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Abstract— Development of behavioral strategies for indoor mobile navigation has become a challenging and practical
issue in a cluttered indoor environment, such as a hospital or factory, where there are many static and moving objects,
including humans and other robots, all of which trying to complete their own specific tasks; some objects may be moving in
a similar direction to the robot, whereas others may be moving in the opposite direction. The key requirement for any
mobile robot is to avoid colliding with any object which may prevent it from reaching its goal, or as a consequence bring
harm to any individual within its workspace. This challenge is further complicated by unobserved objects suddenly
appearing in the robots path, particularly when the robot crosses a corridor or an open doorway. Therefore the mobile
robot must be able to anticipate such scenarios and maneuver quickly to avoid collisions. In this project, a hybrid
architecture control system has been adopted to navigate within dynamic environments. Experiments using the proposed
control system on a Pioneer mobile robot showed that the mobile robot successfully avoided static dynamic obstacles.
Furthermore, the mobile robot was able to reach its target within an indoor environment without causing any collision or
losing the target.

Index Terms— Behavioral Strategies, Dynamic Obstacles, Mobile Robot, Unobserved Obstacles.

I. INTRODUCTION

An autonomous mobile robot is an intelligent system which can navigate within its workspace without any human
interference. In this context the robot must be able to perceive the surrounding environment through data collected
from sensors, plan a trajectory which guarantees safe and accurate goal reaching, and then track this trajectory by
generating suitable motion commands. The control architecture is ability of a mobile robot to develop and
integrate its tasks. Many studies on mobile robot navigation has been developed, all of them aim to achieve robust
flexible and reliable control architecture. However, the mobile robot architectures can be classified into three
categories namely deliberative architecture, reactive architecture and hybrid architecture. The deliberative
(top-down) architecture is considered the earliest intelligent mobile robot architecture which repeats a series of
steps: sense, plan and act (SPA) [1],[2]. This architecture decomposes the robot tasks into five serial modules;
perception, modeling, planning, execution and action. The SPA model has a powerful planning ability, but on
other side fusing the sensory data to model the world which is sometime difficult to build and then planning a
serial sequence of actions may produce a slow response. Also, if any task does not work properly the whole system
may fail.

To overcome the weak points of the deliberative architecture, the reactive architecture decomposes the control
architecture into multi _parallel tasks or behaviors, where each behaviour can access the sensor data and actuators
directly [3]. However, It can classify the reactive architecture into two basic types namely subsumption
architecture and motor schemas. In the subsumption architecture, the control model consists of multiply levels of
competence, which are not total independent because the upper layer can control the lower layers by inhibiting the
outputs or suppressing the inputs, that means the complexity of layer control function increases as the level
number increases. Arkin developed motor schemas architecture [4] [5], which consists of independent tasks or
behaviours, each behaviour produces its output vector depending on the sensory data, and then those output
vectors are combined together to produces suitable motion commands.

To overcome the problems of lack of planning in the reactive architecture, the hybrid architecture combines the
two previous architectures, and comprises three layers; the deliberative architecture forms the top level which is
responsible for long-term planning or global path, localization and human interaction. The lower level is the
reactive layer, which works to implement the global path in safe and accurate short path through fusing its
behaviours, i.e. it implements local path planning. The intermediate layer is called the sequencer layer, which
links the top and lower levels, and transfers the information from the top layer e.g. passing the waypoints, and
observing the reactive layer to provide feedback to the top level [6],[7],[8]
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Localization, global path planning and obstacle avoidance are considered as key elements for autonomous mobile
robot navigation. Many solutions have been proposed to solve the problem of mobile robot localization; these
methods can be classified into two categories; relative localization and absolute localization. In relative
localization the mobile robot location is calculated with respect to a known start location, where the location from
this point is computed by integrating the wheel rotation speed measured by encoders [9],[10],[11]. This technique
is simple, cheap and easy to implement in real time applications, but having a major disadvantage of error
accumulation produced by the wheel slippage over long distance navigation. The absolute localization is more
complex and more accurate than the relative localization. Different sensors can be employed for this method such
as GPS, camera, ultra sonic and laser [12]. The global path planning means finding a safe and short trajectory from
the current location to a destination. The path planning can be classified into either topologic planning or metric
planning. In the first method, the route of the robot is determined by a set of landmarks, while in the second
method, the robot path is divided into many sub goals [13]. Two examples of planning algorithms are A* search
algorithm and wave front algorithm. The global path planning considers just fixed obstacles in the workspace
map such as walls, but in the environment, the objects’ locations may change. To achieve a collision-free
navigation, the robot has to detect and avoid those obstacles. Mobile robot navigation with static obstacles is
considered relatively simple because the robot needs to calculate only the distances to the obstacles; having an
ample time to spend in making an optimal decision as to best approach to avoiding the obstacle. The three
commonly used algorithms for static obstacle avoidance are Potential Field Algorithm (PFA), Vector Field
Histogram method (VFH) and The Dynamic Window Approach (DWA) [14], [15], [16], [17], [18].[19], [20].

The linear velocity obstacle algorithm (VO) was proposed to avoid moving obstacles, where it defines the
collision situation between two objects moving with constant velocities[21]. The non-linear V-Obstacle method
was introduced as an extension of the VO algorithm to avoid obstacles moving on arbitrary trajectories [22]. For
avoiding dynamic obstacles, the mobile robot has to collect information about the surrounding environment
using sensors, clusters the sensors data and utilizes a tracking algorithm to estimate the velocities and locations of
dynamic obstacles. Recently 2D laser sensor has been popular in the mobile robot application because it provides
accurate information about the mobile robot workspace, requires short computation time and illumination does
not affect its reading. There are two types of clustering laser data methods; the distance-based clustering methods
[23],[24],[25] and KF-based methods[26]. The KF-based methods detect the segments and their directions
precisely; however, they are more complex than the distance-based methods and require relatively large
computation time.

The commonly used methods for tracking dynamic obstacles are the kalaman filter and particle filter. The
extended particle filter algorithm proposed in [27] is simple to implement than the kalman filter for tracking
multiply moving obstacles.

Dynamic obstacles could be other robots or humans within indoor environments. For tracking a human, two legs
must be defined from the laser data. The changes in the relative distance between the two legs during the human
walk and the changes in their shapes according to the trouser flexibility are considered the main challenges of the
human detection algorithm. In [28], three parameters were proposed to determine a leg namely Girth, Width and
Depth. They have not considered the situation when the distance between the legs is too short therefore the two
legs may be interpreted as one leg. Furthermore their leg detection method may fail if a leg is hidden partly or
totally behind another leg.

In this paper, hybrid control architecture has been proposed for mobile robot navigation in dynamic environments.
A 2D laser sensor was utilized to collect information about the robot's workspace, where the laser data was
segmented using the clustering method proposed in [25]. The extended particle filter algorithm (EXPF) proposed
in [27] has been used to estimate obstacles’ speeds. A method has been proposed for tracking humans. Also, the
virtual obstacle principle has been proposed to avoid unobserved obstacles which may appear from open doors or
corridor crosses.

Il. HYBRID CONTROL ARCHITECTURE

Fig. 1 shows the block diagram of the proposed control architecture which includes three layers; the deliberative,
intermediate and reactive levels. The deliberative level includes two models namely long path planning, and
localization. The intermediate layer is response to transfer the information between the reactive level and
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deliberative level. The reactive model includes five behaviors namely Go to Goal, Obstacle avoidance,
unobserved obstacle avoidance, Human avoidance and Emergency. The coordination model fuses the outputs of
the reactive behaviours to produce the optimal control commands.

A. Localization System

The adaptive montecarlo Localization approach (AMCL) has been used in this paper to estimate the mobile
robot position. AMCL has three inputs; the workspace map, external sensor data (laser data) and odometry data,
while its output is the estimated position of the mobile robot. The particle filter is considered as the core of the
AMCL localization system. More details of the AMCL system can be found in [29],[30].

Deliberative Model

Global path
planming

Localization

Intermediate Level

Goto Goal

TUnohssrved
Sensor Data

Coordination 4
Model o

Himan Avoidance

12Pol aAlIEaY
(¢
g g

Energency

Fig. 1: Block diagram of the proposed control system

B. Global path planning
In this paper, the wave front path planning algorithms has been used to establish the global path. The inputs of this

algorithm are the workspace map, estimated current location of the mobile robot and the goal location, while the
output is a group of sub goals or waypoints, which represents odometry landmark.

C. Go to Goal behavior

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

6, =tan~*(yp =y %e = %) )

de = o/ (xe — 2.2 + (0 — W) (2
Where (x.%:} and (x..%-) represent the target and robot position. d; represents the distance between the robot
and the target.
The reference speed to the target is given as following:

Vimax :-f dt = dﬁ':

otherwise (3)

V=4 t
bi"ﬁ.EId R
th

Where ..o, and d;denote the robot's maximum speed and threshold distance respectively.

D. Obstacle Avoidance behaviour
The Velocity Obstacle (VO) algorithm has been used to avoid the static and dynamic obstacles [14]. The VO
approach is considered an easy and simple method to avoid moving obstacles. According to the VO algorithm, the
robot is treated as one point by growing the obstacle by the robot radius as shown Fig. 2. There will be collision if
the relative speed 1 between the robot and obstacle is located inside the collision cone. The left and right angles
of the tangents are given as following:

d= *-.-'II{-rn —x P+ (v, —3)* (4)

535



T3

ISSN: 2319-5967

ISO 9001:2008 Certified
International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Issue 1, January 2014

L= d — 2 ®)
B = _l{ﬂo_}rjfr{x £ (6)
@ = tan” 1{ 1+ @ (7
O, = —tan” (E) +0 (8)

Collision cone

Robot

Fig. 2: collision cone
where d is the distance between the robot centre and the obstacle 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, Cx,. v ). (x 5. %, )
are the robot and obstacle coordination.
A function has been proposed in this study to for weighing the robot velocities, in which all free collision
velocities are given weight a numeric value of 1 and collision velocity weight is given as following:

0 :-f tr ':L:] = t|.'n":
4. = A
Weis =Y oxp (——) » (1 = b= 5+ £,) ©)
t:(1)
t. is the collision time for the robot velocity ({v;.f, a are constants.
§ = min (6; — 8.8, — 8,) (10)

E. 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 them. In this project, a simple method introduces to meet
the requirement. The virtual obstacle principle has been proposed to avoid unobserved dynamic objects, in which
a virtual circular obstacle is created at the start point of each open door and corridor cross as shown in Fig. 3. The
virtual obstacle radius is modified depending on the robot speed as the following equation:

Mobile Robot Virtual Qbstacle
v oA
®
[ )
~ a

Wwall

P RL/

- 05 o 05 1 15 2
X (m)

Fig. 3: Virtual obstacle
w = R. 7 (11)
where is a constant positive value.  represents the robot speed
The collision cone of the virtual obstacle is calculated depending on the Equations [4],[5],[6].[7].[8], while the
robot velocities weights W, are calculated by applying the weight function written in Equation (9).
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F. Human avoidance behavior

Human avoidance requires fast and robust detection algorithm, in which a person is detected from 2D laser data by
two leg clusters. The three parameters (width W, Girth G, and Depth d 4.:) proposed in [28] have been used to

detect the human leg. A laser cluster is classified as a leg if it meets the conditions Wigin = W =< Wy,
Gmin < G = Gugy aNd dgenen < dmay- AS Mmentioned earlier, sometimes the leg detection algorithm may fail
because some parts of the leg are hidden by the other leg, or the distance between the two legs may be too short. To
overcome this problem, an algorithm has been developed in this paper, in which the laser clusters are classified
into four classes as follows:

o Ly if the cluster width is bigger than 2Wj,;»

o Ly ifthe condition W o, = W = 20, ..

L, if the condition Wi = W = Wi, is met, but other conditions of the leg are not met.

* The cluster which meets the conditions of the leg is classified as L;.
Human tracking at the interval time n involves two steps; the first step is to associate the detected humans at the
interval time n — 1 with the laser clusters at n, while the second step is to detect new humans appearing in the
laser data at n. The previous detected humans are associated with the nearest laser clusters in the current moment
if one of the following situations is met:

* Two clusters of the class L3.

* Two clusters of the class L2.

* One cluster of the class L3 and another of the class L2.

* One cluster of the class L1.

* One cluster of the class L3 if there is no cluster of L3 or L2 within the human step.
A new human is defined by one of the following situations:

* Two clusters of the class L3.

* One cluster of the class L3 and other of the class L2.

In this behavior, the robot velocities weights W, are calculated by applying the weight function written in
Equation (9).

G. Emergency behavior

The emergency behavior should be active and the robot must immediately stops if any of following scenarios
occur; distance between the robot and obstacle become very short or all speed weights produced by the obstacle
avoidance, human avoidance and unobserved obstacle avoidance behaviors are zero which means the robot does
not have any free collision velocity. Therefore, the inputs of the emergency behavior are the sensor data and the
maximum speed weight.

H. Intermediate Level

The intermediate level links the deliberative and reactive levels. In this paper, the intermediate level monitors the
Go to Go behavior; when the distance between the current sub goal and the robot become less than a threshold
distance, the next sub goal is passed. Also when the emergency behaviour becomes active and the robot stops, the
intermediate level makes the robot to retreat until the emergency behaviour becomes inactive.

l. Coordination Model

The main task of this block is to fuse the outputs of the behaviors and then generate the control commands which
minimize 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, human avoidance and
unobserved obstacle avoidance behaviors. The weight of the robot velocity is calculated according to the
following function:

Ws = min (Wynen Wonz: Whum) (12)

where  W,,, W and W, represent the robot velocity weights coming from the unobserved obstacle
avoidance , obstacle avoidance and human avoidance behavior respectively.

To maximize the speed to the target and minimize the collision risk, the following weighting function is applied:
W, = Ws; = (a + cos(8, — 8,0} % (b — [lv, — v 1D (13)

where and are constants.
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The maximum weight velocity (1. £éis chosen to produce control commands. The rotation speed is given as:

wy = Ky B, (14)
where  lis constant
The linear speed is given as:
Ff :-JF Ff = 1.:II:'i’l".A:lt’
=40 if 0= Vonasx (15)
Voner otherwise
(i)
IIr:rriﬂ'.,r.'x = Vingx — kv'm . (16)
max

where isaconstant, wyand w,, represent the maximum linear and rotation speeds of the mobile robot.

I11. RESULT AND DISCUSSION

Experiments were implemented using two robots; the Pioneer P3-DX robot and Nubot robot which was made in

Newcastle University. The maximum linear and rotation speeds of the robots were adjusted to 0.3 rrand
100 degree respectively. In equation [3], the threshold distance was chosen to be  d., = 1. The parameters

of the weighting function in equation [9] for the obstacle avoidance and unobserved obstacle avoidance

behaviours were chosen to be =5, &k = . The constant value in equation [13] was chosen to ke 0.. The

parameters  and  in equation [16] were assigned to the values 0.1 and 0.6 respectively. The parameters

and  were selected to be 1 and respectively. According to [28] the estimated values of the leg parameters are
Gay = 0,25, [Whaw W] = [0.0%9m,0.18 and  [Gpgys Gmin ] 20.091m,0.34m].

A. Signal obstacle avoidance

The intelligent mobile robot (Pioneer robot) avoided a dynamic obstacle (Nubot Robot) Fig. 4. The Nubot robot
moved with a constant speed 0.3 m. The start positions of the robot and obstacle were chosen as

(% =0m,y,=0and (x = 3m, x = 0 respectively. Fig. 5 shows that The Pioneer robot was able to
avoid the dynamic obstacle without any collision. It can be seen that the Pioneer robot moved on a straight line
from t=tillt = 3.t, and then avoided the moving obstacle, while at t= 7. after the moving obstacle
passed the robot turned to its goal.

B. Unobserved obstacle avoidance
Three tests were implemented for avoiding unobserved obstacles which may appear from an open door or corridor
cross. For the first and second experiments, the initial position of the mobile robot and its target were chosen to be
(4 =0m,y, = 0m) and (x = >m.yv; =0 m) respectively, while the start and end points of the door was
chosen to be (%sparr =2.6 M, ¥ararr=-0.5 M) and (Hzpg = 3.38 mL¥opq = —0.3m) respectively Fig. 6.

Fig. 4: The Nubot robot and Pioneer robot
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Fig. 5: The robot avoided a dynamic obstacle

538



ISSN: 2319-5967

ISO 9001:2008 Certified
International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Isglie 1, January 2014

A

Fig. 6: Avoiding unobserved obstacle ma appear from an open door
For the first path shown in Fig. 7, the unobserved obstacle behavior was inactive. The mobile robot implemented
a straight line path from its initial position to its goal. As result, the measured distance between the robot center
and the door threshold at x = 2.6 m was 0.30 m. Therefore, any obstacle which may appear from the open door
had 0.27 m to collide with the robot (the robot width is 43 ¢m).
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Fig. 7: The first path was implemented without using the unobserved obstacle behavior, while the second path was with

using the unobserved obstacle behavior.

For the test, the robot path using the unobserved obstacles behavior was coincided with that without using it
till x = 1.5 m, after that the robot started to go away from the door threshold. The shortest distance between the
robot and the door threshold was(.75 m. As a consequence the robot direction and the distance to the open door
minimized the collision risk with any unobserved obstacle appearing from the open door.

For the third test Fig. 8.a, the robot had to reach its goal {x = 6.3m.,y = —3.3m] without causing colliding with
any obstacle. Fig. 8.b shows that the robot started to go away from the corner at the moment t=12s, while the
dynamic obstacle appeared in the laser data at the moment t=17s, at the moment 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 dynamic obstacle passed the robot returned to its goal.
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Fig. 8: The mobile robot (Pioneer) avoided the unobserved dynamic obstacle (Nubot)

C. Avoiding a human and dynamic obstacle

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. 9, the human
appeared in the laser data at the moment t=4s and disappeared at t=7s. It can be seen that the robot changed its
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direction to follow the moving obstacle (Nubot) and avoid the human at the moment t=4.8s, and after the human
passed, the robot started to pass the obstacle and reach the goal.
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Fig. 9: The robot avoided an obstacle and human

D. Navigation in a crowded environment

In this test, the robot had to implement relatively a long path in a crowded environment (The ground floor of
Stephenson Building, Newcastle university) Fig. 10. The workspace was divided into four reigns A, B, C, and D;
the reign A was very crowded with the static obstacles, while the reign D was free of dynamic and static obstacles
except the walls. In the reigns B and C, a lot of students were moving to their lecture rooms using stairs and left.
The robot task was to travel from PO (robotics lab) to P1, P2 and then return to the start point P0. Fig. 11.a shows
the robot path from its start point to its target, in which the global path planning produced 5 waypoints; also the
robot was able to reach its target without any collision or losing the target. It can be noticed that there is a lot of
oscillations in the robot path produced during avoiding the static and dynamic obstacles in reigns A, B and C,
while the path was smoother in the reign D. By zooming the area around the Waypoint-4 Fig. 11.b, It can be seen
that the robot stopped, moved back and continued to its target. That was because a lot of students were passing the
narrow gap, as consequence there was no enough space for the mobile robot to pass. Therefore the emergency
behavior stopped the robot, while the intermediate level made the robot to move back. When the students made a
space for the robot it continued to its target.

et
= A S
— e
o et N
e e e "o
o < (sj,-u/ T Pl -‘5‘“\%)
. -
}_4,:59 p‘fj_: r‘,»\ YE 3
AN Left .. ¥
! HEla 4 ]
=, 5 e Pe e
Stairs i r-H \T /" “'Stairs
iy

Main Door

Fig. 10: The robot workspace (arrows refer to humans)
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Fig. 11: The robot navigated in a crowded environment
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IV. CONCLUSION

This paper has proposed a robust hybrid control system for the mobile robot to navigate autonomously in dynamic
environment. The control system has included three levels; the top level gave the ability for the mobile robot to
estimate the current position and plan a safe long-term path. The behaviors in the low level worked together to
implement the global path without causing any collision. The intermediate level linked the top and low level. A
method was proposed to detect and track the human by classifying the laser clusters into four classes. Also, a
simple method has been demonstrated to minimize the collision risk with unobserved obstacle that may appear
form open doors or corridor cross. The experiments showed that the robot is able to avoid dynamic obstacle,
unobserved dynamic obstacles including humans. The proposed control system allowed the robot to navigate in
very crowded environment without any collision or losing the target. Finally many experiments using the
proposed control system have been posted in the following website:
https://www.facebook.com/pages/Robotics-Group/173949736063997
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