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In the paper, the mathematical model and numerical program for simu-
lations of evacuations from multi-floor buildings is presented. In the model,
pedestrian motion is described using Langevin equations with the Social
Force term — connected with the mental component in a pedestrian mo-
tion. In the modeling of pedestrian motion in the staircases, gravity force
was added to make more realistic the description of pedestrian motion in
the multi-floor buildings. The level of pedestrian’s hazard defines desired
velocity vD, which is the parameter of the model. Numerical simulations
of evacuation were performed for the typical three-floor office building and
different values of desired velocity. The character of the pedestrian mo-
tion during evacuation and the times of evacuations were found. Also
experimental drill evacuation from the similar building was observed and
registered using TV cameras. A type of pedestrians motion and time of
this evacuation is discussed.
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1. The model of pedestrians motion

Numerical simulations of the evacuations in different types of structures
in public spaces were recently described in many papers [1–7], e.g. in a multi-
floor buildings [5], a terminal subway station hall [6], a student dormitory [7],
or during mass events [8]. In such numerical investigations, different types of
mathematical models were used for modeling of pedestrians motion. Most of
them are based on the modified Langevin equations containing Social Force
term (see e.g. [1–4, 9]), or cellular automata (see e.g. [10–12]).
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In the present paper, the model based on the modified Langevin equa-
tions is used. In these equations, which are equations of motion of each
pedestrian, additional term Social Force describes the mental component of
the pedestrian motion during evacuation [1–4, 9]. In this term also interac-
tions between pedestrians, and between pedestrian and elements of internal
space of building are included. The modified Langevin equations have the
following form [1–4]

d~vi(t)

dt
= − 1

τi
~vi(t) + ~fi(t) +

√
2εi
τi
~ξi(t) ,

d~ri(t)

dt
= ~vi(t) , (1)

where ~ri(t) and ~vi(t) are respectively position and velocity of ith pedestrian,
1
τi

— a damping coefficient; ~fi(t) — the Social Force; ~ξi(t) — the stochastic
force with the amplitude proportional to εi. The Social Force depends on
a result of psychological and mental processes of each pedestrian e.g. its
aims and the general estimation of the situation connected with the level of
hazard in the building. After information processing, pedestrian defines the
parameters of their further motion (velocity, direction, etc.). The form of
the social force is [1–4]

~fi(t) = ~f 0
i (vD) +

∑
B 6=i

~fiB (~ri − ~rB) +
∑
j 6=i

~fij (~ri − ~rj) , (2)

where the first term ~f 0
i (vD) =

vD~eiD
τi

defines the tendency of the pedestrian
to move in a desired direction ~eiD, with a desired velocity vD — in the present
model the desired velocity is the same for all pedestrians. The second term
is the sum of forces coming from granular interactions with other pedestrians
and obstacles (in location ~rB) in the surrounding of the ith pedestrian; and
has the following form [4]

~fiB =
[
(−εiBkn − γvniB)~e

n
iB +

(
vtiBεiBkt

)
~e t
iB

]
g(εiB) , (3)

where εiB — distance of ith pedestrian from the surface of obstacle B minus
the width Ri of the shoulder of this pedestrian (in the case of other pedes-
trians εiB = εij); kn and kt — respectively, normal and tangent components
of quasielastic force; vniB and vtiB — respectively, normal and tangent com-
ponents of relative velocity of ith pedestrian; ~e n

iB and ~e t
iB — respectively,

normal and tangent versors of the segment connecting ith pedestrian with
the obstacle B; g(εiB) = 1, if εiB < 0 , otherwise g(εiB) = 0.

The third term is the territorial effect, which is connected with the ten-
dency of pedestrians to avoid other pedestrians and obstacles. The territo-
rial effect is described using the repulsion force in the form ~fij(~ri − ~rj) ∼
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exp (−εij)~e n
ij , where eij is the distance between pedestrians i and j, enij

— is the versor normal to the segment connecting pedestrians i and j
(see Fig. 1) [9].

Fig. 1. Example scheme showing forces acting on a pedestrian. F1 — movement
in desired direction (to the exit), F2 –– interaction with another agent and F3 ––
interaction with the wall.

In the modeling of pedestrians motion in the staircase, gravity force
describing pedestrian vertical motion was added to the three types of forces
in Eq. (2): fg = −mg, where m = 80 kg. This is a new idea which makes
more realistic describing of pedestrians motion in multi-floor buildings. It
also extends the applicability of the presented model. Another important
feature of this model is that it considers pedestrian’s behavior in the different
levels of panic. This is a complex phenomenon mainly studied from the
perspective of social psychology [13]. In the present paper, we use the desired
velocity vD as a measure of the level of panic (see Eq. (2)). The value of
this parameter equals the velocity the pedestrian wants to reach. It is higher
than the pedestrians real velocity vr, because of its interactions with another
pedestrian and obstacles and the greater the value of vD the greater the level
of panic.

In our paper, we assume that pedestrians do not perceive any hazard
in their surrounding if vD is lower than 1 m/s. Then, only social repulsion
is present and no granular interactions (Eq. (3)) between pedestrians take
place [4, 10].
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The numerical program for solving the set of N Langevin equations (1)
also contains a part for designing the internal architecture of the rooms
and the building in which the evacuation process of N pedestrians will be
investigated. The values of the parameters used in the computations were:
τi = 0.5 s; kn = 1.2× 105N ; kt = 2.4× 105N ; γ = 100 kg/s.

In the Langevin equations forces acting on an single pedestrian coming
from interactions with near objects (other pedestrians, walls and other static
elements) are taken into account (cf. Fig. 1). These interactions have local
character. However, important role in pedestrian motion play also non-local
interactions, coming from more distant surrounding of pedestrian. Such
interactions determine proper path finding system of each pedestrian. In
our simulations, we have used well know A∗ search algorithm. Thus, each
pedestrian integrate data coming from A∗ star algorithm (global movement)
and modified Langevin equations (local movement) [14].

2. Results of the numerical simulations

As an example, numerical simulation of evacuation in a three-floor office
building with only one exit were performed for N = 8, 16, 32, 64 pedestrians
present in the building at the beginning of the evacuation. Different values
of desired velocity were used. The geometry of the floors and initial positions
of pedestrians is presented in Fig. 2. The length of the longest path equals
28.4 m.

(a) (b)

(c)

Fig. 2. The geometry of the three-floor building; ground — (a), first — (b) and
second floor — (c). Initial positions of N = 64 pedestrians are marked with the
circles, for other values of N , pedestrians were distributed in the floors uniformly.
Positions of the pieces of furniture in the rooms are marked as dashed areas.
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The times of evacuation for different values of desired velocity are shown
in Fig. 3. Each curve is averaged over 100 simulations and in each simulation
variations of the values and the directions of initial velocities of pedestrians
were applied. It can be seen that the time of evacuation decreases with the
increase of the value of desired velocity. The times of evacuation increase
with the number of pedestrians in the building. Observations of pedestrians
trajectories show that they are not dense in the corridors during evacuation
process. The trajectories become denser near the entrance to the staircase as
a result of a moderate clogging. For N = 64 pedestrians, time of evacuation
increases slightly which is connected with a clogging of pedestrians in the
entrances to the staircase. It can be observed that the lower the level of
the staircase, the larger the number of pedestrians, coming from the upper
floors.

Fig. 3. Total evacuation time as a function of the desired velocity vD for different
number of pedestrians — as shown in the inset. For the clarity reasons, values
of standard deviation is shown only for 64 pedestrians (for other cases, values of
standard deviations are much lower).

3. Results of drill evacuation and discussion

With the help of firemen from The Main School of Fire Service (Warsaw,
Poland), we have observed and measured the times of a drill evacuation in
the nine-floor office building. The plan of the ground floor of this building
is shown in Fig. 4, other floors have similar geometry. The length of the
longest path equals 135.9 m. Pedestrians’ movement during the evacuation
was recorded by the cameras — example images from the cameras are shown
in Figs. 5 and 6.
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Fig. 4. Ground floor of the nine-floor building.

Fig. 5. Example images from evacuation taken by the cameras — pedestrians in
the staircase.
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Fig. 6. Example images from evacuation taken by the cameras — pedestrians near
the main exit.

At the beginning of evacuation, 42 persons were present in the building.
As results from the camera records, the motion of the pedestrians is laminar
and average velocity of the pedestrians equals approximately 1 m/s. There
are small cloggings observed at the floors near the exit to the staircase. An
observation of individual pedestrians trajectories shows that the crowding of
pedestrians near the door is a main reason of an increase of the time of evac-
uation. As results from the general observation, dynamical phenomena in
the staircases and their geometry have distinct effect on the time of evacua-
tion, especially in the higher levels of hazard. It is well known however, that
it is difficult to force pedestrians to move with the greater values of desired
velocity during a drill evacuation [15]. The measured time of evacuation
equals 300 s.

It is possible to compare results of numerical simulations and experi-
mental evacuation only partially, because both office buildings have different
heights. In the experiment and in the numerical simulations, character of
pedestrian motion during evacuation is similar and have laminar character.
Also small cloggings are observed near the doors to the staircase in both
cases. Average velocity of the pedestrians in experiment equals approxi-
mately 1 m/s, which corresponds to the results obtained in other papers
[4, 7]. There is, however, significant difference in the times of evacuation,
which equals 300 s for the experimental case and equals 120 s in the sim-
ulation. This is caused by the small difference of N and the heights of
buildings — nine floors in the experimental evacuation and three floors in
the numerical simulation.
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In conclusion, it can be said that numerical description of evacuation
agrees qualitatively with the experiment. The mathematical model of evac-
uation processes, where pedestrians dynamics is described using Langevin
equations with the Social Force term, is an effective way for investigations
and estimation of effectiveness of evacuations in different buildings and in
different levels of hazard.

The publication has been based on the results of Phase II of the Na-
tional Programme “Safety and Working Conditions Improvement”, funded
in the years 2011–2013 in the area of research and development works by
the Ministry of Science and Higher Education/The National Centre for Re-
search and Development. The Programme coordinator: Central Institute
for Labour Protection — National Research Institute.
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