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Lattice gas simulation of experimentally studied evacuation dynamics
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We study the evacuation process from a classroom by means of experiments and simulations. The evacuation
of students from a classroom is observed by video cameras, and the escape time of each student is measured.
Our experimental results are compared with simulations based on a lattice gas model of pedestrian flows. We
find that the empirically identified inefficiencies of the evacuation process can be well reproduced. Our par-
ticular focus is on the spatial dependence of the escape times on the initial positions, which is highly signifi-
cant. The escape time distribution turns out to be rather broad due to a jarfquigng of the students at the
exit, which determines not only the saturation fl¢eapacity but also the temporal characteristics of the
evacuation dynamics.
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During the last decade, many observed self-organizatiostudents who escaped through the exit by video camera 2. At
phenomena in traffic flow$1-5] and pedestrian streams t=0, there were 30 students in the classroom, and each stu-
[6—-8] have been successfully reproduced with physicadent was sitting on a chair. All students stood up from their
methods. This has not only stimulated research in granulaghairs and hurried toward the exit as soon as a cameraman
biological, and colloid physici9—11], it has also encouraged shouted a word of command. The evacuation process was
physicists to study evacuation proces§g®—17. The em- then recorded by the two video cameras. As soon as the
pirical observations have many common features with driverstudents hurried to the exit, queuing occurred near the exit.
granular medig16]. Other phenomena such as “freezing by This jamming was due to the inflow exceeding the outflow at
heating”[17] are even more surprising. In pedestrian coun-the exit. By careful analysis of the video recordings, we de-
terstreams, it describes the breakdown of the typical segréermined the escape times of the students. The individual

gation pattern characterized by fluid lanes of uniform walk-e€scape time was defined as the time elapsed between the
ing direction. This gives rise to blockages by opposingshouting of the command and the moment when the respec-

groups of pedestriand.8—20. tive student left the room through the exit. Our main focus

One of the problems related to evacuation simulation igvas to study the distribution of escape times as a function of
the calibration of model parameters in order to reproduce not
only the qualitative features but also the quantitative out- | 585
comes, which is relevant for reliable predictions and plan- |
ning guidelines. In this study, we therefore focus on the in-
vestigation of a practically relevant situation, namely, the
evacuation of a classroom. For this purpose, we have evalu-
ated video recordings and measurements of individual escapt
times, which were obtained with a well-controlled experi-
ment. This experiment is then reproduced with a lattice gas
model of pedestrian flows. More importantly, it reflects the
inefficiencies in the evacuation dynamics that unexpectedlyg75
occurred in our evacuation experiment. Our simulation
model can, therefore, serve to identify problematic geom-
etries and to figure out safer usage patterns of rooms, which
are more suitable for escape or emergency situations.

We have experimentally studied the evacuation of stu-
dents from a classroom, which is schematically illustrated in
Fig. 1. The exact width of the classroom wé&s=5.85 m and
its lengthL=6.75 m. There were 30 desks and 30 chairs in
six rows and five columns. The longitudinal distance be-
tween desks was 0.9 m, while the transverse distance wa:
1.35 m. There was only one exit in the back of the class-
room. The width of this exit was 0.5 m, when only one door  F|G. 1. Schematic illustration of a classroom of widih
was used in our experiment. Two video cameras 1 and 2585 m and length.=6.75 m. It contains 30 desks and chairs in
were located within and in front of the classroom. A camera-ive columns and six rows. The open circles indicate students sitting
man was able to observe 13 students numbered 1 to 13 lyn their chairs, while the full squares represent desks. There is only
video camera 1. The other cameraman could observe thsne exit, in the back of the classroom.

Video2
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TABLE |. Escape times from all desk@.e., initial position$
shown in Fig. 1. Desks 1-13 are numbered according to the persons
sitting at them. The two numerical values below the desk numbers
(or empty headingsindicate the average escape times obtained in
the experiment and the simulation, respectively.

12.90 15.16 12.02 12.25 13.09
11.40 11.30 11.53 12.58 12.11
12.65 11.65 7.31 12.35 9.20
11.60 11.54 9.59 10.59 10.56

13
12.10 11.60 6.42 10.68 8.94
10.46 11.18 9.00 9.56 9.46

(2) 12 11 10
10.21 8.31 5.17 7.06 3.77
9.45 9.06 6.77 6.53 5.38

9 8 7 6
8.19 5.08 3.16 2.64 2.73
9.33 6.59 3.88 4.35 4.94

5 4 3 2 1
15 4.85 3.74 1.83 1.78 1.33
675 7.45 5.73 3.62 2.36 1.80

Tav

earlier (on averaggthan the students in the second column,
585 / who were closer to the exjsee Fig. 2a)]. Another surprise
was the fact that the students in column 1 had shorter escape
oY times than the students in the second column, although they
o  EXIT had the same distance to walk and the same passageway to
use. Nevertheless, our simulations reproduced these particu-
(b) lar features not only qualitativelysee Fig. 2b)], but even in
a semiquantitative way. Table | displays the escape times for
all desks. The numerical values indicate the escape times
obtained from the experimer(opn the top and from the
the initial position, which is illustrated in Fig. 2. Diagrams simulations(below). The table entries correspond to the po-
(a) and (b) indicate the experimental and the simulation re-sitions of the desks in Fig. 1. Desks 1-13 are represented by
sults, respectively. The escape times of the students wettbe numbers of the marked students sitting at them.
obtained by averaging over five samples. Let us now study the flow raté of students leaving the
The average escape time of the 30 students was 7.94 glassroom. One can derive this flow rate by analyzing the
However, the lowest escape time was 1.33 s for the student agcordings of video camera 2. Figure 3 shows the plot of the
desk 1(see Fig. 1, while the highest value was 15.16 s for escape flow ratépersons/sagainst the times). Full circles
the student at the second desk in the back of the classroorrepresent the experimental data, while the solid line corre-
Thus, the distribution of escape times was rather wide. Moresponds to the simulation result. The experimental data were
over, the escape time increased approximately with the initiahveraged over five samples and 0.5 s. Furthermore, the value
distance from the exit, but the students in the second columwas averaged over seven points to smooth the flow rate. Note
needed an overproportional amount of time to escape. Thithat the escape flow rate increases rapidly with time and
points to an inefficient configuration of desks in the class-saturates at abotit=2.0 s. It then keeps a constant value of
room despite its regularity. Finally, we could identify the about 2 persons/s until about 13 s. Aftert=13 s, the flow
reason for this unexpected inefficiency: the students wereate decreases rapidly with increasing time. After about 16 s,
naturally using the passageway between the columns dll students had left the classroom. Our interpretation of the
tables which was closer to the door, i.e., normally the one t@xperimental findings is as follows. Two persons/s is the
their left (with regard to their direction of motignThere-  saturation flow, which defines the capacity of the exit. When
fore, the rightmost column of tables in Fig. 1 had to share theéhe arrival rate of persons exceeds this value, people are
passageway with the next column of tables, which increasedueuing, i.e., a crowd of people is forming in front of the exit
the density and escape times. The students in the thirdiue to jamming. In the discussed experiment, the outflow is
fourth, and fifth columns had separate passagewsse Fig. continuous and given by the capacity, although a much more
1), so they could leave relatively efficiently. As a conse-complicated dynamics with variable outflows was expected
quence, the students in the third column managed to leav® occur. From simulations published [6] and other ex-

FIG. 2. Plot of escape times as a function of the initial position:
(a) experimental andb) simulation results.
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25 — the students were asked to hurry toward the exit. The transi-
eesee o —— Simulation Data tion probabilities of a walker to the adjacent sites are deter-
¢ EBxperimental Data mined by the configuration of other walkers in the nearest-
neighbor sites. The transition probabilities for the
configurations are determined in a unified way. They are
specified in Ref[12]. Initially (at t=0), all students are
° assumed to sit on their chairs in the classroom. In the next
1 time step (>0), all the students start moving in order to
escape from the classroom. Each individual student performs
® a biased random walk according to the model sketched
above. All walkers are updated once every time step in a
random sequential way, as the students moved asynchro-
0 ‘ ‘ ‘ N nously. When a walker moves toward the exit, the desks and
0 5 10 ‘o 15 20 25 chairs are avoided. Therefore, when a walker reaches a wall,
g desk, or chair, it is reflected. When a walker reaches the exit,

FIG. 3. Plot of the escape flow ratpersons/sagainst time(s).  't1S rem(_)ved f_rom the system. _ _
The full circles represent experimental data, while the solid line Our simulation results are displayed in Table | and Figs.
corresponds to the average simulation result for the reference scélb) and 3. Empirically, the mean speed of a pedestrian is
nario. about 1.0 m/s under normal conditions. When people are in a

hurry, the pedestrian speed will be about 2.0 m/s. So one

periments, it is known that arching and clogging can appeatime step in our simulation corresponds to approximately
at doors under conditions of panic. The related outflows ar®.25 s. Figure () shows the spatial distribution of the mean
irregular rather than continuous, characterized by groups aéscape times obtained from the simulation. The escape times
people of various sizes who manage to leave at about thare averaged over 50 runs. The numerical values are listed in
same time. Computer simulations suggest that the size distriFable | as the second entries. Despite the simplicity of the
bution follows a power law. This behavior was definitely not model, the simulation results agree surprisingly well with the
found in our experiment, as the students were disciplined andxperiment. The predicted average escape time of all stu-
did not push very strongly. The result may have been differdents is 8.32 s as compared to a value of 7.94 s in our
ent for a higher number of test persons, but this would havexperiment. The escape time does not increase monotoni-
been a serious risk to their health. cally with the distance from the door. Instead, we find sys-

In the following, we describe a model that allows us totematically higher escape times in the second column from
reproduce our experimental findings for the evacuation of @e exit compared to the third one. This effect was not an-
classroom in a semiquantitative way. We simulate the pedegicipated, due to the totally symmetrical configuration of
trian flow by use of a lattice gas model. Each student idesks which is typically used. It would not have been dis-
represented by a biased-random walker on a square latti@®vered without our experiment. The reason for this effect
with LXW sites reflecting the classroom. We choose thewas successfully reproduced and explair@so columns
lattice spacing as 0.45 m, since the typical space occupied byere using the same corrigoAn improved configuration
a pedestrian in a dense crowd is about>0044 n?. We  can be derived from thi€ne needs a corridor along the walll
therefore usé. =15 sites andV= 13 sites. The classroom is closest to the exit, while a corridor along the opposite wall
connected to the outer space through a single exit with ondoes not make any sens&/e have also calculated the aver-
site. In an early stage, an individual student is assumed tage escape flow rate of students in our simulafieee the
move in the desiredpreferential direction with no back solid line in Fig. 3. The simulation result is well consistent
step. The desired direction of the students is indicated byvith the experiment.
arrows. It points toward the froribottom of Fig. 2 at the In order to study the effect of the distance on the evacu-
beginning, but toward the exit as soon as the desk-free areation process, we have carried out simulations for different
in front of the classroom is reached. Back steps are allowedhitial positionsA and B of the 30 students. Figure 4 shows
for the students who have reached this front area. Each sithe related escape flow rates as a function of time. The flow
contains only one individual student or is empty. rates and escape times were averaged over 50 runs. For com-

For each random walker we assume a Higrft) in the  parison with our previous reference scenario, we also show
desired direction. Since the desired direction varies with théhe escape flow for the initial distribution illustrated in Fig. 1
instant position of the walker, theandy components of the (see the solid line in the middle in Fig,).4In scenarioA,
drift of a walker depend on the respective position. As longwhere the students were initially gathering in the most dis-
as a walker is moving in the passageways between the deskant corner of the classroom, the flow rate increased later
the drift D is assumed to be constant. However, as soon asthan in the reference scenario, saturated at the same constant
walker has reached the wide front area of the classroom, thealue, and decreased later. The average escape time of all
drift direction may change from position to position. The students was 11.05 s. This value is to be compared with 8.32
strengthD of the drift represents a measure of the haste of for the reference scenario. In scen@javhere the students
the students. With increasinD, the walkers try to move were initially gathering in the front area of the classroom, the
faster toward the exit. In our simulations, we Bet0.99, as  flow rate increased earlier than that in Fig. 1, saturated at the
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25 the evacuation of a classroom, focusing on the individual
) escape times and the escape flow rates as a function of time.
. /_ Scenarlo A Despite the stochastic nature of pedestrian flows, the empiri-
cal observations could be semiquantitatively reproduced by a
simple lattice gas model, i.e., a stochastic many-particle ap-
proach. We found that the outflow from the classroom satu-
rated at a constant value defining the capacity of the exit,
which was related to queue formation in front of the exit.
This capacity determined the dynamics of the evacuation
process in the sense that the flow profile as a function of time
had a characteristic shape. The average escape (Gne
j P . " S therefore, the time shift of this profilavas mainly given by
0 5 10 15 20 25 the average initial distance from the exit. Our model also
t(s allowed us to draw conclusions about the individual escape
times as a function of the initial position in the room. In
particularly, we could successfully reproduce observed inef-
ficiencies in the configuration of the classroom which we did
not anticipate before. As a consequence, the model could be
same constant value, and decreased earlier than in the refeised to identify not only expected escape times as a function
ence scenario. The average escape time of all students wabthe pattern of room usage and the number of people in the
5.83 s. Altogether, the average evacuation time of student®om, but also to help identify inefficiencies and improved
was roughly proportional to the average distance to the exitconfigurations. Our approach can give hints as to the safest
In summary, we have presented experimental results oplaces in a room in terms of individual evacuation times.
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FIG. 4. Plot of the escape flow rates in scenadoandB as a
function of time.
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