phenomenon is related to the blocking clusters produced

inside the vestibule, as will be discussed at the end of this Section.

For 2-doors vestibules of size d = 4 (Fig. , the free-flow and the “peak” of
the fundamental diagram are observed. This means that increasing w increases
the density while also increasing the evacuation flow. As in the case of d = 3,

the inner vestibule does not get overcrowded because the agents get stuck (tem-
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porarily) before the inner vestibule region.

If the vestibule is wider (d = 5), it is possible to observe the free-flow and
the congested regime (Fig. . The former holds for w < 8, while the latter
appears at w > 9. The congested regime is characterized by decreasing flow
as the density increases. For such a wide vestibule (d = 5), and such a large
vestibule door size (w > 8), a large number of agents are allowed to enter the
vestibule at the same time. This is the limit that resembles the no-vestibule

scenario.

To complete the picture of why the inner vestibule gets crowded depending
on d and w, we measured the blocking clusters. Unlike the 1-door vestibule, for
the 2-doors vestibule, it is necessary to define a new type of blocking cluster: the
“inside vestibule blocking cluster”. These are blocking clusters that are formed

inside the vestibule but just before the inner vestibule.

In summary, three types of blocking clusters play a relevant role. The ones
that are formed at the exit door, the ones that are formed before the vestibule
(at the vestibule door), and the ones that are formed inside the vestibule (just
before the inner vestibule). See for an illustration of the block-
ing cluster types. In any case, the blocking cluster probability is defined as the

fraction of time that blocking clusters are present over the total evacuation time.

Fig. [7a] and Fig. [7b] show the three types of blocking cluster probabilities for
d = 3 and d = 5, respectively. As expected, increasing w reduces the vestibule
door blocking clusters. The main difference between the case for d = 3 and
d = 5 is that, in the former, the “inside vestibule curve” is above the “exit door
curve”. On the other hand, for d = 5, the “exit door curve” is well above the

“inside vestibule curve”.

The blocking cluster curves explain the differences in the fundamental dia-
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Figure 6: Evacuation flow as a function of the density (fundamental diagram) for 2-doors
vestibules. The density was measured on the inner vestibule and, it was averaged until 90%
of individuals evacuated. The horizontal dashed line indicates the flow for the “no-vestibule”
scenario. Each data point belongs to a single evacuation process where the initial condition
(positions and velocities) were set to random. The initial number of pedestrians was N=200.
The desired velocity was vg = 6m/s. See the plot’s title for the corresponding value of the

vestibule width d.
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gram. d = 3 increases the blocking cluster probability before the inner vestibule.
These blocking clusters prevent the inner vestibule from getting overcrowded.
This is why the fundamental diagram at d = 3 only exhibits free-flow (and
low density). The direct consequence of the low density is the lack of blocking
clusters at the exit door. Therefore, the evacuation flow is higher than the no-

vestibule condition.

The scenario of d = 5 produces fewer blocking clusters before the inner
vestibule. Thus, the inner vestibule gets crowded more easily. This is why the
fundamental diagram at d = 5 exhibits a congested regime (for large enough
w). The consequence is an increase in the exit door blocking cluster probability,

which reduces the evacuation flow.
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Figure 7: Blocking cluster probability as a function of the vestibule door width w. See the
legend for the type of considered blocking cluster. The probability is defined as the fraction of
time that a blocking cluster is present over the total evacuation time. The initial number of
pedestrians was N=200. The desired velocity was vq = 6 m/s. (a) For vestibule width d = 3,
(b) For vestibule width d = 5.

To conclude this Section, we stress that the evacuation flow in the 2-doors
vestibule is strongly dependent on the density. However, it is possible to control
the inner vestibule density with the structural parameters d and w. In the same

way as the 1-door vestibule, the flow is maximized for intermediate density val-
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ues (p ~ 2.5p/m?). Under this condition, the density is low enough to minimize
the formation of exit door blocking clusters, but not as low as to leave unused

space left in the vestibule.

4.8. The pressure

In the previous Section, we showed that under certain structural conditions
the inclusion of a vestibule at the exit increases the evacuation flow. One con-
cern now is whether the improvement in flow is at the expense of an increase in
the pressure suffered by the escaping individuals. This possibility arises because
the vestibule is achieved by placing panel-like obstacles and, these obstacles may
cause an increase in pressure due to the individual-obstacle interaction. Another
arguable matter is whether the vestibule may create higher local density regions

where the pressure is maximized.

In this Section, we report the “overlap” between agents as an indicative of
the pressure. The overlap on the i—th particle is defined as 0; = >, [R;;j — dyj]
where R;; = R; + R; is the sum of radius of particles ¢ and j. d;; is the distance
between mass centers. j stands for any particle (or wall) that is in physical
contact with particle . Thus, the overlap reflects the degree of closeness be-
tween pedestrians. We stress that in this Section, we use the terms overlap and

pressure interchangeably.

Although the overlap is not the unique way of quantifying the pressure in
a crowd [16] [I7, 18], we argue that any reasonable measure of pressure should
correlate with this magnitude. We support this argument because the forces
acting in the normal direction are monotonically non-decreasing functions of

the overlap.

Our results show that the presence of a vestibule significantly reduces the

pressure on pedestrians. As a first approach, we display 3 snapshots of evacua-
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tions for three different layouts: no-vestibule (Fig. 7 1-door vestibule (Fig. ,
and 2-doors vestibule (Fig. . Each circle represents a simulated pedestrian.

The color of each agent reflects the level of overlap o; (see caption for details).

It is easy to observe that the no-vestibule situation exhibits the highest pres-
sure among the three situations explored. The 1-door vestibule produces lower
pressure than the no-vestibule situation and, the 2-door vestibule scenario pro-
duces even less pressure than the 1-door vestibule (see Fig. Two reasons

explain the pressure reduction produced by the vestibule, as follows.

The first reason is that the interaction at the vestibule doors reduces the ve-
locity of pedestrians inside the vestibule region (which reduces the pressure). In
other words, the vestibule doors alleviate the strain on the escaping pedestrians
at the exit. This phenomenon, explains the difference between the no-vestibule

scenario and the vestibule condition.

The second reason that explains the pressure reduction concerns crowd dis-
persion. The more dispersed the crowd is, the lower the pressure. The 2-doors
scenario shows a more dispersed crowd in the zone before the vestibule. In other
words, the 2-door vestibule “forces the crowd” to split into two halves (one for
each door) which produces an overall density reduction (hence a pressure reduc-

tion). The parameter w is the key factor to control the crowd dispersion.

We computed the mean overlap to quantify the crowd pressure for differ-
ent structural conditions (d and w). This metric is the mean crowd overlap
averaged over time at different initial conditions. Fig. [0] shows the mean over-
lap as a function of w for different vestibule widths d. Fig. corresponds
to the 1-door vestibule and Fig. [9b] corresponds to the 2-doors vestibule. The

horizontal dashed line represents the mean overlap for the no-vestibule situation.

For all the explored conditions, the vestibule produces a lower mean overlap
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Figure 8: Snapshots of the numerical simulations at ¢t = 7s and vg = 6m/s. The circles
represent the simulated pedestrians. The color on each agent stand for the overlap level (see
scale on the right). The title on each plot refers to the layout condition. The 3 scenarios
shown begin with the same initial conditions (positions and velocities) for N=200 pedestrians.

The vestibule door width is w =8 in both cases.
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than the no-vestibule situation (all curves lies below the horizontal dashed line
in Fig.[9). The 2-door vestibule scenario (Fig. exhibits less pressure than the
1-door vestibule scenario (Fig. @ for any of the structural condition explored.
Roughly, the 2-door vestibule shows a decreasing mean overlap as w increases,

whereas the 1-door vestibule presents a quasi-constant pattern for any w value.

The decreasing trend in the 2-doors vestibule is a consequence of the crowd
dispersion. Recall that, increasing w means increasing the distance between the
edges of the 2 doors (see Fig. Therefore, in the 2-doors scenario, the higher
w, the more spread the crowd is. This phenomenon has a direct consequence

on the pressure reduction.

On the other hand, the 1-door vestibule does not significantly spread out the
crowd as w increases because the crowd is not split into two halves (unlike in

the 2-doors scenario). This is why the overlap exhibits a quasi-constant pattern

in Fig.
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Figure 9: Mean crowd overlap as a function of w for different vestibule widths d. The hor-
izontal dashed line represents the overlap for the no-vestibule situation. The overlap values
are averaged over time for 30 different initial conditions. The simulations finished when 180

agents left the room. The initial number of agents was N=200 and the desired velocity was

vg = 6m/s.
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Although the results presented in Fig. |§| correspond to vg = 6m/s, we ob-
tained similar patterns for desired velocities in the interval vy > 2.5m/s. We re-
mark that, in addition to the pedestrian-pedestrian interaction, the pedestrian-

wall interaction is taken into account in this analysis.

The above results can be summarized as follows. Our numerical simula-
tions indicate that the presence of a vestibule reduces the overall pressure in
the crowd. This result holds for any of the structural condition (varying w and
d). We highlight that the 2-door vestibule appears as the most effective way
of reducing the crowd pressure. The key to this pressure reduction has two
components. On one hand, the presence of the vestibule reduces the velocity
inside the vestibule region which reduces the pressure. On the other hand, the
increase in the parameter w allows the crowd to spread out, thus, reducing the

density in the area next to the vestibule.

5. Conclusions

We propose architectural improvements to enhance the evacuation perfor-
mance in emergency situations. We performed numerical simulations, in the
context of the social force model, in order to recreate a crowd of N=200 pedes-

trians evacuating a room under a highly stressing situation (vg > 3m/s).

We explored 3 layout conditions: the no vestibule scenario, the 1-door
vestibule, and the 2-doors vestibule. The structural parameters that charac-
terize the vestibule conditions are d (the vestibule width) and w (the vestibule
door width). We found that an adequate selection of these parameters can sub-

stantially increase the evacuation flow.

The optimal evacuation flow (J ~ 11p/s) is achieved at d = 4, w = 6 for

the 1-door vestibule and, at d = 4, w = 8 for the 2-doors vestibule. This
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is a remarkable improvement considering that the no-vestibule scenario yields

J ~ 6.5p/s (for vg = 6m/s in all cases).

The key to understanding this phenomenon is that d and w control the den-
sity in the inner vestibule region. Low density values (p ~ 1p/m?) produce a
suboptimal evacuation flow because there is unused space left close to the exit

door. This state makes the crowd to evacuate “in dribs and drabs”.

Intermediate density values (p ~ 2.5p/m?) maximize the evacuation flow
because the inner vestibule receives the maximum possible amount of pedestri-
ans without producing many blocking clusters at the exit door. In the opposite
case, high density values (p ~ 4p/m?), yield a suboptimal evacuation flow be-

cause it increases the probability of producing blocking clusters at the exit.

Another important achievement is the pressure reduction attained by the
vestibule layouts (in comparison with the no-vestibule scenario). Although both
of the explored vestibules (i.e. the 1-door and the 2-doors vestibule) reduce the
crowd pressure, it is the 2-doors vestibule the one that lowers the pressure the
most. This phenomenon occurs because increasing w in this layout forces the
crowd to spread out more, thus reducing the local density in the area before the

vestibule.

It is also quite relevant that this kind of architectural improvement do not
require the pedestrians to be trained to adopt the expected behavior for a suc-

cessful evacuation.

Although this is a numerical study, we believe that the principles elaborated
here are strong enough to be tested empirically in future investigations. As a
final word, we would like this paper to be a valuable source of inspiration for

future research that truly seeks to improve the human condition.
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Appendix A. Evacuation flow for a larger crowd

In order to make a brief assessment of the robustness of the results pre-
sented in this paper, we performed numerical simulations for a larger crowd.
In this appendix, we show the flow vs. w for different d values for an initial

crowd of size N=600 (remember that we have already shown results for N=200).

Fig. displays the results corresponding to the 1-door vestibule and
Fig. [A710D] shows the results corresponding to the 2-doors vestibule. The hori-
zontal dashed line stands for the evacuation flow in the “no-vestibule” scenario
at N=600. The most remarkable characteristic is that the vestibule still proves

to achieve a considerable flow increment for a crowd as large as N=600.

Both vestibule layouts seem to improve the evacuation performance. How-
ever, the 2-doors vestibule yields higher flow values than the 1-door vestibule.
Moreover, in the 2-door vestibule scenario, there is a wider range of structural

parameters d and w that surpass the flow of the no-vestibule condition.

The result presented in this appendix suggest that the vestibule improve-
ment can be extrapolated to larger crowds. Nevertheless, we strongly advice
exploring the scope and robustness of the vestibule in order to avoid unwanted

consequences for the safety of evacuating pedestrians.

Appendix B. Flow vs. door size in the no-vestibule condition

In Section @] we show the flow vs. w relationships for the 1-door vestibule
(Fig. [3)) and the 2-doors vestibule (Fig.[5). We noticed that the maximum flow
value for the 1-door vestibule is at w = 6, whereas the maximum flow value
for 2-doors is at w = 8. In this appendix, we provide an explanation for this

“shifting” behavior.
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Figure A.10: Evacuation flow as a function of the vestibule door width w. Each curve cor-
responds to a different vestibule width d. The horizontal dashed line indicates the flow for
the “no-vestibule” scenario. Data was averaged over 30 evacuation processes where the initial
positions and velocities were random. The initial number of pedestrians was N=600. See the

plot’s title for the corresponding layout.

First, we calculated the flow vs. w in a regular bottleneck (no-vestibule sce-
nario) to have a more fundamental understanding of the problem. Fig.
show the flow J vs. the door width w for different desired velocities. It is pos-

sible to observe 2 distinctive regimes.

The interval w < 7 is characterized by the faster-is-slower. This regime is
dominated by the blocking clusters and the friction force. On the other hand,
the interval w > 7 is characterized by the faster-is-faster phenomena (the higher
vg the higher the evacuation flow). In this regime, the door is so large that the

blocking clusters become unstable.

We focus on the faster-is-slower regime (w < 7) and the desired velocities
associated with high anxiety (vq > 3m/s). Therefore, in Fig. [B.11bf we “zoom
in” and show the evacuation flow as a function of w only for vg = 6m/s. It is

worth mentioning that any vg > 3m/s exhibits a similar behavior.
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At a first sight, it is possible to observe that the flow does not hold a linear
relation in w. This result is in agreement with the laboratory and empirical
results reported in Refs. [33] [34]. However, we acknowledge that there is an
ongoing discussion on this topic since other experiments seem to yield a linear

relation instead of a non-linear one [35] [36].

Nevertheless, the non-linear behavior exhibited in Fig. is a sufficient
justification for the “shifting” behavior in the flow vs. w curves (Fig. 3| and
Fig. [f). In other words, the non-linearity in J(w) implies that a layout with
only one exit of width w yields more evacuation flow than a layout composed
of 2 separated exits of w/2 each. If the J(w) was linear, then we would expect
no shifting behavior, since in this hypothetical case, the inflow to the vestibule
provided by the 1-door scenario would be the same as the 2-doors scenario (at

constant w).
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Figure B.11: (a) Evacuation flow as a function of door width w for the no-vestibule scenario.
See the legend for the desired velocities explored. The initial crowd size is N=200. Data was
averaged over 30 evacuation processes where the initial positions and velocities were random.
The simulation finished when 180 pedestrians left the room. (b) Results corresponding to
vg = 6m/s. The inset shows the linear regression applied to the log(J) and log(w). The
regression is defined as log(J) = m.log(w) + b. The slope value obtained from the linear fit is

m = 2.1.
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In order to have a deeper understanding of the phenomena. We calculated a
linear regression to the log data from Fig. [B.11b| (see the inset plot). The slope
obtained by this regression is m = 2.1. This means that the flow vs. w relation

holds a quasi-quadratic behavior.

Although the analogy with granular media accelerated by gravity is not
straightforward, we cannot fail to mention that there is an apparent similarity
between the behavior described above and the Hagen-Beverloo’s equation for

the flow discharge of particles in a silo [37].

Appendix C. Types of Blocking clusters

In this appendix, we illustrate the blocking clusters that can be formed in
the 2-doors vestibule layout. Three types of blocking clusters (BC) can be dis-
tinguished. The “exit door blocking cluster”, the “inside vestibule blocking
cluster” (which is formed formed perpendicular to the vestibule length), and
the “vestibule door blocking cluster”. This latter type of BC is formed in the

zone prior to the vestibule door.
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