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Abstract. The pedestrian flow dynamics are very complex. Even the fundamental
diagrams of uni-directional pedestrian flow exhibit diversity. In the empirical data
of Mori-Tsukaguchi and Helbing et al, the flows drop drastically with medium
densities and nearly keep constant with high densities, which is different from many
other empirical and experimental results. To simulate these special phenomena
with cellular automaton (CA) models, we use the new configuration, in which
the occupied area of each pedestrian is 0.4 m * 0.2 m. The modeling framework
is based on the ITP model, which is a two-process CA model presented in our
previous paper, and one new rule is added: when the local density behind is below
a threshold, pedestrians prefer to keep a certain front gap. With the simple rule,
the new fundamental diagrams can qualitatively coincide with the empirical facts
of Mori-Tsukaguchi and Helbing et al. Some other results, including simulation
patterns and velocities of pedestrians can further confirm the validity of the new
rule, and give some explanations for the diversity of different empirical data.
These results are useful contributions for pedestrian flow modeling.
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1. Introduction

The study of pedestrian flow is an important task, which has a long history [1]. Many
different approaches can be used in the simulation of pedestrian flow, including the mac-
roscopic ones in which the flow-density and velocity-density relationship is discussed,
and the microscopic ones in which the movement of each pedestrian is presented. The
latter can be further classified into several types, and in this paper we concentrate on
one simple but useful type: cellular automaton (CA) model.

In CA models the time and space are both discretized, which makes the computer
simulation fast and easy to run [2]. They can be used for many different situations in
the field of pedestrian flow simulations, including the counterflow in a corridor [3, 4],
the intersecting flows [5], evacuation process in a room [6, 7], etc. But during these
years, there are not so many studies concerning the over-crowded uni-directional flow.
Although it seems simple, the complexity and diversity cannot be simply ignored, and
until now, some problems are still not solved.

One of the problems is the situation with high densities (larger than 6 m~2). In
most previous studies using CA models, the occupied area of each pedestrian is set as
0.4 m * 0.4 m, which means the maximum density is only 6.25 m~2. In many previ-
ous experiments of pedestrian flow [8-13], this density cannot be reached, and the
maximum value is just between 4-6 m~2. However, some pedestrian flow situations
with high densities exist in real life. For example, as shown in figure 1, in the data of
Hankin-Wright [14] the jam density is also between 4-6 m~2. But in the empirical data
of Mori-Tsukaguchi [15] and Helbing et al [16], we can find many data points with high
densities, which are between 6-10 m~2. Especially in the data of Helbing et al [16], we
can see that with medium densities (about 5-6 m~2), the flows drop drastically. But
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Figure 1. The empirical and simulated fundamental diagrams of uni-directional
flows. The three empirical datasets [14-16] are obtained from the work of Zhang
et al [10], which can be downloaded at www.asim.uni-wuppertal.de/en/database-
new/data-from-literature.html. The simulation results are that of ITP model
[21]. It is a traditional CA model in which each pedestrian occupies the area of
0.4m * 0.4 m.

with high densities, the flows nearly keep constant (and even increase a little). This
irregular curve is quite different from the simulation results in many previous papers,
which usually have the regular shape of a triangle or a parabolic curve [12, 13, 17-21],
no matter they are simulated by CA models or not. One typical example of these tra-
ditional results is that of the ITP model [21], which is also shown in figure 1 for com-
parisons. It is clear that this type of models cannot well reproduce the uni-directional
flow under high-density condition.

In recent years, some researchers try to use some special ideas to simulate the pedes-
trian flow under high-density condition. For example, Bandini et al [22] allow transient
pedestrians overlapping in high density situations; Feliciani and Nishinari [23] intro-
duce additional nodes located in the middle of adjacent cells, etc. In these studies with
CA models, the model rules are complex, but the shapes of fundamental diagrams do
not essentially change, and the properties reported in the data of Helbing et al [16] still
cannot be simulated.

Therefore, we think something new is needed. Since under high-density condition
pedestrians usually occupy smaller area, we set it as 0.4 m * 0.2 m. This configuration
can significantly enhance the flows and velocities of uni-directional flow. Then we
introduce one new rule, which make pedestrians keep certain front gap when the local
density behind is below a threshold. The new rules can change the shape of the fun-
damental diagrams, and reproduce some important phenomena in the data of Helbing
et al [16], e.g. the flow drops quickly with medium densities and nearly keeps constant
with high densities. It is a useful contribution to the modeling of pedestrian flow.

This paper is organized as follows. The rules of the previous ITP model are briefly
presented in section 2. The new rule which considers the reserved front gap and the
local density behind, are discussed in section 3. The simulation results are presented in
section 4. The conclusion and discussions are given in section 5.
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2. The rules of the basic model

Here we briefly recall the rules of the I'TP model, which has been discussed in our
previous paper [21]. It is an improved version of the ‘two-process’ model [24-26], in
which the forward movement and the lateral movement of pedestrians are split and
handled at two different sub-steps. In order to describe the pedestrian movements more
accurately, the size of one cell is set to 0.1 m * 0.1 m. Since the space occupied by a
pedestrian is a square of 0.4 m * 0.4 m, in the model each pedestrian occupies 4 * 4 = 16
cells. The time step is set to 1s.

The schematic illustration of the pedestrian moving is shown in figure 2. The param-
eters used in the ITP model are defined as follows:

This model can be used for the simulation of bi-directional flow, as present in [21].
Since in this paper we only discuss the modeling of uni-directional flow, the rules will
become simpler than before. Now the basic rules are:

1. Calculate the front gap and two lateral gaps of each pedestrian (see explanation
la below).

2. Judge whether lateral movement is needed (see explanation 2a below). If the
answer is yes, record the potential plan (see explanation 2b below).

3. Fulfill the parallel update of lateral movement. If there exist conflicts, the move-
ment has to be abandoned.

4. Fulfill the forward movement (see explanation 4a below).

The further explanations of the corresponding rules are:

la. If there is no pedestrian in the front/lateral direction, the gap is the distance to
the corresponding boundary.
2a. If V; > G, the lateral movement is needed.

This rule is similar to the model rule in multilane vehicular traffic flow, which means
that the forward movement is hindered by the ‘key one’.

2b. Some points should be noted:

(1) A pedestrian tries to move to right firstly; if failed, then he/she tries to move to left.

(2) The exhaustive range of Vj is: 0.1, 0.2, ..., min (Gp, Vymax). Find the smallest
velocity which can help the pedestrian become ‘better’, and record the value.

(3) Suppose the front gaps before (after) the lateral move are G, (Gy2), here ‘better’
means Gy < Gy, i.e. the front gap becomes larger.

(4) If the pedestrian tries to move to left and (2) (3) are both fulfilled, there is still
50% chance to give up the lateral movement.

4a. There are three different situations to be considered:

Gy P=09

(1) IfV, > Ga,Va—>{min(Ga —AD,0) R =0.1.

doi:10.1088/1742-5468 /aa5755 4
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Figure 2. An example of the surrounding environment of a pedestrian X. We call
the nearest pedestrian in the moving direction as ‘key one’, and Pedestrian B is the
‘key one’ of pedestrian X. Gy, Gy2, Gy and Gy, denote distances between pedestrian
X and other pedestrians in the neighborhood, see the main text. G,: the front gap
to the nearest pedestrian. In figure 1, G, = G, since Gy < Gy Gy (Gyy): the lateral
gap to the nearest pedestrian on the left (right) side. V,: the front velocity. The
maximum is 2 m s~! in the ITP model. Vj: the lateral velocity. The maximum is 1
m s~ !in the ITP model. V;: the pedestrian-dependent preferred front velocity, which
is assumed to be uniformly distributed over the interval (1.0 m s!, 2.0 m s~ }).
It implies the average velocity of pedestrians when they are moving freely is 1.5
m s~ !, which is close to the value in many previous empirical studies. Here only
the discrete value of 1.0, 1.1, 1.2..., 1.9, 2.0 can be chosen. AD: An acceleration/
deceleration value used in the update of forward movement, which is set as 0.1 m s~2
in the I'TP model.

The random deceleration rule is similar to that in many CA models. Here the ran-
domization probability is set as 0.1.

@) IV, < G and V, < Vp, V, - {mln(Vt, G) Pi=0.9

V. R=01
V,+AD R =01
@) Ve Gand Vo2 Vi, Vo =9 Vo Py=0.38

V.—AD Fy=0.1.
The latter two rules have also considered the random fluctuation of front velocity.

3. The new rule considering the reserved front gap and the local density behind

In many previous studies, there are only two typical states in the fundamental dia-
grams of pedestrian flow model: the free flow and the stop-and-go waves. Actually, this
is the main problem of modeling uni-directional flow, since in the study of Helbing et al
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https://doi.org/10.1088/1742-5468/aa5755

Simulating the special features of fundamental diagrams observed by Mori-Tsukaguchi

Figure 3. One typical snapshot in the video of a pedestrian experiment, when
people are moving along a circular route, and everybody has enough room.
Reproduced with permission from [8].

[16], it is reported that there are three different states: the laminar flow (the free flow),
the stop-and-go waves and the irregular flows named ‘crowd turbulence’. In the crowd
turbulence, it is said that ‘people are so densely packed that they were moved invol-
untarily by the crowd’. With the increase of density, the transition from stop-and-go
waves to crowd turbulence will suddenly occur. Sometimes since the pressure are too
unbearable, ‘people try to escape the crowd and start pushing to gain space’, which is
called ‘crowd panic’. It is a very special state, which is quite different from the stop-
and-go waves.

Therefore, we think new rules and configurations are needed to simulate the crowd
turbulence and the sudden transition. The first step is about the occupied area of each
pedestrian. In the ordinary configuration of pedestrian flow simulation with CA mod-
els, the occupied area of each pedestrian is 0.4 m * 0.4 m. This configuration implies
everybody has a large room, the connection between people is usually weak, and the
body contacts will seldom occur. As shown in one typical snapshot (see figure 3), every-
body knows there is no need to hurry and they are usually very relaxed. Then the jam
density could be very low, e.g. between 4-6 m~2 Even when the culture differences
between different countries (e.g. Germany and India [27]) are considered and studied,
the jam densities in these experiments still do not exceed 6 m~2.

But when the density is very high, the situation will be different. For example, the
data of Helbing et al [16] come from the Hajj pilgrimage, when up to 3 million Muslims
perform the stoning ritual within 24 h. In such a special environment, people just want
to move forward as soon as possible, and do not consider the need of privacy. Then the
jam density could be 10 m~2 or even larger.

For this situation, we can use a simple method to solve the problem in the simula-
tion: just set the occupied area of each pedestrian as 0.4 m * 0.2 m, and let each pedes-
trian occupy 4 * 2 = 8 cells. Here the width is 0.4 m and the length is 0.2 m. For this
configuration, the jam density will be 12.5 m~2. Thus it is easy to explain the empirical
data points [15, 16] in which the densities are between 6-10 m~2. In all the following
simulations, the configuration of 0.4 m * 0.2 m is always adopted.

doi:10.1088/1742-5468 /aa5755 6
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The second step is about the new rule. According to the description of Helbing et al
[16], when the pressure is larger than a critical value, the transition will occur and
the movement of pedestrians will change. Thus we use a new rule to reproduce this
phenomenon:

IfG,<0.1*K and D, < M, V,=0.

It is added into the Rule 4 (fulfill the forward movement) of section 2. It means pedes-
trian tries to reserve some distance with the front one, when they are relaxed; but when
the local density behind is larger than M, the pedestrian will be pushed from behind
and move forward again.

Here Dy, is the local density behind the pedestrian within the distance of L, and M is
a critical value between 0 and 1. K is a critical value representing the preferred reserved
gap of pedestrians. The local density is not a new idea, which has been discussed in
some previous papers [20] and voronoi method is often used. Here we just consider the
situation exactly behind the pedestrian, i.e. the width is 0.4 m.

We would like to mention that our new rule can mimic the isotropic feature of
over-crowded pedestrian flow. Different from normal fluid such as water or air, the
vehicular flow and the pedestrian flow are usually regarded as anisotropic flow, in
which vehicles or pedestrians will not be influenced by the ones behind. However, for
over-crowded situation, pedestrians will be pushed forward by the ones behind. Thus
the pedestrian flow looks like normal fluid and exhibits isotropic feature. In our new
rule, the parameters M is introduced to reflect the transition between anisotropic and
isotropic features.

4. Simulation results

This section presents the simulation results of the new model. We study the fundamen-
tal diagrams obtained under the periodic boundary conditions. Initially, all the pedes-
trians are distributed randomly on the square lattice of S * W. Firstly we set S = 200
cells = 20 m = 100 pedestrians and W = 40 cells = 4 m = 10 pedestrians. In the follow-
ing diagrams, the velocity v is the averaged value of the front velocity (the lateral veloc-
ity is not considered). We run 3600 time steps to remove the transient state. Then the
averaged velocities of all the pedestrians are recorded during another 1800 time steps.
The flow J is obtained by J= p * v, in which p is the pedestrian density. The results
presented in the figures are all averaged over 50 simulations.

In figure 4°, the parameters are (K, L, M), e.g. (4, 10, 0.8) means K = 4, L = 10 cells,
M = 0.8. Here (0, 0, 0) implies the model without the new rule. The flows of (0, 0, 0) are
higher than the empirical values under high densities, which means only the introduc-
tion of new configuration cannot simulate these phenomena well. However, some other
results qualitatively coincide with the empirical data of Helbing et al, especially the
curve of (4, 10, 0.9): the flows drop drastically with medium densities, and keep nearly

% Since the main topic of this paper is the high-density condition, for simplicity, in the following diagrams we will
not show the data of Hankin-Wright again. In order to make the figures clear, in all the following fundamental
diagrams, we will not show the left part of all the simulated curves except the original model with the

configuration of 0.4 m * 0.2 m, since they always completely coincide when densities are low.

doi:10.1088/1742-5468 /aa5755 7
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Figure 4. The fundamental diagrams when new rule is added. Here the parameters
are (K, L, M), e.g. (4, 10, 0.8) means K =4, L = 10 cells, M = 0.8. Two empirical
datasets are presented for comparisons.

constant with high densities. The turning point is at about 8 m~2, which is close to the
empirical result. The jam density is still 12.5 m~2.

And then, we consider the situation when L = 20 cells, and M can be set as 0.85.
The curve of (4, 20, 0.8) is also shown in figure 4, which is just in the middle of (4, 10,
0.8) and (4, 10, 0.9). We also try some other parameters, but the results are not pre-
sented here, since they are similar to others. For example, the curve of (4, 20, 0.85) is
similar to that of (4, 10, 0.9).

The effect of the new rule can be further checked by the simulation results with the
same density under periodic boundary conditions. The typical simulation patterns are
shown in figure 5, and the velocities of each pedestrian are presented in figure 6, while
some important velocity features are shown in table 1. We do not have the empirical
data of standard deviation (SD) and relative standard deviation (RSD), so we only
present the empirical data of averaged velocity in the tables. It is clear that for (0, 0, 0),
the pedestrians are distributed homogeneously. The RSD is smaller, which means the
fluctuation of the velocities of each pedestrian is not large. Although some of the pedes-
trians stop, most of them keep moving with small velocities. But for (4, 10, 0.9), many
pedestrians stand together and cannot move, while some others have large room and
move forward with high velocities. The RSD is much larger. We find the two states
are similar to the homogeneous state and jammed state in the initial distributions of
vehicular traffic flow modeling [28]. Of course, the jammed state of (4, 10, 0.9) is closer
to the stop-and-go waves observed in empirical pedestrian flow data, especially when
the simulated averaged velocity is closer to the empirical value.

When the density is even higher, the new situations are presented in figures 7 and 8,
and the new statistics are shown in table 2. Since there are too many pedestrians in
a small region, the difference between figures 7(a) and (b) seems not obvious. But in
figure 8, it is clear that for (0, 0, 0), many pedestrians move together and the velocities
are homogeneous, which is far from reality. For (4, 10, 0.9), the structure is similar to
figure 6(b), in which only some pedestrians can move and the velocities are not homo-
geneous. The feature exhibited in table 2 is similar to that in table 1, since the RSD of
(4, 10, 0.9) is much larger than that of (0, 0, 0). As mentioned in [16], this state is very

doi:10.1088/1742-5468 /aa5755 8
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Figure 5. The simulation patterns of different states of uni-directional flow when
p="T75m2 (a) (K, L, M) = (0, 0, 0); (b) (K, L, M) = (4, 10, 0.9).
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Figure 6. The velocities of each pedestrian in uni-directional flow when p = 7.5 m~2
(a) (K, L, M) = (0, 0, 0); (b) (K, L, M) = (4, 10, 0.9).

Table 1. The comparison of velocity features at p = 7.5 m~2

Averaged Standard Relative standard
Parameters velocity (m s™!) deviation (SD) deviation (RSD)
(K, L, M)=(0, 0, 0) 0.156 0.179 1.15
(K, L, M)=(4, 10, 0.9)  0.065 0.191 2.93
Empirical data 0.058 Not available  Not available

dangerous and accidents can easily occur. The velocity differences between adjacent
pedestrians can become pressures under high-density condition.

The characteristics under high-density condition also can be seen in figure 9. Here
we present the proportion of pedestrians who are stopped under high densities. It is
easy to understand that for (0, 0, 0), the curve increases monotonically, which means

doi:10.1088/1742-5468 /aa5755 9
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Figure 7. The patterns of different states of uni-directional flow when p =9 m~2
(a) (K, L, M) = (0, 0, 0); (b) (K, L, M) = (4, 10, 0.9).
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Figure 8. The velocities of each pedestrian in uni-directional flow when p = 9 m~2
(a) (K, L, M) = (0, 0, 0); (b) (K, L, M) = (4, 10, 0.9).

Table 2. The comparison of velocity features at p =9 m~2

Averaged Standard Relative standard
Parameters velocity (m s™!) deviation (SD) deviation (RSD)
(K, L, M) = (0, 0, 0) 0.095 0.118 1.24
(K, L, M)=(4,10,0.9 0.031 0.077 2.48
Empirical data 0.052 Not available  Not available

the state of pedestrian flow does not change. But for (4, 10, 0.9), it is clear that at
p =9 m2, the proportion starts decreasing, and keeps nearly constant within a certain
density range (around p = 10 m~?). This change implies one complex transition: it is
the effect of the new rule, which means some pedestrians start moving again due to

doi:10.1088/1742-5468 /aa5755 10
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Figure 9. The proportion of pedestrians who are stopped under high densities.

high densities behind. It can produce the phenomena which are similar to ‘crowd tur-
bulence’ in [16].

Note that the empirical data of fundamental diagram seems to exhibit a double-
peaks structure. Our simulation results of (4, 10, 0.9) partially described the double-
peaks form. As mentioned above, the emergence of the second peak might be due to
the minimum proportion of stopped pedestrians.

Now we consider a special case L =0 and K > 0. In this case, M becomes meaning-
less, and the rule will be:

IfG,<0.1*'K, V,=0.

It means pedestrians always reserve some distance from the front one, and they always
feel relaxed. Here K cannot be too large, otherwise it will be unrealistic.

The results of K=0, 2, 4 when L =0 are shown in figure 10. It can be seen that
the flows decrease under high-density conditions, and the jam density also becomes
smaller. The phenomenon of ‘crowd turbulence’ disappears, and the shape of the curve
is similar to parabola. These results imply that when the local density (also the pres-
sure) behind is not considered, the uni-directional flow will become slower, but also
more regular and safer.

Finally we study the influence of lateral move on uni-directional flow. The number
of pedestrian lane is set as N, so W=0.4 m * N. The simulation results of different
system widths are shown in figure 11. It can be seen that the curve of K=0, N=1is
similar to that of K =0, N =10, which implies in a homogeneous state of many lanes
without the consideration of reserved front gap, the effect of lateral move is not obvi-
ous. But the curve of K =4, N =1 is different from that of K =4, N = 10, which means
when the reserved front gap is considered, the lateral move can help to increase the
gap and enhance both the flows and velocities under high-density condition. Finally,
the most important point is that the shapes of fundamental diagrams do not change
in figure 11, which means the lateral move is not the main reason for the occurrence of
crowd turbulence in the data of Helbing et al [16]. Nevertheless, the various results in
figures 10 and 11 can help to explain the large diversity of flows and jam densities in
different empirical data.
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Figure 10. The new fundamental diagrams when L = 0. Two empirical datasets
are presented for comparisons.
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Figure 11. The fundamental diagrams when different system widths () are
considered and L = 0. Two empirical datasets are presented for comparisons.

5. Conclusion

In this paper we discuss the simulation of some special phenomena in uni-directional
pedestrian flow, which are reported in the empirical data of Mori-Tsukaguchi and
Helbing et al. Since the traditional configuration in which each pedestrian occupies the
area of 0.4 m * 0.4 m cannot simulate the uni-directional flow under high-density con-
dition, we set the new occupied area as 0.4 m * 0.2 m. Then we introduce one simple
rule, which makes pedestrians keep certain front gap when the local density behind is
below a threshold. It can produce more reasonable fundamental diagrams for the uni-
directional flow. The situation reported in the data of Helbing et al, in which the stop-
and-go waves are found with medium densities and the crowd turbulence appear with
high densities, can be realized by the new rule. The transition between them can be
simulated by the change of the local density behind. And we also discuss some special
situations, which can help to explain the diversity in different empirical data. We think
these results can be useful contributions for the pedestrian flow modeling.
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Although we have made some progress, there are still some problems to be solved.
For example, even in the model of 0.4 m * 0.2 m without the new rule, the maximum
flow is a little smaller than all the empirical values. When new rule is added, the
differences under medium-density condition become larger. Besides, the critical densi-
ties are still smaller in the simulation results. Maybe it implies that in pedestrian flow,
there are still some potential mechanisms which we are not aware of, e.g. the complex
anticipation effects of pedestrians.

Another problem is the lack of enough empirical data. Due to the safety concern,
the pedestrian experiment with high densities is not easy to organize, and the panic
cannot be simulated well in a relaxed environment. Only in some special environment,
people can have the willingness to occupy smaller area and endure frequent body con-
tacts. Maybe we need to get more empirical data from the real life, especially in some
large-scale events with many people on some special dates (e.g. festivals or ceremonies
in China), and find more empirical fundamental diagrams to compare with the data of
Mori-Tsukaguchi and Helbing et al. The large diversity between various empirical data
of pedestrian flow still needs to be explained more systematically.
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