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Robot navigation in simulated pedestrian areas based on swarm
intelligence

Jesus Espelosin® , Leopoldo Acosta and Alberto Hamilton

Abstract—In this paper we present a method that relies on
swarm intelligence to confront the problem of navigating in
non-structured dynamic environments. The collective behavior
of a group of particles is used to find an obstacle-free path that
is able to adapt its course as the structure of the environment
changes. Of particular importance is the rule that governs
collision avoidance in that it not only takes into account the
positions of the obstacles, but also their velocities.

I. INTRODUCTION

One of the main problems in robotics is Robot Motion
Planning. Through the years, two different approaches have
been used. Classical methods such as Voronoi graphs, cell
decomposition and potential fields, among others, form one
group, with the other consisting of heuristic methods, such as
those that feature prominently in the literature on Ant Colony
Optimization [1], [2] and Genetic Algorithms [3], [4], [5].

Some heuristic methods are based on mimicking groups
of animals that are particularly efficient at solving certain
problems. The main idea of the method presented here is to
use the simulated behavior of a flock of birds to solve the
path planning problem in dynamic settings. Realistic results
can be obtained by applying a different set of simple rules
separately to each member of the flock, as was shown in
[6]. Different behaviors are included as part of the flock’s
movement, such as obstacle avoidance, keeping a certain
distance among neighbors or with respect to a specific point.
Taking this into account, the members of the flock are used
to explore the environment, searching for obstacle-free paths.

The positions of the flock’s members make up a net of
nodes that is then used as a search grid and, by applying the
Dynamic Particle Chain (DPC) algorithm, yields a solution
to the problem. In addition, the method is able to reconfigure
the path when an obstacle intersects it, which makes it
particularly well-suited to dealing with complex dynamic
situations.

Some research has been done using the principles de-
scribed by Reynolds to solve the problem of path planning
[71, [8], [9], [10], [11], [12]. It is important to note that the
method proposed is not an optimization method.
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This paper is organized as follows. The problem and
necessary mathematical definitions are introduced in Section
(II). The modifications to the rules described by Reynolds are
explained in Section (III). Section (IV) details the operation
of the simulator, as well as of the DPC method, and shows
the graphical user interface that was programmed to test and
adjust the algorithm.

II. THE METHOD

The data available in each iteration of the algorithm are the
position of the target and the vehicle, as well as the position
and the velocity of the moving obstacles in the environment.
The information on the obstacles can be used to calculate the
configuration space (CS), that is, the fraction of the space
that is considered free of obstacles. A set of particles named
boids is controlled by the algorithm, searching for a path
from the vehicle to the target through the CS.

A. A path

In this study, the main aim that a path planning algorithm
should accomplish can be summarized as trying to connect
the vehicle’s position with the target. In order to do this, the
algorithm sequentially creates a set of connections between
the vehicle’s position, the particles distributed over the space,
and the target. If there are no obstacles between the connec-
tions, the method creates a valid path and the algorithm is
considered to have found a solution. Taking into account this
explanation, the path is formed by a set of boid positions.

The flock is led toward the target while avoiding obstacles.
This behavior allows the algorithm to focus its exploration
on certain zones of the space that are likely to contain better
paths while discarding other areas that are qualitatively less
important.

The method features the following properties:

« Itis able to explore many different paths simultaneously.

« When a complete solution is not available, the algorithm
is able to generate partial solutions, such that the vehicle
can advance toward the target even when the path is
obstructed.

III. FLOCK BEHAVIOR DESCRIPTION

The dynamic of the flock is controlled by a set of rules.
Each one has a specific purpose, so the individual effects
must be combined in order to achieve the desired behavior.
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A. Proposed rules

In order to properly calculate the movement of each
boid belonging to the flock, three vector variables must
be stored: the position p,(i), the velocity v,(i) and the
acceleration a, (7). These vectors are defined by the following
mathematical expressions:

N,
Fb(l+1) = ijRj
=
ap(i+1) = m,'Fyp(i+1)
. vb(i)—l—ab(i—i—l)
aux 1 = X TN
VoI D)= W s )]
vp(i+1) = Min{vy(i+1)+ap(i+1),Vau(i+1)}
pr(i+1) = pb(i)—l—vb(i—i—l),forbebe. (1)

The vector sum of all the rules or steering behaviors is
the total force Fj,(i+ 1) applied over each boid of the flock.
The state of the members of the flock, as well as the position
and velocity of the obstacles along the environment and the
position of the target, all influence the result of the rules.

In order to create a suitable behavior such that the flock
finds paths free of obstacles, five steering behaviors were
defined. These are explained below.

1) Alignment: The members of the flock are constantly
aligning with their neighbors due to the effect of the align-
ment rule. The interesting effect of this steering behavior
occurs when only part of the flock detects an obstacle. Those
boids that, due to their distance from the obstacle, have not
detected it are able to avoid it if they try to align with their
flockmates. This rule thus generates an anticipative obstacle
avoidance effect.

The particular form of this rule is

Np

> &V
k=1 kb

N

Y &k

k=1,ksb
with

Ryi= —Vp

L if |[pp — x|l < Tui
= 2
8k {O otherwise. @

Notice that this rule computes the mean velocity of a set
of flockmates close to the reference boid and subtracts the
velocity of the boid from said velocity. As a result of this
steering behavior, the boid tends to align itself with its
flockmates, as expected. Additionally, the local character of
the rule is encoded in the parameter 7,;; (visibility). In fact,
locality with certain visibility is a general requirement for
all rules governing flock dynamics.

2) Separation: So as to explore more of the environ-
ment, the flock members obey a separation rule. Each boid
maintains a certain distance from its flockmates, avoiding
collisions and allowing for different paths to be explored. A
repulsion effect is generated from each boid in the form of
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a force generated over the other flockmates, propelling the
boids of the flock towards the free space.

Np
> g(Px—Po)
k=1ksb
Rsep = N —Vp

Y gkllpe—pol?

=1ksb
with
1 if‘|pb_pk||<Tsep
= 3
8k {O otherwise. 3

3) Cohesion: In order to make the collective behavior of
the flock possible, a boid should not be too distant from its
neighbors. This requires implementing a rule that allows the
flock to remain cohesive. Specifically, the center of mass of
the neighbors of the boid to which the rule is being applied
is calculated. This center of mass exerts an attractive force
such that the boid is steered towards its flockmates.

Rcohe =h- Vp

with
Np
kile#bngk
h= +_pb 1f||pb_pl||>TCOhe
- PIR 4
k=1 kb
(P1—pb) if [|py — Pil| < Teone
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and 8k = .
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4) Attraction towards the target: This rule is necessary to
steer the flock towards the target. All members of the flock
are attracted by the target with a force proportional to the
distance between the boids and the target.

Riarget = Pr — P 4)

5) Obstacle avoidance: The most important restriction
applicable to the members of the flock is obstacle avoidance.
If this restriction is successfully implemented, the search
for an obstacle-free path can proceed correctly. Taking into
account the characteristics of a dynamic environment, this
rule needs to know the position p; and velocity v; of the
obstacles, as well as the position of the boid p, and the target
pr. The mathematical expression for this rule is presented
below:

141



No

Y gk(Pr —Pr+ k)
=1
Robs = No —Vp
kgl gllps — Pil|?

o {1k if (ve<<(P—Pp) > (V<(Pr —Pp))
O )

otherwise
u—{“
if [|pp — prl| < Tons

1
and =
8k {0 otherwise,

where a<tb denotes the angle formed by the vectors a and
b.

if ((pk - pb)<(pT - pb)) > Tavoid
if ((pk - pb)<(pT - pb)) < Tovoid
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Fig. 1. Obstacle avoidance rule (cf. discussion in sec. ITI-A.S5).

Only the obstacles 135 degrees to either side of the front
affect the boid. The main idea of this rule is to generate
a behavior that provides a certain anticipatory effect, such
that every boid in the flock can effectively avoid moving
obstacles. Three different possible cases are used to define
the problem.

« When the future trajectories of the boid and the obstacle
do not intersect. In this case the obstacle does not affect

the boid’s movement.
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« When the future trajectories of the boid and the obstacle
intersect. This means that a collision danger exists
that requires changing the direction of the boid. If the
intersection condition is satisfied, a repulsive force is
generated from the obstacle to the boid. Two further
distinctions can be made:

— The obstacle is not located within the front angle
threshold. In order to help the boid avoid the ob-
stacle, a lateral compensation equal to the obstacle
velocity is added to the repulsive force.

— The obstacle is located within the front angle
threshold. In this case the lateral compensation has
an equal but opposite magnitude to the obstacle
velocity.

To clarify these concepts, please refer to Figure (1).

IV. TRAJECTORY GENERATION

A graphical user interface (GUI) was designed to display
the progress of the algorithm in real time. A set of controls
was added to vary the value of the different parameters in
the method. The main window shows the flock, the target,
the vehicle and the flock, as well as the calculated path.

Place flock | [ Confiqure batch simulation || Execute bateh simulation

Fig. 2. Graphical user interface (cf. discussion in sec.IV).

In each iteration of the algorithm, the simulator carries out
five different steps:

1) At the beginning, the positions and velocities of the

obstacles are updated.
2) The rules are calculated for each boid in the flock and
its position is updated. This is how the flock is moved.

3) Path generation. The distribution of the boids over the
scenery is used to create an obstacle-free path. How
this path is constructed will be detailed in the next
paragraph.
Path tracking. The path geometry is used to generate
the control commands that steer the vehicle along the
environment . The steer command is calculated by
obtaining the angular difference between the vehicle’s
yaw and the line that links the second point of the
trajectory and the vehicle. The first point of the tra-
jectory is the vehicle position. As for the velocity, the
vehicle tries to maintain the maximum velocity allowed
as long as no objects are within the security threshold.
If an obstacle is nearby, the reduction in the vehicle’s
speed is inversely proportional to its distance from the

obstacle.

4

~
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5) In order to terminate the simulation, the vehicle must
be within a certain pre-defined distance from the target.
If this condition is not satisfied, steps 1 to 4 are
repeated.

P Obstacles

Steering command. (cf. discussion in sec.IV).

Steering
command

Vehicle

Fig. 3.

In order to generate a correct path without overloading the
computing resources available, the vehicle adds boids into
the scenery as a source of particles. Inversely, boids that are
close enough to the target are removed. A diagram with these
simulator steps is shown in Figure (4).

Update obstacles

goal
reached?

Change the state of
the flock

Y
Generate dynamic
trajectory
\

Calculate vehicle
command controls

Fig. 4. Main algorithm. (cf. discussion in sec.IV).

The main goal of the DPC strategy is to find an obstacle-
free path that connects the vehicle’s position to the target.
This path is created by making connections among the
positions of the boids over the space. A graphical explanation
of the algorithm is shown in Figure (5). As noted previously,
the position of the vehicle is assigned as the first point on
the trajectory. In order for a boid in the flock to be selected,
three conditions have to be satisfied. The candidates to be
joined to the trajectory have to be within a proximity radius
Tsearen around the previous point. The boid that is closest
to the target is selected, but only if there are no obstacles
between the previous point and the candidate boid.

It is possible that no boid will be present within the
proximity radius that complies with the three aforementioned
conditions. In this case, the boids belonging to the trajectory
are counted. If the result of this count is zero, this means that
there are no available paths for this iteration and the vehicle
stops temporarily. If, on the other hand, the trajectory has
at least one boid, then a partial valid path is considered to
exist, so the vehicle does not stop and continues crossing the
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environment. If a valid boid exists near the previous point, it
is added to the path. If the last point added to the trajectory
is close enough to the target, a complete path is considered
to have been created and the search process in the present
iteration of the simulator ends. If this is not the case, the
process continues adding boids to the trajectory until the
positions of the vehicle and the target are connected.

To demonstrate the capabilities of this algorithm, we
designed a 100-m wide by 40-m long test area. Depending
on the difficulty level, it is possible to vary the number of
obstacles, the positions and velocities of which are randomly
determined. When the experiment starts, the velocity of the
obstacles is kept constant. The vehicle’s maximum velocity is
limited to 3m/s and its steering angle to +/- 30 degrees. The
Ackerman model was used to simulate the behavior of the
vehicle. Both the traction motor and the automatic steering
system were also modeled.

Set first point
of the trajectory
equal to
vehicle position

Search the best boid
into the proximity radius
from the current point
of the trajectory

obstruction
among current
point and boid?

is enough
close to the
goal?

Boids into
. >0
radius

no

Size 4
trajectory

yes

Fig. 5. (Dynamic trajectory algorithm cf. discussion in sec.IV).

V. CONCLUSIONS AND FUTURE WORK

A. Conclusions

The combined action of the set of rules proposed in
this research was designed so as to solve complex dynamic
situations. The positions of the boids are adapted in order to
find a valid pseudo-optimal path. One notable characteristic
of the algorithm is that the method is able to generate a
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partial path even when the path to the target is obstructed.
By taking into account the dynamic characteristics of the
environment, the method is designed to find a complete
trajectory to the target.

Also, thanks to the obstacle avoidance rule, the algorithm
has the ability to anticipate future collisions with obstacles.
The flock is steered towards future free space, which makes
finding clear trajectories possible. This is yet another remark-
able feature worth noting in light of the particular difficulties
posed by environments with moving obstacles.

B. Future Work

Since the simulation uses a model of the vehicle that
correctly represents its dynamics, and considering the ad-
equate performance shown by the DPC algorithm, it should
be possible to carry out a live implementation of the method.
In fact, our initial motivation was precisely this, to develop
an actual prototype that will be able to deal with the problem
of path planning in pedestrian areas.
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