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Abstract. In this work, the modeling of evacuation in midsize environments, like many night
clubs (regarded as especially critical in terms of safety), is performed. Dynamic aspects
related to mechanical flow is presented. The FUGA program is briefly explained, as well as
aspects of artificial intelligence and the fuzzy logic employed. The simulated environments
are single rooms with area of 200 m? The population density adopted is always of two
persons per m? (maximum population considered for this kind of environment according to
codes) and the exits (generally two in the simulations) have a total width of 2.2 m (value
calculated according to the legislation). The rooms are square (1:1) and rectangular (1:3). The
doors have multiple placements, from contiguous to each other until opposites in the
environment. The dynamics of people flow is evaluated by checking the flow capacity of the
exits, the time and flow profile and the possibility of the occurrence of internal collisions. Its
study and modeling, incorporating elements of artificial intelligence (such as Fuzzy Logic), is
of fundamental importance for the understanding of the overall phenomena involved, included
mental aspects. It has been demonstrated that even if the requirements of Brazilian codes are
thoroughly followed, serious accidents can still potentially occur in certain situations,
demonstrating the need for greater discussion of the codes applied to these types of
environments.

1 INTRODUCTION

The flow of people is an important field whose knowledge and implications directly
influence the quality of everybody’s life. In many ways, the movement of people can be
linked to the flow behavior of particles, or even, especially in situations of very high
population density, to a behavior similar to that found in fluid dynamics. Thus, the modeling
of the movement can benefit from the knowledge already established for the flow of particles
and fluids. However, in addition to the dynamic aspects already established, there are,
concurrently in moving people, human factors, such as cognitive and social phenomena [1].
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Thus, the modeling of the movement of people needs to incorporate all these aspects,
mechanical and mental, as well as quantitative and qualitative.

There are several studies already developed to model the evacuation of environments [2,
3]. In this work, the computer program used in the simulations was the FUGA [4], whose
cellular model incorporates elements of artificial intelligence to determine the flow dynamics
as well as fuzzy logic for the inclusion of the human aspects in the model. The incorporation
of these paradigms within the FUGA is made based on ergonomics.

The planning of the built environment is performed according to specific laws. In Brazil,
instead of having one national standard (ABNT NBR 9077), there is no single national law.
Each state, or even each city, can have its own legislation or code, which in general are all
prescriptive. This work uses as a reference the code of Fire Department of the State of Minas
Gerais — CBMMG [5] (Minas Gerais is the Brazil's second largest state in population, has an
important GDP and approximate the area of Spain and Portugal put together). The CBMMG
code has many similarities with the ABNT NBR 9077, with codes employed in various other
regions of Brazil and also internationally. However, despite the existing rigid codes, serious
accidents continue to occur. Recently, Brazil was the scene of a great tragedy in the night club
“Boate Kiss” in the city of Santa Maria, state of Rio Grande do Sul [6], where 242 people
were Killed, most of them young university students. Figure 1 show some images of entrance,
exits and some escape route of “Boate Kiss” obtained after the tragedy.
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Figure 1. Images of entrance, exit and some escape routes of “Boate Kiss” (Santa Maria — RS - Brazil). Adapted
from CREA-RS [6].

2 BACKGROUND

2.1 The software FUGA

In CEFET-MG, a software for simulate the escape of people in constructed environments,
named FUGA [4], was developed, currently in the version 0.6.1. The software FUGA was
implemented within Matlab® environment and its conception was based on a cellular
modeling considering two important paradigms: the ergonomics aspects and the fuzzy logic.

The people movement is a complex process where the most diverse aspects are involved
(physical, mental, social, organizational, and physiological, amongst other). The ergonomics
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approaches of the people’s movement process take into consideration these aspects in order to
obtain results more similar to the real world events.

The fuzzy logic is used as computational instrument to simulate the decision-making
process. With the fuzzy logic, it is possible work with qualitative and quantitative variables
within the same decision-making process, which is very useful to work with ergonomics
aspects [7].

Some of firstly characteristics considered for software FUGA are:

- people and environment are represented by the top view, with just one single floor;

- all environment is discretized in form of a rectangular matrix, where each element of the
matrix had a number with a specific meaning (empty space, wall, person, exit, obstacle);

- each element of the above mentioned matrix represents, in the real world, a space of 9 x 9
cm;

- each person is represented by a square of 0.45 x 0.45 m (= 0.20 m® of area) or 25
elements of matrix and the maximum movement velocity is 1.5 m/s, but the effective velocity
is dependent of the free space available to walk [8];

- the input variables are: PR (preferential route), AD (apparent distance) , WE (wall effect),
SL (stress level), IE (inertia effect) and AE (automata effect). Here, PR is an indication of
ideal routes to the exits generated for a given artificial intelligence algorithm [4], AD is an
empiric perception of the distance to the exits, WE is the effect of the restrictions on the
neighborhood of the walls, SL is the effect of stress level of the people, IE is the tendency of
keeping the same direction of movement, and AE is the influence caused by the nearest
people.

- there are only four movement possibilities in each iteration. Considering a top view, these
options are up, down, right and left.

- the decision-making process is based on fuzzy logic, considering the input variables and
one output variable — RQ (route quality), which indicates the individual best option of
movement for each person in the location.

Figure 2 show a schematic representation of the fuzzy system.
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Figure 2. Representation of the fuzzy system with the input variables (yellow) and the output result (blue).

The route to be chosen for each person will be the one that results in the higher RQ. Hence:
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RQk = fFuzzy (inpUtk) (1)
RQye = max (RQy)

ke=k V RQw=RQy

Where fruzy is the function characteristic of fuzzy system; k is the option of possible
movements: L (left), U (up), D (down) and R (right); ke is the movement best option; RQx is
each RQ for each movement possible calculated by the fussy system, and; RQy. is the RQ of
the best route.

2.2 The escape time and the possibilities of internal collisions

The time for the effective escape of the environment is an important value. The escape
time is normally considered as the sum of three units: perception time, reaction time and the
effective movement time. The software FUGA does not consider the perception and reaction
time. Thus, in the start of the simulation, all people begin to move in direction of the nearest
exit available and the escape time is only the effective movement time.

Another important factor is the safety of the escape process. During the escape, different
people behavior can happen. The first two are the organized behavior and the competitive
behavior [1]. In the organized behavior one person does not touch another person, or contacts,
but without big energy transfer. The social agreements are partially respected. This is the
safest way. In the competitive behavior, the people do not necessary respect the social
agreements and big energy transfer can occur among the involved people.

A situation potentially dangerous is when what is called of the critical jamming occurs. In
the critical jamming, there are enormous energy transfers between different persons, which
can potentially cause even deaths or broken walls, and no free movement is possible.

Two notorious examples of critical jamming happened in recent tragedies. They are the
sinister by fire in a night club in the United States in 2003, with the death of 100 people
(Figure 3), and in the festivities of Khmer Water Festival in Cambodia in 2010, which
contributed for the death of more than 350 people [4].

United States, 2003

Figure 3. Image of a critical jamming happened during a escape motived by a fire in the United States (adapted
from http://www.youtube.com/watch?v=D4xaWMKBIw4&feature=related).
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The effective energy transfer between people cannot be directly determined by this version
of the software FUGA, neither the possibilities of jamming. However, the software shows the
parameter Possibilities of Occurrence of Internal Collision (POIC) among the people, which
can be used as a qualitative indicator of the jamming possibilities.

There are four kinds of POIC. POIC 1 indicates how many times, during the escape till the
exit, the persons have the first option of movement obtained by the fuzzy system (higher RQ
option) blocked. POIC 2 indicate how many times, during the escape up to the exit, the
persons have the first and the second options of movement obtained by the fuzzy system
blocked. According to the same rules, POIC 3 indicates in how many times the first, the
second and the third options of movement are blocked, and, finally, POIC 4 indicates how
many times the persons have all possibilities of movement blocked (the only option for the
person in this situation is to remain in the same place, even if he/she wants to move).

Thus, a POIC 1 with low value indicates a low possibility of the occurrence of internal
collisions or jamming, but a higher POIC 4 indicates a real possibility of jamming occurrence
during the escape.

2.3 Brazilian legislation - CBMMG code

The legal code used in this work to determine the dimension of the exits is the IT 08 from
CBMMG [5]. The IT 08 establishes “the minimal criteria necessary for the size of emergence
exits of edifications, in such a way so that the population can leave the buildings, in case of
fire or panic, completely protected in their physical integrity e allow the access of Fire
Department to fight against the fire and rescue the victims” (authors” free translate).

In IT 08, the total width of exits is given by the follow equation:

N = P/C @)

Where

N = number of passages unit (PU), rounded to the higher natural number;

P = population;

C = capacity of PU (referential number of people to get through the doorway in one
minute).

The value of P and C are obtained in IT 08 (sections 5.3 and 5.4.1.1 and Table 4 of their
Annex). One PU represents 0.55 m. The width never can be less than 1.1 m (or 2 PU).

In this work, all the locations considered have 200 m? (this area was chosen because it is in
general the smallest area to be necessary a specific fire project previously approved by
CBMMG and elaborated by a professional). Thus, by considering the buildings to be used as
night clubs, the maximum admitted population is 400 people and the minimum width of all
exits is equal to 2.2 m (or 4 PU). The code imposes the minimum of two different exits. There
IS no specification about the best positioning for the exits.

3 RESULTS AND DISCUSSIONS

For this work, two different layouts are considered for the environments: a square (1:1) and
a rectangle (1:3). The square rooms have 14.14 m in each side, and the rectangular ones are
8.16 m by 24.49 m. In all simulations, the populations are 400 people (two persons/m?). Each
simulation initiates with random population distributions and each simulation is repeated five
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times. In each environment, the exits have one passageway of 2.2 m or two passageways of
1.1 m each.

For the square environments there are 6 configurations: a) just one exit at the corner of one
side; b) just one exit in the intermediary position of one side; c) just one exit at the center of
one side; d) two separated exits at the same side; e) two exits at the center of adjacent sides,
and, finally; f) two exits at the center of opposites sides. For the rectangular configurations,
there are four possibilities: a) two exits at the center of adjacent sides; b) two exits at the
opposite corner at bigger sides; ) two exits at the center of the smaller opposite sides, and; d)
two exits at the center of the larger opposite sides.

In Figure 4, one square and one rectangular room, with the identifications of all their
components (a person arbitrary positioned, an escape route generated by software FUGA
(yellow), the walls (black) and exits (orange)) are represented as example

Wwall
<=
apemm ® «<3= Person
]
—— Exit (1.1 m) =
Escape Route Escape Route [—
Exit (2.2 m) = Wall Exit (1.1 m)
§ -

Figure 4. Representations of one square room (at the left) and one rectangular room (at the right) with the
indication of their elements.

Figure 5 shows, for the square rooms, all 6 simulated configurations. In each one of images
of Figure 5 the initial position of the people in one of the five simulations for each
configuration is presented as example. The persons are represented in different colors. The
colors indicate the escape sequence (people with darker color leave the room before the ones
with lighter colors). This way of representation permits, by simply observing the image, a lot
of interesting information about the escape process. Additionally, below each image the
average of the escape time values and of POIC 4, obtained for each respective environment,
are shown.

The images of Figure 5 show in sequence, from higher to lower values, escape times
obtained in each simulation in the square rooms. Thus, the room with just one exit positioned
at corner of the side (Figure 5a) results in the higher escape time, followed by the room with
just one exit at intermediary position (Figure 5b) and, after them, the room with just one exit
located at center of one side. All rooms with two exits results in average escape times lower
than those obtained with just one exit. For the rooms with two exits, the higher escape time
was obtained for the room with two exits positioned at the same side (Figure 5d), followed by
the one with two exits positioned at the center of two adjacent sides (Figure 5e). The lower
average escape time was found for the environment with two exits positioned at center of
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opposite sides (Figure 5f). The higher average escape time (worst configuration — Figure 5a)
was almost double the value of the lower average escape time (best configuration — Figure
5f).

The values of average POIC 4 for the rooms with just one exit (Figure 5a,b,c) follow the
same decreasing sequence found for the average escape time. In the simulations of the square
rooms with two exits (Figure 5d,e,f), the values of POIC 4 found for the three configurations
were similar, but lower than that found for the square room with just one exit (Figure 5a,b,c).
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Figure 5. Images of all square rooms considered, with informations about the profile of individual escapes by
colors of the persons and the values of average escape times and POIC 4.

Figure 6 shows all 4 configurations simulated for the rectangular rooms, using the same
notation used for Figure 5 (i.e., the initial positions of the people in one of the simulations;
people colors indicating the sequence of escape; the values for average escape time and POIC
4; images in a sequence from higher to lower escape time). There are two exits of 1.1 m each
in all the rectangular rooms.

The higher escape time happened when the exits are positioned at center of adjacent sides
(Figure 6a), followed by the exits positioned at corner of the opposite larger sides (Figure 6b),
and then, by the exits positioned at center of smaller sides. The lower escape time was
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obtained with the exits positioned at center of larger sides (Figure 6d). However, taking into
account all simulations, the lower escape time was obtained for the square rooms (Figure 5f).

In the rectangular environment, POIC 4 was reduced in the same sequence of the reduction
of the escape time. The lower POIC 4 value (Figure 6d) was smaller than that obtained for the
rectangular environment. Note that POIC 4 is only important as a qualitative parameter, since
it is not an exact measure.

The escape time for all simulations can be considered satisfactory for evacuation of 400
people (less than 100 s or 50 s for the worst and best configurations, respectively). These
indicate that to calculate exits according to the legislation is satisfactory in terms of escape
time.

However, when POIC 4 is observed, all simulations results in significant values and with
bigger disparity among the rooms, varying from 700-1,200 for the rooms with two exits at
center of opposite sides up to 2,600 for a room with just one exit at corner of a side. POIC 4,
as a qualitative parameter, points out those serious problems can occur during the escape,
such as the critical jamming, mainly in cases when the evacuation occurs in a competitive
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Figure 6. Images of all rectangular rooms considered, with informations about the profile of individual escapes
by colors of the persons and the values of average escape times and POIC 4.

Figure 7 shows a sequence of snapshots of several moments of the escape simulation of
Figure 5f (the best configuration in terms of the lower escape time). Note that a large amount
of people is retained, waiting for the persons in front, before they can leave the location. This
situation can be very dangerous if the human escape behavior is competitive.

Figure 8 shows POIC 4 evolution during the simulation time of Figure 7. Note the increase
of POIC 4 values between the period of 5 s up to about 30 s (critical phase in terms of safety).
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Figure 7. Sequence of images (left to right, up to down) of the evacuation process of Figure 5f.
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Figure 8. Evolution of POIC 4 during the evacuation of Figure 5f according simulation indicated in Figure 7.
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4 CONCLUSIONS

The escape time for evacuations of all rooms simulated can be considered satisfactory (less
than 100 s in the worst condition for 400 persons leaving the room). However, the utilization
of two exits located one far from another can reduce in almost 50% the escape time in
comparison with the use of just one exit. The best localization for the exits is in the center of
the larger side (for just one exit) or in the center of the larger opposites sides (for two exits).

The values for the possibility of the occurrence of internal collisions (POIC 4) found in all
simulations are very sensitive to the positions and geometry of environment. Best conditions
also happened with two exits located far one for the other located in the center of the larger
opposite sides. Additionally, even being only a qualitative measure, the values obtained for
POIC 4 in all simulations of rooms dimensioned according to the Brazilian legislation are
very worrying. In cases of competitive conditions in evacuation (very common in panic
situations), the high values obtained indicated the real possibilities of the accidents and the
occurrence of jamming. Thus, a careful discussion of the codes applied to these situations is a
point of paramount significance.
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