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Experiment, theory, and simulation of the evacuation of a room without visibility
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We study the evacuation process from a smoky room by means of experiments and simulations. People in a
dark or smoky room are mimicked by “blind” students wearing eye masks. The evacuation of the disoriented
students from the room is observed by video cameras, and the escape time of each student is measured. We find
that the disoriented students exhibit a distinctly different behavior compared to a situation in which people can
see their environment. Our experimental results are related to a theoretical approach and reproduced by an
extended lattice gas model taking into account the empirically observed behavior. Our particular focus is on the
mean value and distribution of escape times. For a large number of people in the room, the escape time
distribution is wide because of jamming. Surprisingly, adding more exits does not improve the situation in the
expected way, since most people use the exit that is discovered first, which may be viewed as a kind of herding
effect based on nonlocal, but direct acoustic interactions. Moreover, the average escape time becomes minimal
for a certain finite number of people in the dark or smoky room. These nonlinear effects have practical
implications for emergency evacuation and the planning of safer buildings.
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I. INTRODUCTION with model parameters calibrated to the data. Despite the

During the last decade, many observed self-organizatio§iMPplicity of the model, it can successfully reproduce the
phenomena in traffic flowg1-5 and pedestrian streams Characteristic escape behavior under conditions of no visibil-
[6-10 have been successfully reproduced with physicalty and the empirical escape times in a semiquantitative way.
methods. This has not only stimulated research in granulaMoreover, we identify two interesting effects: First, the av-
biological, and colloid physic§11-13. It has also encour- €rage escape time becomes minimal for a specific finite num-
aged physicists to study evacuation proce$tds1q, since  ber of people, who are initially in the room. Second, adding
it has been shown that many aspects of crowd stampedes carpre exits does not increase the efficiency of evacuation in
be understood by driven many-particle modgllg,1§. The the expected way.
empirical observations have many common features with
driven granular media.

Evacuation processes have been studied by the use of
various simulation models. The typical models of pedestrian We have experimentally studied the evacuation of blind
motion are based on molecular dynamics metHéqls7,18, students from an empty classroom, which is schematically
lattice gas models [7,19-253, or cellular automata illustrated in Fig. 1. Each student wore an eye mask. The
[9,15,16,26,2F In simulations of evacuation processes, itexact width of the classroom wa&'=4.2 m and its length
has been mostly assumed that visibility is good. HoweverL=5.5 m. There were no obstacles in the classroom; i.e.,
this is often not the case during fire emergencies, as smoke desks and chairs were moved asitte form the boundary
a failure of the electrical power supply reduce the orientatiorMoreover, the room had one exit of width 0.5 m. Two video
significantly. Because of the toxic effects of smoke, fastcameras 1 and 2 were located within and in front of the
evacuation is particularly important, but little is known about classroom. One of the cameramen was able to observe all the
the behavior of people under conditions of bad or no visibil-students by video camera 1. The other cameraman could ob-
ity. serve the students who escaped through the exit by video

In this study, we will therefore focus on the investigation camera 2. We have investigated two cases:
of the evacuation process from a room without visibility. In (a) the escape of only one disoriented student with an
favor of video recordings, we mimic this situation by requir- eye mask,
ing our test persons to wear eye masks. This allows us to (b) the evacuation of ten-disoriented students.
study not only qualitative features, but also quantitative out- Correspondingly, at timé=0, there were eithe¢a) one
comes, which is relevant for reliable predictions of evacuastudent orb) ten students in the classroom, and each student
tion times and the planning of safer buildings or pedestriarwas standing at a random place within a central area of the
facilities. room. Before the experiment, all students were forced by the

From our video recordings, we have evaluated the chareameraman to turn around themselves. In the result, they lost
acteristic behavior and the escape times in well-controlledheir directional orientation. All students moved to seek for
experimentgsee Sec. ) Section lll explains some of the the exit as soon as cameraman 1 shouted a word of com-
findings by means of a theoretical approach, while Sec. IMmand. The evacuation process was then recorded by the two
presents an extended lattice gas model of pedestrian flowsdeo cameras. Cameraman 1 changed his position in every

II. EXPERIMENT
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t,=39 sec t,=25 sec

— — v

t,=23sec t,= 38 sec

v FIG. 2. Four typical trajectories of students until they success-
) i i fully escape from the room. Their face direction at the initial posi-
«—Pp tion is indicated by an arrow. Below each trajectory, the escape time
Exit obtained from the experiment is indicated.

FIG. 1. Schematic illustration of the classroom of widti  slowly towards one of the walls of the room. When he
=4.2 m and length.=5.5 m, in which desks, chairs, and other ob- touched the boundary, he followed it, after he had chosen the
stacles have been moved aside. There is only one exit in the front Qfght-hand or left-hand direction at random, because of the
the classroom, the width of which is 0.5 m. Two video cameras ljgss of directional memory. As soon as he found the exit, he
and 2 were located within and in front of the classroom to recordeft the room. Note that the behavior of following the wall
the motion of all test persons. In our experiments with ten personsyiffers significantly from the behavior assumed in the evacu-
everyone started in the central area indicated by the dashed lingsinn simulations of Ref17], where individuals “hitting” a
White circles represent the initigbff-lattice) positions of the test wall where “reflected.” It is t,herefore interesting and impor-

Zelzgges’ V;Z'Iﬁ];zzlﬁ'?xﬁgﬁn gzgfzsaﬁgroggﬁ;?t&eg drins%trlgtr:e V:iiztsant to check, whether the conclusions for the evacuation of a
9 P P roup of people are to be revised. It will turn out that our

of a square-diagonal lattice wiltw=11 sites in thex direction and g. . . .
L=14 sites in they direction (see also Figs. 6, 9, and J1OThe Slml,!latlons are an mdgpend.ent', experlmentally supported
possible directions of motion are indicated by the solid life=e confirmation Of the previous flndlngs_, which were o_b_talned
Fig. 6), while the elementary cells alfx L squares. When the site for a hypothetical pedestrian behavior under conditions of
next to the exit is reached, the corresponding walker is remove§m0ke; ) ) . .
immediately in analogy to our experimental observations. In Fig. 2, the escape time obtained from the experiment is
shown below four representative trajectories. One can see
experiment in order not to indicate the position of the exit.that the disoriented students sometimes take the shorter way
Figures 2 and 4 show that the test persons could actually n@ind at other times the longer way. Thus, the escape time
guess the direction of the exit. depends highly on the randomly chosen direction. We have
We have first studied the cage) of single disoriented repeated the experiment 10 times with ten different students.
students with eye masks. By careful analysis of the vided'he mean escape time @f=31.5 sec was obtained by aver-
recordings, we have determined the trajectory and escapaging over all experiments, but the variance was large, as
time of each student. The individual escape time was definedxpected.
as the time elapsed between the shouting of the command Next, we have studied the cag® of ten disoriented stu-
and the moment when the respective student left the roordents with eye masks. Initially, the ten students were stand-
through the exit. Figure 2 shows four typical trajectories of aing at random places close to the center of the room. By
single student until he successfully escaped from the roontareful analysis of our video recordings, we have determined
His face direction at the initial position is indicated by an the trajectories and escape times of all ten students. Figure 3
arrow. At first, the student turned slightly, and then he movedshows a photo of the evacuation of students from the room at
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(a) (b)

FIG. 3. Photo of the evacuation of students from the roorn at
=16 sec.

time t=16 sec. The students move along the boundary. Fig-
ure 4 shows the time evolution of the evacuation process for
ten students. The patteriig)—(d) were obtained at times @

=0 sec, 5 sec, 10 sec, and 15 sec. Numbered circles repre- @Q %}?@

sent the ten disoriented students, whose face directions are
indicated by arrows. The students turned slightly at first and
moved slowly towards one of the walls of the room. When
they touched a wall, they followed it in one of the two pos- (c) (d)

FIG. 5. Time evolution of the evacuation process for ten stu-

g%@@ @f dents in a room with normal visibility. The pattera—(d) were

obtained att=0 sec, 1 sec, 3 sec, and 5 sec. Their face directions
are indicated by arrows.

4@@% A %’ sible directions. However, as soon as one or two students
@ managed to leave the room, the remaining students located
the exit acoustically. This was possible, because moving in a
room always produces some noise, so that leaving the room
is connected with the disappearance of a noise souhce.
emergency situations, people would even tell each other
when they have found the way oyitherefore, the remaining
(2) b) §tudents inverted their direction, if appropriate, while con-
tinuing to follow the boundary. When a student met another
_ e one, they went together along the wall into the same direc-
%@‘g @ 6@) o> tion. They left the room as soon as they reached the exit.
@ We have determined the escape times of all students by
@ careful analysis of our video recordings of ten repetitions of
the experiment. The average escape time of the ten students
'@ was 22.1 sec. However, the escape time of the fastest student
was 9.8 sec, while the value for the slowest student was
@ @u 34.3 sec. Thus, the distribution of escape times was again
rather wide. Notice that the average escape time of 22.1 sec
for ten students is significantly lower than the 31.5 sec for a
[ 8> = «D <@ 9 @ single student. This reduced escape time is due to the fact
that, when one or two students managed to leave the room
() (d) succes.sfully,.the remaini_ng _student; noticed t_he location of
the exit and inverted their direction, if appropriate.

FIG. 4. Time evolution of the evacuation process of ten students FOr comparison, we performed an escape experiment for
without visibility of the exit. The patterné)—(d) were obtained at  ten students without eye masks corresponding to a room with
t=0 sec, 5 sec, 10 sec, and 15 sec. Numbered circles represent taarmal visibility. Figure 5 shows the time evolution of the
disoriented students with eye masks, whose face directions are igvacuation process of all ten students. The pattexpgd)
dicated by arrows. were obtained at times=0sec, 1 sec, 3 sec, and 5 sec. Face
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FIG. 6. lllustration of the variables occuring in the theoretical
approach to our evacuation experiment from a smoky rgsee
text for details.
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Herein, the functiorR(6) is given, andX, ¢; are determined
by the initial condition(see Fig. §. Therefore, the set of two
equations is sufficient to calculate andr;. These quantities
determine the individual escape timg=t"+t? in the follow-
ing way: The first contribution is given by the distange
divided by the velocity of motionv;, which implies ti1
=r,/v;. The second contribution is given by the distad¢e)

to the exit when following the wall in the direction of de-
creasing angleg; (see Fig. 6: If the walking speed along the
wall is w;, we find an additional escape time @f6)/w; in
the direction of decreasing angles, bdt27)-d(6,)]/w; into
the opposite direction, which is randomly chosen with prob-
ability 1/2. Altogether we have the relation

sin 6;
cos b,

Xi1 sing,

COSg;

R(@)( 1)

Xi2

ri(%, ¢)) L 1) d@6) | d@m) -d6)
Uj 2 W W;
(ue) |, d2m)

B Uj 2Wi

tej(Xi, @) =

, (2)

directions are indicated by arrows. The students turned in-
stantly towards th_e exit and moved into its direction verywhered(2m) corresponds to the perimenter of the room. If
fast. When the arrival rate of students exceeded the capacity ingividualsi would start from the centet =0 of the room

of the exi.t, st.udents were qugueing; i:e., a _crowd of studentg,g the boundary of the room would be a circle of radiis
was forming in front of the exit due to jamming. The average

. , the result would simply bé,;=R[1/v;+7/w;].
escape time of the ten students was 6.54 sec. This value Is When we want to determine the average escape ﬁme

significantly lower than the 22.1 sec for ten disoriented StUe need to average over all individualsin particular over

dents with eye masks. all possible initial conditions; and ¢;. If the area covered by

Therefore, the evacuation process from a room with NO,| admissible starting point§ is denoted byA, we find
visibility is qualitatively and quantitatively different from the '

evacuation under normal conditions. When there is sufficient

orientation—e.g., a little bit of light indicating the direction - 1(, 1 2m * *
of the exit—people will head directly towards the exit based = | 0% — |  de dvip, (vi) f dw py(W;)
on their visual perception as in the experiment shown in 5. If A 0 0 0

smoke is dense or there is no light because of a blackout of F%.o) dm
electricity, the situation corresponds to the experiment repre- > {M + _77} _ 3)
sented by Fig. 4, where people use acoustic and tactile per- Vj 2w,

ceptions instead.

Here,p,(v;) denotes the probability density of the occurrence

of velocity v;, andp,,(w;) the corresponding probability den-
For a theoretical description, we will define the geometri-sity for w;.

cal center of gravity of the room as the origin of the coordi- We can immediately see that formu(8) can only be

nate system. To parametrize the boundary, we will use polagolved numericallyapart from a few special cageJhere-
coordinatesR(6) shall denote the distance of the wall from fore, it is of limited use. Things become even more compli-

Ill. THEORETICAL APPROACH

the origin as a function of the polar angle where 0
< §<2m. The center of the exit shall be located &tO0.
Now, let X, =(xi;,%;2)" be the initial position of personand
& =(sin ¢;,cose))"" the initial direction of motion(see Fig.
6).

For the sake of simplicity, we will assume that the indi-
vidual moves with a constant velocity into direction €
until it hits the boundary for the first time. This will happen
after a distance;=r;(X;, ¢;), which is determined by the vec-
torial relationship

cated if the motion is modeled as a biased random walk,
which requires one to solve a first-passage time problem. We
can, however, see that the result generally depends on the
shape of the room via the dependence;oithis can account

for the nonsmooth escape time distribution of a single person
found in Sec. IV. Moreover, the escape time depends on the
circumferenced(27), which is particularly interesting for
more or less fractal boundaries. Also note that the existence
of a second exit at, =7 would modify the formula accord-

ing to
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2 o % xy : ”
te= lf dzxiif d‘Pif dUipv(vi)f AW Py (W) Proxs Pry Prxy
AA 27T 0 0 0
X[n<xﬁ,<pi)+M], @
Uj 2Wi p[,_x pt,x

whered(27) was replaced byl(7). Therefore, the average
escape time of a single person is reduced by the availability
of a second door, as expected. However, if the two exits
would be located just next to each other, the average escape
time would stay almost unchanged compared to (By.

Since we cannot solve the above formulas analytically (a)
and as the possibilities for experiments are limited for prac-
tical reasons, we will now formulate a lattice gas model. It Prxy Prxy
will allow us to understand the implications of our experi-
mental observations in more detail and to assess the effi-
ciency of escape and the safety of buildings under different
conditions, in particular under conditions of no visibility. Prx Dix

Prx-y Prx-y

IV. MANY-PARTICLE SIMULATION

In the following, we will describe a simple model which Ptx-y Pixy
allows to reproduce our experimental findings for the evacu-
ation of a dark or smoky room in a semiguantitative way. We (b) Py
will simulate the pedestrian flow by the use of a lattice gas
model, but it would be also possible to apply the social force £ 7. Two of all possible configurations of a biased-random
model of pedestrian behavid6,17,1§. We have imple- \yalker on the square-diagonal lattice, where bias is applied to the
mented the following characteristics of disoriented people: ypward direction. Configuratiora) shows the situation of being
able to move to all the nearest-neighbor and next-nearest-neighbor
(1) Each walker turns slightly at first and moves towardssites. The arrows indicate the possible directions in which the

one of the walls. walker can move. Configuratiofb) shows the situation in which
(2) He chooses the right-hand or left-hand direction atanother walker occupies one of the nearest-neighbor sites, which is
random as soon as he reaches a wall. indicated by a cross.

(3) Afterwards, he moves along the wall.

(4) When one walker has managed to leave the room, thgjas is assumed into the upward direction. Configurat®n
remaining walkers turn into the direction of the exit as well, shows the situation of being able to move to all the nearest-
while continuing to follow the wall. neighbor and next-nearest-neighbor sites, when these are not

o _ occupied by other walkers. The arrows indicate the possible

Each disoriented student is represented by a walker on @irections in which the walker can move. The transition

square-diagonal lattice with X W sites reflecting the class- probabilities of the walker into the eight directions are given
room. We choose the lattice spacing as 0.4 m, since the typpy

cal space occupied by a pedestrian in a dense crowd is about

0.4 mx 0.4 m. Correspondingly, we ude=14 andW=11. Py=D/3+(1-D)/8=p3,

The classroom is connected to the outer space through a

single exit represented by one site. Pixy = Py xy=D/6 +(1-D)/8 = pga)
X, X, Xy’

Figure 1 shows a schematic illustration. An open circle
represents a student in the classroom. In reasonable agree-

. . ; - - _ —n@
ment with the empirical observations, we assume that each Px = Py~=D/9+(1-D)/8 —pti’
walker performs a biased-random walk on the square-
diagonal lattice until he reaches the boundaries of the room Pty = Prx-y = Pyx-y=D/27 +(1-D)/8 = pgfl_)y, (5)

[28]. Initially, each walker chooses randomly one of the eight . . O

directions on the square-diagonal lattice. The walker is thetvhere D is the parameter representing the bips, is the

biased with respect to this direction, which represents théansition probability in they direction, and the superscript

desired walking direction of the student. The biased randonfa) refers to configuratiora). Specifically,pii,) indicates the

walker is allowed to move not only to the nearest-neighboitransition probability into the direction in configuratiora),

sites, but also to the next-nearest-neighbor sites in the diag}t(fiy the transition probability into the diagonely direction,

onal directions. etc. The sum of the transition probabilities equals 1, because
Figure 7 illustrates two of all possible configurations of athe probability not to move was assumed to be zero. In the

biased random walker on the square-diagonal lattice, wher®llowing simulation, we seD=0.99. The sum of the tran-
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sition probabilities with which a particle hops forward or
laterally .is 0.89, whergpﬁi‘jzo.s_& pg’yzo.l?, and pia)z
=0.11. Since one cellattice spacingcorresponds to 0.4 m
and unit time to 1 sec, the average velocity of moving for-
ward or sidewards is 0.35 m/sec. This value agrees quite
well with the average speed 0.33 m/sec, obtained from the
experiment. Therefore, we identify one time step in our
simulations with one second.

Figure {b) shows the configuration in which another
walker occupies one of the nearest-neighbor sites. The loca-
tion of the other walker is indicated by a cross. Then, the l
transition probabilities into the remaining seven directions

are given by te=41 sec t, =23 sec
(@ pgay)
pt,x,y = pt,—x,y = pt,x,y 1 + (@ |’
1Py _L—_ﬁ

(a) pEa)
Pex = Pt,—x = Pt x 1+ _’% )

1- pt,y
@ Py
pt,—y = pt,x,-y = pt,—x,—y = pt,—y 1+ ’ (a) |- (6)
1- pt,y
Again, the sum of the transition probabilities equals 1, be- _¢

cause the probability not to move was set to 0. For the other
possible configurations, the transition probabilities of walk-
ers are specified analogously. Therefore, the explicit expres-

sions are (_)mltteq to safe manuscript space. - _ FIG. 8. Representative trajectories obtained from the simulation
In_ ourS|muIat|0ns, we assume that |n|t|a{lqt t|met—0), when there is only one walker. The escape times obtained are
all disoriented students stand at some location in the classy,own below the trajectories.

room without any directional memory. In the next time step

(t=1), each student starts moving in order to escape from the oy numerical results are displayed in Figs. 8-14. Figure
room. Until he reaches the boundaeywall), he performs a g shows some representative trajectories when there is only
biased-random walk according to the model sketched aboveyne walker. The related escape times for trajectai@es(d)

For each random walker, we assume a constant bias into thgere (a) t,=41 sec,(b) t,=23 sec,(c) t,=24 sec, andd) t,
desired direction defined by the first step. All walkers are=32 sec. These values are indicated below the trajectories.
updated once every time step in a random sequential way agjke the experimentally obtained trajectories displayed in
in reality, the students move asynchronously. More specifirig. 2, the simulated ones show random variations around a
cally, we use a shuffled update, as it avoids dealing withjominating direction, until the walker hits the wall and
situations where two pal’tlcleS want to move to the same S|tﬂ‘10ves Straight a|ong the boundary_ Moreover, the escape
in one time step. As the students did not see each other, Wfines of simulated trajectories are comparable to those of

do not model reaction times. similarly looking empirical trajectories. Obviously, the es-
When a walker reaches the boundary, he chooses the di-

rection to the left or to the right randomly with probability
1/2. After this choice, he moves along the wall. Furthermore,
when one walker manages to leave the room, the remaining
walkers adopt their desired direction to the direction of the
exit. Excluded volume effects are taken into account by pre-
venting multiple occupation of the same site; i.e., each site
contains only one individual walker or it is empty.

When a walker reaches the site next to the exit, he is
immediately removed from the simulation. This corresponds
to the observed behavior in the experiment, where students Y ' ' '
moved instantly out of the room when they reached the exit. 0 20 40 60 80
As no clogging effect was observed in the experiments de- Escape time 7,
scribed here, a more detailed model of the dynamics at the
exit was not necessaryf-or different kinds of experiments FIG. 9. Plot of the probability density of the simulated escape
see Ref[10].) time for a single walker.

t,= 24 sec t,= 32 sec

0.04
—e— Single person
0.03 A
0.02 A

0.01 A

Probability density p(t.)
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(a) (b) () (b)

@ © @

(c)
FIG. 11. Simulated time evolution of the evacuation of 20 per-
FIG. 10. Simulated time evolution of the evacuation process Ofsons. The pattern@)—d) were obtained at=0 sec, 5 sec, 10 sec,
ten persons. The patteria)—(d) were obtained at=0 sec, 5 sec, gnd 20 sec.

10 sec, and 15 sec. Solid circles represent ten students, whose face

directions are indicated by arrows. were obtained at times=0 sec, 5 sec, 10 sec, and 20 sec.
cape time depends very much on the initial position andlhe behaviors of the 20 simulated walkers was similar to
direction of the person, which is consistent with the analyti-those of 10 persons. However, jamming appeared near the
cal result(2). The mean value of 30.1 sec for the simulatedexit att=20 sec, because the arrival rate of walkers exceeded
escape time was obtained by averaging over 100 00the capacity of the exit.
samples and compares quite well with the average escape We have determined the probability density distribution of
time of 31.5 sec in our experiments. escape times of a finite number of walkers from 100 000
Figure 9 shows the probability density of escape times fosimulation runs. Figures 18-12d) show, respectively, the
one student, obtained from 100 000 simulation runs. Theots of the probability density of escape times for 5, 10, 15,
probablllty denSity exhibits a rather wide diStribUtion, but theand 20 persons. In each ﬁgure’ the probabmty density distri-
mean escape time agrees well with the one obtained from thgtions are shown for the 1st, 5th, 10th, 15th, and 20th per-
experiment. Note that the nonsmooth distribution of the essons, By visual inspection of the escape time distributions in
cape time for a single person is not due to an insufficientig 134 for 20 persons, one would say that the distribution
number of simulation runs, but due the rectangular shape Qf¢ ot person is not Gaussian, but the distributions of 5th,
Fhe room(see Sec. .|D|- .T.h|s shape.effect is neutralized by Oth, and 15th persons look similar to Gaussian distributions.
interactions among individuals, as is reflected by the Smooty ' 21 increasing number of walkers, the probability den-
escape time distributions for a finite number of persons. sity distribution of escape times for theh person becomes

Figure 10 shows the time evolution of the evacuation pro- rower: i.e.. the variance decr The r n for the dif
cess of ten persons according to our simulations. The repr \AIrower: I.€., e variance decreases. fne reason lor the dit-

sentative patternga)(d) were obtained at times=0 sec, erent shape of the distribu_tion for diffe_rent group sizes is the
5 sec, 10 sec, and 15 sec. Solid circles represent ten walkefdferent average escape time of the first leaving person.
whose face directions are indicated by arrows. The behavior Figure 13 shows the probability density distributions of
of the ten simulated walkers was qualitatively the same a§e overall escape times for all persons in the cases of 1, 5,
the one observed in our experimeisee Fig. 4 The pres- 10, 15, and 20 walkers. Up to 10 walkers, the probability
ence of other persons reduced the mean value of the escafiénsity distribution becomes slightly narrower with an in-
time as in our experiments, but with 27.1 sec, the simulatiorereasing number of walkers, but the distribution becomes
result was a pessimistic estimate of the experimental valuetather wide when the number of walkers exceeds 10. For
Similarly, Fig. 11 shows the simulated time evolution of fewer than 10 walkers, the efficiency of the escape is en-
the evacuation process for 20 persons. The patt@réd)  hanced by the presence of other persons who may discover
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0.06 0.04
— Single person

—— 5 men

0.03 1 —4— 10 men
—— 15 men
—— 20 men
0.02 1

Probability Density P(t,)

0.01 A

Probability density p(t.)

Escape time ¢,

(2) 0 20 40 60 80

0.1 Escape time ¢,
—e— 1st

FIG. 13. Probability density distributions of the simulated es-
cape times for all persons in the case of 1, 5, 10, 15, and 20 walkers.

the exit, but the escape is obstructed by the other persons for
more than 10 walkers, which is due to jamming near the exit.
Let us now study the simulated escape time of the first
walker who successfully escapes from a room with no vis-
ibility. Figure 14 shows the plot of the first walker's mean
escape time as a function the overall number of walkers ini-
tially present in the room. With an increasing number of
(b) walkers, the escape time of the first escaped walker de-
creases. This is because the chances to discover the exit in-

Probability density p(?.)

Escape time ¢,

;; crease with the presence of more people.

P

é V. SIMULATIONS WITH TWO DOORS

o

2 We will now study the effect of two exits on the evacua-
5 tion process from a room with no visibility by means of
S simulations. The second exit is assumed to be located on the
£ opposite side of the room.

The simulations basically agree with the ones for one exit,
but we will consider two different cases: In scenario A, as
soon as one of the walkers has found an exit, the other walk-

(c) ers are assumed to recognize the location of this exit acous-
tically and to turn into its direction, as in the scenario with
~ 015 one exit. However, in scenario B we assume that walkers do
Rl —— Ist
B —— 5th
= —o— 10th 40
z 0.1 - _
g —&— 15th °
= § ——20th =
? Q —— 20 men Q 30 1
= 0.05 A A\ y E
e , ? -
_Cg ; :4 56 l“ 58 l.‘ g 20 -
[«8)
0 20 40 60 80 g 10 1
=
Escape time ¢,
(d) O T T
0 10 20 30
FIG. 12. Plots of the probability densities of the simulated es- Initial number of persons

cape times for@) 5, (b) 10, (c) 15, and(d) 20 persons. In each

figure, the probability density distributions are shown for the 1st, FIG. 14. Plot of the mean escape time of the first escaped walker

Sth, 10th, 15th, 20th, and all persons. as a function of the overall number of walkers who are initially
present in the room.
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<‘E . . = -0 2 exit, scenario A
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0 \ ‘ 0 .
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Initial number of persons Initial number of persons

FIG. 15. Plot of the average escape time as a function of the

A . FIG. 16. Plot of the overall evacuation time of all walkers as a
initial number of walkers. Circles represent the results for one . L .

. . o . . “function of the initial number of persons. A second exit reduces the
single exit. In the two-exit simulation, the average escape time is

. . ) . overall evacuation time with respect to the situation with one exit
only reduced a little, as walkers orient towards the exit which has . : . .
(circles, but it does not reduce it by a factor of 2. If people orient

EZEQ glsgsgeﬂ:idsﬂLsé}pvglgihezrofcligsssijar:?frizg‘r% f: d?Jr(]:(teioﬂ-the towards the first discovered do¢scenario A, the overall escape
’ q P 9 time is mainly reduced by the earlier discovery of an ésiuares

g;f:cf\?:r eg?:\pc?og?f Igtt?grlzlvgigd’ gngﬁg(gssig trilwoet trr(ie;::t};c; th(?—lowever, the overall escape time is normally much higher than in
y y (sc ' 9 the hypothetical scenario B, for which we assume that the discovery

not recognize or ignore the discovery of an exit by otherof an exit by other people is not recognized or ignored, and both

walkers. exits are equally usedriangles.

In scenario A, the existence of two doors reduces the av-

erage time until an exit is located first. However, the secondxits for ten persons. We observed that the fractions of per-

door was practically unused, as the walkers turn towards thgons leaving the two alternative exits were 0.36 and 0.64.

first discovered exit. One could say that a kind of herdingThys, either the first exit or the second one was used more

effect is responsible for this. It is established by the nonlocafrequenw which points to a herding effect. However, the

but direct acoustic interaction when a walker disappears frongifrerence from 0.5 was not clear enough to exclude scenario

the room and reinforced by the followers. Consequently, arg \we assume that the herding effect was less pronounced
additional door does not double the flow of escaped persong,, expected, because the two doors in our experiment were
and does not reduce the average escape time by a factor of t located oppositely to each other but on the same side of

as planners would usually assume. It mainly reduces the ®fhe room. Therefore, some of the persons turning towards the

ploration time 'Tmt'l a do<_)r is discovered. . first discovered exit accidentally passed by the second exit
In contrast, in scenario B walkers use the two alternative

exits approximately with the frequency that planners usuall on their way(_see also the end of _Sec. I.” for this aspect
. ! eurther experiments would be desirable in the future.
assume. In some sense, everyone tries to discover the exit by
himself. Therefore, the escape time distribution for one per-
son is the same as in scenario A. Nevertheless, people may
meet each other and continue their way together. Therefore,
we do have interactions in scenario B. Scenario A is more Focusing on the individual escape times, we have pre-
effective in the beginning, when people profit from the infor- sented experimental results on the evacuation of disoriented
mation about the location of the exit, while most people instudents from a classroom with no visibility. The behavior of
scenario B are still searching. However, as soon as people ihe disoriented students was very characteristic. They moved
scenario A are jamming at one of the exits, scenario B profitslowly towards one of the walls of the room and then along
from a better usage of all available doors. the wall. As soon as one of the persons managed to leave the
Figure 15 shows the average evacuation time for a roomoom, the other ones recognized the location of the exit
with one exit and two opposite exits, respectively. Circles,acoustically and turned into this direction. This reduced the
squares, and triangles indicate the simulation results for onaverage escape time in the case of one door, as orientation
exit, for scenario A, and for scenario B, respectively. Figurewas improved and pedestrians could identify the shorter way
16 displays the overall evacuation time as a function of théo the exit. However, in the case of multiple doors, only the
initial number of walkers. When the initial number of per- first discovered exit was identified acoustically. People were
sons is increased, the difference in the escape times betweberading towards this exit and produced unnecessary jam-
scenarios A and B becomes large. ming, as the capacity of one door was not enough to cope
In order to decide whether scenario A or B is more real-with all arriving persons. An acoustic guidance of people by
istic, we have performed an experiment for a room with twodirectional sound29] towards the exits in evacuation situa-

VI. SUMMARY AND OUTLOOK
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tions could significantly increase the efficiency of usage ofreproduce the empirically observed behavior of persons in a
alternative doors, avoid unnecessary jamming, decrease theom without visibility: For example, the average escape
average escape times, and increase the chances of survivalige is reduced for ten persons compared to one, as the
emergency situations. The advantage of directional sound ighances to find the exit increase with the number of persons
thatl all a_\llagllable %X'FS aLe recc.)g_mzet(:] and the nearest gf S€¥see Fig. 14 However, obstructions due to jamming at the
eral avariable exits 1S chosen. .., the escaping Crowd USEg;; 4re expected to dominate for a higher number of persons
the capacity of all exits. In situations with good orientation, ;

r;(:see Fig. 13 As a consequence, the model could be used to

there is generally a tendency to have a load balancing b ) . .
tween alternative exiti30]. identify not only the average escape time as a function of the

Despite of the stochastic nature of pedestrian flows, th&@Umber of people in a dark or smoky room, but it could also
empirical observations could be semiquantitatively reprofelp to identify the probability distribution of escape times.
duced by an extended lattice gas model—i.e., a stochastithis is of practical importance for the assessment of the
many-particle approach. In particular, we could successfullypafety of buildings in emergency situations.
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