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A multiplicity of situations can trigger o® an evacuation of a room under panic conditions. For

\normal" (with \normal" meaning absence of obstacles, perfect visibility, etc.) environmental
conditions, the \faster is slower" e®ect dominates the dynamics of this process. It states that as

the pedestrians desire to reach the exit increases, the clogging phenomena delays the time to get

out of the room. But, environmental conditions are usually far from \normal." In this work, we
consider that pedestrians have to ¯nd their way out under low visibility conditions. Some of

them might switch to a herding-like behavior if they do not remember where the exit was.

Others will just trust on their memory. Our investigation handles the herding and memory

e®ects on the evacuation of a single exit room with no obstacles. We also include a section on
how signaling devices a®ect the evacuation process. Unexpectedly, some low visibility situations

may enhance the evacuation performance. This can be resumed as a second paradoxical result,

since we demonstrated in an earlier investigation that \clever is not always better" G. A. Frank

and C. O. Dorso, Physica A 390, 2135 (2011).
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1. Introduction

The problem on how to enhance the evacuation process of pedestrians under panic

has called the attention of many researchers during the last decades. We can observe

a growing interest in building physical models that can handle (at least) the most

typical ingredients of a real escaping situation. Remarkable progress has been done

on the understanding of the pedestrians behavior in a dangerous situation,1,2 or the

role of obstacles during the evacuation process,3–5 or the e®ects of agents that can

a®ect visibility and conscious status of the escaping individuals.6,7

International Journal of Modern Physics C

Vol. 26, No. 1 (2015) 1550005 (18 pages)

#.c World Scienti¯c Publishing Company
DOI: 10.1142/S0129183115500059

1550005-1

http://dx.doi.org/10.1142/S0129183115500059


Our work focuses on the e®ects of low visibility during the evacuation of people

from a single exit room. But, in order to give a precise description of the environ-

mental conditions considered in our investigation, we will express explicitly our

working assumptions as follows:

(a) No sources of danger will be considered inside the room

The fatality statistics in building ¯res point out that more than 50% of the

fatalities occur in rooms away from the ignition location.8 Moreover, excluding

¯re barriers, the most important cause of fatalities is \not enough time to

escape."8 Therefore, we can assume that the complex clogging processes and

time delays during the evacuation take place away from the sources of danger.

Our attention will be placed on low visibility environments with no obstacles or

danger points. Thus, no movement restrictions are included in the analysis, out

of the limiting walls of the room.

(b) There is enough time to escape before pedestrians lose steadiness

Laboratory experiments and real life data show that smoke and heat not only

a®ect visibility, but provoke lose of steadiness, hypoxia and respiratory tract

damage.9–11 Table 1 resumes some piece of data on the \time available" until

environmental conditions become untenable.12

The second column in Table 1 represents, in some way, the time available for the

pedestrians to escape (see caption in Table 1). Thus, it is the time in which the

evacuation mainly depends on the pedestrians dynamic (crowd °ow and

\queuing," according to Ref. 15) and the room visibility conditions. It is, indeed,

the time period where we have been working in the last years and where we will

focus this investigation.3,16,17

(c) The visibility distances are consistent with emotional stability

The actual visibility distance depends on many factors (light sources, individuals

visual acuity, etc.), but tests show a fair correlation to the loss of light intensity

Table 1. Mean time until pedestrians lose steadiness and become unable to
escape from smoke (second column) for di®erent carbon monoxide (CO)

concentrations.12 Figures in the third column represent the amount of

newspapers (cellulose) needed to produce the same CO concentration in a

1000m3 room, according to data in Ref. 13. The fourth column is a rough
estimation of the visibility distance (lower and upper limits), assuming that

smoke conversion factor � is 0.01–0.12, and the mass speci¯c extinction

coe±cient Km (extinction coe±cient per mass density) is between 4.4 and

7.6m2/g. For details, see Sec. 1 and Ref. 14.

CO (ppm) Time (min) m (kg) d (m)

1600 20 4.70–5.52 0.60–14.5
3200 7.5 9.41–11.03 0.30–7.24

6400 1.5 18.82–22.07 0.15–3.62

12,800 < 1.5 37.65–44.14 0.07–1.81
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through a path length L, as stated in Beer–Lambert–Bouguer's law14

I

I0
¼ e�KL ð1Þ

for I0 and I meaning the light intensity at the beginning and at the end of the

path, respectively. K is de¯ned as the extinction coe±cient, measured in m�1. It

is also known as the \smoke density."

Experiments on the visibility captured by light re°ecting objects (such as human

bodies) show that the actual visibility distance is14

d ’ 3

K
: ð2Þ

Table 1 resumes the lower and upper limits for the distance d, according to data

given in Ref. 14. We can see that the expected visibility distances for ¯re

evacuation ranges from less than 1m to 14m.

However, complementary tests on people emotional instability in smoky envir-

onments show that the allowable \smoke density" for a safe escape lies between

0.5m�1 and 3.5m�1.18 Both limits correspond to visibility distances between

0.85m and 6m, according to Eq. (2).

In Sec. 4, we will show the results for the evacuation of individuals when the visibility

distances are 1, 2, 4 and 6m. For each visibility condition, we analyzed three kinds of

pedestrian behavioral patterns:

. The pedestrians were allowed to wander around alone (individualistic behavior).

. The pedestrians were able to follow other pedestrians, like a \herd" (herding-like

behavior, as explained in Sec. 2.2).

. The pedestrians were able to \follow the walls" instead of leaving contact after

they ¯nd one (see Ref. 7 for details).

In Sec. 4.1, we show the corresponding results for the individualistic and the herding-

like behaviors, while in Sec. 4.2, we show the results for the \following the wall"

behavior.

In Sec. 4.3, we examined the possibility of at least a fraction of the pedestrians

keeping memory of the exit location. Speci¯cally, we allowed 50% of the pedestrians

to move toward the door, trusting on their own memory. No \following the walls"

tendency was included in this section, since it only applies to memoryless individuals.

In Sec. 5, we resume all the conclusions from our research.

2. Background

2.1. Social force model for perfect visibility

The \social force model" exploits the idea that human motion depends on the

people's own desire to reach a certain destination, as well as other environmental
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factors.2,3 The own desire of a pedestrian is modeled by a force called the \desire

force" (fd). The reaction of pedestrians to environmental agents is represented by a

\social force" (f s). Additionally, sliding friction due to contact (i.e. body–body or

body-wall contact) is also included in the model as a \granular force" (f g).

The three kind of forces are described in detail throughout the literature.2,3 We

are going to resume the main expressions for each of them

f
ðiÞ
d ¼ mi

v
ðiÞ
d ðtÞê ðiÞ

d ðtÞ � viðtÞ
�

;

f
ðijÞ
s ¼ Aie

ðrij�dijÞ=Binij;

f
ðijÞ
g ¼ �gðrij � dijÞ�vijtij;

8>>>><
>>>>:

ð3Þ

where the indices i and j stand for two di®erent individuals. dij is the distance

between the central axis of individuals. The distance rij ¼ ri þ rj is the sum of the

pedestrians radius i and j. The unit vectors nij and tij are the normal (that is,

pointing in the direction ji
!
) and tangential directions, respectively. The function gð�Þ

is zero when its argument is negative (that is, rij < dij) and equals the argument for

any other case (see Sec. 2.3 for details). Further details can be found in Refs. 1–3, 16

and 17. Table 2 summarizes the most usual values for the experimental parameters

appearing in Eqs. (3).

The desired velocity magnitude vd in Eq. (3) represents the speed at which the

pedestrian is willing to move. For increasing anxiety levels, he (she) will desire to

move faster (although he actually is moving at another velocity viðtÞ). The pointing
direction is expressed by the unit vector êd. It indicates the target position where the

pedestrian is willing to go to. The acceleration time � is the time needed to reach his

(her) desired velocity.

The tendency of the pedestrians to keep some space between each other, or from

the walls, is represented by the \social force" f
ðijÞ
s in Eq. (3). These repulsive feelings

become stronger as people get closer to each other (or to the walls). Thus, f
ðijÞ
s is

modeled as an exponentially decaying function (see Eq. (3) and Table 2).

The sliding friction, or \granular force" (f
ðijÞ
g ), is assumed to be a linear function

of the relative (tangential) velocities of the sliding bodies �vij ¼ ðvj � viÞ � tij. The
function gð�Þ acts as an \on–o®" switch for contacting bodies.

Table 2. Most relevant parameters used for simulating

the escaping process from a crowded room.

Parameter Symbol Value Units

Force at dij ¼ rij Ai 2000 N

Characteristic length Bi 0.08 m

Pedestrian mass mi 70 kg
Contact distance rij 0.6� 0.1 m

Acceleration time � 0.5 s
Friction coe±cient � 2:4� 105 kgm�1s�1

G. A. Frank & C. O. Dorso

1550005-4



The above forces operate on the pedestrians dynamic by changing his (her) actual

velocity. The equation of motion for pedestrian i then reads

mi

dvi

dt
ðtÞ ¼ f

ðiÞ
d ðtÞ þ

X
j

f ðijÞs ðtÞ þ
X
j

f ðijÞg ðtÞ; ð4Þ

where mi is the mass of pedestrian i. The subscript j represents all other pedestrians

(excluding i) and the walls.

2.2. Social force model for imperfect visibility

Smoke and other eye-irritating agents may change the pedestrians dynamic. As

mentioned above, those pedestrians that are out of the visibility range can no longer

point to a target position (i.e. the exit), unless he (she) blindly trust on his (her)

memory. But, in those cases, where they cannot ¯gure out the way to leave the room,

the \desire force" in the social force model needs to be determined according to some

behavioral prescription.

Pedestrians who cannot remember the position of the exit, may try to ¯nd its

own way out, or, follow the others within their sight. The former is a purely

\individualistic" behavior, while the latter is the socio-psychological tendency to

do what other people do, and it is sometimes referred to as \mass" behavior or

\herding" behavior.2 Actually, people behave somehow in between these two

patterns.

We assume that the modulus of the desired velocity vd is only a®ected by the

pedestrians anxiety level. Thus, any behavioral pattern may change the desired

direction êd, but not the modulus vd. It has been suggested in Ref. 2 the following

general expression for êd

êdðtÞ ¼
�ðê1 þ � � � þ êjÞi*j þ ð1� �Þêi

jj�ðê1 þ � � � þ êjÞi*j þ ð1� �Þêijj
; ð5Þ

where the parameter 0 < � < 0:5 resembles the degree of the herding-like tendency

of the individual. Our \individualistic" pattern corresponds to � ¼ 0 in Eq. (5). On

the contrary, by setting � ¼ 0:5, we get a pointing direction êd that equally depends

on the nearby pedestrians desire and his (her) own desire, representing a completely

\herding-like" behavioral pattern. The corresponding expression reads

êhðtÞ ¼
ê1 þ � � � þ êi þ � � � þ êj

jjê1 þ � � � þ êi þ � � � þ êjjj
¼ hêji

jjhêjijj
� �

i�j

; ð6Þ

where the subscript i � j expresses that the pedestrians own velocity is included in

Eq. (6). This is for the obvious reason that he (she) will keep moving even when he

(she) cannot see other pedestrians from time to time.

Completely \individualistic" (� ¼ 0) and completely \herding-like" pedestrians

(� ¼ 0:5) are the only two situations to be considered in our investigation.
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2.3. Human clusters

Human clustering arises when pedestrians get in contact between each other. Our

de¯nition of human granular cluster Cg is the set of pedestrians that for every

member of the cluster (say, i) there exists at least another member of the cluster (j)

for whom the following condition is true

gðrij � dijÞ > 0; ð7Þ
where, as de¯ned in Sec. 2.1, rij ¼ ri þ rj is the pedestrian radii sum, dij is the

inter-pedestrian distance and g is a nonvanishing function only for rij > dij. From

all granular clusters, the blocking clusters are those that are in contact with

enough walls in order to stop the passage of other pedestrians to the exit. Blocking

clusters play an important role in the \faster is slower" e®ect, as shown in Refs. 16

and 17.

3. Numerical Simulations

We studied the evacuation process of 200 pedestrians escaping from a 20m� 20m

room with a single exit door. A 40m� 40m room was also examined for some special

situations. The door width was always set to L ¼ 1:2m, enough to allow up to two

pedestrians to escape simultaneously.16 The occupation density never exceeded

0.5 persons/m2, as suggested by healthy indoor environmental regulations.19

The pedestrians dynamic was computed following the Verlet approximation of

Eq. (4) (time-step of 10�4 s). The forces were evaluated from Eqs. (3). The corre-

sponding parameter values were those exhibited in Table 2. However, we introduced

some randomness in the pedestrians radius, as occurs in real life situations. We

assumed a uniform distribution (0:3m� 0:05m), as suggested in Ref. 2.

The process started with the pedestrians placed in a homogeneously distributed

arrangement throughout the room and each one having a desired velocity pointing to

the door, plus a random velocity vector of ¯xed magnitude 1.5m/s. At each time step

the pedestrians desired direction was updated according to Eq. (5), for the cases

� ¼ 0 (individualistic) or � ¼ 0:5 (herding-like). In those simulations that included

memory e®ects (see Sec. 4.3), the set of pedestrian that remembered the exit location

always pointed toward the door.

The individuals reaction to the walls was computed from the social and granular

forces expressed in Eqs. (3) (i.e. perfect elastic collisions). But, for those simulations

including the alternative \following the wall" behavior, we added the following rule

to all the individuals:

\If an individual contacts a wall, his (her) actual velocity direction switches to the

wall line direction. In the case that the individual is moving along the wall, as he

(she) approaches a corner, he (she) crosses along the shortest possible path to the

next wall as soon as he (she) sees it."

All the pedestrians were allowed to follow this new behavior (or rule) until one of

the two things happens: the pedestrian loses contact with the wall or he (she) reaches

G. A. Frank & C. O. Dorso
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the exit. An individual can lose contact with the wall because other pedestrian

pushed him away, or he is a herding-like pedestrian (moving in the same direction of

other nearby pedestrians, as described in Sec. 2.2). We implemented three possible

behavioral situations when \following the wall":

(a) We assume that all the pedestrians have the tendency to turn in the same

direction (indicated, for example, as a big arrow in Fig. 6). That is, they all

follow the wall to the right (clockwise in Fig. 6) or to the left. This situation

may occur in the presence of signals when all the \exit arrows" point in the

same direction.

(b) We assume that all the pedestrians turn toward the shortest possible path

(parallel to the wall) in the direction to the exit. This case may occur when

emergency signals point to the nearest exit. That is, the \emergency arrows"

point right or left depending on its speci¯c place in the room (see the two big

arrows in Fig. 6, as an example).

(c) We assume that there is no signaling at all, and individuals who come into

contact with the wall (and also when encountering another pedestrian) decide

whether to turn right or left by consensus. The consensus is simply asserted by

the majority of the pedestrians in contact with the wall and with other

pedestrians. For example, if two pedestrians moving to the left encounter three

pedestrians moving to the right, the hole cluster of ¯ve pedestrians will choose

to move to the right.

These three situations were placed either in an environment of individualistic-like

or herding-like pedestrians. Full loss of memory was assumed to be compatible with

the psychological behavior of \following the wall."

In all the numerical experiments, the evacuation process ran for 1000 s or until

90% of the occupants left the room, whatever occurred ¯rst. All positions and

velocities were sampled at time intervals of 0.1 � . No re-entering mechanism was

allowed.

The anxiety interval explored in this work covered the range between a relaxed

motion (vd ¼ 0:5m/s) and a panicking rush (vd ¼ 6m/s). For any impatience situ-

ation (¯xed vd value), 20 evacuation processes were recorded. In order to keep the

analysis as simple as possible, we assumed that all the individuals had the same

anxiety level in each process.

4. Results

In what follows we show the evacuation results for the following conditions

. Low visibility with full memory loss (without \following the wall") in Sec. 4.1.

. Low visibility including the \following the wall" behavior in Sec. 4.2.

. Low visibility with memory e®ects (and no \following the wall") in Sec. 4.3.

Evacuation under limited visibility
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4.1. Low visibility e®ects with full memory loss

As a ¯rst step we measured the mean evacuation time hti (MET) of 20 evacuation

processes when no one of the pedestrians remembered the exit position. In Fig. 1, we

show a snapshot of a single realization for pedestrians moving like a \herd" (see

Sec. 2.2). The color grouping was performed by classifying neighboring pedestrians

into sets of almost the same desired direction êd (tolerance of 10%).

Figures 2(a) and 2(b) exhibit the mean evacuation time of 20 realizations as a

function of the desired velocity vd for herding-like pedestrians. Only the 2m visibility

condition shows a monotonically decreasing behavior for increasing anxiety levels.

For the 4m, 6m and perfect visibility conditions, the faster is slower e®ect appears

(see Fig. 2). These results also hold for individualistic pedestrians (not shown here).

Figure 3 shows the MET as a function of the visibility distance. The steepest

increase in the evacuation time occurs along the visibility range between 2m and 4m.

We will focus on this range for a detailed clogging analysis. For visibility levels

between 1m and 2m, an increase in the evacuation time can also be captured (see

Fig. 3). However, an inspection of the animations shows that no relevant clogging

occurs near the door. Instead, the pedestrians remain wandering around, although

they may pass very close to the exit. Smoke is so dense that they become almost

blind. It seems to be an unlikely scenario, if we realize that individuals have a

tendency to \follow the wall" for very low visibilities, as mentioned in Ref. 7. For this

Fig. 1. (Color online) Snapshot of the evacuation process from a 40m� 40m room. Pedestrians are

represented by circles. The circles color (on-line version only) means that pedestrians within the same color

group are moving like a \herd," pointing to almost the same desired direction êd within a 10% tolerance
and very close to each other (no one remembers the exit position). The desired velocity is vd ¼ 4m/s. The

color group close to the door is the blocking cluster. The visibility distance is 2m, while the door width is

L ¼ 1:2m.
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Fig. 2. (Color online) Mean evacuation time hti (in seconds) as a function of the desired velocity vd (m/s)

for the ¯rst 160 pedestrians and a door width L ¼ 1:2m. (a) The plot on the left represents a room of size
20m� 20m. (b) The plot on the right represents a room of size 40m� 40m. The blue (squared) data

corresponds to a visibility distance of 2m, the red (triangular) data represents a visibility distance of 4m

and the green (rounded) one corresponds to a visibility distance of 6m. These three situations assume that

the herding behavior is present. The mean evacuation time for perfect visibility (and no herding) has been
included as a black continuous line in plot (a).

1 2 3 4 5 6
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175

225

275
Mean evacuation time <t>

d

Fig. 3. (Color online) Mean evacuation time hti (in seconds) as a function of the visibility distance (in

meters), for the ¯rst 160 pedestrians and a door width of L ¼ 1:2m. Mean values were computed from 20
realizations. The desired velocity was vd ¼ 4 (m/s). The room size was 20m� 20m. The blue (circles)

represent the mean evacuation time, while the dashed lines correspond to the �� (standard deviation)

bound. It was assumed a herding-like behavior.
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reason, we will leave the analysis of this situation to Sec. 4.2, in order to include a

change in the pedestrians behavior.

4.1.1. The blocking dynamics

In Fig. 4, we show the size of the blocking cluster as a function of time for a single

evolution (2m and 4m distances, and herding-like pedestrians). It represents the

number of individuals belonging to the blocking cluster along time (see Sec. 2.3).

Only the time period after the red dashed line is of our interest (see Fig. 4). For the

2m visibility distance, the landscape exhibits only a few large blocking clusters

(approximately eight in Fig. 4(a)). They \live" for a very short time period, while in

between, only small blockings or even unclogged periods can be observed. For the 4m

visibility distance, instead, the big blocking clusters are present almost all the time.

An inspection of the movies generated by the processes in Figs. 4(a) and Fig. 4(b),

actually con¯rms the di®erences between both regimes. Pedestrians can \go" ahead

toward the exit pretty easily in the 2m visibility situation, although they might get

stuck (or \stopped") from time to time. This claims to be recognized as a \stop and

go" process. On the contrary, the 4m visibility situation, shows a persistent bulk

of pedestrians close to the exit, while others wander about the room. Wandering

pedestrians arrive to the bulk surroundings from time to time. They might join the

bulk if they see the exit, or they might continue wandering around. Thus, bulk

0 25 50 75 100
0

70

140

210

280

t

Size of the blocking cluster

visibility 2m

(a)

0 25 50 75 100
0

70

140

210

280

t

Size of the blocking cluster

visibility 4m

(b)

Fig. 4. (Color online) Number of individuals belonging to the blocking cluster along time (in seconds) for

a single evacuation process. The red dashed line at t ¼ 15 s represents the approximate starting time of the

\stop and go" regime (time before that is not of our interest, since it represents the very beginning of the

simulation, from uniformly distributed pedestrians to a well established panic situation). (a) On the left
plot, the pedestrians visibility is 2m, while (b) on the right plot, is 4m. In both cases, the pedestrians follow

a herding-like behavioral pattern. The desired velocity (anxiety level) is vd ¼ 4m/s. The size of the room

was 20m� 20m, and the door width was L ¼ 1:2m.
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(clogging) dynamics persist as long as wandering pedestrians continue \feeding"

the bulk.

4.1.2. The blocking cluster size distribution

To further explore the e®ect of the visibility conditions on the blocking formation, we

examined the probability of occurrence of these blockings as a function of its size for

the 2m and 4m visibility situation. Figure 5 shows the corresponding histogram for

20 evacuation processes.

Figure 5(b) (4m visibility) exhibits a remarkable jump in the number of blocking

clusters for those ones exceeding 50 pedestrians. The maximum occurrence is around

60 pedestrians. We can show that this cluster size corresponds to a semi-circular bulk

of radius close to 4m as follows.

Let us assume that the bulk is compact, and thus, its area density occupied by

pedestrians is close to the optimal packing density �=
ffiffiffiffiffi
12

p
(corresponding to a hex-

agonal packing arrangement). The bulk may have an e®ective half circular area

�R2=2 with e®ective radius R. If each pedestrian occupies an area �r 2i (ri ’ 0:3m),

then the e®ective (optimal) radius is just about R ’ 1:485� ri �
ffiffiffi
s

p
. For the most

probable cluster size s ¼ 60, the e®ective radius gives R ’ 3:45m. This is, indeed,

pretty close to the visibility distance of 4m.

1 50 100 150 200
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−2

10
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No. blockings (visibility 2m)

(a)
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No. blockings (visibility 4m)

(b)

Fig. 5. (Color online) Mean number of blocking clusters of size s (people belonging to the cluster). The
vertical axis represents the total number of blocking clusters (as a function of the size s), divided by 20

evacuation processes. The desired velocity vd was 4m/s and the room size was 20m� 20m. The red

(triangular) data corresponds to a herding-like behavior while the blue (squared) data points correspond to

an individualistic behavior. The pedestrians were not able to remember the exit location. (a) The plot on
the left shows the results for the visibility distance of 2m. The dashed black line was included to show the

matching with a power-law of exponent �1:92. (b) The plot on the right shows the results for the visibility

distance of 4m.
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The same analysis can be done for the 6m visibility situation. For an e®ective bulk

radius of 6m we get a cluster size of s ¼ 181. Almost all of the pedestrians might

belong to the bulk, and thus, this situation does not di®erentiate much from the

perfect visibility one (see Fig. 2).

If we now set the e®ective radius to R ¼ 2m and repeat the computation for the

corresponding cluster size s as above, we ¯nd that it should be s ¼ 20 pedestrians.

Thus, the probability of occurrence of blockings should hold for s � 20 pedestrians to

achieve a faster is slower e®ect, as occurs for the 4m visibility situation. Instead,

Fig. 5(a) exhibits a transition to a power-law regime for the \individualistic" be-

havior, while the blocking occurrence for \herding-like" pedestrians jumps down

above s � 10. Both downward tendencies for s � 20 indicate that the faster is slower

e®ect is somehow not possible.

4.1.3. Concluding remarks from the blocking analysis

From the inspection of Figs. 2–5, we conclude that the visibility conditions work as

blocking cluster size controllers, and consequently, as clogging controllers. For low

visibility conditions (say, 2m), blocking clusters are small, short lived, at low pres-

sure and clogging is not dominant. Thus, no faster is slower e®ect is allowed to

happen. But, as the visibility conditions clear up, the visibility area increases, and

consequently, more pedestrians are able to join the bulk (see Fig. 5). The clogging

dynamics dominate the evacuation process, allowing the faster is slower e®ect.

4.2. Low visibility e®ects for \following the walls" behavior

In the previous section, all pedestrians were expected to be repelled by the walls as

dictated by the social force model Eq. (3). However, as already mentioned at the end

of Sec. 1, pedestrians might suddenly switch to a \following the wall" behavior. We

implemented this alternative behavior in three possible ways: (a) all the pedestrians

move in the same direction (clockwise in Fig. 6), (b) the pedestrians move toward the

shortest path to the exit and (c) they choose a direction by consensus (see Sec. 3 for

details).

4.2.1. Visibility of 1m and 2m

Figure 7 shows the MET for 160 pedestrians in a very heavy smoke situation (visi-

bility of 1m and 2m).

For the (a) (clockwise) situation we observe that the faster is slower e®ect never

occurs, although a small increase of the MET can appear for herding-like pedestrians

with high anxiety levels. We traced this e®ect on the animations, and found that the

\herd" moving around the room \dragged" a few pedestrians that were close to the

door inside the room, leaving the exit free. Thus, any faster is slower e®ect can be

rejected when \following the wall" in a given direction.

For the (b) (shortest path) situation, the results obtained were completely un-

expected. We get a faster is slower e®ect, even though indicating the shortest path
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along the wall to the pedestrians was supposed to enhance the evacuation. But,

pedestrians following the wall from both sides of the exit, build blocking clusters

when they meet at the door, raising up the time delays.

For the (c) (consensus) situation, no faster is slower can be observed at all.

However, it is clear that the evacuation time is now higher than in the case when the

pedestrians were \repelled" by the walls. We found in our movies (not plotted in this

(a)

(b)

Fig. 6. (Color online) Snapshots of the evacuation process from a 20m� 20m room. Pedestrians are

represented by circles. The desired velocity is vd ¼ 4m/s. The visibility distance is 2m, while the door

width is L ¼ 1:2m. In both situations, the pedestrians have a \herding-like" behavior (unless they contact

the wall) and neither of them remember the exit position. (a) On top, we see that those individuals who are
following the wall move in the clockwise direction. It is assumed that there exists an \emergency arrow" on

each wall that points to the right. (b) On the bottom, we can see two behavioral groups. The ¯rst group are

those pedestrians who follow the walls toward the exit (presuming that the \emergency arrows" point to

the shortest path to the exit). The second group, in the middle of the room, are those pedestrians moving
like a herd that are still wandering for the exit.
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article) some kind of \hesitation" of some small human clusters in contact with the

walls. As people get in contact or lose contact with other pedestrians, the consensus

decision changes, and thus, the group may go back for some time in the opposite

direction. Additionally, we noted that for very low visibilities (say, 1m visibility) the

pedestrians did not see the corners until they are almost there, and thus, they were

not able to shorten the path to the next wall. This is another source of time delay.

4.2.2. Visibility of 4m and 6m

Figure 8 shows the mean evacuation time for visibilities of 4m and 6m, respectively.

For the (a) and (c) situations (clockwise and consensus, respectively), the faster is

slower e®ect is present. We did not include in Fig. 8 the consensus case for 6m

visibility since the pedestrians were able to shorten their way across the corners, and

the e®ects of consensus could not be seen clearly enough. Despite of that, we can

observe no qualitative di®erences for the MET between \following the wall" or been

\repelled" by the wall (compare Figs. 2 and 8).

For the (b) (short path) situation, only the 4m visibility condition shows a sig-

ni¯cant (qualitative) change with respect to the results obtained in the previous

section (see, for example, Fig. 2). In this case, the faster is slower e®ect is more

signi¯cant than in Fig. 2 since now the clogging near the door is powered by the

pedestrians arrival from the right and left walls.
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Fig. 7. (Color online) Mean evacuation time hti (in seconds) as a function of the desired velocity vd (m/s)

for the ¯rst 160 pedestrians and a door width L ¼ 1:2m. The room size was 20m� 20m. Continuous lines

represent an \individualistic" behavior, while dashed lines represent a \herding-like" behavior. The blue

lines (squares) correspond to the situation of the pedestrian turning right (i.e. clockwise or (a) situation).
The red lines (triangles) correspond to the situation when the pedestrians take the shortest path to the exit

while following the walls (i.e. shortest path or (b) situation). The green lines (circles) correspond to the

consensus situation (i.e. (c) situation). On the left, the visibility distance was 1m. (b) On the right, the

visibility distance was 2m.

G. A. Frank & C. O. Dorso

1550005-14



4.3. Low visibility with memory e®ects

It may happen that some of the pedestrians do remember the exit position and,

although they cannot see it, they rush toward this direction. We examined this

situation by allowing 50% of the pedestrians, chosen at random, to point êd toward

the door. The evacuation times for visibility distances of 2m and 4m are shown in

Fig. 9.

The faster is slower e®ect is always present when 50% of the pedestrians re-

member the exit position, either for the \individualistic" or the \herding-like" be-

havior (see Fig. 9). If the faster is slower e®ect was already present, as shown for the

memoryless pedestrians in Fig. 2(b), adding memory to some of the pedestrians

enhances the e®ect (see Fig. 9(b)).

Our working hypothesis is now that allowing half of the crowd to point to the door

causes the same e®ect as increasing the visibility distance, regardless of the \herding-

like" tendency. In order to check this hypothesis, we examined the blocking cluster

size for 20 evacuation processes. Figures 10(a) and 10(b) show the results for mem-

oryless pedestrians (on the left) and 50% of remembering pedestrians (on the right).

When memory is added to 50% of the pedestrians, we observe that the blocking

cluster becomes bigger with respect to the memoryless situation. More than 100

individuals belong to the blocking cluster, regardless of the visibility condition (2m

or 4m). Thus, the visibility distance no longer regulates the bulk size.
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Fig. 8. (Color online) Mean evacuation time hti (in seconds) as a function of the desired velocity vd (m/s)

for the ¯rst 160 pedestrians and a door width L ¼ 1:2m. The room size was 20m� 20m. Continuous lines

represent an \individualistic" behavior, while dashed lines represent a \herding-like" behavior. The blue

lines (squares) correspond to the situation of the pedestrian turning right (i.e. clockwise or (a) situation).
The red lines (triangles) correspond to the situation when the pedestrians take the shortest path to the exit

while following the walls (i.e. shortest path or (b) situation). The green lines (circles) correspond to the

consensus situation (i.e. (c) situation). On the left, the visibility distance was 4m. (b) On the right, the

visibility distance was 6m
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Fig. 9. (Color online) Mean evacuation time hti (in seconds) as a function of the desired velocity vd (m/s)

for the ¯rst 160 pedestrians and a door width L ¼ 1:2m. The room size was 20m� 20m. Circles represent

a \herding-like" behavior, while squares represent an \individualistic" behavior. The red lines correspond
to the evacuation when 50% of the pedestrians remember where the exit was. The blue lines correspond to

\individualistic" memoryless pedestrians (included for comparison reasons). (a) On the left, the visibility

distance was 2m. (b) On the right, the visibility distance was 4m.
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Fig. 10. (Color online) Mean size of the blocking cluster versus time (in seconds). The mean size was

computed over 20 evacuation processes (room size of 20m� 20m). The pedestrians desired velocity vd was
4m/s, moving individualistically. (a) The left plot corresponds to pedestrians with no memory on the exit

location. (b) The plot on the right shows the same results but for 50% of the pedestrians remembering the

exit location. On both plots, the visibility distance was 2m for the data in blue, and 4m for the data in red.
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Recalling our computation of the e®ective radius R ’ 1:485� ri �
ffiffiffi
s

p
from

Sec. 4.1.2, we realize that more than 100 individuals will ensure a compact bulk of

e®ective radius R > 4:45m. Thus, for the 50% remembering simulation, the blocking

cluster will be bigger than the visibility distance almost all the time (until enough

pedestrians leave the room).

On the contrary, suppose that the e®ective radius resembles the visibility distance

for the 2m condition. The corresponding size of the blocking cluster would be around

20 pedestrians. But, since 50% of them (100 pedestrians in our simulation) wish to go

to the door, this e®ective radius will not be tenable.

5. Conclusions

We modeled three pedestrian behavioral patterns in the context of the \social force

model" under low visibility conditions: individualistic, herding-like and the

\following the wall" pattern. We also allowed half of the pedestrians to remember the

exit location.

We ¯rst analyzed the evacuation process for memoryless individuals in an envi-

ronment of 2m, 4m and 6m visibility distances. We found that the 2m visibility

situation has the best evacuation performance, since most blocking clusters become

suppressed by this short visibility distance. This is a paradoxical result because

heavy smoke is not expected to be an evacuation enhancer.

The 4m and 6m visibility conditions allowed larger blocking clusters, since now

pedestrians from larger distances are able to reach the exit. The whole clogging

dynamics resemble that of the perfect visibility situation (in the context of the \social

force model").

These results showed no di®erence in the evacuation performance if the pedes-

trians were more \individualistic" or, on the contrary, they moved like a \herd." We

found that the way the pedestrians \arrived" to the exit surroundings was really not

important. Only the visibility condition was able to control the clogging dynamics,

and consequently, the existence of long lasting delays.

As a second step in the investigation, we allowed the pedestrians to \follow the

walls" instead of \bouncing the walls." We worked out three possibilities (see

Sec. 4.2): (a) all the pedestrians turn right (clockwise) as they contact the walls, or

(b) the pedestrians took the shortest direction to the exit, or (c) they move to the

right or to the left only by consensus between nearby pedestrians. Four visibility

conditions were examined: 1, 2, 4 and 6m.

We found that, under the tested conditions, \following the wall" in a single

direction (i.e. (a), clockwise) turned to be the best strategy, except for \herding-like"

pedestrians in a 2m visibility environment. In this case, we found that the herd

\dragged inside the room" the few pedestrians that were about to leave, causing

delays in the evacuation process.

The (b) strategy (i.e. following the walls toward the shortest distance to the exit)

was the worst one. We observed that the clogging dynamics became powered by the
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pedestrians who \follow the walls" on both sides of the exit. Pedestrians push from

both sides of the door, increasing pressure near the exit. Consequently, the faster is

slower e®ect appeared.

The (c) strategy (i.e. consensus) showed the same qualitative evacuation per-

formance as if \bouncing the walls".

When 50% of the pedestrians were allowed to remember the exit location, clog-

ging immediately arose as the dominant e®ect. The situation resembled the nearly

perfect visibility scenario due to the increase in the blocking cluster size. In the end,

we realized that memory e®ects have very similar consequences as increasing the

visibility distance.

Acknowledgments

C.O. Dorso is member of the \Carrera del Investigador" CONICET, Argentina. G.A.

Frank is an Assistant member of the \Carrera del Investigador" CONICET.

References

1. D. Helbing and P. Moln�ar, Phys. Rev. E 51, 4282 (1995).
2. D. Helbing, I. Farkas and T. Vicsek, Nature 407, 487 (2000).
3. G. A. Frank and C. O. Dorso, Physica A 390, 2135 (2011).
4. R. Escobar and A. D. L. Rosa, Architectural Design Optimization for the Survival of

Panicking Fleeing Victims (Springer-Verlag Berlin, Heidelberg, 2003).
5. B. Piccoli and A. Tosin, Contin. Mech. Thermodyn. 21, 85 (2009).
6. T. Jin, Studies on human behavior and tenability in ¯re smoke, in Proc. 5th Int. Symp. on

Fire Safety Science (1997).
7. M. Isobe, D. Helbing and T. Nagatani, Phys. Rev. E 69, 066132 (2004).
8. A. Hasofer and I. Thomas, Fire Saf. J. 41, 2 (2006).
9. H. Harlan Stone, D. Rhame, J. Corbitt, K. Given and J. Martin Jr., Ann. Surg. 165, 157

(1967).
10. T. Jin, J. Fire Flammability 12, 130 (1981).
11. S. Marsar, Fire Eng. 1 (2010).
12. M. Goldstein, J. Emerg. Nurs. 34, 538 (2008).
13. J. Olsen, G. Ferguson and L. Sche°an, Ind. Eng. Chem. 25, 599 (1933).
14. G. Mulholland, Smoke production and properties in SFPE Handbook of Fire Protection

Engineering, 2nd edn, Chap. 15, eds. P. J. Di Nenno et al. (National Fire Protection
Association, Quincy, MA, USA & Society of Fire Protection Engineers, Boston, MA,
USA, 1995), pp. 267–272.

15. C. Ng and W. Chow, Int. J. Archit. Sci. 7, 1 (2006).
16. D. Parisi and C. Dorso, Physica A 354, 606 (2005).
17. D. Parisi and C. Dorso, Physica A 385, 343 (2007).
18. M. Tuomisaari, Visibility of Exit Signs and Low-Location Lighting in Smoky Conditions

NORDTEST Project No. 1174-94, VTT (Technical Research Centre of Finland, 1997),
p. 32.

19. M. Mysen, S. Berntsen, P. Nafstad and P. Schild, Energy Build. 37, 1234 (2005).

G. A. Frank & C. O. Dorso

1550005-18


	Evacuation under limited visibility
	1. Introduction
	2. Background
	2.1. Social force model for perfect visibility
	2.2. Social force model for imperfect visibility
	2.3. Human clusters

	3. Numerical Simulations
	4. Results
	4.1. Low visibility effects with full memory loss
	4.1.1. The blocking dynamics
	4.1.2. The blocking cluster size distribution
	4.1.3. Concluding remarks from the blocking analysis

	4.2. Low visibility effects for &ldquo;following the walls&rdquo; behavior
	4.2.1. Visibility of 1m and 2m
	4.2.2. Visibility of 4m and 6m

	4.3. Low visibility with memory effects

	5. Conclusions
	Acknowledgments
	References


