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abstract
Grouping is a common phenomenon in pedestrian crowds and group modeling is still an
open challenging problem. When grouping pedestrians avoid each other, different patterns
can be observed. Pedestrians can keep close with group members and avoid other groups
in cluster. Also, they can avoid other groups separately. Considering this randomness in
avoidance patterns, we propose a collision avoidance model for two-pedestrian groups. In
our model, the avoidance model is proposed based on velocity obstacle method at first.
Then grouping model is established using Distance constrained line (DCL), by transforming
DCL into the framework of velocity obstacle, the avoidance model and grouping model are
successfully put into one unified calculation structure. Within this structure, an algorithm
is developed to solve the problem when solutions of the two models conflict with each
other. Two groups of bidirectional pedestrian experiments are designed to verify the model.
The accuracy of avoidance behavior and grouping behavior is validated in the microscopic
level, while the lane formation phenomenon and fundamental diagrams is validated in the
macroscopic level. The experiments results show our model is convincing and has a good
expansibility to describe three or more pedestrian groups.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Pedestrian groups account for large component of urban crowds. According to the statics, 70% of people in a crowd are
group pedestrians; the number increases to 85% in some special environments [1]. Although the high ratio group pedestrians
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count in crowds, almost all microscopic models still focus on interactions between individuals and ignore the influence of
grouping pedestrians [2].
When we think about the mechanism of how group pedestrians avoid collisions, we can take an example first. Under
the structure of social force model, one pedestrian can be seen as an atom, and the relationship between each pedestrian is
like the covalent bond. A pedestrian group is a molecular which contains some atoms, and usually there will be no collision
happens because of the van der Waals force. But pedestrian is not atoms, the universal law that every pedestrian must obey
does not exists. So rather than impose rules to the pedestrian, a reasonable microscopic model shall respect the randomness
of pedestrian and ensure that the model can achieve the necessary microscopic function and macroscopic fundamental
diagrams.
We aim to establish a random collision avoidance model for two-pedestrian groups, and prove the model is convincing.
Inspired by velocity obstacle method [3], we combine the velocity obstacle with distance constrained line to make sure
group pedestrians can keep a reasonable distance with group member and avoid potential collisions.
This paper is structured as follows. In the next section the related work about group modeling is reviewed. In Section 2,
we define the variables. Section 3 proposes the avoidance model. In Section 4, the DCL is built and transformed into the
calculation framework. Followed, in Section 5, the model solution is then put forward. Section 6 applies the simulation
experiments to verify the proposed model. Finally, concluding remarks are provided in Section 7.
2. Related works
Studies of pedestrian behavior have lasted for half a century. Different models have been developed to describe and
simulate pedestrian characteristics in realistic walking environment. A well-known model is Helbing’s social force model
[4] where pedestrians are driven by different force induced by other pedestrians and obstacles. Social force model provides a
good thinking to extract a convincing trajectory from the seemly disordered pedestrian behaviors. Zeng extends the model to
describe pedestrian behaviors at signalized crosswalk [5]. Fredrik Johansson developed preferred velocity model, preferred
position model and adapting preferred position model to describe the waiting pedestrians [6].
Although the SF model is a success, other methods are also applied into modeling pedestrian characteristics under
different conditions with different objects, such as evacuation, at bottleneck and at panic, etc. [7–11]. Antonini et al. divided
the fan-shaped walking area of a pedestrian into different choice sets and built utility functions to decide which area to walk
[12]. Li Xiaona adopted the reciprocal velocity obstacle algorithm to achieve a global path planning, and concluded that in
emergency condition, the completion feature would lead to the arching and congestion phenomena [13].
As one of the most well-known methods for agents to avoid collisions with moving obstacles, the velocity obstacle
(VO) method does not raise enough attention in pedestrian modeling. Fulgenzi et al. proposed recursive probabilistic
velocity obstacles which introduced a type of VO that considers the time interval that guarantees collision avoidance [14].
With a combination of these optimal velocity methods with current pedestrian models, and take grouping behavior into
consideration, a new grouping model is possible to be developed.
To achieve a convincing grouping model, an extensive research of grouping behavior and group structure is necessary.
Qju and Hu presented a unified framework for modeling the structure aspect of different groups in pedestrian groups and
suggest that different group sizes, intra-group structures and inter-group relationships influence the crowd behavior [2].
Ilango et al. studied various factors when pedestrians moving in groups by collecting data in 18 locations in five Indian cities
[15]. Xi et al. focused on the spatial pattern, intra-group structure and private space for larger social groups and found that
the existence of cellular groups can lead to the multi-pattern of complex social pedestrian groups [16]. Linan Feng developed
a framework for charactering hierarchical social groups based on evolving tracklet interaction network which can identify
pedestrian dynamic groups from video [17].
Though much works have been conducted, researches especially focus on pedestrian groups and grouping pedestrians
are still hard to find. Moussaid added three more patterns including visual, attachment and repulsive force into social force
model to illustrate social interaction term, found that crowd dynamics is not only determined by physical constraints
induced by other pedestrians and environments, but also by social interactions among individuals [18]. Zanlungo
et al. proposed a potential model based on distance and angle to describe the dynamics of the relative motion of two
pedestrians socially interacting in a walking group [19]. Tong et al. introduced the group floor field to represent the effect
of cohesion force, which preserve the group cohesion and minimize the distances among group members [20]. Ren Gang
et al. established a cellular automation model for crossing pedestrians considering the group behaviors, in which the
characteristics of pedestrian are described by resistance, direction, empty, conformity and group parameters [21].
3. Variable definition
Suppose that there are n pedestrians walking in a two-dimensional plane (R2 ), each pedestrian i (i = 1, 2, . . . , n) has the
following properties: a current position (pi (xi , yi )), a current velocity (vi ) and a radius (ri ). These variables are exogenous
variables, which can be observed by other pedestrians.
The internal variables are the properties which pedestrian already has, but cannot be observed by other pedestrians.
Including:
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Fig. 1. Velocity obstacle.

(1) Group number (gi ). Pedestrians in the same group share the same number. If a pedestrian is an individual, gi is set as
zero.
(2) Maximum velocity (vimax ) means the maximum walking speed.
pre

(3) Preferred velocity (vi ) represents the preference a pedestrian walks towards to the destination at a comfortable
p p
pre
pre
pre
velocity. The norm of vi is vi∗ and the direction is ei . vi∗ equals to the average velocity in a free flow and ei = pi− pd .

|

i− d

|

pd (xd , yd ) is the position of destination. Without the interference of other pedestrians, pedestrian i will always walk at
pre
the velocity of vi .

4. Avoidance model
4.1. Velocity obstacle
Velocity obstacle has been a successful velocity-based approach for agents to select velocity and avoid collisions with an
obstacle moving at a known velocity [22]. And we apply it into our model to describe avoidance behavior. For two individual
pedestrians A and B in R2 , if a potential collision between them may happen, both A and B can be seen as an obstacle with
velocity to each other. The velocity obstacle for B induced by A is denoted as VOB|A .
Let D (pi , ri ) denotes the scope of a circular, ri and pi represents the radius and the center of the circular separately:
D (pi , ri ) = {q | ∥q − pi ∥ < ri } .

(1)

Then:
VOB|A = {v|∃t ∈ [0, τ ] :: t v ∈ D (pA − pB , rA + rB )} .

(2)

The velocity obstacle VOB|A can be interpreted as a truncated cone with its apex at the origin and its legs tangent to the
p −p
r +r
circular of radius rA + rB centered at pA − pB . The cone is truncated by an arc of a circular of radius A τ B centered at A τ B . The
amount of truncation depends on the value of τ . The shaded area in Fig. 1 is the velocity obstacle VOB|A . When the relative
velocity of A and B vB − vA ∈ VOB|A , it means that there will be a collision between A and B within time τ , if they keep on
their current velocity. Otherwise, A and B are guaranteed to be collision-free. VOA|B and VOB|A are symmetric in the origin.
4.2. Velocity modification
We need to choose a new velocity for both A and B if vB − vA ∈ VOB|A . Let µ be the vector from vB − vA to the closest
point on the boundary of the velocity obstacle VOB|A . (See Fig. 2.)





µ = arg min ∥v − (vB − vA )∥ − (vB − vA ) .
v∈VOB|A

(3)

The vector of µ is the smallest change of relative velocity vB − vA required to avoid collision. Suppose that A and B will
share half of the velocity change µ to ensure vB − vA ̸∈ VOB|A . Assume n is the direction of µ. Hence, the set of VB|A for
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Fig. 2. Velocity choice area of A and B.

B induced by A to choose a new velocity is a half-plane pointing in the direction of n starting at the point vB +
formally, the VB|A and VA|B is calculated in Eqs. (4) and (5):

1
2

µ. More

VB|A

 

 


1

= v  v − vB + µ · n ≥ 0

(4)

VA| B


 
 


1

= v  v + vA − µ · n ≥ 0 .

(5)

2

2

In addition, the results of VB|A and VA|B calculated from VOA|B is the same from VOB|A . So, all the following results are
calculated from VOB|A .
Meanwhile, the new velocity vBnew is constrained by maximum velocity and the willing to keep minimum change to
preferred velocity. Let there be k potential avoidance pedestrians around B at time t, then the optimal velocity choice area
OVAB of vBnew is finally denoted as:
OVAB = D 0, vBmax ∩





k


VB|i

i ̸= B

(6)

i =1
pre

B will choose the velocity closest to vB from OVAB :



vBnew = argmin v − vBpre  .
v∈OVB

(7)

And the new position of B at the next time step is:
pnew
= pB + vBnew t .
B

(8)

Each pedestrian i performs a continuous cycle of modification with time step t. In each iteration, the pedestrian i infers
the optimal velocity choice area OVAi with respect to each other pedestrian and choose a new velocity which can guarantee
a collision-free motion.
5. Grouping model
5.1. Distance constrained line
For pedestrian A and B with the same group number, let us assume the distance between them is constrained by a force,
if the distance r is smaller than normal distance r0 , the force will be attractive, and conversely it will be repulsive. In this
paper, the force is named as distance constrained line (DCL). Research (19) provides a simple form of potential function that
satisfies the requirements DCL needs.
R(r ) = α



r0
r

+

r
r0



.

(9)
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Fig. 3. Grouping displacement constrained area.

Due to the negative gradient of the potential function is the vector of force, then the force for B induced by A is denoted
as FBA :
FBA = α



r0
r2

−

1



r0

.

(10)

Let the norm of relative distance between A and B at time t denote as L (t ), then the distance at next time step L (t + 1)
is:
L (t + 1) = L (t ) + α



r0
r2

−

1
r0



t 2.

(11)

The value range of r is [rA + rB , rx ], in this paper, rx equals to 3 m, when r > rx , or in some special conditions (discussed
in Section 6), the DCL is considered disconnected.
An indicator function is added to Eq. (9) to represent the connection and disconnection state of DCL.
R(r ) = α



r0
r

+

r
r0


ID =

1
0

gA = gB


ID

(12)


and rA + rB < (xA − xB )2 + (yA − yB )2 < 3
other.

At the condition when distance r ranges from 3 to 100 m. Suppose A is in front of B. Let the preferred velocity of A stay
pre∗
pre
unchanged, the new preferred velocity vB of B changes with a new norm of vBmax and a unchanged direction eB . With
a similar destination of A and B, if the time, is long enough, the two grouping pedestrians will always walk into the range
within 3 m with Eq. (12) works. Moreover, when the distance is larger than 100 m, A and B are both seen as individuals.
5.2. Grouping displacement constrained area
When DCL is connected, the relative displacement of A and B pA − pB at the next time step t + 1 [1] have to subject to
L (t + 1). The grouping displacement constrained area GDCAAB for two grouping pedestrians A and B can be interpreted as a
ring, the radius
of

 the inner diameter is L (t + 1) − rrad and the outer diameter is L (t + 1) + rrad (see Fig. 3). For randomness,
rrad ∼ N u, σ 2 . GDCAAB is the area where we select the new relative displacement of A and B at the next time step. To
guarantee there is no overlap, if L (t + 1) − rrad < rA + rB , then the radius of the inner diameter changes to rA + rB and outer
diameter stays unchanged.
GDCAAB = {q |q ∈ (D (o, L (t + 1) + rrad ) − D (o, L (t + 1) − rrad )) }
GDCAAB = {q |q ∈ (D (o, L (t + 1) + rrad ) − D (o, rA + rB )) }

L (t + 1) − rrad > rA + rB

L (t + 1) − rrad < rA + rB .

(13)
(14)

The current relative position is pA − pB , denoted as p (t ). Since the relative displacement change of two grouping
pedestrians will not be too far from the current displacement, we add up a limitation into GDCAAB . Suppose that in the
direction of p (t ) ± ϕ degrees is the area where relative displacement of A and B has the highest possibilities to appear,
denoted as Area 1, GDCAAB|1 . And the area in the direction of [ϕ, ϕ + β ] and [−ϕ − β, −ϕ ] with the second possibilities is
denoted as Area 2, GDCAAB|2 . The rest area of the ring is denoted as Area 3, GDCAAB|3 , the relative displacement will most
unlikely appear in this area (see Fig. 3). The relative displacement of A and B will be selected at the order of area 1, 2 and 3.
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Fig. 4. Grouping velocity constrained area.

5.3. Grouping velocity constrained area
Although the displacement area is constructed, we still cannot select a velocity from displacement constraint. A
transformation must be done to combine the grouping model and avoidance model together. Due to:
p(t + 1) = p(t ) + (vA − vB )∗ t .

(15)

The relative velocity of A and B should subject to their relative displacement selected from GDCAAB . To cope with the
calculation form of vB − vA in Section 4, the relative velocity considering grouping function is denoted as:

(vB − vA ) =

p(t ) − p(t + 1)

.
(16)
t
For convenience, the time step is set as 1 s. Since p(t + 1) is GDCAAB , p(t ) = pA − pB . So, the grouping velocity constrained
area for two grouping pedestrians A and B, GVCAAB can be seen as a translation of GVCAAB in the vector of pB − pA , then rotate
symmetrically according to the origin (see Fig. 4). In addition, the GVCAAB|1 is also translated with GDCAAB , and the area 1 of
GVCAAB is denoted as GVCAAB|1 , the same as the area 2 and 3.
When vB − vA ∈ GVCAAB , it is unnecessary to modify the relative velocity of A and B, as they are constrained by DCL well.
Conversely, the velocity should be modified using the method in Section 4.2. The difference is, the smallest change µ will
choose from GVCAAB|1 first, then GVCAAB|2 and GVCAAB|3 at last.
The half-plane where grouping pedestrian B choose a new velocity from induced by grouping pedestrian A is denoted as
GV B|A . Suppose k potential grouping pedestrians are around B, then the optimal grouping velocity choice area OGVAB of vBnew
is finally denoted as:
OGVAB = D 0, vBmax ∩





k


GV B|i

i ̸= B.

(17)

i=1

6. Model solution
To combine the solutions of avoidance model and grouping model together, the total optimal velocity area TOVAB for vBnew
to choose a velocity is:
TOVAB = OVAB ∩ OGVAB .

(18)

The next velocity and position of B can be calculated in Eqs. (7) and (8).
Let us assume there are two two-pedestrian groups in R2 , AB and CD, all the individuals is constrained by one grouping
half-plane and three avoidance half-plane, the velocity choice sets at time t for B and C is illustrated in Figs. 5a and 5b. To
show the results clearly, we ignore the influence of the limitation of maximum velocity.
B should avoid collision with A, C , D and keep distance with A, the VB|A , VB|C , VB|D and GV B|A form a solvability convex set
for B, and vBnew can be easily chosen from the spot area TOVAB . But in Fig. 6, GV C |D cannot constitute a solvability area with
other half-plane area, a further consideration is required about the problem.
The reason why it happens is that, for A and B, when they avoid C and D, they do not know whether C and D are grouping,
and the current distance between C and D is long enough for AB to pass. But the DCL is working between C and D at time
t, and the distance between them in next time step is not enough for AB to go through, that is why GV C |D cannot form a
solvability set with the other avoidance half-plane.
Two solutions are listed when TOV i = ∅:
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Fig. 5a. B’s velocity choice area.

Fig. 5b. C ’s velocity choice area.

(1) Disconnect the DCL, for the condition in Fig. 6 it means to cancel GV C |D .
If the solution 1 is adopted, then:


ID =

1
0

gC = gD ,

rC + rD <


(xC − xD )2 + (yC − yD )2 < 3,
other.

2

xC −xD 2
2

 yC −yD 2

+ max (rC , rD ) and centered at
2

, yC +2 yD , for the condition in Fig. 6, the GOV C does not exist, CD are considered as one larger individual for AB.

(2) Replace C and D with an enveloping circular with radius of

 x C +x D



TOV C ̸= ∅



+

Let the possibility to choose solution 1 become p, and the possibility of solution 2 is 1 − p.
When TOV i = ∅, if we select the solution 1, it means vBnew is chosen from OVAB only, if the solution 2 is selected, the
OVAB will be recalculated and vBnew will be chosen from the new OVAnew
B . The whole cycle will continue to perform until all
pedestrians get its new velocity.
What is more, in high density, OVAB = ∅ may happen as well. In this case, choosing a collision-free velocity cannot be
guaranteed, the collision can only be limited to the minimum. Instead, we choose the velocity that minimizes the maximum
distance to any of the half-planes induced by the other pedestrians:

vBnew = argmin max dB|i
v∈D(0,vBmax ) B̸=i

i = 1, 2, . . . , n.

Algorithm flowchart can be seen in Fig. 6.

(19)
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Fig. 6. Algorithm flowchart.

7. Experimental tests and results discussion
The main idea of this section is to prove this model which can achieve the function of keeping a reasonable distance with
their group members and avoiding potential collisions. While a reasonable fundamental diagram and aggregate outcomes
can be generated.
7.1. Model calibration
In this model, radius of each pedestrian ri is set as 0.3 m [23], vi∗ is set as 1.34 ± 0.24 m/s [24], maximum velocity vimax
is 2 m/s, iteration time t is 1 s, and τ is set as 2 s. The parameters µ and σ 2 in normal distribution which rrad subject to is
0.5 and 1, respectively. ϕ and β is set as 30° and 60° 25. The coefficients still not confirmed are α and r0 in Eq. (11), and the
possibilities p to choose solution 1. First, video data is used to calibrate α and r0 .
At the early stage, model parameters are commonly calibrated by comparing aggregate outcomes and fundamental
diagrams [25]. However, it is still unknown whether a microscopic model is able to represent pedestrian walking behavior
accurately with a macroscopic calibration method. Recently, some researchers begin to use the maximum log-likelihood
estimation method to calibrate microscopic model [26].
The function is set as:
f (x) = L (t + 1) − L (t ) = α



r0
r2

−

1



r0

t 2.

(20)

And the error of the observed and calculated values f obs (x) − f (x) obeys normal distribution:



f obs (x) − f (x)

1

L (α, σ ) = √
exp
2π σ

2 
.

2σ 2

(21)

Let us assume there are n samples and the log-likelihood function is:

L=

n

i =1

√

1

2π σ

2 


exp

f obs (x) − f (x)
2σ 2

.

(22)
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Table 1
Parameters calibration results.
Variable name

Coefficients estimation

t value

p value

α

1.352
1.057

−2.37

0.03
0.04

r0
Log-likelihood values
p2
Sample size

2.51
−350.382
0.412
2762

Fig. 7. Test schematic diagram.

Then the calibration results of α and r0 are obtained which makes Eq. (23) is maximized.
n 


1
i=1
ln L = − n ln (2π ) − n ln (σ ) −
2

2

f obs (x) − f (x)

α̂ = arg max ln L.

2σ 2

(23)
(24)

The video is recorded at the No. 3 Road of Nanjing University of Science and Technology, May 16, 2016. The experiment
section (length = 15 m, width = 3.6 m) is the only way for students to walk to the classrooms. The flow of crowds is large
and most pedestrians are grouping pedestrians. Two cameras are set up on the roof of teaching building on both sides of the
road; the data was collected in 12:00–13:00 and 15:00–16:00 respectively to eliminate the influence of the density of the
crowds. Video is paused at every 0.5 s; the distance change between 235 groups totaling 2762 sets of data is collected. We
apply the data set into Biogeme to calibrate the coefficients. Table 1 shows the results.
At 95% of confidence level, t value and p value all demonstrate the coefficients calibration result is credible. The loglikelihood value and goodness of fit p2 is −350.382 and 0.412, they are all acceptable in practical applications. The estimation
value of r0 is 1.057 which means the average distance between two grouping pedestrians is 1.057 m. The value of α is 1.352, it
represents when distance between two grouping pedestrians is smaller than r0 , the relative distance will increase, conversely
it decreases, the tendency of the change is consistent with expected results.
7.2. Microscopic phenomenon
The experiment is designed as Fig. 7 to verify that whether the model can achieve expected function, and determine the
value of p.
A, B, C , D are four pedestrians in R2 . A and B, C and D are in the same group, the distance of two groups is 10 m. Each
pedestrian wants to arrive at the destination with straight-line distance of 12.5 m. Four pedestrians start at the same time,
and the simulation stops until all pedestrian arrive at their own destination. The experiments is conducted repeatedly at
1000 times, for each pedestrian, the distance with his group member, the distance with the closest pedestrian who is not
in the same group are count every 0.5 s at the frame velocity of 16 frame/s. Once the condition of relative distance between
any two pedestrians is less than 0.6 m occurs, it can be considered as a conflict.
7.2.1. Avoidance behavior
First, the p value is determined in this experiment. Because the different values of p decides the avoid strategy when
grouping model and avoidance model conflict with each other, it will change the pattern of avoidance, so the optimal value
of p is decided by the avoidance pattern. Suppose the value of p is 0, 0.1, 0.2. . . 1. And repeat the experiments above 1000 times
for every assumed p value, then compare the avoidance pattern of experiments with actual 233 sets of collision avoidance
between two-pedestrian groups collected in video. What is more, the average distance between each pedestrian with its
closest pedestrian is considered as an auxiliary decision variable. The results are shown in Table 2.
When p = i, let the ratio of pattern 1, 2, 3 and the average closest distance denote as p1i , p2i , p3i and li , the value of video
is considered as p1r , p2r , p3r and lr . Then the optimal value of p is:



3

k
k 2
2
p = arg min
(pi − pi ) + (li − lr ) .
k=1

(25)
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Table 2
Avoidance patterns.
Pattern 1

Pattern 2

Pattern 3

Average closest
distance (m)

p value

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Video

Number

Ratio

Number

Ratio

Number

Ratio

82
85
86
112
108
95
100
134
116
145
161
20

8.20%
8.50%
8.60%
11.20%
10.80%
9.50%
10.00%
13.40%
11.60%
14.50%
16.10%
8.58%

15
58
91
92
127
164
167
146
172
152
140
25

1.50%
5.80%
9.10%
9.20%
12.70%
16.40%
16.70%
14.60%
17.20%
15.20%
14.00%
10.73%

903
857
823
796
765
741
733
720
712
703
699
188

90.30%
85.70%
82.30%
79.60%
76.50%
74.10%
73.30%
72.00%
71.20%
70.30%
69.90%
80.68%

1.053
1.051
1.049
1.051
1.048
1.046
1.047
1.049
1.047
1.050
1.051
1.076

The calculation results show that p = 0.2 is the most suitable value. We can conclude from the Table 2 that the value
of p decides the number of pattern 3. The smaller the p is, the more number of pattern 3 generates. We do not find a close
relationship between p and the average closest distance, the fluctuation of the distance in all 10 000 times of experiments
is not obvious. The value of the distance is slightly smaller than video data that is because the initial distance is set as 1 m.
During the whole progress, no distance between every pedestrian is smaller than 0.65 m, we are glad to find that the collision
avoidance performs so well in low density, and it proves that avoidance behavior of this model is credible.
7.2.2. Grouping behavior
To confirm the grouping function in this model, we select representative trajectories of 4 pedestrians A, B, C , D in different
three patterns when p = 0.2. Each position point is selected at every 0.5 s in Fig. 8(a)–(c). The line between grouping
pedestrians is represented as DCL, when it is black it means the DCL is connected and the red means disconnected.
As shown in Fig. 11, it is obvious that members of two groups always keep a reasonable distance with each other. The
DCL is connected in the whole process and drives group pedestrians to avoid opposite pedestrians together. In Fig. 9, for
avoiding CD, the DCL between A and B is disconnected at the time when TOVAA and TOVAB = ∅, while reconnect at the time
when the solution is nonempty. Similarly, in Fig. 10, DCL of both AB and CD is disconnected to ensure no collision happens,
all four pedestrians are seen as individuals and they choose to walk through the mid gap between each other. There is no
doubt that many factors can lead to different avoidance patterns of these four pedestrians. Taking pattern 3 for example, a
possibility that the DCL between AB and CD are both disconnected, and these four individuals still walk together to complete
the avoidance, and that is the randomness reflects in this model. After all, it still can be observed from three trajectories that
the relationship between connection status of DCL and avoidance patterns is obvious, which means the grouping function
is effective.
7.3. Macroscopic phenomenon
After verifying the microscopic characteristics, the microscopic phenomenon generated by this model should be
compared with practical situation as well. Normally, it contains comparing with aggregate outcomes and well-known
phenomena such as lane formation and clogging. We design a bidirectional pedestrian experiment to verify our model,
the experiment is a rectangular region with length 15 m from x = 0 m to x = 15 m and width 4 m from y = 0 m to y = 4 m.
The flow is input at the rate of 5p/m s at both side of the rectangular in the area of x = 0, 15 and y = [1, 3]. Ratio of grouping
pedestrians and individuals is 3:2. The simulation runs through a warm-up period of 100 s, and data is extracted after the
simulation is stable. We use the Voronoi diagram to calculate velocity and density in measurement area [27], as the Voronoi
cells capture more precisely the effectively occupied space by pedestrians at the boundaries than dividing the measurement
area into same pieces of areas (see Fig. 9).
For pedestrian i, each pedestrian in the measurement region will be divided into a unique Voronoi cell. Let us assume
that: the area of measurement region A is S, the number of Voronoi cell is n, and velocity of pedestrian is vi . Then, the density
and velocity distribution of the space pxy and vxy is:
pxy =

1
S

and vxy = vi

if (x, y) ∈ A.

(26)
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(a) Trajectory of pattern 1.

(b) Trajectory of pattern 2.

(c) Trajectory of pattern 3.
Fig. 8. Trajectory of different patterns. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 9. Bidirectional experiments.

The Voronoi density and velocity for the measurement area is defined as Eq. (27):


pA =

vA =

pxy dx dy

(27)

S



vxy dx dy
S

.

(28)

7.3.1. Lane formation
For bidirectional pedestrian flow, the most obvious phenomenon can be observed is lane formation. We calculate the
velocity and density in every 1 m2 at time t = 10 s (160 frame) of the bidirectional experiment for verification (see Figs. 10a,
10b).
In Fig. 10b, an obvious lane formation can be observed. Pedestrians walk from left to right form a crowd that move
rightwards in y = 1 − 3 m, and pedestrians walk from right to left form two flows moving bypass. We do not find a clear
lane formation in the density distribution diagram, but we find that the central area is the most concentrated area, and
the velocity in this area is disturbed seriously by opposite flows, there is a significant reduction of velocity in this area.
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Fig. 10a. Density distribution diagram.

Fig. 10b. Velocity distribution diagram.

Fig. 11. Density-flow fundamental diagram.

Because in theory building we do not focus on the lane formation phenomenon, after a careful check of the simulation, we
find that when p = 0.2, most of the pedestrians take the avoidance in pattern 3, and there is a high possibility that the
velocity modify results of the pedestrians behind is same as pedestrians in front, that is why a so obvious lane formation
phenomenon generate, which prove the accuracy of our model in microscopic level.
7.3.2. Comparison of fundamental diagram
The social force model is the most widely known as a microscopic simulation model of pedestrian dynamics on arbitrary
topologies. We compare the fundamental diagram of social force model, our model and weidmann curve to confirm the
aggregate phenomenon of our model is convincing. The areas with x = 5 − 10 m and y = 0 − 4 m are chosen as measurement
area. Because the area of the pedestrian in our model is 0.283 m2 , so the highest density is 3.53 p/m2 . Since there is no
grouping function in social force model, the input of this model is all set as individuals. The velocity and density is count at
every 160 frames, the results of density-flow fundamental diagrams can be seen in Fig. 11.
The trend of our model and social force model is consistent with weidmann curve, the density increases while the velocity
decreases. When the density is less than 1 p/m2 , no obvious difference is found in these two models, but when the density
increases, the grouping function becomes notable, the overall velocity of our model becomes smaller than social force model.
Although we cannot prove one model is better than the other by comparing the fundamental diagrams, since the outcomes
of our model is consistent with the widely acceptable model and the survey data so well, we can still say that our model is
convincing.
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8. Conclusions
In this paper, a new method is applied to establish the collision avoidance model for two-pedestrian groups. This model
can ensure two grouping pedestrians keep a reasonable distance and avoid collision with other pedestrians, when there is a
conflict between grouping model and avoidance model, pedestrians can also complete the avoidance motion as realistic as
possible. We design two groups of experiments to verify the model in microscopic and macroscopic level. The conclusions
are as below:
1.
2.
3.
4.
5.

The value of p influences the number of avoidance pattern 3. The smaller the p is, the more number of pattern 3 generates.
The connection of DCL has a direct influence to the trajectory of grouping pedestrians and the avoidance patterns.
In high density situation, the velocity modification results of pedestrians in front will influence the pedestrians behind.
The grouping function will decrease the overall velocity of the crowds.
At the premise of considering randomness, the collision avoidance model is convincing in both microscopic and
macroscopic level.

In the next stage of work, we will focus on how DCL works in three and more group pedestrians. DCL works well when
handling the problem of two-pedestrian groups, but when it comes to multi-pedestrian groups; it is hard to decide how a
pedestrian is connected with other pedestrians in one group. Zanlungo used the way of potential function (15), but it also
constrains the flexibility of multi-pedestrian groups, we think that if we improve the DCL continuously, the more reasonable
grouping pedestrian model is possible to be established.
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