
















The cost function used here is

J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx 0

ri � xrÞ2 þ ðy 0
ri � yrÞ2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx 0

ri � xgÞ2 þ ðy 0
ri � ygÞ2

q
þ PenaltyðiÞ; ð11Þ

where goal location is (xg, yg).

All obstacles are examined for potential collisions with both the straight path

from the robot to the particle and the straight path from the particle to its goal

location. If any obstacle is on the straight paths, these paths will cut the obstacle into

two separate arc lengths. The penalty of particle i checks every obstacle in the

environment. If any obstacle is on the direct lines, penalty PenaltyðiÞ selects the

shorter arc length of every quali¯ed obstacle and sums them up. It is assumed that all

obstacles are neither adjacent nor overlapped in the environment. Hence, the

equation of PenaltyðiÞ is
PenaltyðiÞ ¼

X
obstacles

minfarcjjj 2 1; 2g ð12Þ

Fig. 7. Flowchart of PSO*.
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2.3. Comparative studies

Simulation results are collected when obstacles are at a di®erent distance from the

agent while the agent's starting location and goal location keep the same.

Single obstacle scenario Trajectory length ratio Wall time ratio

xs ¼ 0; ys ¼ 0;xt ¼ 0; yt ¼ 0 Standard PSO PSO* Standard PSO PSO*

xobs ¼ 1, yobs ¼ 1, robs ¼ 1 1 1 45.9 1

xobs ¼ 2, yobs ¼ 2, robs ¼ 1 0.98 1 74.9 1

xobs ¼ 3, yobs ¼ 3, robs ¼ 1 0.98 1 45.0 1

xobs ¼ 6, yobs ¼ 6, robs ¼ 1 0.96 1 133.6 1

By comparing execution time and trajectory length when the obstacle is at dif-

ferent distances from the hunter agent and its goal location, we observed that PSO*

has much higher computational e±ciency than the standard PSO without sacri¯cing

too much trajectory length. When increasing the number of obstacles as shown in

Fig. 9, same trend was observed. The signi¯cant improvement in computational time

is because the ways of particle generation are quite di®erent. The standard version of

the particle swarm optimization path planner initializes particles around the hunter

agent's current position without taking the goal location into consideration. This

way leaves many particles at the opposite direction, so the computational time spent

on these particles is wasted because a particle in the opposite direction creates a

trajectory of longer length. PSO* creates particles within a certain range along the

straight line connecting the hunter agent's current position and goal location. This

method can save lots of computational time because the particles created in this way

will likely ¯nd shorter lengths of trajectories.

Fig. 8. Standard PSO.
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generated by agent i so as to repel itself from its neighbors. The yellow cylinders

represent the region where downwash e®ects exist, so they need to be taken care of

with caution.

Speci¯cally, this collision-avoidance controller is designed to be

ui ¼ f gi þ f di ð13Þ
that applies a control input made up of two terms. In the ¯rst term,

f gi ¼ a1
X
j2Ni

ð��ðjjqj � qijj�Þ � ni;jÞ ð14Þ

is a gradient-based term that repels agent i itself from its neighbors j to avoid

potential collisions. a1 is a scaling factor for the position di®erences between agent i

and its neighbors. ni;j is the unit vector along the line connecting agent i's position qi

to agent j's position qj. The repulsive force �� is determined by position di®erences

�p, and

��ð�pÞ ¼ �
¢p

d�

� �
� ð�ð¢p� d�Þ � 1Þ; ð15Þ

where

�ðzÞ ¼ zffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z2

p ð16Þ

To provide agent i a smooth repulsion, bump function �ð¢pÞ is designed. It

consists of two terms

�ð�phorÞ ¼
1; �phor 2 ½0; rbetÞ;
1

2
� 1þ cos �� �phor � rbet

1� rbet

� �� �
; �phor 2 ½rbet; 1�;

0; otherwise;

8>><
>>: ð17Þ

Fig. 10. Reserved cylinder to detect xy-con°ict or z-con°ict.
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