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Constant evacuation time gap: Experimental study and modeling∗
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In this paper, the evacuation dynamics in an artificial room with only one exit is investigated via experiments and
modeling. Two sets of experiments are implemented, in which pedestrians are asked to escape individually. It is found that
the average evacuation time gap is essentially constant. To model the evacuation dynamics, an improved social force model
is proposed, in which it is assumed that the driving force of a pedestrian cannot be performed when the resultant physical
force exceeds a threshold. Simulation results are in good agreement with the experimental ones.
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1. Introduction

To describe and investigate evacuation dynamics, quite
a few models have been proposed, which can be classified
into macroscopic ones[1,2] and microscopic ones. Micro-
scopic models treat pedestrians as discrete individuals, which
can be further classified into two types. In the first type of
model, such as the social force model,[3–5] the heuristics-based
model,[6] the statistical mechanics-based model,[7] and steps
model,[8] the continuous time and space have been adopted.
While in the second type of model such as the lattice gas
model and the floor field model,[9–13] the time and space are
discretized. It is generally believed that panic is adverse to
evacuation. Helbing et al.[4] took the panic degree into consid-
eration, and found some evacuation phenomena such as “faster
is slower” and “arch”. Garcimartı́n et al.,[14] launched a con-
trolled experiment to demonstrate the “faster is slower” effect,
and found that competitive egress produced longer evacuation
time.

The evacuation time gap is one significant characteristic
to assess the escape dynamics. To our knowledge, the con-
sistency of evacuation time gaps at different times of the es-
cape process has not been studied. In this paper, we carry
out experiments to study the influence of pedestrian number
on evacuation time. To model the evacuation dynamics, an
improved social force model is proposed, in which it is as-
sumed that the driving force of a pedestrian cannot be fulfilled
when the composition of physical forces exceeds a threshold
because the pedestrian cannot keep his/her balance under this
circumstance. The improved model is shown to be able to
correctly reproduce the evacuation process while the original
social force model fails to do so.

The remainder of this paper is organized as follows. In
Section 2 the experimental setup and results are described. In
Section 3 the models and simulation results are presented. Fi-
nally, some conclusions are drawn from the present study in
Section 4.

2. Experiment
2.1. Experimental setup

The experiments were performed respectively on Novem-
ber 16, 2014 (50 graduate students, of them 39 male, 11
female) and on June 7, 2015 (100 undergraduates, of them
85male, 15 female) in Hefei University of Technology. Exper-
iments were conducted in an artificial room with one exit. The
sizes of the virtual room were 7 m×7 m and 10 m×10 m re-
spectively, so that the pedestrian density is approximately the
same. The width of the exit is 0.8 m. At the boundary of the
virtual room some chairs and two rostrum tables were placed
as walls, see Fig. 1.

Participants knew clearly where the exit was, and were
asked to escape from the room as soon as possible, but not in
a panic environment. It can be regarded as the case that the
participants take part in evacuation drills. Before the evacua-
tion, the individuals had uniform random distribution. If too
many participants gather in one small area, the experimental
commander would ask them to disperse to other place. Push-
ing by the arm and slight squeezing by the body were allowed
in the experiments. Before each round of the experiment, the
commander reminded that the participants should escape as if
real disaster happened. But if there were some safety hazards,
the commander would stop the experiment immediately. For-
tunately, no danger happened in two experiments.

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 11422221, 11672289, 71371175, and 71431003).
†Corresponding author. E-mail: guoning 945@126.com
© 2017 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

120506-1

http://dx.doi.org/10.1088/1674-1056/26/12/120506
mailto:guoning_945@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 26, No. 12 (2017) 120506

The two sets of experiments were conducted with 12 and
20 replications respectively. The motion of each participant
was recorded by video camera (SONY HDR-CX510E), and
the evacuation times were recorded manually.

(a)

(b)

Fig. 1. (color online) Snapshots at the beginning of experiments: (a) 50
pedestrians and (b) 100 pedestrians.

2.2. Experimental results

Tables 1 and 2 show the evacuation times in the two sets
of experiments. The average evacuation time in the first set of
experiments is 16.96 s, and the standard deviation is 0.89 s.
The second set of experiments has larger average evacuation
time 32.02 s, which is nearly twice that of the first set of ex-
periments, and the standard deviation (1.79 s) is larger.

Table 1. Evacuation times (unit: second) in the first set of experiments.

First set of experiments

No. Time No. Time No. Time No. Time

1 16.96 4 16.02 7 16.00 10 17.64
2 17.97 5 16.70 8 16.01 11 15.80
3 18.44 6 17.72 9 17.50 12 16.78

Average time 16.96 Standard deviation 0.89

Simulation

Average time 16.92 Standard deviation 1.02

Figure 2 shows the distribution of evacuation time gaps.
It can be seen that the distribution for each set of experiments
keeps basically consistent, and has a peak value around 0.3 s.

As a result, the standard deviations of the evacuation time gap
are 0.1776 s and 0.1815 s respectively. The small proportion
of low evacuation time gap (0.1 s) means that few pedestri-
ans can escape from the room simultaneously, due to the exit
width. In addition, the small proportion of high evacuation
time gap (> 0.6 s) shows that few arches emerge in the evacu-
ation process.

Table 2. Evacuation times (unit: second) in the second set of experiments.

Second set of experiments

No. Time No. Time No. Time No. Time
1 32.25 6 32.46 11 35.03 16 33.38
2 28.4 7 30.72 12 32.10 17 34.14
3 29.92 8 33.28 13 33.39 18 33.98
4 30.62 9 30.37 14 32.85 19 31.41
5 33.40 10 29.38 15 30.29 20 33.1

Average time 32.02 Standard deviation 1.79

Simulation

Average time 31.96 Standard deviation 1.90
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Fig. 2. (color online) Evacuation time gap distribution.

Evacuation time gap between two consecutive pedestrians
varies in the evacuation process. Figure 3 shows the average
evacuation time gap between the i-th escaped pedestrian and
the (i+ 1)-th escaped pedestrian. The average time gap is an
indicator to reflect concentration trend, which can undermine
the randomness and fluctuation due to the differences in indi-
viduality and condition. The average is a common method in
evacuation study, such as in the Garcimartı́n et al.’s work.[15]

The time gap is essentially constant in both sets of experi-
ments. This implies that the evacuation time gap essentially
does not depend on the number of pedestrians that have not yet
escaped. Note that the panic condition cannot be built in the
experiment, so no faster-is-slower or deadlock emerges near
the exit. In the real panic, the life instinct may cause different
dynamic characteristics. The experiment is more similar to the
real case, when pedestrians leave the stadium in a hurry after
one public activity. Therefore, the experimental conclusion
has limited application range.
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Fig. 3. (color online) Variations of average evacuation time gap between
consecutive pedestrians with sequence number in (a) first set N = 50 and
(b) second set of experiments N = 100. The results are averaged over
12 replications and the 20 replications respectively. The dash lines are
linear fitting results and are guides for the eyes.

3. Model and simulation
3.1. Social force model

We simulate the evacuation dynamics of the 50-
pedestrian experiment by using the original social force model.
In the social force model, the motion of a pedestrian is de-
scribed by three different components: driving force, repul-
sive force between pedestrians, and repulsive force between
pedestrian and wall. The equation of motion is as follows:

mi
d𝑣i

dt
= 𝑓0

i +∑
j
𝑓i j +∑

W
𝑓wall

i . (1)

Here mi is the mass of pedestrian i. The driving force 𝑓0
i rep-

resents the pedestrian motivation to walk in a given direction
with desired speed, which reads

𝑓0
i = mi

v0
i 𝑒

0
i −𝑣i(t)

τ
. (2)

Here v0
i and 𝑒0

i are respectively the magnitude and direction of
the pedestrian desired speed. 𝑣i(t) is the current speed, and τ

denotes the relaxation time.
The repulsive force 𝑓i j describes the interaction between

pedestrian i and other pedestrians, which includes socio-
psychological force to stay away from others and physical con-
tact force, and is expressed as

𝑓i j = A · exp[(ri j−di j)/B]𝑛i j +g(ri j−di j)

×(k𝑛i j +κ∆vq
ji𝑞i j), (3)

g(x) =

{
x, x > 0,
0, x≤ 0. (4)

In Eq. (3), the first term on the right-hand side denotes the
socio-psychological force, and the second term represents the
physical contact force. Pedestrians i and j are regarded as
cylinders with radius ri and r j, respectively. The ri j de-
notes the sum of the radius of the two pedestrians, namely
ri j = ri + r j. The di j is the distance between the centers of the
two pedestrians. 𝑛i j represents the unit normal vector from
pedestrian j to i, and 𝑞i j means the unit tangential vector. They
are expressed as follows:

𝑛i j =

(
xi− x j

di j
,

yi− y j

di j

)
, (5)

𝑞i j =

(
−

yi− y j

di j
,

xi− x j

di j

)
, (6)

where xi, x j and yi, y j are respectively the horizontal and verti-
cal coordinates of the centers of the two pedestrians. The ∆vq

ji
means the tangential velocity,

∆vq
ji = (𝑣 j−𝑣i) ·𝑞i j, (7)

where k𝑛i j and κ∆vq
ji𝑞i j are body pressure and friction force

respectively. A, B, k, and κ are four parameters.
The repulsive force 𝑓wall

i from the wall is modeled analo-
gously as

𝑓wall
i = A · exp[(ri−dwall

i )/B]𝑛wall
i +g(ri−dwall

i )

×(k𝑛wall
i +κ∆vq

i 𝑞
wall
i ). (8)

Here, dwall
i means vertical distance to the wall, 𝑛wall

i denotes
the unit normal vector from the wall to pedestrian i, and 𝑞wall

i
is the unit vector tangential to the wall. The tangential velocity
∆vq

i =−𝑣i ·𝑞wall
i , since speed of the wall is zero.

In the simulation, we set A = 0, i.e., we neglect the
socio-psychological repulsive force, because pedestrians do
not care to stay away from others in the evacuation process.
Other parameters are calibrated and they are mi = 60 kg,
v0

i = 1.5 m/s, ri = 0.225 m, τ = 0.5 s, k = 7.2× 104 kg·s−2,
and κ = 60 kg·m−1·s−1. The uniform random distribution is
used. With these parameters, the average evacuation time of
50 pedestrians from a 7 m×7 m room is 17.44 s, which is
in good agreement with the experimental result. However, as
can be seen from Fig. 4, instead of being essentially constant,
the evacuation time gap gradually increases. Also, the aver-
age evacuation time of 100 pedestrians is 25.87 s, which is
significantly different from the experimental result. It is due
to the accumulation effect of driving force. The driving force
transmits to the exit area by the body contact, such as pushing
or squeezing. More pedestrians in the room generate larger
accumulation, facilitating the evacuation process. When the
pedestrians are fewer, the accumulation effect weakens, slow-
ing down evacuation efficiency.
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Fig. 4. Variation of average evacuation time gap between consecutive
pedestrians with sequence number in simulation results of escaping in-
dividually in the original social force model. The simulation results are
averaged over 50 replications.

To quantify the effect, we define a pressure-like param-
eter P as the magnitude of repulsive physical contact forces
between pedestrian i and other pedestrians, and it is expressed
as

Pi(t) =
1
mi

N

∑
j=1, j 6=i

∣∣𝑓i j(t)
∣∣, (9)

where N is the number of pedestrians still not yet escaped.
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Fig. 5. (color online) Simulation results of distribution of the pressure-
like parameter P (unit: m/s2). Initially there are 50 pedestrians in the
room simulated by the original social force model.

Figures 5(a) and 5(b) show the distributions of P, which
are averaged over 50 replications. Generally speaking, the
closer to the door, the larger P is. Moreover, with more pedes-
trians escaped from the room (Fig. 5(b)), the magnitude of P
in the vicinity of the door remarkably decreases. When P is
large, pedestrians near the door will be pushed by large force.
Therefore, they escape quickly. With the decrease of P, the
pushing force decreases, lowering down the movement speed.
To some extent, this result is like the fluid dynamic problem.
Suppose that there is a tap at the bottom of a barrel. The less
the water in the barrel, the smaller the flow speed from the
tap is, because the pressure near the tap lowers down. Here
the driving force of pedestrian is analogous to the gravity of
water, and the pressure-like parameter P is analogous to the
pressure of water in the barrel.

3.2. Improved social force model

Now we propose an improved social force model to over-
come the deficiency presented above. When squeezed in the
crowd, a pedestrian can be pushed away if the resultant con-
tact force from other pedestrians and walls is large. Under this
circumstance, the pedestrian would not be able to perform the
driving force temporarily. Based on this fact, the driving force
is modified as follows:

𝑓0
i =

mi
v0

i 𝑒
0
i −𝑣i(t)

τ
, f contact

i ≤ fc,

0, f contact
i > fc.

(10)

Here

f contact
i =

∣∣∣∣∣∑j
𝑓i j +∑

W
𝑓wall

i

∣∣∣∣∣ (11)

means the resultant physical force. The fc is a threshold
parameter. Note that Parisi et al.[16] have proposed a self-
stopping mechanism in a normal situation, in which pedestri-
ans prefer to keep a distance from others so that they proac-
tively stop performing the driving force when getting close
to others. In contrast, in our model, escaping pedestrians are
not able to perform the driving force passively when getting
squeezed.

Next, we present simulation results of the improved social
force model. Calibration shows that fc = 600 N, v0

i = 1.8 m/s,
and other parameters are the same as those used before. As
can be seen from Tables 1 and 2, the average evacuation time
is 17.48 s and 32.01 s, which are in pretty good agreement
with the experimental results. Figure 2 shows that simulation
results of the distribution of evacuation time gaps are in con-
sistent with the experimental ones.

More importantly, figure 6 shows that the evacuation time
gap is essentially a constant as observed in the experiments.
The distribution of the pressure-like parameter P is shown in
Fig. 7, which is remarkably different from that in the original
model. One can see that magnitude of P in the vicinity of the
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door is essentially independent of the number of pedestrians
that have not yet escaped. If the pushing force is temporarily
too large, the pedestrian has to keep the body balance to avoid
possible falling-down. In this condition, the pedestrian has no
mind going forward, and breaks the increase of the pushing
force from congestion boundary to congestion center. There-

fore, the pushing force keeps constant, and time gap keeps
constant, too. This result is analogous to the grain flow prob-
lem. The flow rate of sandglass remains constant. As shown
in Fig. 8, the more the pedestrians in the room, the more the
pedestrians not able to perform the driving force is. Conse-
quently, the evacuation time gap essentially does not change.
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Fig. 6. (color online) Simulation results of average evacuation time gap between consecutive pedestrians by the improved social force model,
in which pedestrians escape individually in the cases of (a) N = 50 and (b) N = 100.
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Fig. 7. (color online) Simulation results of distribution of the pressure-like parameter P (unit: m/s2). Initially there are 50 pedestrians in the
room simulated by the improved model.
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Fig. 8. (color online) Two snapshots of the evacuation process in one replication of the simulation. Initially there are 50 pedestrians in the room,
and they escape individually. The red dots (blue circles) mean that pedestrians are able (unable) to perform the driving force at the moment.
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4. Conclusions
In this paper, we experimentally study the evacuation dy-

namics. Two sets of experiments are conducted, in which
pedestrians are asked to escape individually. The experiments
show that the average evacuation time gap is essentially con-
stant.

We perform the simulation of the evacuation process by
using the social force model. It shows that the model fails to
reproduce the constant average evacuation time gap due to ac-
cumulation effect of driving force. We propose an improved
model to overcome the deficiency in the original social force
model, in which it is assumed that the driving force of a pedes-
trian cannot be performed when the resultant physical force
exceeds a threshold. Simulation results are in good agreement
with the experimental ones.

Our study only considers the evacuation in a room with
only one exit, and pedestrians know the environment well. In
our future work, more experiments should be performed to ex-
amine other conditions, e.g., the effects of exit width and loca-
tion, the effect of a real wall, the influence of view range. Our
study focuses on evacuation when the congestions and arches
emerge. If the room is too big, or very few pedestrians are the
room, there will not exist the congestion, and the initial dis-

tribution may have great effects on evacuation time and time
gap. More studies on low density are also necessary. Real
cases in the disaster can also been investigated by the closed
circuit television.
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