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Understanding the timing requirements for evacuation of people has focused primarily on in-

dependent pedestrians rather than pedestrians emotionally connected. However, the main

statistical e®ects observed in crowds, the so-called \faster is slower", \clever is not always

better" and the \low visibility enhancement", cannot explain the overall behavior of a crowd
during an evacuation process when correlated pedestrians due to, for example feelings, are

present. Our research addresses this issue and examines the statistical behavior of a mixture of

individuals and couples during a (panic) escaping process. We found that the attractive
feeling among couples plays an important role in the time delays during the evacuation of a

single exit room.

Keywords: Evacuation; panic; couples; time delays.

PACS Nos.: 45.70.Vn, 89.65.Lm.

1. Introduction

The basic social force model (SFM) introduced by Helbing et al. handles the way how

people move upon others.1 The model is suitable for drawing conclusions about the

e®ects of panic escape for increasing levels of impatience.1

The private sphere or territorial e®ect is the major behavioral pattern in the basic

SFM model due to the interaction with other pedestrians, although other attractive
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e®ects were mentioned from the beginning.1 It was suggested that the attractive

e®ects could be simply modeled as monotonic increasing potentials.

Braun et al.2 realized that for a better description of a group structure, it is

necessary to include the properties of altruism and dependency in each pedestrian.

These individual characteristics are responsible for some speci¯c changes in the be-

havioral pattern of pedestrians inside groups. Thus, Braun and co-workers proposed

that an attractive force should be added between pedestrians of the same group,

while any individual characteristic will regulate its strength.2

Although the \family force" (that is, the attractive force between members of a

group) seems to be good enough for modeling grouping patterns, it does not ful¯ll the

expected behavior for very asymmetric individual characteristics.3 The desired ve-

locity of very dependent pedestrians (such as people with disabilities or any indi-

vidual in need of help) vanishes, and therefore, the whole group may slow down. The

SFM needs some kind of tuning for these situations.3

Researchers have hypothesized about the proper mathematical de¯nition of the

\family force". Braun's de¯nition takes into account the distance between group

members and the distance to the target, among other parameters.2 But Lanman4

realized that the attraction between members of the same group should hold until a

certain cuto® distance. This cuto® is associated with the possibility of the pedestrian

to note the other member in a crowded environment.4

Santos and Aguirre5 called the attention on the fact that \social cohesion" is an

important characteristic of any evacuating group. People can establish di®erent

degrees of social relationships before the panic situation. But other feelings, such as

altruism or solidarity during the evacuation, may change the way they get involved.

Thus, group size and cohesion are somehow related characteristics.

Social cohesion may cause delays in the evacuation because concern for other

people implies interest in their opinions, and thus, more time to arrive to a collective

decision.5 Consensus is expected to be more time consuming in larger groups and in

smaller ones.5 In order to surpass this phenomenon, we will study only two member

groups (couples).

In recent years, the social cohesion investigation has been assisted by image de-

tection algorithms.6 Video analysis has shown that large groups have a tendency to

move in spacial patterns. These patterns are supposed to make easier the commu-

nication between group members while they keep walking together. However, an

appropriate mathematical description seems to need at least three di®erent forces

(included the \family force") to reproduce the right pattern.7 We will not examine

the pattern formation, since we want to focus on the cohesion force only. This is the

second reason for limiting the scope of our investigation to couples.

In Sec. 2, we will present the highlights of the SFM. In Sec. 2.2, we will de¯ne an

attractive force that takes into account the requirements mentioned by Braun and

Lanman.2,4 In Sec. 4, we will show the results of our research and the corresponding

conclusions can be found in Sec. 5.
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2. Background

The basic \SFM" states that human motion depends on the people's own desire to

reach a certain destination, as well as other environmental factors.8,1 The former is

modeled by a force called the \desire force", while the others are represented by

\social forces" and \granular forces".

Pedestrians are supposed to have the desire to reach a speci¯c target position.

But, in order to reach the target at the desired velocity vd, he (she) needs to accel-

erate (decelerate) from his (her) current velocity vðtÞ. This acceleration (or decel-

eration) represents a \desire force" fd because it is motivated by his (her) own

willing. Its mathematical expression for pedestrian i is

f
ðiÞ
d ðtÞ ¼ mi

v
ðiÞ
d ðtÞ � viðtÞ

�
; ð1Þ

where � represents the relaxation time needed to reach his (her) desired velocity. Its

value is determined experimentally.9

The desired velocity has magnitude vd and pointing direction êd. While vd
represents his (her) state of anxiety, êd indicates the target position where the

pedestrian is willing to go to. There is no unique behavioral pattern for this mag-

nitude, as pedestrians may handle each situation di®erently. However, in the context

of a panic situation, we can assume that all the pedestrians will point straight

forward to the closest exit.

Some environmental agents may produce a reaction on the pedestrians, giving rise

to \social forces", and causing the pedestrians to change his (her) current velocity. In

the context of an evacuation process, if no acquittance, friendship or family

engagements exist, the most common feeling experienced by pedestrians is the ten-

dency to keep some space between each other, or, from the walls.1 These feelings

become stronger as people get closer to each other or to the walls. Thus, the most

relevant \social force" in a panic situation is a repulsive monotonic force

that depends on the pedestrian–pedestrian (or wall–pedestrian) distance dij. It is

modeled as

f ðijÞs ¼ Ai e
ðrij�dijÞ=Binij ð2Þ

for ij representing either pedestrians or walls. nij is the unit vector in the ji
!

direction

and rij ¼ ri þ rj is the sum of pedestrian radius i and j. If j represents a wall, then rj
should be set to zero. The parameters Ai and Bi are estimates given in Ref. 8 and

references there in.

The emotional reactions due to friendship or family engagements may also be

handled as \social forces".1 They are responsible for the attractive dynamics between

two or more pedestrians. Still, it is not easy to get a mathematical expression for

these forces. In Sec. 2.2, we will give a more precise description on this issue.

The sliding friction that appears between contacting people (or between

people and walls) is present in the model as a \granular force". It is assumed to be
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a linear function of the relative (tangential) velocities. Its mathematical expression

reads

f ðijÞg ¼ �ðrij � dijÞ�ðrij � dijÞ�vij � tij; ð3Þ
where �vij is the velocity di®erence between contacting pedestrians. tij is the unit

tangential vector, orthogonal to nij. � is an experimental parameter. �ð:Þ is the

Heaviside cuto® function.

Further details on f sðtÞ and f gðtÞ can be found throughout the literature.1,8–11 All

experimental parameters appearing in Eqs. (1)–(3) are the same as in Ref. 9.

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.

2.1. Human clusters

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

morphological structures are responsible for the time delays during the evacuation

process.11,10 Thus, for future analysis a precise de¯nition of this kind of structures is

needed.

Our de¯nition of 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

dij < ri þ rj: ð5Þ
In Sec. 2, we have already de¯ned the meaning of these magnitudes.

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

the walls on both sides of the exit. The minimum blocking structure is a term that we

will use to address the minimum set of contacting pedestrians (belonging to a

blocking cluster) that connects the walls on both sides of the exit. Roughly speaking,

it refers to the shortest chain of contacting pedestrians that links both sides of the

exit door (see Fig. 1).

2.2. Attraction between individuals (couples)

It has been proposed that attractive e®ects should enter the SFM in the same way as

the repulsive forces.1 But, unlike the repulsive potential, attraction makes people to

feel comfortable by sharing some space in common. If one of the partners is pushed

aside, he (she) will try to move back to the space that he (she) was sharing. Thus, the

attractive force holds until the space in common gets restored. At this point, the

attractive feelings are supposed to balance the private sphere feelings.
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Any choice for the attractive potential should meet the above behavior. Actually,

a potential well quali¯es as a short range function resembling a space in common. A

simple potential well is the Fermi-like function. Other functions are also possible, but

this one is a good starting point for its simplicity. The Fermi-like potential reads as

follows:

U ðijÞðdijÞ ¼ ��½1þ eðdij�CiÞ=Di ��1 ð6Þ
for � representing the intensity of the attraction. Ci andDi are ¯xed values. The force

associated with this potential can be expressed as

f ðijÞa ¼ � �

4Di

cosh�2
Ci � dij
2Di

� �
nij: ð7Þ

The inspection of Eqs. (6) and (7) shows two main properties. First, the attractive

feelings hold for a short range, where the pedestrians are still aware of sharing a place

in common. This is in agreement with the cuto® distance introduced by Lanman4

(see Sec. 1). Secondly, if any partner comes too close to another, the attractive

feelings vanish, as expected. Recall that the repulsive feelings should prevail inside

the private sphere.

In order to settle the values of Ci and Di, we may realize that Eqs. (2) and (7)

depend on similar arguments. The magnitude Bi in Eq. (2) controls the typical

length of the social interactions. The same role plays 2Di in Eq. (7). Therefore, as a

¯rst approximation, we can ¯x Di ¼ 0:5Bi, under the likely hypothesis that pedes-

trian feelings share similar characteristic lengths.

Fig. 1. (Color online) Snapshot of an evacuation process through a single door. Engaged individuals

(i.e. couples) are shown in the same color, except for the orange that corresponds to independent indivi-
duals (online version only). Theminimum blocking structure is the set of those individuals represented by a

line pattern inside the circles.
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When dij ¼ Ci, the attractive force f
ðijÞ
a comes to a maximum (modulus), while

the Fermi potential goes down to �=2 (modulus). However, we would not expect the

attractive e®ect to trespass the private sphere of the pedestrians. Recalling Eq. (2),

we can see that this occurs for dij ¼ 2rij, roughly the width of one person. Thus, we

¯xed Ci ¼ rij þ 7Bi, which is close to 2rij.

Regardless of the intensity of the attraction, f
ðijÞ
a should vanish smoothly at

dij ¼ rij. This is a drawback of the Fermi-like function. We explain how to overcome

this issue in Sec. 3.

It is worthy of remark that all the attractions between pedestrians f
ðijÞ
a sum in the

same way as f
ðijÞ
s in Eq. (4).

3. Numerical Simulations

3.1. Geometry and process simulation

We simulated the evacuation of a 20� 20m room with a single exit as described in

Refs. 9 and 12. This was done for a better comparison of the current situation with

those in which pedestrians are not really involved between each other. Any detailed

information on the geometry of the room, the initial conditions, or the occupation

density can be found there.

We time-integrated Eq. (4) through a velocity Verlet scheme with a time-step of

10�4 s. Neither obstacles, nor visibility constrains were included (see for example,

Refs. 9 and 12). We ran 30 processes for each situation, in order to get enough data

for mean values computation.

All the individuals had the willing to go to the exit door. That is, the desired

direction êd pointed straight to the exit at each time-step. In terms of Refs. 9 and 12,

no herding-like behaviors were considered. Interaction with the walls was imple-

mented exclusively through the forces shown in Eqs. (2) and (3).

There were two kinds of individuals in each evacuation process: single ones or

couples. Single individuals are those who interact upon others through social f
ðijÞ
s and

granular f
ðijÞ
g forces only. Couples are pairs of individuals that interact with other

individuals in the same way as singles, but are also mutually attracted through the

force de¯ned by Eq. (7). Note that the f
ðijÞ
s and the f

ðijÞ
g forces within the couple do

not di®er from the ones due to others.

At the beginning of the evacuation process, partners i and j (mutually attracted)

had the same velocity (modulus and direction). Their desired velocity vd was also

set to the same value, since the couple was assumed to share the same willings to

escape from the room. The distance between partners was rij ¼ ri þ rj (contact

distance) in order to vanish the attractive force at the very beginning. The purpose

of vanishing the attractive force at time t ¼ 0 was to make fair comparisons between

situations with very di®erent values of � (see Eq. (7)). Nevertheless, the couples

center of mass and the singles position followed the same initial pattern as in Refs. 9

and 12.
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3.2. Attraction implementation

In order to achieve a smooth vanishing of the Fermi-like function (see Sec. 2.2) at the

contact distance, we did a quadratic B�ezier interpolation between r0 ¼ rij and

r2 ¼ rij þ 0:1m. The attractive force values at these positions were f0 ¼ 0 and f2 ¼
faðr2Þ (modulus), respectively. The corresponding derivatives were f 0

0 and f 0
2. The

B�ezier interpolation was

pðtÞ ¼ ð1� tÞ2p0 þ 2tð1� tÞp1 þ t2p2; ð8Þ

where t represents a varying parameter from 0 to 1. p0, p1 and p2 are the three points

needed to meet the continuity conditions for a smooth matching at r0 and r2. Their

values are p0 ¼ ðr0; 0Þ, p1 ¼ ðr2 � f2=f
0
2; 0Þ and p2 ¼ ðr2; f2Þ. Figure 2 shows the

Fermi-like function and the corresponding B�ezier interpolation.

3.3. Measurements conditions

Data was recorded at time intervals of 0:05� . Each process started with all the

individuals (singles or couples) inside the room, in the same way as in Refs. 9 and 12.

The pedestrians were able to leave the room through a single exit, while no re-

entering mechanism was allowed. The measurement period lasted until 90% of the

occupants left the room (approximately 180 individuals). If this condition could not

be ful¯lled within the ¯rst 1000 s, the process was stopped.

We focused on two speci¯c cases: (a) 25% of the pedestrians were couples

(roughly, 25 couples) and (b) 100% of the pedestrians were couples (approximately

100 couples). The (b) case is an extreme situation, but ensures that our results are

valid for very di®erent couples-to-singles ratios.

As mentioned in Sec. 1, we did not include groups of more than two members in

order to avoid spurious e®ects due to the decision making processes (inside the

group) or the group walking patterns.

0.6 0.85 1.1 1.35 1.6
−1

−0.8

−0.6

−0.4

−0.2

0

d (m)

f/fmax →

U/Umax →

Fig. 2. Attractive potential (continuous line) and force (dashed line). The corresponding parameters, as

de¯ned in Eqs. (6) and (7), are C ¼ 1:16m, D ¼ 0:04m and � ¼ 1000 joules. The B�ezier curve interval is

0.6m–0.7m. The maximum attraction (dashed line at its minimum) occurs at dmax ¼ 1:16m.
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4. Results

In the following sections, we present results for an anxiety level of vd ¼ 4m/s. This

level is representative of panicking situations1,9,12 achievable by pedestrians of dif-

ferent ages.

4.1. The feeling degrees

At ¯rst, we checked o® that the presence of couples (i.e. attractive pairs of indivi-

duals) among the pedestrians causes a delay in the escaping process from a single exit

room. Figure 3 shows the mean evacuation time hti for a crowd in panic when 25% or

100% of the pedestrians are grouped in couples. For extremely weak feelings

(� ’ 1N �m), the mean time is similar to the case of no couples at all (see for

example, Refs. 9 and 12). But, a sharp increase in hti for strength feelings can be seen

between 102 N �m � � � 103 N �m. The worst evacuation performance occurs close

to the transition (� � 104 N �m).

As � increases from 104 N �m to 1010 N �m, we observe that the slope of the

response curves in Fig. 3 change sign again. This happens on both curves, but it

becomes fairly notable when 100% of the pedestrians belong to a couple. Due to this

change, a small improvement in the evacuation time occurs for � � 104 N �m.

However, the evacuation time is still worse than its level at � � 102 N �m. We will

analyze the most intense attractive region in a latter section.

The sharp transition in Fig. 3 was not expected. Consequently, we focused our

attention on the underlaying changes in the behavioral pattern of the couples. We

measured the distance between partners in each couple. Indeed, we were only in-

terested on the maximum separation distance at each time-step, in order to get a ¯rst

insight of the behavioral pattern. Figure 4 shows the maximum distance for di®erent

processes (see the caption for details).

0 2 4 6 8 10
200

300

400

500

600

700

log10( ) (N.m)

t
(s

ec
.)

Fig. 3. Mean evacuation time for 160 individuals (singles and couples) as a function of the attractive
feeling intensity log10ð�Þ. The desired velosity is vd ¼ 4m/s. (a) Circles show the evacuation time when

25% of the pedestrians are grouped in couples. (b) Squares correspond to 100% of the pedestrians grouped

as couples. The error bars represent the standard deviation interval.
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From a ¯rst examination of Fig. 4, we can distinguish three qualitative behavioral

patterns. The ¯rst pattern corresponds to the evacuation processes where the at-

tractive feelings are weak (� ¼ 102 N �m). The partner separations increase most of

the time, or keeps far way from the distance where f
ðijÞ
a comes to a maximum

(compare Figs. 2 and 4). In other words, as a consequence of the interactions, couples

grow apart. On the contrary, a second behavioral pattern can be seen close to

d ¼ 1m. This pattern represents more intense attractive feelings since � ¼ 104 N �m.

Within this behavior, coupled pedestrians never leave the space in common. Some of

them may even be in contact for several seconds. Moreover, if the feelings become as

intense as � ¼ 108 N �m, the couple members remain in contact all the time (see the

black lines in Fig. 4).

The di®erent behavioral patterns become distinguishable after a time period of

approximately 5 s. This is the time needed for the pedestrians to rush to the exit.

Note that in Fig. 4vd � 5 s ¼ 20m gives the width of the room. Thus, weakly

attracted partners can still lose the space in common during the clogging period

(t > 5 s).

Figure 5 shows the distribution of the distances exhibited in Fig. 4 for t > 5 s. The

arrow in Fig. 5 points to the threshold d ¼ 1:3m as a limiting value between the weak

feelings pattern and the intense one. Couples having weak attractive feelings

(� � 102 N �m) get so separated that no real attraction exists after some time (see

Fig. 5(a)). That is, they try to escape no matter what happens to the other one. This

behavior is not what we expect between family members, so we envisaged this pat-

tern as just \friendship".

Figures 5(b) and 5(c) correspond to couples that remain gathered along the es-

caping process, although there are seldom occasions that force them to separate.

Nevertheless, the distance between both of them are bounded by 1.3 m, that is, the

limit where the attraction becomes negligible. Feelings in Fig. 5(b) may belong to

0 5 10 15 20 25
0.5

1

1.5

2

2.5

3

t (sec.)

d
(m

)

Fig. 4. (Color online) Maximum distance between partners d versus time (t). The maximum distance

corresponds to the maximum value taken from the set of all the distances between partners, at each time

step. The evacuation processes had 25% of the pedestrians were grouped in couples. The desired velocity
was vd ¼ 4m/s. The attractive feelings are: (a) � ¼ 102 N �m in light gray, (b) � ¼ 104 N �m in medium

gray, and (c) � ¼ 108 N �m in black.
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family members because they try to preserve the space in common. Couples in Fig. 5

(c) are always in contact, so they can be visualized as hugged couples.

So far, we can resume all these observations as follows. The attractive feelings

split into three qualitative categories: friendship, family membership and tightly

close people (personally close). The presence of family members or personally close

pedestrians worsens the evacuation performance, and this worsening is associated to

the preservation of the space in common. However, tightly close people (i.e. inside the

private sphere) perform pretty better than family members.

4.2. The broken links

We realized from the distance distributions in Fig. 5 that there is a critical threshold

(say, d ¼ 1:3m) that di®erentiates those couples that are able to preserve the space

in common from those who cannot. Recalling from Sec. 2.2, this is approximately the

distance bounding the potential well of the attractive feelings. Moving apart from the

1.3m threshold makes the attractive feelings negligible with respect to the social or

granular forces motivated from other single pedestrians. Thus, many former partners

are no longer expected to move together after surmounting this threshold, but to now

become single pedestrians.

In order to understand the relationship between the preservation of the \space in

common" and the three feeling categories de¯ned in Sec. 4.1, we now classify the

couples into to groups: surviving couples and broken couples. The former are those

whose members do not exceed the 1.3m threshold. The latter are those that exceeded

this threshold. Couples can belong to either group at any time.

At the beginning of the evacuation process, all the couples belong to the surviving

group since partners are separated a distance rij ¼ ri þ rj (see Sec. 3.1). This does

not depend on whether the couples are friends, family members or tightly close

people. However, if the feeling degrees have some control on the \space in common",

0
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m
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Fig. 5. Histogram of the number of couples versus partners separation d. Data was taken from Fig. 4

excluding the time interval 0 < t < 5 s. The desired velocity was vd ¼ 4m/s. The histogram is normalized

to the have its maximum at unity. Each bin has 0.02m width. Three attractive levels are shown: (a)

� ¼ 102 N �m, (b) � ¼ 104 N �m and (c) � ¼ 108 N �m. The arrow indicates the 1.3m separation. At this
place the attractive force decay roughly to 10% of its maximum value.
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we expect a notable dependency of the surviving couples with respect to � at the end

of the evacuation. Figure 6 shows the mean surviving couples as a function of �. Each

curve represents the survivability fraction for ¯xed time intervals (5, 50, 100 s, etc.)

and increasing attractive feelings along the horizontal axis (see caption for details).

From the inspection of Fig. 6, we observe that for very weak attractions (say,

� ¼ 1) the fraction of surviving couples decreases regularly throughout the evacua-

tion process. This pattern remains the same along the friendship category

(� � 102 N �m). But for attractive feelings as intense as those expected for family

members, the surviving fraction rises to nearly 1.0. Only a few couples break during

the evacuation. Further increase in the attraction levels (personally close partners)

allow virtually all the couples to survive, as shown in Fig. 5.

Figure 6 is in perfect agreement with Fig. 3. Both exhibit a corresponding qual-

itative change between � ¼ 102 N �m and � ¼ 103 N �m. While low evacuation times

(� � 102 N �m) are associated with a couple breaking process throughout the evac-

uation, the worsening in the overall egress times (� � 103 N �m) corresponds to the

lack of this breaking.

4.3. Position of the broken couples

In Sec. 4.2, we classi¯ed the couples into those that were able to preserve the \space

in common" and the others whose partners separated from each other. The latter

exceeded some threshold distance (say, 1.3m according to the de¯nition given in

Sec. 4.2). We now assume that the pedestrians surrounding the couples should

somehow play an important role in the process of couple breaking. So, our next step

in the investigation studies the position of the broken pairs inside the bulk.

We start with a small amount of coupled pedestrians. Figure 7 shows the

pedestrians position for those individuals belonging to any broken pair at di®erent

time intervals (see for example, Fig. 6). For weak attractive feelings (meaning
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Fig. 6. Fraction of surviving couples versus attractive feelings (�). The survivability was taken at in-

creasing time intervals, represented by each curve. The time intervals are: 	 ¼ 5 s, W ¼ 50 s, 4 ¼ 100 s,

. ¼ 150 s, / ¼ 200 s and 
 ¼ 250 s. All periods began at t ¼ 0. The desired velocity was vd ¼ 4m/s. At
the beginning of the processes, 25% of the pedestrians were coupled. No distinction was made between

couples inside or outside the room (all of them were recorded).
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\friendship") we can see many former couples at the surrounding of the bulk or

clogging area. The maximum number of pedestrians belonging to broken couples

appear at the early stage of the process, that is, for t � 50 s (see Fig. 8, top-left plot).

They spread along a circle approaching 6m radius. For an optimal packing density

�=
ffiffiffiffiffi
12

p
(corresponding to a hexagonal packing arrangement), this radius encloses

nearly 180 pedestrians (see Ref. 12 for details on this computation). Thus, the

pedestrians tagged with � (in green) and� ðin redÞ symbols in Fig. 8 are outbound

broken couples.

We can further note a qualitative change in Fig. 8 for attractive strengths

� � 103 N �m. We do not see many broken couples, while the few ones have move

closer to the exit. Since they appear at time interval t � 150 s, they still surround the

small bulk left at that stage of the process. Figure 8 also captures these facts when

100% of the pedestrians have attractive feelings.

4.4. Separation distance and couple delays

We examined the location of broken couples in the previous section. We are now

going to focus on the surviving couples. Figure 9 shows the separation distance for

surviving couples. Four cases are shown, corresponding to four di®erent values of the
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Fig. 7. (Color online) Position of all the partners belonging to broken couples for 30 evacuation processes.

Each picture corresponds to a ¯xed attractive intensity (see text at the top-right of the picture). The
symbols mean: t ¼ 5 s (� in green), t ¼ 50 s (� in red), t ¼ 150 s (þ in blue) and t ¼ 250 s (
 in black). The

desired velocity was vd ¼ 4m/s. At the beginning of the processes, 25% of the pedestrians were coupled.

The semi-circles are guides for the view at radii 3m and 6m. Colors can only be seen in the online version.
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strengths �. The left most distribution and the centered one in Fig. 9 correspond to

\family members" (see Sec. 4.1). Further increase in the strength � (not shown) make

the partners move tight together or hugged (i.e. \personally close" partners), re-

sembling a single wider pedestrian.
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Fig. 8. (Color online) Position of all the partners belonging to broken couples for 30 evacuation processes.

Each picture corresponds to a ¯xed attractive intensity (see text at the top-right of the picture). The

symbols mean: t ¼ 5 s (� in green), t ¼ 50 s (� in red), t ¼ 150 s (þ in blue) and t ¼ 250 s (
in black). The
desired velocity was vd ¼ 4m/s. At the beginning of the processes, 100% of the pedestrians were coupled.

The semi-circles are guides for the view at radii 3m and 6m. Colors can only be seen in the online version.
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Fig. 9. Normalized distribution of the separation distance between couple partners. No broken couples

have been included (only surviving ones). Data belong to 30 evacuation processes measured at times
t > 5 s. Each line corresponds to a ¯xed attraction strength (�). The symbols mean: (
) � ¼ 102 N �m, (4)

� ¼ 103 N �m, (W) � ¼ 104 N �m and (	) � ¼ 105 N �m. The desired velocity was vd ¼ 4m/s. At the be-

ginning of the processes, 25% of the pedestrians were coupled.
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We hypothesize that the tight movement of personally close pedestrians is

somehow related to the less worsening of the mean evacuation time for very intense

attractive feelings (see Fig. 3). Figure 10 shows the distribution of the elapsed time

average�t since one of the partners leaves the room until the other one (belonging to

the same couple) does. We can see that the �t distribution narrows down to barely

few seconds for highly attracted couples. For the \family members" category

(� � 104 N �m) the distribution widens. Thus, it appears to be a time saving e®ect

when couples move tight together.

It is worth noting that Fig. 10 correspond to evacuation processes where 100% of

the pedestrians are coupled from the beginning. This means that�t applies to all the

pedestrians in the room. The distributions in Fig. 10 correspond to two qualitatively

di®erent behaviors. The °at distribution representing the �t's for the \family

members" category (� ¼ 104 N �m) exhibits long lasting delays during the escaping

process. On the contrary, the concentrated distribution for the \personally close"

category means that the (contacting) partners escape in a short period of time, while

it is very unlikely to ¯nd them clogged for a long time interval. This behavior is

in agreement with the slight improvement in the evacuation time hti for very

high levels of � (that is, \personally close" category) with respect to the \family

members" category. Since \personally close" couples resemble a single wider pe-

destrian, we may conclude that this tight-together movement is responsible for

facilitating the evacuation.

5. Conclusions

We examined in detail the evacuation of pedestrians with attractive feelings between

each other. We only considered a mix of single pedestrians (no attractive feelings at

all) and pedestrians grouped in pairs (couples mutually attracted). Throughout

Sec. 4, we presented results on the evacuation performance under a panic situation.

The panic level was set to vd ¼ 4m/s (where the \faster is slower" e®ect is present).
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Fig. 10. Distribution of the time interval �t since one partner leaves the room, until the other partner

(belonging to the same couple) also gets out. The vertical axis represents the number of occurrences

averaged over 30 evacuation processes. The symbols mean: (
) � ¼ 1010 N �m and (W) � ¼ 104 N �m. The
desired velocity was vd ¼ 4m/s. At the beginning of the processes, 100% of the pedestrians were coupled.
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An unexpected e®ect appeared for the mean evacuation time hti as the couple's

attractive feelings increased. We found a sharp change in hti for moderate attractive

feelings. Thus, we were able to envisage three di®erent escaping scenarios, one for low

attractive feelings and the other two for intense ones. The feeling threshold remained

the same whether 25% or 100% of the pedestrians were grouped in couples, although

the latter worsened the evacuation performance.

Another surprising result occurred in the very intense attractive feelings range

(� � 106 N �m). Less worsening of the evacuation time htiwas observed in comparison

to the after-threshold feelings range. Thus, the complete picture showed three di®erent

feeling categories: friends, family members or personally close people. Friendship has

actually no relevant e®ects on hti, while more intense feelings (family members or

personally close people) are responsible forworsening the evacuation performance.The

sharp jump in hti occurs between the friendship feelings and the family member feel-

ings. Personally close feelings make a better performance than family member feelings.

We were able to set a bounding distance for the couples attractive feelings. In our

model, partners separated beyond d ’ 1:3m rarely restore their common space

again. Thus, after d is exceeded, they behave as single pedestrians. These former

couples are now classi¯ed as broken couples.

An inspection of the dynamics of broken couples showed that friends (i.e. weakly

attracted pedestrians) separate from each other at the beginning of the evacuation

process (t � 100 s). Surprisingly, friends surrounding the clogging area are more

likely to separate than those near the exit.

Nearly all the family members or personally close people preserve their space in

common (d < 1:3m) along the entire evacuation process. However, we observed a

reduction of the worsening in hti for personally close people with respect to family

members. Both categories have a survivability ratio close to one, but personally close

partners move tight together (in contact) while family members share a wider space

(see Fig. 9). Consequently, personally close partners resemble better a single big pe-

destrian than family members do. This reduces the transit time through the exit,

making less severe the worsening in htiwith respect to the \family member" category.
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