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The pedestrian evacuation process during the propagation of smoke in case with and without guider is investigated. The effects of
leaders on the evacuation are considered. The model is based on the social force model for pedestrians’ motions. The advection-
diffusion equation is applied for the dispersion of smoke. The movement direction of a guider is guided by the solution of the
Eikonal equation. It relies on the desired speed and the smoke density. A pedestrian who is not a guider follows the rule
termed ‘flow with the stream’ and ‘following the wall’. We perform different numerical experiments in a room with one and
two exits. The results show that the guiders effect on the evacuation time when they are large number of individuals in
simulation. It can help to increase the number of evacuees. With small number of individuals in the experiment, the effect of
guiders on evacuation time is not obvious. Further, simulation results are found that the domain with two exits provides
higher number of outside pedestrians than the domain with a single door. Longer evacuation time period can increase the
number of evacuees. The visibility range of a pedestrian is reduced when an additional smoke source is added to the system. It

decreases the number of evacuees. The results of the proposed model are discussed and compared with the existing models.

1. Introduction

During the recent decades, pedestrian evacuation in emer-
gency cases, such as fire, human stampedes, or overcrowding
incidents, has become an important issue. An example of a
major incident in Thailand is the Santika Pub fire on January
1, 2009. Sixty-six people were killed, and more than 200 were
injured. The deaths were partly caused by the improper
design of the buildings and by the disregard for human
safety.

Laboratory experiments and real-life data show that
smoke can affect the pedestrians in two ways [9]. First,
smoke can harm a human’s health, since it contains some
poisonous substances. It provokes pedestrians to lose their
steadiness in a way that they are unable to escape from the
gases. Second, the visibility range of a human can be reduced
when the smoke concentration increases. In the thick irritant
smoke, pedestrians are not able to open their eyes for a long
time. Their tears run so heavily that they cannot see the
words on signs. Therefore, the study of human behav-
iours and their motions during the propagation of smoke

is significant. It can be used to reduce the causalities
under smoke conditions.

There are numerous simulation methods to model
pedestrian dynamic, for example, the social force model
[6], the optimal-velocity model [15], the magnetic force
model [16], the cellular automata models [12], and the dis-
crete choice model [2].

Evacuations are essential in the process towards inevita-
ble disasters and emergencies. Some experimental works
reveal that it is very important to have leaders inside the
building in an emergency situation [17, 21]. Leaders are
agents who are trained and have complete knowledge about
the inside geometry of a building on fire. They can be distin-
guished easily by pedestrians and help others during the
evacuation procedure. The knowledge gained from the
model can help designers to plan the building with respect
to safety issues. This will reduce the amount of losses of both
life and property in an event of emergency.

Woang et al. [21] simulated the pedestrian evacuation in
public places using a multi-agent-based congestion evacua-
tion model. The panic behaviour of agents is incorporated
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FIGURE 1: Visibility domain and movement directions [11].

in their model. Their simulations show that the evacuation
is more efficient by adding a virtual leader if the exit is par-
tially clogged. Weifeng and Hai [23] applied a cellular
automaton model to simulate the human behaviour termed
‘flow with the stream’ from a large smoke-filled compart-
ment. In their experiments, the effect of leaders is taken
into account. The results of their numerical tests show that
the effect of leaders is significant to the evacuation. The
evacuation in a scenario without guider is slower than that
in a scenario with leaders. Other studies that apply the
social force model to study pedestrian evacuation processes
are as follows: Frank and Dorso [3] adopted the social force
model to study pedestrian evacuation under limited visibil-
ity. In this model, pedestrians have to find way out under
low visibility conditions. The effect of guiders is not
regarded. Three kinds of pedestrian behavioral patterns
are analyzed: individualistic behaviour, herding-like behav-
iour, and the walls following. They obtained unexpected
results that some low visibility situations may enhance
evacuation performance.

In the work of Pelechano and Badler [17], they have
developed a multi-agent communication for evacuation
simulations (Maces). It combines the local motion driven
by the social force model. They simulated crowd behav-
iour under two conditions: agents communicate building
route knowledge on the one hand, and agents take differ-
ent roles such as trained personnel, leaders, and followers
on the other hand. They performed 25 simulations using a
crowd size of 100 with 0, 25, 50, 75, and 100 percent
trained agents. The results show that the evacuation time
decreases, as the number of trained agents in the environ-
ment increases.

In reference [22], they performed the effect of leaders in
pedestrian evacuation process based on the modified social
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FiGURE 2: Possible movement directions (blue arrows) when
individuals are near wall [11].

force model. Three evacuation strategies are investigated: sit-
uations that there is no leader, there is a leader nearby, and
situation that individuals follow the leader with a certain
probability. Their simulations show that the evacuation rate
is no more than 30% in situation that there is no leader. The
effect of herding behaviour has a slightly better evacuation
rate than pedestrians moving alone to exit. The effect of an
increase in the number of guiders on evacuation time is
not obvious in their model.

Zhou et al. [25] proposed a hybrid bi-level model to
optimize the number, initial locations, and routes of
leaders in evacuation process. The social force model
and its modifications are employed to study crowds with
leaders in large-scale public places. The initial locations of
leaders are generated by the upper level model. The evac-
uation routes of leaders are defined by a co-simulation
heuristic approach in the lower level model. Simulation
results show the importance of the initial locations of
leaders and the improvement of evacuation by applying
a leader coordination mechanism. Their proposed optimal
evacuation strategy has demonstrated best evacuation
performance.

In our recent published articles, we adopted a cellular
automaton and the social force models to study the motions
of pedestrians influenced by smoke spreading [11, 12]. In
these models, the roles of leaders are not considered. There-
fore, we would like to extend our previous studies to con-
sider the case with and without leaders by adopting the
social force model. The advection-diffusion equation [20]
is applied for the propagation of smoke. The movement of
a guider in our model is defined by the solution of the Eiko-
nal equation. It is the traveling cost to reach a destination,
which depends on pedestrian and smoke density in his vis-
ibility. The human behaviour terms ‘following the wall’ [3]
and ‘flow with the stream’ [23] are also investigated in our
model.

The framework of this paper is organized as follows.
The social force model with guiders and a way to couple
it with the rule of ‘flow with the stream’, ‘following the
wall’, the advection-diffusion, and the Eikonal equation is
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iHPUt : xi(o);vi(o);c(x’ 0);T(x’ 0);Pmax;N;tend
output: x;(¢);v;(¢);C(x, t);T(x, t)
for t=1tot,4 do
for s =1 to # grid points do
L Solve the advection-diffusion equation (14);

for i=1to N do
2. Compute the pedestrian density (p(x,

if i is a guider or see an exit then
4. Set T(x) =
Set F(x)=U
Set F(x) =
5. Solve the Eikonal equation (5);

d(f) = _ VT(x) .
6. Set ¢f (t) = R

max (

else
Follow the rule of ‘flow with the stream’
and ‘following the wall’;

8. Compute f9(t);
for j=1to N do
Compute f77°(t);

| Compute f} phy( 1)

Find grid points with high smoke density, i.e. C(x) > 0.05;
1. Compute the visibility distance of person i (R,);
t)) around person i in a ball radius R,;

3. Compute the desired velocity of person i (v¥(t))

0, where x is a grid point on an exit;
1- @) for walkable areas;
0.01 for obstacle cells or cells with high smoke density;

7. Compute the movement direction of person imd,(t)

| Compute the movement direction of person i;

Solve the social force model (1) and (2) by the RK2 method;
L Update the positions and the velocities of all persons;

wet®Nd, 1), m=1,..,8;

=min, .p arccos(d

ALGORITHM 1: Main update algorithm.

demonstrated in Section 2. Then, the numerical methods,
which are used to approximate the solutions of the social
force model, the Eikonal equation, and the advection equa-
tion, are displayed in Section 3. Numerical experiments and
results are shown in Section 4. In the end, discussions and
conclusions are presented in Section 5.

2. Model

We study pedestrian evacuation in one and two exit domain
with sources of smoke. We assume that the smoke is not
harmful to pedestrians’ health, but it affects the visibility
range. The effect of guiders on evacuation is investigated in
our model. Guider is a person who is familiar with the
geometry of simulation domain. He knows where the exits
are located. He can lead other pedestrians to the exit
although his visibility is limited due to smoke. A microscopic
social force model [6] is applied to simulate individuals’
positions and velocities. It exploits the idea that pedestrians’
movements rely on their own desire to reach a certain desti-
nation as well as other environment factors. To simplify the
model, all pedestrians are assumed to have eight movement
directions as in references [11] and [23] (see Figure 1). The
desired direction of a guider or a person who can see the exit
is defined to follow the solution of the Eikonal equation. It
depends on smoke density and pedestrian’s desired velocity.

The movement directions of individuals who are not guiders
or not see any exit, are followed the psychological human
behaviour termed ‘flow with the stream’ [23] and ‘following
the wall’ [3]. For the dispersion of smoke, the linear advec-
tion—diffusion equation is employed. The microscopic
social force equations, together with the Eikonal equation,
the advection equation, and human behaviour terms ‘flow
with the stream’ and ‘following the wall’, are prescribed as
the following:

dx,
FrRIOF (1)

dvi _ SOC

e ?(t)+;(f () +£51), 2)

with location x; € R? and velocity v; € R%, i=1,2,--,N. N
is the total number of pedestrians.

ff(t) is the desire force of pedestrian i at time ¢. It repre-
sents the own desire of a pedestrian to reach his destination
with a certain desired speed v¥ in a given desired direction

e’ It is expressed by the following:

_ et - (1) .
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FI1GURE 3: Modeling area for the numerical experiments in 2 dimensions.

where v,(#) is the actual velocity and 7; is the relaxation
time in which the pedestrian adapts his actual velocity to
the intended velocity. e/(t) is the unit vector pointing to
the desired direction. For a guider or a pedestrian who
see the exit, the moving desired direction is assumed to fol-
low the negative gradient of the Eikonal solution, i.e.

)=~ (@

where T(x;) is the travel cost of the pedestrians to reach his
destination at point x;. It is the solution of the Eikonal
equation [10]:

VT ()l =

o) xeQ, (5)

where Q is a simulation domain, and T(x) is the arrival
time of the front crossing the point x. T(x) is set to 0 for
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TABLE 1: Parameters for evacuation simulations.
Parameter Symbol Value Reference Equation
Relaxation time T; 0.5 [11, 13, 14] (3)
Maximum speed of pedestrian U phax 1.65 — (7)
Maximum pedestrian density pr 10 [4, 11-14] (7)
Human-human interaction strength A, 0.1 [11, 13] (12)
Human-human range of repulsive interaction B, 0.21 [13, 14] (12)
Contact distance Tij 0.5 [11, 13, 14] (12)
Anisotropic parameter A; 0.61 [11, 13, 14] (12)
Body force coefficient k, 0.1 [11, 13, 14] (13)
Friction force coeflicient k, 0.1 [11, 13, 14] (13)
Velocity field in x-direction w, [-0.5, 0.5] [11, 13, 14] (14)
Velocity field in y-direction w, [-0.5, 0.5] [11, 13, 14] (14)
Diffusion constant Kq 0.05 [11, 13, 14] (14)
Space grid size in x Ax 0.2 [11] (14)
Space grid size in y Ay 0.2 [11] (14)
Time step size At 0.02 [11, 13] (22)

TABLE 2: Average number of evacuees of ten trial runs of 100
individuals with 0% and 3% guiders in simulations. Evacuation
time period is set to 50s. The simulation domain is a room with
one and two exits as Figure 3. The smoke source is located in the
middle of the room.

Average number of evacuees (10 rounds)

Exit No guider 3% guiders
1 exit 38.70 44.40
2 exits 77.70 91.10

the destination areas. F(x) >0 is the moving speed of the
front and relies on the position of x. We set it as follows:

Fx) = { 0.001,
U(p(x)),

xEQb

, (6)
x €0/Q
where 2, represents the areas that are obstructed by obsta-
cles [10] or areas with high smoke density. U is the speed—
density function. It shows the relationship between the
speed and the density of pedestrians. Many speed-density
functions are available for use. The following functions
are adopted in our simulations [18]:

(el ) = U (1= 220), )

Pmax

1

n(R,)’

px.t) = L (8)

j,lx—xijV

where U, and p_ . are the maximum speed and the den-

sity of pedestrians, respectively. R, is the visibility distance

of a pedestrian in smoke area. p(x, t) is the pedestrian den-
sity in a circle with radius R,. Experiments on human
behavior in fire smoke show that the actual visibility dis-
tance captured by light reflecting objects can be estimated
through the following equation [3, 24]:

cV

R, = ,
YK, M,

©)

where ¢ represents the value that depends on whether the
sign is light-emitting or light-reflecting. For the light emit-
ting, its value is 8. It is 3 for the light-reflecting. V is the
volume of the domain where the fire origin is.

K,, = 7.6 m?/g is applied for soot produced during flam-
ing combustion of wood and plastics, whereas K, =4.42
m?/g is used for soot produced during pyrolysis of these
materials. M is the mass of smoke emission and can be cal-
culated through the following equation:

M, = eM, (10)

where M is the weight of the burning material, and € is the
smoke conversion factor [23]. v¥(t) is the desired speed of
pedestrian i at time ¢. It is the speed that pedestrian i
adapts his actual velocity v;(t) to the desired speed. In
our model, the desired speed of a pedestrian depends on
the pedestrian density in the visibility distance. It is calcu-
lated through

V(1) = Umx(l _ 2l t)), (11)

Pmax

where f77°(t) is the repulsive social force. It results in a

repulsive effect to avoid getting too close or to keep a



Modelling and Simulation in Engineering

100 T T T T

Number of outside pedestrians

— — — 1 Exit-no guider

2 Exits-no guider

25 30 35 40 45 50

Time (s)
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FIGURE 4: Average number of evacuees of ten trial runs of 100 individuals with 0% and 3% guiders in simulations. Evacuation time period is
set to 50 s. The simulation domains is a room with one and two exits as Figure 3. The smoke source is placed in the middle of the room.

TaBLE 3: Average number of evacuees of ten trial runs of 100
individuals with 0% and 3% guiders in simulations. Evacuation
time periods are set to 20, 30, and 50s. The simulation domain is
a room with two exits as Figure 3(b).

Average number of evacuees (10

Time periods rounds)

No guider 3% guiders
20s 45.00 77.90
30s 53.30 88.50
50s 77.70 91.10

certain distance to another person j. It is demonstrated
through an exponential decaying function as follows:

1+ cos ((pij)
—

>

soc 1y~ djj
Ji°(t)=A; exp 5 )" A+ (1-2y)

(12)

where A; and B; are the parameters that show the individual
interaction strength and range. d;; = |x; — x; | is the distance

between the centres of mass of the pedestrians i and j. r;; =
r;+1; is the sum of the pedestrians’ radii r; and rj, and n;;
(t)= (n,(»jl), n,(jz)) =x;(t) —x;(t)/d;(t) is the normalized vec-
tor pointing in the direction from pedestrian j to pedestrian

i. A; is a value in the range [0, 1], and A, <1 reflects an
anisotropy effect. It shows that the situation in front of
individual i has more impact on its behaviour than the sit-
uation behind. cos (¢;;) = —n;;(t) - ¢;(t), where ¢;(t) = v;(t)/
|vi(t) | is the direction of motion of pedestrian i, and ¢,(t

) denotes the angle between the direction of motion of
pedestrian i (e;(¢)) and the direction to pedestrian j.

ph . . s . .
ij (t) refers the physical interaction force. It is applied

to separate two persons when they have physical body
contact:

F2(8) =k H (1 — dyj)ng + k,H (- dy) A4, (13)

where k,H(r;; — d;;)n; is a body force for body compres-
sion and k,H(r;; — d;;) Avi;t;;
ative tangential motion. H is the Heaviside function. Its
value is r;; — d;; if r;; > d;; (physical body contact), other-
@),
ij > i
i Av}- = (v; = v;) - t;; is the tangential veloc-
ity difference, and k, and k, are the normal and tangential
constants, respectively.

For the dispersion of smoke, the following advection dif-
fusion equation [20] is applied:

is sliding friction force for rel-

wise 0. t;;=(-n ) is the unit tangential vector and

orthogonal to n

aC
5, tw VC=KVIC+S(c, 1) €OXR',  (14)
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T =30 s-no guider
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Time (s)
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FIGURE 5: Average number of evacuees of ten trial runs of 100 individuals with 0% and 3% guiders in simulations. Evacuation time periods
are set to 20, 30, and 50 s. The simulation domain is a room with two exits as Figure 3(b).

with the Dirichlet boundary conditions on 0Q. w = (w;, w,) €
IR? is the velocity field of smoke, and x4 > 0 is the diffusion con-
stant. We suppose that the smoke source emits gas at a constant
rate Q_ [g/s] from a single source point ¢, = (x, y,). Therefore,
the source term is written as follows:

S(Cs) = QC(S(X - xs)a(y _ys)’ (15)

where § is the Dirac delta function given by

1, x=0
6(x)={0 xq&O' (16)

For an individual who is not a guider and does not see any
exit, he determines his movement direction by the rule of ‘flow
with the stream’ and ‘following the wall' as in references [11]
and [23]. It is operated as follows.

1. At time ¢, check whether there is a guider in his visibil-
ity. If it is true, he follows the guider. Otherwise, proceed to
the next step. If there are more than one guiders in his visi-
bility, he selects randomly one of them to follow.

2. Check whether he see any exit; if it is true, he follows
the nearest wall with probability 0.5 to turn left or turn right.

3. Based on the state at time ¢ — 1, count the number of
individuals in his visibility and divide them into groups

according their movement directions. There are eight possi-
ble movement directions as defined in Figure 1. Hence, the
maximum number of groups is also eight. He follows the
leading group, which is the group that contains most pedes-
trians moving in the same direction. If there are more than
one leading group, one of them is chosen randomly to
follow.

The procedures for the pedestrian to follow a guider, a
wall, or a leading group are as follows.

1. The target can be a guider, a wall, or a leading group.

2. A probability of « is set for him to give up follow-
ing the target. He moves along a direction selected ran-
domly. He follows the target as a result of (l-a)
probability.

3. If he decides to follow the target, a probability of 3
is set for him to move toward the target. A probability of
(1-p) is set for him to move along movement direction
of the target. From a qualitative study, as stated in [23], «
is set as 0.2 and 8 as 0.3.

In the case that a pedestrian is near a wall and his move-
ment direction would lead him to move into the wall in the
next time step, he changes his direction randomly to avoid
encountering the wall, as shown in Figure 2. Red arrows
refer to movement directions that lead into the wall, whereas
blue arrows refer to possible movement directions leading
away from this boarder.
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18 T T T T T

(d)

FIGURE 6: Movements of 100 pedestrians with 3% guiders during smoke spreading where there are one and two sources of smoke. For a
source of smoke, it is located in the middle of the room. Two sources of smoke are placed in the middle of the room and in front of exit
1. The simulation domain is a room with two exits as Figure 3(b). The entire time period of a simulation is 50s. (a) 1 smoke source, t =
1 s. (b) 2 smoke sources, t = 1 s. (c) 1 smoke source, t = 5 s. (d) 2 smoke sources, t = 5 s.

As mentioned before, each individual is assumed to  ds=(0,-1), dg =(-1,-1), d,=(-1,0), and dg =(-1,1). D
have eight movement directions numbered from d, to dg ={d;,...,dg}. The movement direction of a pedestrian is
at each time step (see Figure 1). To find his movement  the direction d,, € D, which yields the minimum regarding
direction, we write eight movement directions in Figure 1 ~ the angle between the movement direction (d,, € D) and

as vectors: dy =(0,1), dy=(1,1), d3=(1,0), dy=(L-1),  his desired direction ed(t). The angle between the two
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TABLE 4: Average number of evacuees of ten trial runs of 100 individuals with 3% guiders in simulations. There are one and two smoke
sources. For a source of smoke, it is located in the middle of the room. Two sources of smoke are placed in the middle of the room and

in front of exit 1. The simulation domain is a room with two exits as Figure 3(b). The entire time period of a simulation is 50s.

Smoke sources

Average number of evacuees (10 rounds)

1 smoke source

2 smoke sources

90.70
64.00

100 T T T T
90 -
80 |-
R
=]
3
T 60 -
a,
Q
S
2 50 |+
5
3
e
= 40 -
[
£
5
Z. 30
20
10
0 1 1 1 1
0 5 10 15 20

T = 50s-1 smoke source
T = 50s-2 smoke sources

25 30 35 40 45 50

Time (s)

FIGURE 7: Average number of evacuees of ten trial runs of 100 individuals with 3% guiders in simulations. There are one and two smoke
sources. For a source of smoke, it is located in the middle of the room. Two sources of smoke are placed in the middle of the room and
in front of exit 1. The simulation domain is a room with two exits as Figure 3(b). The entire time period of a simulation is 50s.

vectors is attained by the use of the dot product. Suppose
that, at time ¢, pedestrian i is moving in direction e?(t),

the movement direction of pedestrian i can be written as:

m

-ed
md;(t) = min arccos (W), m=1,...,8. (17)

d, €D m|

If there is more than one movement direction that gives
the minimum angle, one of them is chosen randomly.
Algorithm 1 is used to update an individuals’ position
and velocity in each time step.

3. Numerical Methods

In this section, we present the numerical methods that are
adopted to approximate the solution of the social force
models (1) and (2), the Eikonal equation (5), and the advec-
tion-diffusion equation (14).

3.1. Solving the Social Force Model. We apply the two-stage
second-order Runge-Kutta method to approximate the solu-
tion of the social force model. To apply this method, first, we
write equations (1) and (2) as follows:

u'(t) = f(t, u(t)), (18)

u(ty) =ty

where u(t,) = u, is the initial condition. We generate the
equidistant grid (2, with respect to time t as

1
Qt = { tk’ tk :kAt, k:0,1,2, ...,MandAt: M} (19)

The two-stage second-order Runge-Kutta method is as
follows:

ky = £ (to w), (20)
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Figure 8: Contour plots of the solution of the Eikonal equation in simulations of 100 pedestrians during propagation of smoke at t=>5s. For
a source of smoke, it is located in the middle of the room. Two sources of smoke are placed in the middle of the room and in front of exit 1.
The simulation domain is a room with two exits as Figure 3(b). (a) 1 smoke source, t = 5 s. (b) 2 smoke sources, t = 5 s.

2 2 3.2. Solving the Eikonal Equation. To solve the Eikonal equa-
ky=f{tx+ gAt’ Vit gAtkl > (21) ‘o, there are a quite number of numerical methods existing
to approximate the solution of the Eikonal equation, for

1 3 example, the fast marching method [19], the fast marching

Uy =ty + At (Z ky + Zk2>’ (22)  Jlevel set method [19], the fast sweeping method [5], and

the fast iterative method [8]. In our experiments, the fast

where u, = u(ty.), up,, =u(ty,,), and t,,, =t, + At. The solu-  marching method is applied in all simulations. Details of this

tion of u in the next time step is obtained from equation (22). method can be reviewed in reference [19].
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TABLE 5: Average number of outside pedestrians of ten trial runs. 50,
100, and 200 individuals with 0%, 1%, 3%, and 5% guiders are
considered in simulations. The simulation domain is a room with
two exits as Figure 3(b). The entire time period of a simulation is 50s.

Ngmber of Average number of evacuees in 50 s (10 rounds)
guiders

50 pedestrians 100 pedestrians 200 pedestrians
No guider 41.10 77.70 119.20
1% 41.80 90.30 149.00
3% 39.70 91.10 191.50
5% 41.30 88.70 193.70

3.3. Solving the Advection-Diffusion Equation. The operator
splitting method is applied to approximate the solution of
the advection-diffusion equation (14). This method is per-
formed on the two-dimensional advection-diffusion equa-
tion in the x-direction and the y-direction separately over
two time steps. For details, we refer to references [11],
[12], and [12]. The convergence of this method is shown
in reference [11].

4. Numerical Experiments and Results

We perform numerical experiments of pedestrian evacua-
tion during the smoke dispersion in the case with and with-
out guiders in a room of size 16 m x 20 m. We consider the
simulation domain with one or two exits. The width of exits
are set to 2 m, which is enough to allow pedestrians to escape
simultaneously. The exit is located on the right side of the
room for one exit room (see Figure 3(a)). For two exit room,
the exits are placed at the bottom and on the right side of the
room. They are labeled as Exit 1 and Exit 2, respectively (see
Figure 3(b)). A crowd of size 50, 100, and 200 individuals
and 0%, 1%, 3%, and 5% guiders are considered in our study.
The process starts with randomly distributed pedestrians
throughout the room at initial time. Each individual are
assumed to has eight movement directions numbered from
d, to dy at each time step as in reference [11] (see
Figure 1). Initial velocity of an individual is selected ran-
domly from the eight movement directions.

For the studied examples, we assume that there is 1kg of
polystyrene burned in the flame inside the experiment room.
The smoke conversion factor of polystyrene is assigned to
0.15 as in reference [23]. By equation (10), we attain the
mass of smoke emission in the room as follows:

M,=eM=0.15 x 1000 =150 g. (23)

The pedestrian’s visibility distance during the smoke dis-
persion is calculated through equation (9):

g o KV _3x20x16x4
VUOK,M,  7.6x150

=3.37m. (24)

In reality, the visibility range of individual is not con-
stant. It changes all the time dependent on the burning rate
of material. Therefore, we assume that the visibility range of
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an individual is decreased linearly from 3.37 to 2m in a
given time of simulation for a source of smoke.

For the smoke dispersion, the smoke density at the
source point is relatively high at the initial time and emits
a constant smoke density subsequently, i.e.

10 g/s, t=0
Q.= . (25)
0.1g/s, t>0

At each time step, the velocity field (w;,w,) of the
convection-diffusion in equation (14) is assumed to vary on
the interval [—0.5, 0.5]. Ten trial runs are executed for each
example, and their average is applied. The computations are
conducted on a HP Intel(R) Core(TM) i7-7700CPU,
3.6 GHz. We implement all programs in MATLAB R2023a.
Parameters that are used in all simulations are displayed in
Table 1.

4.1. Experiment 1. In the first experiment, we consider evac-
uation process of 100 pedestrians with 0% and 3% guiders in
simulations. The simulation domain is a room with one and
two exits. A room with one exit is set as Figure 3(a), whereas
a room with two exits is as Figure 3(b). The entire evacua-
tion time period of a simulation is set to 50s. The results
of the first experiment are displayed in Table 2. The pedes-
trian evacuation process in a room with two exits provides
higher average number of evacuees than the process in a
room with one exit. This coincides well with real situations
that individuals have more options to evacuate out of the
room. To accelerate evacuation process, it is better to have
a room with two exits than a room with one exit. Our results
are consistent with results of Aik and Choon [1]. Then, we
consider the situations with 0% and 3% guiders in experi-
ments. Both one and two exit rooms give similar results that
the average number of evacuees is higher in case with 3%
guiders than without guider in simulations. In the presence
of guiders, we attain that the average number of evacuees
is rather high in the domain with two exits compared with
the domain with one exit. The plot of results in first experi-
ment is shown in Figure 4.

4.2. Experiment 2. We investigate numerical experiments of
100 individuals with 0% and 3% guiders in a room with
two exits (see Figure 3(b)). Different evacuation time periods
are regarded. They are set to 20, 30, and 50s. The results
of these experiments are presented in Table 3. Apparently,
the average number of evacuees increases when simulation
time period increases both with 3% guiders and without
guider in simulations. More evacuees can leave the room
with more time period. In all setting evacuation time
periods, the average number of evacuees in case with 3%
guiders in simulations is higher than in case without guiders.
When simulation time period is lower, guiders are still
important on evacuation process. The average number of
evacuees is increased in presence of guiders. The comparison
plot of the average number of evacuees with different simu-
lation time periods is demonstrated in Figure 5.
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F1GURE 9: Comparisons of the average number of outside pedestrians in period of time 50 s of 0%, 1%, 3%, and 5% guiders situations. (a) 50,
(b) 100 and (c) 200 individuals are considered in simulations. The simulation domain is a room with two exits as Figure 3(b).

TaBLE 6: CPU time of ten trial runs of 50, 100, and 200 individuals
with 0%, 1%, 3%, and 5% guiders in simulations. The simulation
domain is a room with two exits as Figure 3(b). The entire time
period of a simulation is 50.

NL}mber of CPU time (10 rounds)
guiders

50 pedestrians 100 pedestrians 200 pedestrians
No guider 35.1688 h 90.7668 h 227.8468 h
1% 39.605h 101.9206 h 245.4958h
3% 35.7173h 106.5785h 256.3765h
5% 34.3156h 83.4702h 235.0324h

4.3. Experiment 3. We perform evacuation process of 100
individuals with 3% guiders in a room with two exits. One
and two sources of smoke are considered in this experiment.
For a source of smoke, it is placed in the middle of the room.
For two smoke sources, they are located in the middle of the
room and in front of exit 1 (see Figure 6). Time period for a
simulation is set to 50s. In this experiment, the visibility
range of a pedestrian is assumed to be constant both with
one source and two sources of smoke. It is calculated through
equation (9). We obtain the visibility range 3.37m for a
smoke source, and it is 1.68 m for two sources of smoke.
Table 4 displays results of this experiment. A high average
number of evacuees is received in the domain with a smoke
source compared with when there are two smoke sourced
presented. Two sources of smoke can produce more smoke

density that it causes to reduce visibility of individuals. Indi-
viduals have less chance to see an exit; see a guider or move
with others in a small visibility range. The comparison plot
of the average number of evacuees where there are one and
two smoke sources is presented in Figure 7. Movements of
individuals in one and two smoke sources’ situations at time
1 and 5s are demonstrated in Figure 6. Small groups are
formed and observed in the case with two smoke sources.

Figure 8 shows contour plots of the solution of the Eiko-
nal equation in simulations of 100 pedestrians during prop-
agation of smoke at t=5s. Figure 8(a) shows a source of
smoke. Figure 8(b) shows two sources of smoke. From the
plots, we see that the traveling time to reach a destination
is absolutely high in regions where the smoke sources or
the wall grids are located. Hence, guiders or individuals
who see exit or walls will move away from these areas. This
is by reason of the moving speed F(x) in equation (6) that it
is assigned to small value for areas with high smoke density
or wall grid regions.

4.4. Experiment 4. In this experiment, a crowd of size 50,
100, and 200 individuals with 0%, 1%, 3%, and 5% guiders
is considered. The simulation domain is a room with two
exits (see Figure 3(b)). The smoke source is located in the
middle of the room. The entire evacuation time period is
set to 50s. Table 5 displays the average number of outside
pedestrians in case of 0%, 1%, 3%, and 5% guiders in exper-
iments. It shows that the average number of outside pedes-
trians in case of with and without guiders is not very



Modelling and Simulation in Engineering

15

250 T T T T

200 [

—

w

(=}
T

CPU time for 10 rounds
=
3
T

50 [

O 1 1
0 20 40 60 80

100 120 140 160 180 200

Number of pedestrians

FiGure 10: Computation time of 50, 100, and 200 pedestrians in case of 5% guiders in simulations. The entire time period of a simulation is

50s. The simulation room consists of two exits as Figure 3(b).

16 [

14

12

0 5

10

15 20

F1GURE 11: Traces of five chosen pedestrians out of 200 pedestrians in case of 5% guiders in simulation. Black, blue, and cyan colors refer
to footprints of guiders. Red and green colors are footprints of pedestrians that are not guiders. The entire time period of a simulation is

set to 50 s.

different when there are small number of individuals in sim-
ulations, i.e., 50 pedestrians in experiment. When there are
large number of individuals in experiment, the difference
in the average number of outside pedestrians in case of with
and without guider is prominent. The average number of

outside pedestrians in the case with guiders is relatively
higher than that in the case without guider, i.e., 100 and
200 individuals in simulation. Therefore, the effect of guiders
is essential to the evacuation, especially when there are large
number of individuals in simulations.



16

18

16 [

14

12 [

10 |

18

16 [

14

12 [

10 [

Modelling and Simulation in Engineering

A

(b)

Figure 12: Continued.




17

Modelling and Simulation in Engineering

18

16

14

12

10

18

16

14

12

10

4

20

18

16

14

12

10

(d)

FiGgure 12: Continued.



18

18

16

14

12

10

18

16

14

12

10

Modelling and Simulation in Engineering

t=20

t=20

6 8 10 12 14 16 18 20

Ficure 12: Continued.



Modelling and Simulation in Engineering

19

18 T T T T T

12 [

10 |

18 T T T

16 |

14

10

12 14 16 18 20

FI1GURE 12: Movements of 200 pedestrians during smoke spreading in the case that there are no guider and 5% guiders in simulation. The
smoke source is in the middle of the room. The entire time period of a simulation is 50 s. The simulation room consists of two exits as
Figure 3(b). (a) no guider, t = 0 s. (b) 5% guiders, t = 0 s. (c) no guider, t = 5's. (d) 5% guiders, t = 5 s. (¢) no guider, t = 20 s. (f) 5%

guiders, t = 20 s. (g) no guider, ¢t = 40 s. (h) 5% guiders, ¢ = 40 s.

The comparison plots of the average number of outside
pedestrians of crowd of size 50, 100, and 200 with 0%, 1%,
3%, and 5% guiders are shown in Figure 9. From
Figure 9(a), the average number of outside pedestrians in
case of with and without guiders is approximately the same
in the beginning of simulation, i.e., at time 0-5s. After that,

the average number of outside pedestrians in case of 5%
guiders provides highest results. At the end of given simula-
tion time, we see that the average number of outside pedes-
trians is roughly the same in all cases.

In the events of 100 pedestrians in simulations
(Figure 9(b)), the results of the average number of outside
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pedestrians are similar in case with and without guiders in
the beginning of simulation, i.e., at time 0-3s. After that
,the average number of outside pedestrians in case of with
guiders is obviously higher than that in the case without
guider. At time from 3 to 255, the average number of outside
pedestrians in case of 3% and 5% guiders is higher than that
in case of 1% guiders in experiment. After the time from 25s
until end of given period time, the average number of out-
side pedestrians is roughly the same in case of 1% and 5%
guiders. It is highest when there are 3% guiders in experi-
ment. This result is agreeable to reference [22]. When the
number of leaders is larger than a certain value, the effect
of increasing number of guiders on evacuation time is not
evident. Increasing the number of guiders does not always
increase the number of evacuees.

When there are 200 individuals in experiments
(Figure 9(c)), the significance of having guiders in simula-
tions is evidently seen. The difference in the average number
of outside pedestrians in case of with and without guiders is
clearly observed from the plot. After the time from 5s until
end of simulation period, the average number of outside
pedestrians is increased when the number of guiders is
increased. It is highest when there are 5% guiders in testing.

From Figure 9, we can conclude that all case studies pro-
vide similar results of the average number of outside pedes-
trians in the beginning of simulations. This is because the
visibility distance of an individual is large in the beginning.
Pedestrians who near or see the exit can evacuate out of
the room without difficulty. Therefore, guiders have no effect
on evacuation in the beginning of simulation. As time is
increased, the visibility range of an individual is reduced.
Pedestrians who cannot see any exit cannot evacuate out of
the room easily. If they are near a guider, they will follow
him. Guider can lead them to the exit. This can increase
the number of outside pedestrians. When there are large
number of individuals in experiments, the effect of having
guiders on evacuation is clearly dominant.

Table 6 shows computation time of ten trial runs of 50,
100, and 200 pedestrians in simulations. The plot of compu-
tation times of 50, 100, and 200 pedestrians in case of 5%
guiders in simulations is displayed in Figure 10. It is seen
that as the number of pedestrians is increased, the computa-
tion time is increased exponentially.

Figure 11 shows the footprints of five chosen pedestrians
out of 200 pedestrians in case of 5% guiders in simulation.
Black, blue, and cyan colors are footprints of guiders,
whereas red and green colors are footprints of individuals
that are not guider. The initial positions of black, blue, cyan,
red, and green color individuals are at (13.5292, 8.4356),
(12.2952, 4.1928), (0.8082, 14.9861), (18.2861, 1.5468), and
(15.9470, 3.9792), respectively. It can be seen that the foot-
prints of guiders point directly to the exit since they know
well the geometry of the room and know where the exits
are located. Hence, they can move directly to the exit. On
account of the limited visibility, the red and green pedes-
trians cannot find the exit directly. They follow others by
the rule of ‘flow with the stream’ and ‘following the wall’.
The traces of them are overlapped, and they fail to evacuate
out of the room in a given period of time.
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Movements of 200 pedestrians during smoke spreading
at time 0, 5, 20, and 40s in the case that there is no guider
in the simulation are demonstrated in Figures 12(a), 12(c),
12(e), and 12(g). At initial time, pedestrians are randomly
distributed through out the room. The initial movement
direction of an individual is chosen randomly from the eight
movement directions. At time 5, several groups of individ-
uals are observed in this stage. Individuals who cannot see
the exit move in the direction determined by the rule of ‘flow
with the stream’. The movement directions of pedestrians in
each group point about in the same direction. When the
crowds are near or see walls, they would follow the wall.
The human behaviour term ‘the wall following’ is also
observed in our model (see Figure 12(e)). The crowds move
by the rule of ‘flow with the stream’ until they see an exit and
move out. Because of the limited visibility, one group of
individuals cannot find the exit directly and fails to move
out of the room in a given period of time.

Figures 12(b), 12(d), 12(f), and 12(h) display movements
of 200 pedestrians during smoke dispersion at time 0, 5, 20,
and 40s in the case that there are 5% guiders in the experi-
ment. Guiders are marked with red circles and placed ran-
domly in the room at initial time. Guiders point their
movement directions to the exit since they are familiar with
the simulation domain and know well where the exits are
located. Their movement directions are determined through
the solution of the Eikonal equation, which depends on
pedestrian and smoke density. Pedestrians who are near
see the guider point their movement directions to the guider
or along the movement directions of the guider (see
Figure 12(d)). Guiders lead other individuals around them
to the exit. At time 20s, there are no guiders in the room,
and one small group cannot find the exit. They move
together by the rule of ‘the flow with the stream’ and ‘follow-
ing the wall’ (see Figures 12(f) and 12(h)). They cannot
evacuate out of the room in the given period of simulation
time.

5. Discussion and Conclusions

In this research, we consider individuals’ movements during
smoke dispersion in case with and without guiders. The
human behaviour terms ‘the flow with the stream’ and ‘fol-
lowing the wall’ are regarded in our model. Our model is
based on the social force model, which is applied for pedes-
trians’ motions. It is coupled with the Eikonal equation and
the advection-diffusion equation. The Eikonal equation is
used to guide the movement direction of a guider or a pedes-
trian who can see the exit. The advection-diffusion equation
is employed for the propagation of smoke. In our experi-
ments, it shows that guiders are important for evacuation,
especially when there are large number of pedestrians in
simulation. They can lead others around them to exit.
Therefore, it increases the number of evacuees. This result
is consistent with that in references [17], [22], and [23] in
case that there are large number of individuals in simulation.
The average number of outside pedestrians in case with
guiders is higher than that in case without guider. For a
small number of pedestrians, the impact of guiders on
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evacuation time is not obvious in our model. The effect of
increasing the number of guiders leading to an increase in
the number of evacuee is obtained in the event that there
are 200 pedestrians in experiment. For 100 individuals in
simulation, this effect is not clear. This gives similar result
as reported in reference [22]. Considering the simulation
domain with one and two exits, the number of evacuees in
a room with two exits is absolutely higher than the number
of evacuees in a room with one exit. This result is agreeable
with the work by Aik and Choon [1]. Regarding safety, it is
preferable to build a room with two exits than a room with
one exit. This experiment confirm that guiders are impor-
tant on evacuation both in the domain with one and two
exits. On the study of different simulation time periods, the
average number of evacuees increases in the presence of
guiders. With an additional smoke source, the visibility
range of the individual is reduced. It leads to a decrease in
the number of evacuees. Human behaviours terms, the clog-
ging [6, 7], ‘the flow with the stream’ [23] and ‘following the
wall’ [3] effects are also observed in our model. For further
study, we can consider the effect of the initial locations of
guiders on evacuation process.

Data Availability

Previously, reported data were used to support this study
and are cited at relevant places within the text as references
(1], [6], [7], [17], [22], and [23].

Conflicts of Interest

The author(s) declare that they have no conflicts of interest.

Acknowledgments

This research is supported by Basic Research Fund of the
Science Faculty at the Kasetsart University, Thailand. The
author is very grateful for the working environments pro-
vided by the Department of Mathematics at the Kasetsart
University, Thailand.

References

[1] L. Aik and T. Choon, “Simulating evacuations with obstacles
using a modified dynamic cellular automata model,” Journal
of Applied Mathematics, p. 17, 2012, Hindawi Publishing
Corporation.

[2] G. Antonini, M. Bierlaire, and M. Weber, “Discrete choice
models of pedestrian walking behavior,” Transportation
Research Part B, vol. 40, no. 8, pp. 667-687, 2006.

[3] G. A. Frank and C. O. Dorso, “Evacuation under limited visi-
bility,” International Journal of Modern Physics, vol. 26,
no. 1, p. 1550005, 2015.

[4] S. Goettlich, A. Klar, E. Ragavendar, and S. Tiwari, “Particle
methods for pedestrian flow models: from microscopic to
non-local continuum models,” Mathematical Models and
Methods in Applied Sciences, pp. 2503-2523, 2014.

[5] P. A. Gremaud and C. M. Kuster, “Computational study of fast
methods for the Eikonal equation,” SIAM Journal on Scientific
Computing, vol. 27, no. 6, pp. 1803-1816, 2006.

21

[6] D.Helbing, I. J. Farkas, P. Molnar, and T. Vicsek, “Simulation
of Pedestrian Crowds in Normal and Evacuation Situations,”
in Pedestrian and Evacuation Dynamics, pp. 1-32, Springer,
Berlin, Germany, 2002.

[7] D. Helbing and T. Vicsek, “Simulating dynamical features of
escape panic,” Nature, vol. 407, no. 6803, pp. 487-490, 2000.

[8] W. K. Jeong and R. T. Whitaker, “A fast Eikonal equation
solver for parallel system,” SIAM Conference on Computa-
tional Science and Engineering, pp. 1-4, SIAM, 2007.

[9] T. Jin, “Studies on human behavior and tenability in fire
smoke,” Safety Science, vol. 5, pp. 3-21, 1997.

[10] T. Kretz, A. Groess, S. Hengst, L. Kautzsch, A. Pohlmann, and
P. Vortisch, “Quickest paths in simulations of pedestrians,”
Advances in Complex Systems, vol. 14, no. 5, pp. 733-759, 2011.

[11] J. Makmul, “Microscopic and macroscopic for pedestrian
crowds,” Mannheim University, Germany, 2016, Phd thesis.

[12] J. Makmul, “A cellular automaton model for pedestrians’ move-
ments influenced by gaseous hazardous material spreading,”
Modelling and Simulation in Engineering, vol. 2020, p. 10, 2020.

[13] J. Makmul, “A social force model for pedestrians’ movements
affected by smoke spreading,” Modelling and Simulation in
Engineering, vol. 2020, p. 11, 2020.

[14] J. Makmul, “A pedestrians flow model during propagation of
smoke: microscopic and macroscopic approaches,” Safety Sci-
ence, vol. 133, pp. 1-11, 2021.

[15] A. Nakayama and Sugiyama, “Two-dimensional optimal
velocity model for pedestrians and biological motion,” AIP
Conference Proceedings, vol. 661, p. 107, 2003.

[16] S. Okazaki, “A study of simulation model for pedestrian move-
ment with evacuation and queuing, part 1: pedestrian movement
by the application on of magnetic models,” Transactions of Archi-
tectural Institute of Japan, vol. 35, no. 283, pp. 111-119, 1979.

[17] N. Pelechano and N. I. Badler, “Modeling crowd and trained
leader behavior during building evacuation,” IEEE Computer
Society, vol. 26, pp. 80-86, 2016.

[18] B. Piccoli and A. Tosin, “A review of continuum mathematical
models of vehicular traffic,” Encyclopedia of Complexity and
Systems Science, pp. 9727-9749, Springer, 2009, 1-33.

[19] J. A. Sethian, “Advancing interfaces: level set and fast march-
ing methods,” Proceedings of the National Acadenamic of Sci-
ences, vol. 130, pp. 1-12, 1995.

[20] J. M. Stockie, “The mathematics of atmospheric dispersion
modelling,” Society for Industrial and Applied Mathematics,
vol. 53, no. 2, pp- 349-372, 2011.

[21] J. Wang, L. Zang, Q. Shi, P. Yang, and X. Hu, “Modeling and
simulating for congestion pedestrian evacuation with panic,”
Physica A, vol. 428, pp. 396-409, 2015.

[22] Q. Wang, Z. Shang, and X. Lin, “Simulating the leadership
effect in crowd evacuation based on social force model,” in
Proceedings of the 41st Chinese Control Conference, pp. 1-6,
IEEE, Hefei, China, 2022.

[23] Y. Weifeng and T. K. Hai, “A model for simulation of crowd
behaviour in the evacuation from a smoke-filled compart-
ment,” Physica A, vol. 390, pp. 4210-4218, 2011.

[24] Y. Zheng, X. Li, N. Zhu, B. Jia, and R. Jiang, “Evacuation dynamics
with smoking diffusion in three dimension based on an extended
floor-field model,” Physica A, vol. 507, pp. 414-426, 2018.

[25] M. Zhou, H. Dong, Y. Zhao, P. Ioannou, and W. Fei-Yue,
“Optimization of crowd evacuation with leaders in urban rail
transit stations,” IEEE Transactions on intelligent transporta-
tion systems, vol. 20, no. 12, pp. 4476-4487, 2019.



	A Pedestrian Evacuation Model with Leaders during the Smoke Dispersion Based on a Social Force Model
	1. Introduction
	2. Model
	3. Numerical Methods
	3.1. Solving the Social Force Model
	3.2. Solving the Eikonal Equation
	3.3. Solving the Advection–Diffusion Equation

	4. Numerical Experiments and Results
	4.1. Experiment 1
	4.2. Experiment 2
	4.3. Experiment 3
	4.4. Experiment 4

	5. Discussion and Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments



