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Moving Obstacle Avoidance in Indoor
Environments
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Abstract— This paper deals with a problem of autonomous mobile robot navigation among dynamic obstacles. The velocity obstacle
approach (VO) is considered an easy and simple method to detect the collision situation between two circular-shaped objects using the
collision cone principle. The VO approach has two challenges when applied in indoor environments. The first challenge is that in the real
world, not all obstacles have circular shapes. The second challenge is that the mobile robot cannot sometimes move to its goal because all
its velocities to the goal are located within collision cones. For indoor environments some unobserved moving objects may appear
suddenly in the robot path; particularly when the robot crosses a corridor or passes an open door. The contributions of this paper are that a
method has been proposed to extract the collision cones of non-circular objects, where the obstacle size and the collision time are
considered to weigh the velocities of the robot, and the virtual obstacle principle has been proposed to avoid unobserved moving objects.
The experiments were conducted within indoor environments to validate the control algorithm proposed in this paper, and results obtained
showed the mobile robot successfully avoided both static and dynamic obstacles.

Index Terms— Collision cone, Dynamic obstacle, Indoor navigations, Mobile robot, Non-circular object, Unobserved obstacles, Velocity

obstacle approach.

1 INTRODUCTION

Autonomous ability of mobile robots provides large appli-
cation areas including routine tasks such as office clean-

ing and delivery, access to dangerous areas that are un-
reachable by humans such as cleanup of hazardous waste sites
in nuclear power stations and planetary explorations. The key
challenge of a mobile robot is to avoid obstacles which may
prevent it from reaching its goal. Many algorithms have been
suggested to solve this problem such as the potential field al-
gorithm (PFA) and the vector field histogram method (VFH),
however these methods do not consider the kinematic con-
straints of the mobile robot such as limited velocities and ac-
celerations [1], [2]. The Dynamic Window Approach (DWA)
considers these constraints, where a suitable pair of rotation
and linear speeds is chosen to avoid obstacles through a circu-
lar path, but it needs relatively long time to define the free
collision velocities [3]. All the previous mentioned algorithms
are suitable for avoiding static obstacles. The linear velocity
obstacle algorithm (VO) was proposed to avoid moving obsta-
cles, where it defines the collision situation between two circu-
lar objects moving with constant velocities [4]. The non-linear
V-Obstacle method was introduced as an extension of the VO
algorithm to avoid obstacles moving on arbitrary trajectories
[5].

The first challenge of the VO algorithm is that in the real
workspace, not all obstacles have circular shapes. The second
challenge is that the mobile robot cannot sometimes move to
its goal because all its velocities to the goal are located within
collision cones as shown in Fig.1 , but there is at least one safe
path to the goal. Many studies have been implemented the VO
algorithm using simulation, furthermore they considered that
obstacles have circle shapes and their velocities are known.
For instance, [6] , [7] proposed the probabilistic collision cone
principle, where the grown obstacle is extended by uncertain-
ty in the exact radii of the obstacle and robot, the collision
probability in the exact collision cone is given a value 1, while
into the uncertain area the collision probability is given a val-

ue between 1 and 0 . However, they have not considered the
collision time. In [8], [9], the grown obstacle radius was modi-
fied depending on the collision distance and collision time.
This algorithm can be applied to avoid circular obstacles. For
non-circular obstacles, the robot has to fit the sensor data into
circles using a circle fitting method [10], [11], [12]. The optimal
time horizon principle has been proposed in [13], where the
smallest time horizon is used to define the collision course
velocities. In the simulation test, they used circular obstacle
and considered the obstacle's speed known, however in the
real world the robot has to extract the shapes of the obstacle
from sensor data, grow them using the robot radius and then
extract the collision cones.

Fig. 1. The robot cannot reach its target according to the VO method

A mobile robot avoids dynamic obstacles by collecting in-
formation about its surrounding environment using sensors. It
then clusters the sensor data and utilizes a tracking algorithm to
estimate the velocities and locations of obstacles. 2D scanning
laser sensors are common in mobile robot applications, provide
accurate information about the robot workspace, require a rela-
tively small computation time and are unaffected by changes in
illumination.

There are two types of laser data cluster methods; the dis-
tance-based clustering methods [14], [15], [16] and kalman filter-
based methods [17]. The KF-based methods detect the segments
and their directions precisely, but are more complex than the
distance-based methods and require relatively large computa-
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tion time.

Some unobserved moving objects may appear suddenly in
the robot’s path; particularly when the robot crosses a corridor
or passes an open door. The robot must be able to anticipate
such scenarios and manoeuvre to avoid collisions. The mobile
robot can define the opened doors and corridors by extracting
walls from the sensor data. There are many methods to extract
walls from the laser data such as the Hough Transform Algo-
rithm, line regression method, line tracking algorithm and itera-
tive-end-point-fit algorithm [18], [19,] [20], [21], [22]. This paper
uses the Iterative-end-point-fit algorithm which is considered as
a simple and robust method to extract lines from 2D laser sen-
Sors.

In this work, reactive control architecture was adopted,
where a 2D laser sensor was utilized to recognize the robot's
workspace and the laser data was clustered using the distance-
based clustering method proposed in [16]. The extended parti-
cle filter algorithm (EXPF) proposed in [23] was used to esti-
mate the obstacle velocity. A method was demonstrated to ex-
tract the collision cones of circular and non-circular objects. Fur-
thermore, the collision time and the obstacle size were consid-
ered. The virtual obstacle principle was proposed to avoid un-
observed obstacles which may appear from opened doors.

2 REACTIVE CONTROL SYSTEM

Reactive control architecture was adopted in this study to
produce the control command for the mobile robot as shown in
Fig. 2, the sensor data comes from the laser sensor and odome-
try data. In the first stage, the laser data is clustered into sepa-
rate groups (obstacles) using the distance-based clustering
method proposed in [16]. In the second stage, the obstacles ve-
locities are estimated by a tracking algorithm using the extend-
ed particle filter. While the third stage includes three behaviours
namely Go to Goal, Obstacle Avoidance and Unobserved obsta-
cle avoidance. In the fourth stage, the outputs of the behaviours
are fused to produce the control commands.
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Fig. 2. The proposed reactive control system

2.1 Go to Goal Behaviour

This behaviour utilizes the current robot position coming
from the odometry sensors and the goal position to define the
speed and direction to the target. In the global reference frame,
the angle to and the distance between the robot and the target
are given as:

6, = tan™'(y; — ¥y, % — %) 1)

d. = \/(xt —x%)2+ (Ve —r)? @)
where (x;,y;) and (x,,y,) represent the target and robot posi-
tions with respect to the global reference frame. d, represents

the distance between the robot and the target.
The reference speed to the target is given as following;:
ifd;,>dy,

Umax

- 3

VU, otherwise

-t
ax dth
where v,,,, and dy,denote the robot's maximum speed and
threshold distance respectively.

2.2 Obstacle Avoidance behaviour

2.2.1 Collision Cone of non-circular Obstacle

The original velocity obstacle method supposes that the ro-
bot and obstacle have circular shapes. The boundary of collision
cone is defined by the two tangents of the grown obstacle circle
and the centre of the robot as shown in Fig. 3. The left and right
angles of the tangents are given as following:

d=0, -2 +0o—»)2 @
i ®)

0= tan_l((yo_yr)/(xo_xr)) (6)
7)

©)

Q1

r
6, = tan‘l(z) +0

@, = —tan™! (%) +0

where d is the distance between the robot centre and the ob-
stacle centre, L is the tangent length, @ is the angle between the
obstacle and the robot in the global frame, @,, @, are the left
and right tangent angles, (x,,¥,), (x,,¥,) are the robot and
obstacle coordination.

w
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Fig. 3. Velocity obstacle approach

Suppose there is a circular obstacle as shown Fig. 4, in which
some points in the obstacle circumference were grown by the
robot radius r,. It can be noticed that the outer boundaries of the
grown points produced the grown obstacle circle. However, the
left and right tangent angles 0y;,0,; of a grown point can be cal-
culated using equations [4],[5],[6], [7], [8]. The collision cone
boundaries of the obstacle are determined by the right tangent
which has the minimum angle and the left tangent which has
the maximum angle.

In this project a method is proposed to find the actual colli-
sion cone of a non-circular obstacle by the following steps:

e  Each laser point is grown by robot radius.
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e Calculating the left tangent angles 8, ,,,8;, and right
tangent angles 6,, ,,,0,, of the grown laser points,
where n refers to total number of laser points.

e Taking the maximum of the left tangent angles
011 ,,,0, represents the left tangent angle of the
grown obstacle, and the minimum value of the right
tangent angles 6,, ,,,0,, represent the right tangent
angle
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Fig. 4. Growing the circumference points

2.2.2 Considering the collision time and obstacle size

The collision time and obstacle size are considered by assign-
ing the robot velocities with different weights. Thus all free col-
lision velocities are given weights of numeric value 1, while the
weights of the collision course velocities are given as follows:

0 if tc(i) < tcth (9)
Ws; = exp (t:(‘:)) * (1_ bx§x* tc(i)) otherwise
8 = min(@,— 6,,6,— 0,) (10)

where t.(i) refers to the collision time. a, b are constants, t..
is the critical collision time, 6; is the velocity angle.

The robot velocities within a collision cone have different
collision distances depending on the obstacle shape. However
the collision distance of the robot velocity (v;,8;) is given as:

d.(i) = laserdata(l)
I = floor(6;/0)

(11)
(12)

where laserdata, I and o refer to return laser points, index and
the angle resolution of the laser sensor respectively. floor is a
function which gives the integral value.

2.3 Unobserved Obstacle Avoidance

In indoor environments, some unobserved moving objects
may appear suddenly in the robot path; particularly when the
robot crosses a corridor or passes an open door. Therefore the
robot has to consider these obstacles and implement an action
to minimize the collision risk with the unobserved obstacles.
In this project a simple method was introduced to meet this
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requirement. The virtual obstacle principle has been proposed
to avoid unobserved moving objects, in which a virtual circular
obstacle is created at the start point of each open door threshold
and corridor cross as shown in Fig. 5. The virtual radius is
modified depending on the robot speed as the following equa-
tion:
7, =R.v; (13)

where R is a constant positive value. v; represents the robot
speed

Mobile Robot Virtual Obstacle

05}
E 1
-
05-
Wall
_1_
- 05 0 05 1 15 2

X (m)
Fig. 5. The Virtual obstacle principle
The collision cone of the virtual obstacle is calculated depend-
ing on the equations [3],[4],[5],[6], [7]. Likewise In this behav-
iour, the robot velocities are weighed according the following;:

1 lf dro > dth
Wunob = exp(

U-TlOb) (1 unob *§ x tc(i))
t (1)

Ayunob » bunopand dg, are constants. d,, refers to the distance
between the robot and the door threshold.

(14)

2.4 Decision unit

The main task of this block is to fuse the outputs of the be-
haviours and then generate the control commands which min-
imize the collision risk and maximize the speed to the goal. The
robot velocities are weighted depending on the output of the Go
to Goal behaviour and the weights coming from the Obstacle
Avoidance and Unobserved avoidance behaviours.

wi = Min(Wypop, W) * (a1 + cos(0; — ;) * (a,

~ llve = vill) 15)

where a,, a, are constants.

The maximum weight velocity (v.,8,.)is chosen to produce
control commands given as:

e  The rotation speed is given as:
w, =k, 0, (16)

where k,, is constant
e The linear speed is given as
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UC lf UC < chax

V=10 if0>Vae  (17)
Vomax  Otherwise
w,
chax = Vmax — kv- < (18)
Winax

where k, is a constant, v,,,,, and wpy,q, represent the maximum
linear and rotation speeds of the mobile robot.

3 RESULTS AND DECISION

Experiments were implemented using two robots; the Pio-
neer P3-DX robot and Nubot robot which was made in New-
castle University. The experiments aimed to show that the robot
can avoid collision with obstacles which have different intelli-
gence levels, and minimize the collision risk with unobserved
moving objects. Obstacles were classified according to the ob-
stacle avoidance method into three classes; non-intelligent ob-
stacles which do not have any obstacle avoidance algorithm, the
low-level intelligent obstacles have ability to avoid static obsta-
cle, and intelligent obstacles (Human).

The maximum linear and rotation speeds of the robots were
adjusted to 0.5 m/s and 100 degree/s respectively. In equation
[3], the threshold distance was chosen to be dy, = 1 m. The pa-
rameters of the weighting fuction in equations [9], [14] for the
obstacle avoidance and unobserved obstacle avoidance behav-
iours were chosen to be a = a,p0,=5, b = bypep, = 0.5. The con-
stant value in equation [13] was chosen tobe 0.5m.the parame-
ters a; and a, in equation [15] were assigned to the values 0.1
and 0.6 respectively. The parameters k,, and k, were selected to
be 1 and respectively.

3.1 Collision Cone

The collision cone produced by the method demonstrated in
this paper is compared with that produced by two fitting circle
algorithms proposed in [11], [12]. Fig. 6 shows a virtual non-
circular obstacle, in which the laser angle resolution was chosen
to be 5°. The returned laser points are listed in Table 1.

TABLE 1
COLLECTED LASER POINTS
Laser point |1 2 3 4
Angle( degree ) 40 45 50 55
distance 1.4 1 1.14 1.8

Fig. 7 shows the fitted circles; the circle C1 is produced by
applying the method proposed in [11], while the circle C2 is
produced by the method proposed [12]. Obviously the circle C1
is relatively huge which produces a huge collision cone. There-
fore the comparison was made between the collision cones pro-
duced by the circle C2 and the algorithm developed in this
study.

The calculated radius of the circle C2 was 0.36m which was
grown by the robot radius0.5m. As result the calculated angle
of the collision cone of the circle C2 was 70°. However it can be
seen from Fig. 8 that the collision cone does not touch any
point of the grown laser points.

Laser beam

4/

o 0:2 0.4 O.G DIS 1 1 .2I
X (m)
Fig. 6. Non-circular obstacle

X (m)
Fig. 7. Fitted obstacle circles

For the proposed method, Table 2 lists the calculated tangent
angles of each grown laser point, it can be noticed that the se-
cond point has the maximum left angle and minimum right
angle. Hence, it is not always correct to find the collision cone
based on the first and last laser points of the laser cluster. The
angle of the collision cone produced by the proposed method is
60°. Fig. 9 shows that the collision cone touches the grown ob-
stacle at two points. Clearly the proposed method produced a
collision cone which is more accurate and smaller than that
produced by the circle fitting methods.

TABLE 2
COLLISION CONES FOR THE GROWN LASER POINTS

Laser point 1 2 3 4

Left angle(degree) |60.1 [75 70.1 71.1

Right angle (de-

38.8
gree)

Grown obstacle
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Fig. 8. Collision cone of the fitting circle
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Fig. 9. Collision cone of the proposed method

3.2 Passing through a narrow Gap

The mobile robot (Pioneer P3-DX) had to pass through a nar-
row gap as shown in Fig. 10. The robot's start point and target
were chosen to be (x. = Om,y, = Om) and (x, = 3m, X, = Om)
respectively, while the narrow gap was located at x = 1.55 m.
The widths of the robot and narrow space were 0.45 m and
0.6 mrespectively. Therefore the robot had free spaces of
75 mm at each side whilst passing through the narrow gap.

Fig. 10. The mobile robot has to pass the narrow gap

Fig. 11 shows that the robot was able to pass the narrow
space without any collision. It can be seen that the robot imple-
mented approximately a straight line during passing the nar-
row space and then it turned to the goal in a curved path. On
hand Fig. 12 shows the robot speed vs. the x coordinate of the

859

mobile robot, in which the robot speed was increased form
0Om/sat x =0mto achieve the maximum speed of 0.5 m/s
atx = 0.6 m. When the robot became close to the gap at
x = 1.42 mit started to decrease, the speed became 0.34 m/s at
x = 1.57 m and then it increased after passing the narrow gap.
When the robot became close to its goal the speed was de-
creased gradually to become0 m/s.

Robot width is 0.45 m

0.6m

= 05
E
>

0

Start Goal

-05

0 05 1 15 2 25 3 a5
X (m)

Fig. 11. The mobile robot was able to pass the narrow gap

0.8

Narrow Space

Speed (m/s)
o
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o] 05 1 1.5 2 25 3 35
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Fig. 12. The mobile robot speed

3.3 Avoiding a non-intelligent obstacle

The intelligent mobile robot (Pioneer robot) had to avoid a
non-intelligent obstacle (Nubot Robot) Fig.13. The Nubot robot
was not given any avoidance collision algorithm and moved
with a fixed speed0.5 m/s. The start positions of the robot and
obstacle were chosen as (x, = Om,y, = 0m) and (X, = 5m, X, =
Om) respectively. Fig.14. shows that The Pioneer robot was
able to avoid the non-intelligent obstacle without any collision.
It can be seen that the Pioneer robot moved on a straight line
fromt = Os till t= 3.6 s, and then avoided the moving obstacle,
while att = 7.5 s after the moving obstacle passed the robot
turned to its goal.

3.4 Avoiding a low-level intelligent moving obstacle
Here the Nubot robot having the ability to avoid static obsta-
cles based on the potential field algorithm, where it used the
laser data to produce the repulsive forces and the odometry
data to produce the attractive force. The Pioneer started to avoid
the Nubot robot at t = 3 s as shown in Fig. 15. After the dynam-
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ic obstacle passed the mobile robot turned to its goal (5m, 0 m)
at the moment t = 8s. On other side the low-level intelligent
Nubot robot implemented a small avoidance manoeuvre there-
by avoiding the Pioneer robot at the momentt = 7 s. Clearly the
Pioneer robot started the avoidance manoeuvre 4 s before the
Nubot robot.

Fig. 13. The Nubot robot and Pioneer robot
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Fig. 14. The robot avoided a non-intelligent obstacle
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Fig. 15. The robot avoided a low-intelligent obstacle

3.5 Avoiding an intelligent moving obstacle

In this test, the robot had to avoid a human. As shown in Fig.
16 the robot turned to its right side at the moment t=3.74s to
avoid human, but also the human turned to the same direction
at the moment t=4s. Thus the robot turned right to avoid colli-
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sion with human. The estimated of the human was 0.85 m/s.

1k
08
06~ Robot path
8s
04 7s 9 10s 11s
02 3s 45 6s
E o 55
-
02 4 3s
s
0.4
06 Ss
0s
08! s Human patt
Ak
12y 1 2 3 4 5 6
x(m)

Fig. 16. The robot avoided a human

3.4 Avoiding two dynamic obstacles

In this test, the robot had to avoid an obstacle moving in the
same direction (Nubot) and an obstacle moving in the opposite
direction (Human). The speed of the Nubot robot was adjusted
as 0.35 m/s. As shown in Fig. 17, the human appeared in the
laser data at the moment t=4s and disappeared at t=7s. On other
side, the robot changed its direction to follow the moving obsta-
cle (Nubot) and avoid the human at the moment t=4.8s, and
after the human passed, the robot started to avoid the obstacle
and reach its goal.

08 Robot Path uman Path
0.6
04 7 55

02

y (m)

-0.2

0.4
06

O~0—0—D0~0=—0=~0—0—
Is 2s 3s 4s 53 6s 7s 8s 9s 10

08 Lh//"
4 Obstacle Pa

-1.2

o] 1 2 3 4 5
X (m)

Fig. 17. The robot avoided an obstacle and human

4.5 Unobserved obstacle avoidance

The experiment workspace is shown in Fig. 18, in which the
robot was located close to the wall. The robot had to reach its
goal (x = 6.5m,y = —3.3m) without causing colliding with any
obstacle. To avoid any causing damage to the robots, a simula-
tion test using Player/Stage simulator was carried out to show
that the robot may collide with an unobserved obstacle if it does
not use the virtual obstacle principle. Fig. 19 shows the mobile
robot collided with obstacle because the unobserved obstacle
avoidance was removed from its control system.
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Fig. 18. The robot has to go to the goal and avoid an unobserved obstacle
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Obstacle path
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Fig.19. The mobile robot collided with the unobserved (simulation test)

Two real experiments were implemented for avoiding unob-
served obstacles, Fig. 20 shows that the robot started to go away
from the corner at the moment t=12s, while the dynamic obsta-
cle appeared in the laser data at the moment t=17s, at the mo-
ment t=18s the robot turned right to maximum the speed to its
goal, but at the moment t=20s, the robot turned left again to
avoid the collision with the dynamic obstacle. After the dynam-
ic obstacle passed the robot returned to its goal.

25
2} < :
Obstacle path
15F |
Robot path
1 1657 18s 1gs
145153 &) 2(s 21s 22s
05+
_ 13s 23s
é 128 245
= 0 21s 255
-0.5 208 268
At 19s .
A5k 18s
2 17s
4 5 6 7 8 9

x (m)
Fig. 20. The mobile robot (Poineer) avoided the unobserved dynamic
obstacle (Nubot)

In second test, the obstacle appeared in the laser data at the

moment t=15s as shown in Fig. 21. At the moment t=17s the
robot reduced it speed and turned right to allow the moving
obstacle to pass without any collision, after the collision risk
with moving obstacle disappeared at the moment t=21s the ro-
bot started to increase it speed and turn to its goal.

25h 23s 4
ol Obstacle path —> obs |
151 21s ]
; Robot path 20s
16s 17s 19s
1568
= 14s
= 05 13s :
= 11s12s 18s
Cal

17s

16s

4 5 6 7 8 9
X (m)

Fig. 21. The mobile robot (Pioneer) waited the unobserved dynamic ob-
stacle (Nubot) to pass

4 CONCLUSION

In this paper, reactive control architecture has been adopted
for mobile robot navigation in indoor environments. A simple
method has been proposed to find the collision cones of circular
and non-circular obstacles using a laser sensor, in which each
laser point was grown by the robot radius, where the maximum
left tangent represented the left boundary of the collision cone
of the grown obstacle, and the minimum right tangent repre-
sented the right boundary of the collision cone. The result has
showed that the collision cone produced by the proposed meth-
od is more accurate and smaller if compared with that pro-
duced by the circle fitting methods. The collision time and the
obstacle size were also considered to weigh the robot velocities.

The virtual obstacle principle has been proposed to avoid
unobserved moving objects may appear suddenly form open
doors, where a virtual circular obstacle is created at the start
point of each door or corridor cross. The simulation test showed
that the robot collided with an unobserved obstacle because the
unobserved obstacle avoidance behaviour was removed from
the control system, while the experiments showed that the robot
was able to avoid unobserved obstacle appearing from corridor
cross when the robot used the unobserved obstacle behaviour.
Finally almost of the experiments have been captured and post-
ed in the following website:
https:/ /www.facebook.com/pages/Robotics-
Group/173949736063997
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