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Due to the interaction and external interference, the crowds will constantly and dynamically adjust their evacuation path in the
evacuation process to achieve the purpose of rapid evacuation. The information from previous process can be used to modify the
current evacuation control information to achieve a better evacuation eﬀect, and iterative learning control can achieve an eﬀective
prediction of the expected path within a limited running time. In order to depict this process, the social force model is improved
based on an iterative extended state observer so that the crowds can move along the optimal evacuation path. First, the objective
function of the optimal evacuation path is established in the improved model, and an iterative extended state observer is designed
to get the estimated value. Second, the above model is veriﬁed through simulation experiments. The results show that, as the
number of iterations increases, the evacuation time shows a trend of ﬁrst decreasing and then increasing.

1. Introduction
Crowd evacuation is a complex system. Due to the limitations of evacuation time, space, and obstacles, as well as the
interaction between crowds and spontaneous behavior of the
individual, there are some phenomena such as competition
for safe exit space and mutual pushing in the evacuation
process. Once the crowd state changes abruptly, it is extremely easy to lead to secondary disasters, e.g., crowding
and trampling. Therefore, the analysis of crowd evacuation
process and the study of evacuation behavior are the key
links to guarantee the evacuation safety and improve the
ability of congestion prevention and control.
Researchers have proposed a variety of crowd motion
models from diﬀerent perspectives, which can be divided
into macromodel and micromodel. Macromodel mainly
studies the macrocharacteristics, e.g., crowd ﬂow, but neglects the motion state of individuals, and its representative
model is the ﬂuid mechanics model [1, 2]. Micromodel

focuses on the modeling of an individual behavior, and its
representative models are cellular automaton, lattice gas, and
social force models [3–12]. As a common continuous
micromodel, the social force model is proposed on the basis
of the concept of social force combined with classical
Newtonian mechanics and has some advantages that discrete
models such as cellular automaton do not have, e.g., arbitrary turning of crowds and diﬀerent degrees of overlapping
generated between crowds, which makes the crowds simulated by the social force model closer to reality. However,
there are still some limitations in the social force model; for
example, when the pedestrian density is too high or too low,
some unrealistic phenomena often occur. In this regard,
researchers have proposed a large number of improvement
methods based on the social force model. Helbing and
Molnár [13] discussed the corresponding force concept in
more detail and had applied to the description of other
behaviors, and computer simulations of crowds of interacting crowds show that the social force model is capable of
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describing the self-organization of several observed collective eﬀects of crowd behavior very realistically. Gerta et al.
[14] suggested a very simple molliﬁed version of the social
force model that conserves the desired dynamic properties of
the original many-body system but elegantly and cost-eﬃciently resolves several of the issues concerning stability and
numerical resolution. Liu et al. [15] proposed a video datadriven social force model for simulating crowd evacuation,
in which ﬁtness function was deﬁned to model the behavior
of a pedestrian goal selection, and a new force called “group
force” was added to the primary social force model. Kretz
[16] investigated under which circumstances, parameter
choices, and social force model variants oscillations did
occur and how this could be prevented. It is shown that
oscillations can be excluded if the model parameters fulﬁll
certain relations. Liu [17] developed a social force model to
study the crowd evacuation when a terrorist attack occurs in
the public place, and the simulation results showed that the
emergency exit choice strategy has an advantage over the
ordinary exit choice strategy in daily life for reducing casualties. The more unbalanced the terrorists’ initial distribution around the exits is, the more noticeable this
advantage will be. Rinke et al. [18] developed a multilayer
approach for representing the movement of road users and
their interaction based on the social force model. In a freeﬂow layer, a realistic path is calculated for each user towards
his destination, while a conﬂict layer is used for detecting
possible conﬂict situations and computing an appropriate
reaction. Xu et al. [19] proposed a novel technique termed
miSFM for the simulation of crowd evacuation with mutual
information and the social force model, and the key innovation lies in highlighting how the dynamic adjustment of
SFM parameters reveals much more realistic crowd movements for the evacuation simulation. Anvari et al. [20]
presented a three-layered microscopic mathematical model,
which was capable of representing the behavior of pedestrians and vehicles in shared space layouts. In the second
layer, the social force model is modiﬁed and extended for
mixed traﬃc to produce feasible trajectories. Zhang et al.
[21] proposed a modiﬁed two-layer social force model to
simulate and reproduce a group gathering process based on
low-density group organization patterns, and the experiment result also showed that a stable group pattern and a
suitable leader could decrease collision and allow a safer
evacuation process.
Although such problems as arbitrary turning and
overlapping of crowds have been solved, the social force
model can eﬀectively describe the “self-organization” and
“arching” phenomena. However, there are still some
shortcomings, especially the pedestrian’s exclusion behavior
is not completely consistent with the pedestrian’s actual
motion, and crowds are completely under the control of
forces, and pedestrian’s intelligent behavior is rarely considered, which oversimpliﬁes the pedestrian’s path discovery
process. Iterative learning is suitable for objects with repetitive motion properties, and the previous control error is
used to modify the current control amount, thereby improving the prediction accuracy. In this paper, the optimal
evacuation path is used as an unknown expectation, and the
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expected control is calculated by repeated iterations. The
social force model is improved in this paper using an iterative extended state observer by deﬁning the objective
function of the optimal evacuation path.

2. Social Force Model
In order to eﬀectively describe the random ﬂuctuation eﬀect
generated by crowds in the evacuation process, the random
ﬂuctuation force is introduced in this paper on the basis of
the traditional social force model, and the kinetic equation of
a single pedestrian is described as follows:
dV
mi i �  fiq +  fij +  fiw ,
(1)
dτ
q
w
j≠i
where fiq, fij, and fiw are driving force, repulsive force, and
attraction, respectively, vi represents the expected velocity,
and mi represents the quality of the pedestrian i. τ is a time
dimension variable introduced to transform the existing
velocity vector diﬀerence into acceleration. The smaller the τ
is, the greater the acceleration caused by crowds will be.
If the initial pedestrian velocity is v0i and the relaxation
time used to correct the motion velocity of pedestrian is τ i,
then the driving force fiq can be calculated as per the following equation:
 fiq � mi
q

v0i (t)e0i (t) − vi (t)
.
τi

(2)

If there are multiple exits, the pedestrian’s initial pedestrian velocity is calculated according to the direction
between the current position and the each exit. The minimum value is used as the ﬁnal initial pedestrian velocity of
the pedestrian.
At the same time, the repulsive force fij between
the pedestrian α and the pedestrian β mainly includes
→soc
psychosocial force f αβ (t) and physical contact force
→ph
f αβ (t), which can be calculated as follows:
→soc
→ph
 fij � f αβ (t) + f αβ (t).
(3)
j≠i

In addition, the position vector diﬀerence between the
→
→ →
pedestrian a and attraction point i is r ai � r a − r i , in
→
which Wai (‖ r ai ‖, t) represents a monotonic increasing
potential function similar to the repulsion eﬀect; then, the
attraction fiw can be calculated as follows:
�� ��
→
 fiw � −∇Wai ��� r ai ���, t.
(4)
w

3. The Improved SFM
Due to the eﬀect of external environment and personal
factors, crowds will constantly adjust their evacuation path
in the evacuation process to achieve the purpose of rapid
evacuation. In order to depict this process, the social force
model is improved based on an iterative extended state
observer in this study, named I-SFM (iterative extended state
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Figure 1: Calculation method.

observer-social force model). The system can continuously
learn from it, so that the pedestrian evacuation path can
proceed along the optimal iteration direction. Moreover, the
control parameters in the improved model only contain the
partial derivatives of the nonlinear system with respect to
path parameters, so its dynamic complexity is reduced and
can be estimated more easily, thus improving the simulation
performance of the model.
For a repetitive system of evacuation simulation, the
information from previous process can be used to modify
the current evacuation control information to achieve a
better evacuation eﬀect, and iterative learning control can
achieve an eﬀective prediction of the expected path within a
limited running time. The calculation method of an expanded state observer is shown in Figure 1.
Here, the eﬀect on crowds at the moment t + 1 is as
follows:

By substituting equation (6) into equation (7), in which
μ(μ∈(0, 1]) represents the step length factor, we solve the
partial derivative of the optimal evacuation path uk(t) and
make it equal to 0 to get
uk (t) � uk−1 (t) +

μϕk (t) ek−1 (t + 1) − ξ k (t)
.
λ + ϕ2k (t)

Φk(t) is unknown in the optimal learning control rate, so
∧
it needs to be estimated. The estimated value ϕk (t) is as
follows:
∧

∧

ϕk (t) � ϕk−1 (t) + ηΔuk−1 (t)
∧

Δyk−1 (t + 1) − ϕk−1 (t)Δuk−1 (t) − ξ k−1 (t)
·

,

λ + Δu2k−1 (t)

(9)

f yk (t + 1) � fyk (t), yk (t − 1), . . . , yk t − ny , uk (t),
uk (t − 1), . . . , uk t − nu  + dk (t + 1),

(5)
where uk(t) and yk(t), respectively, represent the optimal
evacuation path and the actual evacuation path of crowds, k
represents the number of iterations, and f(·) represents the
social force encountered during evacuation; ny and nu
represent unknown time steps; dk(t + 1) represents the other
disturbance factors on pedestrians, which can be considered
as the total of other disturbance factors not considered in
this paper. When the number of iterations tends to be
inﬁnite, the trajectory error ek(t) � yd(t)-yk(t) converges to
zero in the whole ﬁnite time interval, that is,
limk⟶∞ ek (t) � 0.
The following objective function of the optimal evacuation path is taken into account:

2

2
(6)
Z uk (t) � ek (t + 1) + λuk (t) − uk− 1 (t) ,
where λ(λ > 0) represents the weight factor. Considering the
evacuation system running in ﬁnite time, when the partial
derivative of the optimal evacuation path uk(t) is continuous
and bounded, there must be a partial derivative Φk(t) and a
nonlinear term ξ k(t), which can be converted into the following form equivalently:
Δuk (t + 1) � ϕk (t)Δuk (t) + ξ k (t).

(7)

(8)

where η(0 < η < 2) represents the weight factor.
ξ k(t) is unknown in the above formula, so it needs to be
estimated. The gain of adjustable observer is α, and the
limiting constant is bξ. In this paper, an iterative extended
state observer is designed to obtain its estimated value
∧
ξ k (t):
∧
∧
⎪
⎧
⎪
(t)
�
ξ
ξ
⎪
0,k
k−1 (t) − α yd (t + 1) − yk−1 (t + 1),
⎪
⎪
⎪
⎪
∧
⎪
⎪
⎧
⎪
⎪
⎪
⎪ bξ , ξ 0,k(t) > bξ ,
⎪
⎪
⎨
⎪

∧
⎪
⎪∧
∧


⎨
⎪
⎪


⎪
ξ
(t)
�
,
ξ
ξ

⎪
k
0,k(t)  0,k(t)  ≤ bξ ,
⎪
⎪


⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
∧
⎪
⎪
⎩
⎩
−bξ , ξ 0,k(t) < bξ .

(10)

Thus, the optimal evacuation path can be further
obtained:
∧

∧

μ ϕk (t)ek−1 (t + 1) − ξ k (t)
uk (t) � uk−1 (t) +

∧2

λ +ϕ
where

,
k−1 (t)

(11)
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∧
∧
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⎧
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ϕ
(t)
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ϕ
if ϕk (t) ≤ ε
⎪
k
0 (t),
⎪
⎪
⎪
⎨
⎪
∧
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(t)
�
ξ
⎪
0,k
k−1 (t) − α yd (t + 1) − yk−1 (t + 1)
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ ∧
⎪
⎧
⎪
⎪
bξ , ξ 0,k(t) > bξ ,
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪

∧
⎪
⎪
⎪
∧


⎨∧
⎪
⎪
⎪ ξ k (t) � ξ 0,k(t) , ξ 0,k(t)  ≤ bξ ,
⎪


⎪
⎪

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
∧
⎪
⎪
⎩
⎩
−bξ , ξ 0,k(t) < − bξ ,
∧

∧

dVi
�  fiq +  fij +  fiw + f uk (t).
dτ
q
w
j≠i



Δuk−1 (t) ≤ ε,

(12)

where ϕ0 (t) represents the initial value of ϕk (t), and ε
represents any small normal number.
Thus, the social force model based on an iterative extended state observer can be established:
mi

or

(13)

4. Mathematical Simulations
According to the above improved social force model, a
simulation platform is established for veriﬁcation. The
simulation environment parameters are set here: the evacuation space is 50 m ∗ 50 m, the initial crowd density is
ρ � 0.4 (which is deﬁned as the ratio of the current number of
pedestrians to the area of evacuation space), the expected
velocity is v � 1.45 m/s, and λ � 5, μ � 0.6, η � 1. At the initial
evacuation stage, crowds are randomly and evenly distributed in the evacuation space and begin to evacuate to the exit
after the simulation begins. First, the improved social force
model I-SFM is used for experimental analysis in this paper,
and the simulation process is shown in Figure 2.
Meanwhile, the traditional social force model (traditional SFM) and the modiﬁcation of the self-stopping social
force model (self-stopping SFM) [12] are applied to the
experimental platform, and its calculation results are
compared with I-SFM. The calculation results of the above
two models are compared with the mean values of ten
simulation processes. Figure 3 shows the relationship between the number of evacuees and the evacuation time of
traditional social force model SFM, self-stopping SFM, and
our improved social force model I-SFM. As can be seen from
Figure 3, there is little diﬀerence between the number of
evacuees in three models at the initial evacuation stage.
However, when the evacuation time exceeds 10 s, the
number of evacuees in SFM is obviously low, while selfstopping SFM and I-SFM can complete the evacuation in a
relatively short time. This is because I-SFM can constantly
adjust the evacuation path for crowds to avoid excessive

congestion when the simulation time is 10 s or so, and there
is a congestion nearby the exit due to a large number of
crowds. At the same time, Figure 4 shows the relationship
between the sum of pedestrian’s moving path length and the
evacuation time of models SFM and I-SFM. As can be seen
from Figure 4, the sum of pedestrian’s moving path length in
I-SFM is much larger than that in SFM, which also indicates
that our algorithm can continuously adjust the pedestrian
evacuation path and direction in the evacuation process, and
thus increase the moving path length.
Meanwhile, the output results of the model are observed
by changing the number of iterations in the improved model
to test the robustness of the improved model I-SFM in a
better way. Here, 100 iterations are taken as the standard
evacuation time Tc, and the error of other iterative evacuation time Ti is deﬁned as error � |Ti − Tc| ∗ 100/Tc. Figure 5
shows the change between the evacuation time error and the
number of evacuees under diﬀerent iterations. As can be
seen from Figure 5, under the same number of evacuees, the
more the number of iterations is, the smaller the error will
be. But this does not mean that the error can be reduced by
blindly increasing the number of iterations. Table 1 shows
the variation trend of the average error of more iterations
when the number of evacuees is 100. When the number of
iterations reaches 110–130, the average error is reduced to a
minimum. And too many or too few iterations corresponding to the average error are greater than the value in
this range. This means that a moderate number of iterations
is conducive to improving the eﬀectiveness of the model.
However, when the number of evacuees reaches 110, there is
a sudden change in each iteration. This means that in this
evacuation space, there are many better evacuation route
choices by 110 evacuees, which has a greater impact on
model accuracy.
Finally, the number of evacuees is 100. Figure 6 shows
the change between the evacuation time and the number of
iterations at diﬀerent expected velocities. As can be seen
from Figure 6, as the number of iterations increases, the
evacuation time shows a trend of ﬁrst decreasing and then
increasing, which is consistent with the conclusion in
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Figure 2: Simulation process. (a) t � 1 s. (b) t � 7 s. (c) t � 11 s. (d) t � 15 s. (e) t � 19 s. (f ) t � 22 s.
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Figure 3: Contrastive analysis of the number of evacuees and evacuation time.
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Figure 4: The relationship between the sum of pedestrian’s moving path length and the evacuation time.
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Figure 5: The change between the evacuation time error and the number of evacuees under diﬀerent iterations.

Table 1: The trend of the average error in diﬀerent iterations.
Average error (%)
36
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27
24
23
24
26
27
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33

Figure 5; that is, the number of iterations is reduced to a
minimum near 110. In addition, we can observe that, under
the same number of iterations, it is not that the higher the
expected velocity is, the shorter the evacuation time will be.
For example, the evacuation time with expected
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Figure 6: The change between the evacuation time and the number
of iterations at diﬀerent expected velocities.
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velocity v � 1.4 m/s is less than that of expected velocity
v � 1.6 m/s, which coincides with the phenomenon of “faster
is slower.”

5. Conclusions
Since the description of pedestrian’s exclusion behavior and
actual motion is not completely consistent in the traditional
social force model, crowds are completely under the control
of forces, and little consideration is given to pedestrian’s
intelligent behavior, the pedestrian’s path discovery process
is oversimpliﬁed. In order to eﬀectively depict the phenomenon that crowds adjust their evacuation path dynamically in the evacuation process, the social force model is
improved based on an iterative extended state observer in
this paper, so that the crowds can move along the optimal
evacuation path. This model ﬁrst gives the objective function
of the optimal evacuation path, and an iterative extended
state observer is designed to get the estimated value. At the
same time, the above model is veriﬁed through simulation
experiments. The results show that (1) in the eﬀective iterations, the more the number of iterations is for the same
number of evacuees, the smaller the error will be, and (2) as
the number of iterations increases, the evacuation time
shows a trend of ﬁrst decreasing and then increasing. Under
the same number of iterations, it is not expected that the
higher the expected velocity is, the shorter the evacuation
time will be.
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