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Abstract

Three different improvements of the Velocity-based model were proposed in a minimal
velocity-based pedestrian model. The improvements of the models are based on the
different agent forms. The different representations of the agent lead to different results,
in this paper, we simulated the pedestrian movements in some typical scenes by using
different agent forms, and the agent forms included the circles with different radiuses,
the ellipse and the multi-circle stand for one pedestrian. We have proposed a novel
model of pedestrian dynamics to optimize the simulation. Our model specifies the
pedestrian behavior using a dynamic ellipse, which is parameterized by their velocity
and can improve the simulaton accuracy. We found a representation of the pedestrian
much closer to the reality. The phenomena of the self-organization can be observable in
the improved models.
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1. Introduction

For more efficient and safe evacuation of pedestrians in the interior, the stable and

empirical-based models are required. Up to now, the research on pedestrian dynamics can be
divided into macroscopic models (e.g. the models based on hydrodynamics) and microscopic
models (e.g. the Lattice Gas model), the microscopic models usually set the pedestrians as
autonomous agents, it can be divided into discrete models (e.g. the Floor-field model based
on cellular automata) and continuous models (e.g. the Force-based model based on the
Newton’s law). The models based on Cellular Automata always operated with discrete in
space, while the force-based models present spatially continuous features.

mR, = F = R4 + ZjENi E;ep + ZweWi E;/ep @

Force-based models have been strongly developed in the last five years, it takes Newton’s
second law as a guiding principle and describes the interactions of pedestrians in terms of
physical and social forces, the trajectories of pedestrians are defined by the differential
equations [1], [2], [3].

The force-based models are second-order models. Equation (1) shows a representative
ODE (ordinary differential equation) of the force-based model, we can get the messages such
as velocity and direction by setting the proper initial value and parameters.

As we all know, there are many solutions corresponding to the second-order ODEs,
including the Euler method, the improved Euler method and the Runge-Kutta method et al.

The Euler method is a humerical procedure for solving ODEs and commonly used in with
a given initial value. It is the most basic and simple method for integration of ODEs. The
approximation computed by Euler method has deviations compared to the actual value.

The Velocity-based models are great progress of the Force-based models, they’re
first-order models, the ODEs usually presents like the (2). The collision-free speed model [4]
proposed by A. Tordeux solves the dilemma of overlapping and oscillations in force-based
models and reduces the computation cost.

Table 1. Symbol Description (Velocity Based Model)

Symbol Description

X; Pedestrian position

v; Pedestrian speed
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0; Pedestrian direction
Sij [l = x|l
l Pedestrian size=2 X Radium

Unit vector from x; to x;

e (cos 6;,sin 6;)
Vo 1.2m/s
l 0.3m
T 1s
a 5
D 0.1m
X, = V(xi,xj, Xi, ) 2

Some illuminating ideas of the existing first order pedestrian models such as the Gradient
navigation model with additive neighbor repulsions [5], Synthetic vision-based model based
on time-to-interaction and bearing angle [6] and Velocity obstacle approach borrowed from
robotic [7] are added to optimize the velocity-based models.

The reproductions of the collective phenomena are important qualitative evaluation
criteria to estimate the pedestrian model, the collective phenomena usually include the stop
and go wave, phase-transition, lane formation, Oscillations at bottleneck, clogging at exit
doors and so on [2], [8]. The Lane formation and Oscillations at bottleneck phenomena are
showed in Fig. 1 and Fig. 2.
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Fig. 1. Lane formation
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Fig. 2. Oscillations at bottleneck

The general quantitative evaluation criteria of the pedestrian models are the fundamental
diagrams [9], [10] ,[11] ,[12], constituted by the density and velocity of the model. The
different rough sketches in Fig. 3 corresponding to the different pedestrian models or scenes.

The Fundamental Diagram The Fundamental Diagram

v [m/s]
v [m/s]

o [1/m?] p [/m?]

Fig. 3. The common fundamental diagram

In this work, we lay emphasis on the improvements of the velocity-based model without
overlapping or oscillation. The classic self-organization phenomena based on empirical
research or simulations of force-based models are reproduced by our model.

2. The Improved Velocity-based Pedestrian Model

According to the Antoine’s research [4], the circle shape velocity-based model is shown
in Fig. 4. The equation of a continuous velocity model can be presented as,

X, = V(xi,xj,xk, ) X e; (X, Xj, Xy r) ?3)
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Fig. 4. Sketch map

2.1 Definition of the velocity-based model

Antoine [4] proposed the optimal velocity (OV) model based on spacing in front of the
pedestrian, and the concept “repulsion” is mainly depend on the spacing in front. The OV
model is borrowed from road traffic model [13], [14], which is constructed in a simple
concept: A driver maintains the optimal velocity depending on the distance to other vehicles.
Similarly, a pedestrian keeps the optimal velocity depending on the spacing to other
pedestrians.

In Antoine’s model [4], the set of the pedestrians in front of pedestrian i is defined by
]i={j,ei-ei‘jS0and|eiJ'-ei,j| < 1/si)}. (4)
The minimum distance in front s;
S; = minjej, 5; 6]
Moreover, the model can be expressed as
X, = V(si(xi,xj,xk, )) X e;(X;, Xj, Xgy r) (6)
While the v stands for the OV function and e; represents the direction model.

The model is collision-free with v, the desired velocity and T the time gap, so the V
can be computed as:

0, s<lI
SLo<itc

Vis)=37""=7 =" (7
vy, UOSS—_l

The direction e; based on a repulsion function depending on the distances (s;;)
between the adjacent pedestrians.
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1
e;(Xi, X}, Xy, .. ) = (€0 + X R(s1,7) €,) (8)

R(si_ ]-) =a exp(% 9

With e, the desired direction, a the repulsion rate and D the repulsion distance.
Overall, five parameters need to set in Antoine’s model , in his research the parameters is
setting to the optimal value.

2.2 Hard Circles, Hard Ellipse and Dynamical Ellipse

According to the paper [15], [16], [17], [18], there is still a controversy in pedestrian shapes
when simulating the pedestrian dynamics. The hard circles are most used in the continuous
models such as force-based model, [16] found that pedestrians with different speed usually
occupy different space, the faster the pedestrian, the more space he will occupy, a linear
velocity-dependence of radius was proposed as r = r,;, + v and proved better than the
Hard Circle models. However, the drawback of the circles is that they are rotational
symmetry, which means they occupy the same space in every direction, especially in
two-dimensional movement the circles occupy unnecessary space as Table 2 shown.

The green area is the redundant when we actually simulate the pedestrian dynamics, but
the circles is still in common use when we perform a first order velocity-based model. What
we can see from the Table 2 is that the space, which the moving pedestrian occupied, is
similar to the ellipse paralleling to the moving direction and the space that the stationary or
low-speed pedestrians take up is more similar to the ellipse orthogonal to the moving
direction. Therefore, the ellipses is better than the circles to modelling and simulating the
pedestrian dynamics, it is closer to the reality.

Antoine’s velocity-based model [4] using hard circles for its simplicity and
straightforward, we have improved the pedestrian shape from the Common one to the Better
one by using the ellipse shape, and the Fig. 4 can be changed to Fig. 5.

Table 2. Pedestrian Project Shape

State Common Better
P~
2a [ 6 ,'./r
Dynamic L AN
T -
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We can see from the sketch map in Fig. 6, pedestrian x; was in the passing area (grey
area in Fig. 6) of pedestrian x; when we using the circles, as the circles turned into ellipses,
the lateral area of the pedestrian is eliminated and x;, was out of the passing area when we
using the ellipses. The pedestrian is “smaller” in ellipse models to some extent, consequently,
the advantage is that there may be fewer interactions between pedestrians.

Fig. 5. Dynamic sketch map

2.3 The Slow Reaction Model

The concept of reaction time or response time is borrowed from the slow-to-start traffic
model[19], and has been widely studied in last several years, Fang[9] applied the idea to
Lattice-Gas model and proposed Slow-Reaction model. We can get this phenomenon from
both Seyfried’s research [11] and the video of experiment, when the pedestrian flow at high
density, the velocity of individual is very small and pedestrian’s attention easily reduced. In
this case, pedestrians often cannot keep pace with the movement of pedestrians ahead
immediately, as shown in Fig. 6, circles in green represent the slow reaction pedestrians. In
addition, the reaction sensitivity varies. These factors contribute to pedestrian’s imbalance
distribution, the space between some pedestrians much larger than the mean spacing.
Therefore, the reaction time is an essential factor of the pedestrian dynamic research
nowadays.
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Because of the same pedestrian velocity in Slow Reaction Model, Fang set a probability
parameter to distinguish if the pedestrian is in a Slow Reaction state. We apply the idea
above to the Velocity-based model and analyze the experiment results.

Regular Model

v OO0 000G
A OIOIOIOIOXNCC

Slow Reaction Model
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=+ @ OO@ — OG>

Fig. 6. Regular and Slow Reaction model

=1

First, Similar to Fang’s Slow Reaction Model, we bring in a Slow Reaction probability p;,
the origin model can be described as:
0, 1—p;
1, m
The pedestrian would go forward with a probability of p;, and remain stationary with the
probability 1 — p;.

x;(t + At) = x;(t) + At X V(s;(t))e;(t) X @, ¢ = { (10)

2.4 The Initial Distribution of The Pedestrians In A Single Room

As we all know, the initial pedestrian distribution is an important factor to the evacuation
efficiency, the most common used distribution of initial positions is the Uniform distribution,
the experiments and simulations of Julich pedestrian laboratory [8] is mainly using this
distribution. The Uniform distribution is always realized by dividing the room into squares,
and making each square has roughly same number of pedestrians.

Moussa [20] have brought in three types of distribution in traffic model, it has an
important influence in the network and security of intelligent transportation systems [21],
[22]. Here we apply the different distributions into the velocity-based model, we choose the
exit as each pedestrian’s destination, and distribute the distance between pedestrian and exit
by an exponential distribution. The three exponential distribution in our experiment are
respectively.

The exponential distribution:

Fe®) = == e (11)

The power-law distribution:
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(12)

(13)

Moussa define the parameter & of the distance between the pedestrian and the exit,
while &, and §,, are respectively the minimal and maximal distance ,shown in Fig. 7, u
represents the characteristic length scale of the distribution.

We applied the three distributions in the bottleneck scene. Compared to experiments of
Fig. 8 ([5] ,[23], [10],), the parameters in our experiments depend on the empirical data from
Seyfried and Schadschneider’s experiment [24], [8]. As shown in Fig. 9, the comparison
experiment set a = 2.8m,b = 1.2m,d = 3m, the other parameters are same as Seyfried’s

experiment [24].

Fig. 9. Unidirection pedestrian flow with bottleneck



4388 Xiao et al.: The Improved Velocity-based Models for Pedestrian Dynamics

3. Experiment Result

We conduct our experiments in two scenes basically, one is the bottleneck scenario for
comparing to the Seyfried’s empirical data [24], the other is the bi-directional flows with
bottleneck in rectangular scenario in contrast with Antoine’s velocity model [4]. In order to
make the results of comparison more meaningful, we set the parameters same as Seyfried’s
experiment and Antoine’s experiment as much as possible.

In the Scenario A, we describe the experiment system with uni-directional flow with
length L = 7.5m, width W = 4m, from random initial configurations and by using Euler
numerical method with time step dt=0.01s. The other parameter settings are given in Table
1.

| d=3m

IL—
bh=1.2m

Y

= . -
a=2. 8m

Fig. 10. Scenario A

In the Scenario B, the experiment system is with a bi-directional flow through a bottleneck,
the parameters are similar to Antoine’s experiment including length L =9m, and width
W = 3m as shown in Fig. 10.

'

Fig. 11. Scenario B

3.1 Three Different Shapes Of The Pedestrian

The three models of pedestrian are in Fig. 13, we set the parameters in each experiment as
followed: the hard circle model with [ = 0.3m, same as Antoine’s [4] velocity model; the
hard ellipse model with 2a = 0.3m, 2b =0.2m and the dynamic ellipse model with
2a' =2 X (amin + T4V) , Apip = 0.18m ,2b" = 0.2m
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Fig. 12. Long axis and short axis of dynamic ellipse

Parameter t, is an adjustment coefficient to make sure that 2a’ < 0.3m, v can be
computed as V(s) from (8) in Section 2.1 and the value of a,,;, is refer to ellipse model
in force-based model [25].
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Fig. 13. The three types of pedestrian

We set the pedestrian number N = 60. The flow J is defined as number of pedestrians
passing a settled location of the section per unit time and we compared the fundamental
diagrams of three different shapes of the pedestrian in scenario A.

The three model pedestrian flow in different times are shown in Fig. 14. The Dynamic
Ellipse model reveals the biggest flow, and in the bottleneck, the Ellipse and Dynamic
Ellipse model both can hold three pedestrian in parallel in the bottleneck while the Circle
model only hold for two. The velocity model is collision-free, so the pedestrians can just
contact to each other, there are no overlaps in our experiments.
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Fig. 14. Pedestrian evacuation in Scenario A using three types of shape
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Fig. 15. Oscillation at bottlenecks in Scenario B

Fig. 16 compared the density-flow fundamental diagrams between the origin
experiment by Seyfried and three transformed pedestrian models. We can see that the
dynamic ellipse velocity-based model is much closer to the prototype, one reason for the
deviations of the circle and ellipse model is the redundant area they occupied. The Circle and
hard Ellipse model are widely used in continuous models such as force-based models, but
these models can easily descend the flow, leading to the congestion state.

In scenario B, the Oscillation at the bottleneck occurred in all three models (Fig. 15),
same as the Antoine’s experiment [4], another result that we can conclude is that the Ellipse
and Dynamic Ellipse models make the oscillations happen more frequently.
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Fig. 16. Flow-density fundamental diagram in Scenario A. The dynamic ellispe model has the closest
result to the emipirical result.

3.2 The Influence of the Slow Reaction

We conduct the experiment before and after adding slow reaction state to the velocity-based
model, then we compared the two results with Seyfried’s empirical result. The experiment
set up in scenario 1, and the pedestrian number N = 60. When we set p; = 1, the model is
the origin velocity-based model, we select p; = 0.1,0.3,1. The result (Fig. 17) revealed that
when setting p; = 0.3 the Slow Reaction model is much closer to the empirical result.

= Without Slow Reaction

154 ™ ® Seyfried Empirical Result
o Slow Reaction with p=0.1
v Slow Reaction with p=0.3

vi[m/s]
-

0.5

0.0

p[1/m?

Fig. 17. Velocity-density fundamental diagram, different slow reaction parameter corresponding to
different line.
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In addition, we compared our model with the force-based model, the result is shown in Fig.
18. We can conclude that when the density is low, the dynamic-ellipse model is closer to
Seyfried’s empirical result, as the density growing, the force-based model is getting closer to

empirical result. So the force-based model has a good performance when pedestrian are tight
together.

Dynamic EIIipse'
1.5 + Force-based
: e Seyfried
1.0+
=z s
£ :
7 054 LS
:
- "
——3—9
0.0 -
0 1 2 3
p[1/m?)

Fig. 18. Compared with the force-based models, the dynamic-ellipse model perfomed well in low
density crowd.

3.3 The Different Initial Distributions

The three initial distributions of the pedestrian is applied to the velocity-based model with
dynamic-ellipse shape. The experiment scene is similar to scenario 1, but it is larger, length
L = 25m, width W =10m. The pedestrian number is set to N =500,200 , N(t) is the
current moving pedestrian number in the scenario at a certain moment. We compared the
evacuation efficiency and found out the exponential distribution has best efficiency shown in
Fig. 19. We found an interesting result that when the number of pedestrians is small enough
relative to the scenario area, the pedestrian number would have a linear decrease.
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Fig. 19. The evacuation efficiency of three different distributions, the first figure is with 500
pedestrians and the sceond figure is with 200 pedestrians, the exponetial distribution has the best
evacuation efficiency.

4. Conclusion

In summary, the dynamic ellipse velocity-based model was proposed for pedestrian
dynamics, the Dynamic ellipse velocity-based model has a better robustness than the
force-based model in terms of pedestrian density.

We compared three velocity-based models with different shapes of the pedestrian. Our
experiment is based on simulations, the main parameters is similar to Antoine’s experiment,
for ellipse and dynamic ellipse model, there’re two pedestrian length parameters, the
dynamic ellipse has a length parameter correlate with pedestrian speed. Then, we join the
Slow Reaction model in the velocity-based model, bring in Slow Reaction coefficient p;, the
experiment result is much closer to the empirical data.

Also, we analysis the influence of the initial distribution to pedestrian dynamics, however,
our experiment is not so completeness, the result has some limitations, and may not versatile
to all scenarios. The pedestrian simulation system should be more persuasive by logical
validation tools, such as [26] [27] [28] [29].

Ellipse with velocity-dependent radius emulate the space requirement of the projected
shape of pedestrians better. In the future, the large and complex scenarios with great quantity
pedestrians would be a popular research direction, which is an import part of the Intelligent.
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