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A Study on Real-Time Autonomous Travelling Control of
Two-wheel Driving Robot Based Ultrasonic Sensors
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{Abstract)

We propose a new technique for autonomous navigation and travelling of mobile robot
based on ultrasonic sensors through the narrow labyrinth that leave only distance of a
few centimeters on each side between the guides and the robot. In our current
implementation the ultrasonic sensor system fires at a rate of 100 ms, that is, each of
the 8 sensors fires once during each 100 ms interval. This is a very good firing rate,
implemented here for optimal performance. This paper presents an extensively tested and
verified solution to the problem of obstacle avoidance. Our solution is based on the
optimal placement of ultrasonic sensors at strategic locations around the robot. Both the
sensor location and the associated navigation algorithm are defined in such a way that
only the accurate radial sonar data is used for accurate travelling.
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1. INTRODUCTION

This research about narrow-aisle navigation
is based on ultrasonic sensors. A comprehensive
discussion of the characteristics and limitations
the
literature and is omitted here. This paper

of these sensors can be found in
describes an experimental obstacle avoidance
system for mobile robots traveling through
the narrow aisles of a warehouse. [1, 3, 7, 9

The aisles are 550 mm wide while the
robot has a width of 300 mm and a length
of 480 mm, but our method is generally
applicable to a large class of narrow aisle
navigation applications. Our robot, called
HLOROBO, testbed for the
development of obstacle avoidance methods.
this
HLOROBO obstacle avoidance system will be

serves as a

Upon completion of development,
implemented on HLOROBO, a much more
sophisticated mobile robot currently under
the River

development  at Savannah

Technology Center.

(36 gallon

::: o :::

MobileRobol- i 300 mm

Narrow aisle 550 mm

a: ‘ -
550 mm

Fig. 1 The drums are stacked up on wooden
forklift pallets

Wide
corridor

HLOROBO will be employed to traverse
long aisles between stacks of 36-gallon steel
drums, which are stored on forklift pallets as
shown in Fig. 1

When travelling in narrow aisles that leave
only a few centimeters on each side between
the guides and the robot (about 120 mm in
our application), a measuring accuracy on the
order of 10-20 mm is necessary for smooth
servoing along the center of the corridor.
The reasons are that the ultrasonic sensors
are not suitable for narrow aisle navigation
because of their poor angular accuracy.

For example, the widely used Polaroid
ultrasonic sensors have a 15 radial accuracy
of about 5 mm for short distances, but, with
a 30 emission cone, the angular accuracy is
extremely poor.

The purposed obstacle avoidance methods
has been illustrated very useful for accurate
travelling, because most systems are designed
that
indicate the existence of an object in a

to respond to clusters of readings
certain area of the world model. This is also
evident in the great popularity of potential
field-based

Conventional

obstacle  avoidance  systems.

"general- purpose’  obstacle
avoidance systems usually surround the robot
with a ring of ultrasonic sensors installed at
150 intervals. For omni directional robots of
this

3600/150 = 24 sensors mounted on a ring

circular o shape, design  requires
around the robot. Similar designs using 24
sensors in 1590 intervals are described in the

literature. 2, 4, 5, 6, 8, 10, 11]
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This paper presents an extensively tested
and verified solution to the problem. Our
solution is based on the optimal placement
of ultrasonic sensors at strategic locations
around the robot. Both the sensor location
and the associated navigation algorithm are
defined in such a way that only the accurate
radial sonar data are used for travelling.

2. HARDWARE, SENSORS SYSTEM
AND CONTROLLER DESIGN

2.1 Hardware Design

The robot kit includes the control software,
out-case covers, aluminum beams and plastic
connectors to build a chassis, two assembled
nonholonomic scooter wheels powered by
two stepper motors, one 360 degree rotating
caster wheel, a power module, a battery
12v  7A), web-camera.  The
experimental additional
accessories, eight infrared sensors and extra

and a
robot also carries

beams and connectors for reinforcement. A
computer Intel (R) Core(TM) 2 CPU 6400 @
2.13 GHz & 2.00 GB of RAM is used as a

controller  device, and Windows XP
Professional is loaded as the operating
system. The extensions (extra cameras,

sensors and grippers) can be easily added to
the system if necessary.

The intelligent mobile robot (HLOROBO)
with nonlinear dynamics is approximated by
a fuzzy control model. The control algorithm
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should have the ability to recognize and
adapt itself to the surrounding environment
with obstacles. Since a PID controller has

only one linear control rule, design for
adaptive control is difficult when an exact
model cannot be obtained. Since a fuzzy
logic  controller is  constructed  from
linguistically expressed rules, it is easy to
derive control rules from human experiential
knowledge, to understand them, and to
improve them in detail. For these reasons,
the control performance obtained by fuzzy
control is much better than that of a PID.
Steering and speed control of an intelligent
mobile robot cell can be performed by fuzzy
control techniques. This control procedure
needs to recognize the environment around
the mobile robot cell and make suitable
to drive with stable

motion. The recognition can be achieved

decisions in order
using various sensors and technique such as

ultrasonic  sensors and voice recognition
technique. The performance of the control
system depends on the fuzzy rule sets
evaluating the parameters obtained from the

reflections.

2.2 Sensors System

The sensors (MA40BSR) are located on
HLOROBO as shown in Fig. 2.

The purpose of sensors S1 and S6 is to
show if there is an aisle or corridor opening
at either side of the robot. Sensors S3 and
S4 are used for simple
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However, the most important sensors in
this robot are the sensors S2 and S5, because
they offer several important benefits,
especially for the purpose of servoing along
the center line of the narrow aisles, it is of
great benefit to be able to measure (and
therefore know) the locus of the aisle's
center line before the HLOROBO'’s body gets
there.

The ultrasonic sensors system fires at a
rate of 100 ms, that is, each of the 6 sensors
fires once during each 100 ms interval. This
is a very fast firing rate, implemented here
for optimal performance. We believe that
slower firing rates would also work, because
all sensor-triggered critical decisions are made
after the vehicle slowed down in anticipation
of a critical decision.

Our ultrasonic sensor system is based on
the widely used ultrasonic transducers from
Polaroid, together with the standard Polaroid
circuit boards. Since the minimum range of
these sensors (200 mm) is not suitable for
our application, we have added to each
that

minimum range of 80-100mm (the exact

board a custom circuit allows a
range varies as a function of temperature and
other external factors).

All sensors are mounted at a height h =
100 mm, which assures that their center, is
at the same height as the upper horizontal
edge of the forklift pallets (see Fig. 2(b)).

Since the sensors measure the distance to
the closest object, they will "see" the pallet

most of the time. However, if a drum

Common obstacle avoidance sensors

S4

V=

Head right

E sensor

Castor wheel

Head >
left S2

sensor

s> Body right

S6
sensor
Drive
|

Wheels

=

sensor

]
Blzgty — 1 m

.\

= =l

300 mm

(a) Location of the ultrasonic sensors

Drums

\\)

AL 1
\ Wooden
forklift pallet

Floor h =100 mm

(b) sensors is mounted at the same height as the
upper horizontal edge of the pallets
Fig. 2 The position of ultrasonic sensors

protrudes by a few inches (as is expected in

"

our application), then the sonars will "see

the protruding part of the drum.

2.3 Controller Design

The
autonomous

needed for all
robots is

characteristic
mobile obstacle
avoidance ability that helps mobile robots
move without collision in unmodified environ-
ments. Ultrasonic range finders can be used
to avoid collision with unexpected obstacles.

The data from ultrasonic sensors is the
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distance between the ultrasonic sensor and
object, which is adjusted and given directly
to the fuzzy input. Therefore, the ultrasonic
sensor locations are very important.

The
knowledge

fuzzy controller is based on the

and experience of human
operators, known as intelligent control. Each
fuzzy controller for HLOROBO has

inputs and two outputs. Both inputs and

eight

outputs have three membership functions.
Fach membership function is considered as a
Gaussian function. The construct of these
membership functions can be applied to
neural-fuzzy control.

Behavior-based approaches [8] have been
established as a main alternative to
conventional robot control in recent years.
The architecture of these approaches provides
high capability, while limiting the complexity
of the individual modules. These approaches
can be implemented and tested independently.
The system architecture in this application is
based on behavior-based approaches which
has three levels. The highest level behavior is
called task-oriented behavior which consists
of two subtasks, wall following and goal
following. The lower level behavior is an
obstacle-avoiding behavior and the lowest is
an emergency behavior.

A control system based on the traditional
Proportional, Integral, and Derivative
technique may implement low-level behaviors.
A high-level behavior may require intelligent
control techniques such as fuzzy control.

Fuzzy control can be applied for autonomous
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mobile robots which have complex control
architectures. The application of the robotic
reactive control approaches, particularly in
the layered control system, are presented by
Safotti, et al. [9]. Yen and Pluger developed
and tested a new defuzzification technique
for alleviating difficulties in applying existing
defuzzification methods for mobile robot
navigation control.

There are three steps for designing a fuzzy
controller: fuzzification, inference engine, and
defuzzification.

Fuzzification is defined as the mapping
from a real-valued point to a fuzzy set. In
most fuzzy decision systems, non-fuzzy input
data is mapped to fuzzy sets by treating
them as singleton membership functions,
triangular
Gaussian

Gaussian  membership  functions,
The
fuzzification maps = € U into fuzzy set A in U
has the

membership  functions, etc.

following Gaussian membership

function:
() =exp[—{(2,—21)(o?) }] ey
*xexp[{(w, —,)(02) 7}
Where o,..0, are positive parameters

and the t-norm * is usually chosen as

algebraic product or min.

a) Read Ultrasonic data and construct
three membership functions for
input:
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All data from Ultrasonic sensors are
received and displayed. In this case, we
want to construct three  membership
functions for each input on its universe, that
is, zero distance (0 mm), middle distance
(250 mm), and long distance (500 mm) as
shown in Fig. 3. Each membership function
is  considered as a Gaussian curve
membership function. The Gaussian curve
depends on two parameters o; and ¢; as
given by

pF(z;) = exp|—{(z,— ) (20)?F] )

b) Construct five membership functions
for output:

From our experiments, we construct five
membership functions for angular velocity:
Positive (30), small-positive (15), zero (0),
small-negative (-15), and negative (-30) as

given in Fig. 3

0.5

o
s

o
w

=
1

01 F-fr--of-

-75 .60 -45 30 -15 O IS 30 45 60 75

Memberships of Output

. 3 Membership functions for avoiding
obstacles

Fuzzy Inference Engine is used to
combine the fuzzy IF-THEN in the fuzzy
rule-base, and to convert input
information into output membership
functions. An inference = mechanism
emulates the expert's decision-making in
interpreting and applying knowledge
about how to perform good control.
This can be implemented as a fuzzy
rule-base. The rules may use the experts
experience and control  engineering
knowledge. Fuzzy rule base consists of
a collection of fuzzy IF-THEN rules,
which can be shown as the following

forms:

RY:IF z,is F! N...N\x,is F. THENyis G'
©)

There are three types of fuzzy rule-based
models for function approximation: Mamdani
model, Takagi-Sugeno-Kang model, and
Kosko's additive model.

The following interpretations are used for
the fuzzy IF-THEN rule.

* Min-operation rule of fuzzy implication:

tasp(@sy) =min{py(a), pa(y)} @

* Product-operation  rule of  fuzzy
implication:

toap(@,y) = py(@), pgly) (5)



2. SIPHIA 7|5 2

The rules for avoiding frontal obstacles
and the rules for the following behavior (eg.
Left side) are shown in Table land 2. The
Ultrasonic sensors notations are the same as
shown in Fig. 2 for convenience. The rule
base of each table depends on the sensor

arrangement.

Table 1 Rules for avoiding frontal

obstacles
w Sy
S3 0 250 500
0 0 -15 -30
250 15 0 -15

The results from Table land 2 are

obtained by the following nine rules:

If S3=0 and S4=0 Then w =0

If S3=0 and S4=250 Then w = -15
If S3=0 and S4=500 Then w = -30
If S3=250 and S4=0  Then w = 15

If S3=250 and S4=250 Then w = 0 6)
If S3=250 and S4=500 Then o = -15

If S3=500 and S4¢=0  Then o = 30

If S3=500 and S4=250 Then w = 15

If S5=500 and S4=500 Then w = 0

Table 2 Rules for the wall following behavior

(e. g left side)

/v S

S -250 0 250
-250 -15/1 15/1 30/1

0 -15/1 0/2 15/1
250 -30/1 -15/1 15/1

KIS(A
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There are many methods which can be
used for converting the conclusions of the
inference mechanism into the actual input for
the process or for the plant. Center of
(COG)

defined as equation (7). This procedure, also

Gravity defuzzification method is
called Centroid method or Center of Area, is
the most prevalent and physically appealing
of all the defuzzification methods.

ZNA(yi)yi
=1

=— @)
,E/LA (yi)

Y

The combination result of the fuzzy logic
systems with centroid defuzzification (7),
product-inference rule, singleton fuzzifier, and
Gaussian membership function (1) can be
obtained as equation (8.

35 Cletessl- (o —t)(el) ]
flz)= Zi%u 571 9 ®)
3 [Lldensl~(o ~21)ed)

In this will  defuzzify the

membership function for the control action

step, we

of angular velocity using the centroid
method. Using min-operation rule of fuzzy
implication, we obtain

equation (9), (10).

two outputs as
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From Table 2, we obtain:

Yoy =min (g =—250,p6 =—250) X p, =1

NI
N

Yoo =min (pg =—250,1g =0) X p, =1

10
= 1o

Center Of Gravity

Yo = min (pug =250, p9 =250) X pu, =1

Fuzzification Rules Defuzzification

(a) The process of fuzzy inference system for

obstacle avoidance Finally, the output for angular velocity is
given by
FUZZIFIGATION ZHA(?J;‘)%
=1
Linguistic <Left sensor inputis Posifive= - n ( 1 1 )

_Variable Inputs

ZHA(%)

iyl
< IF left sensor input is
Fuzzy Inference Positive THEN  right-turn .
= @ angleis Positive> Fig. 4 shows an example of a fuzzy

inference system for obstacle avoidance using

: F..ingllistit <Right-tum angleis Posifive=
Yasiableontpaty ultrasonic sensor S3 and S4, and shows the 3
DEFUZ CATION

@ steps for fuzzy controller.

Crisp Navigation <Turn-angle=-30°>
Parameter Outputs

(b) The three steps for designing of fuzzy

controller 2.4 Behavior-Based Design
Fig. 4 Fuzzy inference system and three
steps for designing a fuzzy controller There are many applications of behavior-

based approaches that have been presented
during the last few vyears. Intelligent mobile
Yor = min(pg = 0,16 =0) X p, =0 robot control can use multiple behaviors to
=min(pug =0,ug =250) X p, =—15 generate several controls in the systems. The

min(pg =0,pug =500) X p, =—30 results showed that mobile robots can learn

= min (g =250, =0) % 11, =15 from demonstration. The research behavior-

based topics for mobile robots are still being

(

(g
( 3
( 3

in(pg =250,ug =250) X u, =0 9)

( 3
( 3
(g
(

Il
B8

Y2

Yus3

Yuwa

Yus
developed by many researchers.

Yus

Yot

Yug

Yo

= min g =250, =500) X g1, == 15 The behavioral architecture in this paper is
=min (g =500.p5 =0) < 1, =30 based on fuzzy control. The behavior-based
=min (pg =500,p6 =250) X 1, =15 fuzzy control of HLOROBO consists of several
=min (g = 500, =500) Xy, =0 behaviors. Bach behavior represents a concern

in mobile robot control and relates Ultrasonic
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Task oriented
behavior

Follow
Goal

Follow
Wall

Obstacle avoidance
behavior

Avoid
Obstacle

A
Emergency behavior f
4-‘ Avoid escape from danger O*
S —
Environment

Fig. 5 Behavior-based fuzzy control architecture
for obstacle avoidance

sensor data, robot status data and goal
robot. A
architecture is shown in Fig. 5.

information to  control simple

2.4.1 Obstacle Avoidance Behavior

If the obstacles are located closer than the
emergency distance, the robot will be
stopped from moving, known as emergency
behavior. During this behavior, the robot will
sound an alarm and states the obstacles
location. The robot will check the obstacles
from left to right. The emergency behavior
has a higher priority than other behaviors.

The first behavior of HLOROBO is an
emergency behavior, which has a higher
priority than other behaviors. Since this
behavior depends on the safety distance, the
ultrasonic sensor data is used directly.

All data from ultrasonic sensors are used in
this step. An emergency distance needs to be
defined for Emergency Behavior. Ultrasonic
sensors from the head-left, head-right, left

and right have different emergency distances.
All sensors in front must add 80-100 mm for
offset distance, the exactly distance depends
on the environmental, e.g. temperature. From
our experiments, it was shown that the
closest obstacle should be greater than 90
mm after offset.

check
If the objects are

Ultrasonic  sensors on the left,
objects on the left.
presented, the robot will stop moving.
Ultrasonic sensors on the front (head sensors)
and right perform in the same manners.
Therefore, the results of emergency behavior

are shown as follows:

* Check the object from the head-left,
head-right,  left, and right  side
respectively.

* Stop moving and alarm if the objects are
closer than the safety distance (90 mm).

* Tell the objects location.

The behavior will follow this process until
all ultrasonic data show the distance is
greater than 90 mm. However, an emergency
distance can be given by the user.

If the obstacles are detected in the front
right of the robot, the obstacle avoidance
behavior will be working. If the robot has no
tasks, the robot is in wandering situation.
The robot turns left until the angular velocity
is close to zero (fuzzy output equals to zero).

The obstacle
Ultrasonic data to generate a fuzzy set that

avoidance behavior uses

represents  the  distance

HLOROBO's

relating  to

location. The behavior is
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operated by using the fuzzy controller. The
fuzzy inputs are the fuzzy sets from sensors
HLOROBO, the output is
the avoiding rotation.

mounted on the

Fight ultrasonic sensors mount on the
robot are used as the fuzzy inputs. The rule
bases are constructed the same as Table 1.
The fuzzy output is the summation of each
output from each controller. Therefore, the
output value depends on the data from
ultrasonic sensors which are presented as the
fuzzy inputs. There are three membership
functions for each input. The output is the
avoiding rotation. The results of obstacle

avoidance behavior are shown as follows:

* Turn Right: If the obstacle is located on
the Head-left side. Then HLOROBO will
turn right.

e Turn Left: If the obstacle is located on
the Head-right side, then HLOROBO will
turn left.

if there are obstacles located
this

However,
closer than an emergency distance,

behavior will be ignored.

2.4.2 Task Behaviors

Goal
behaviors are the task oriented behaviors.

following and wall following

Goal following behavior is the desired task
which will be assigned as the user provides.
This is a simple behavior that commands
HLOROBO to move. If there is no obstacle
between HLOROBO and the goal, the goal

following behavior is activated. With respect

to HLOROBO’s position and orientation,
HLOROBO turns and goes straight to the
goal.

Theuser needs to provide the velocity for
the goal following behavior. If an emergency
behavior and an obstacle behavior do
nothing, then HLOROBO will move ahead as
the user assigns. However, this is neither a
goal point nor the target. More sensors such
as  gyro, and other
systems may need to be used. Therefore, this

compass, navigation
behavior is simply the command that tells
the robot to move forward.

data,
HLOROBO’s location are given directly to the
goal following behavior. To make HLOROBO
move to the target, an attractive force is

Ultrasonic target  position, and

exerted to the target position that will try to
pull  HLOROBO
constant-magnitude attracting force, Fct pulls

toward the goal. A
the robot toward the target point, whose
coordinates known to the robot. The attracting
force Ft is given by equation as follows.

F= Fm{(% _I0>(dt)72£+ (v _y0>(dt)723;} (12)

where: Fct is the force constant (attraction
to the target), dt is the distance between the

target and the robot, %, » are the target
coordinates.

HLOROBO will stop moving, and turn itself
to a desired heading. If a new target is
commanded from this point, HLOROBO will
active the goal following behavior to go to
the new position.
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Two ultrasonic sensors mounted on the left
side and two ultrasonic sensors mounted on
the right side are used for the wall following.
The HLOROBO can follow the wall on the
left side or the right side as the wall
following is assigned. The wuser gives the
distance between the robot and wall which
is controlled by a fuzzy controller. HLOROBO
was implemented in the real situation. When
the distance between the robot and wall, is
controlled by the fuzzy controller, the robot
will be tracking the wall distance.

This
turning and moving direction in four steps
based on HLOROBO'’s current location. First,
HLOROBO locates the closest wall between
the left side and right side. Second, the
behavior computes the wall distance, for

behavior determines the desired

example, the distance between the current
position of HLOROBO and the wall. Third,
the fuzzy controller is used to control the
HLOROBO  moves
ahead if the error from the third step is

wall distance. Finally,
zero.

The design of wall following behavior is
quite simple if it makes use of a single
sensor, which gives the distance to the wall.
However, by using more sensors, the
behavior becomes more reliable.

HLOROBOfinds the closet wall. If the wall
on the left side is closer than the right side,
HLOROBO will track the wall on the left
side. If the distance between the robot and
wall is about tracking, the robot will move

forward as the velocity value is assigned. A
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‘ Getdate from
Ultrasonic sensors

=y

‘ Avoidance Behavior
¢_

Goal seeking Wall following

Fig. 6 Flow chart for behavior-based system

simple flow chart of behavior-based design
is given in Fig. 6.

3. IMPLEMENTATION

The behavior-based fuzzy
HLOROBO was
behavior,

control  for
tested follows Emergency
Obstacle Avoidance Behavior and
Task Oriented behavior, separately. The
results show that this complicated system can
be solved. Each behavior works correctly. In

mobile robot for

paper
experimental obstacle avoidance system for

order to design the

unmanned FA, this describes an
mobile robot traveling through the narrow
aisles of a warehouse.

In this paper, we discuss four basic motion
components which were the focus of our
research work, because these components
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needed to be automated in our application.
These basic components allow the robot to
travel continuously and perform routine
inspections. The other remaining components
represent transient conditions that are out of
this research and may be needed only rarely.

These characteristics are summarized as
following :

Firstly, Travel along the center line of a
narrow aisle. Secondly, Turn out of an aisle
and into a corridor (90° ). Thirdly, Driving in
a main corridor, looking for the next aisle.
Fourthly, Turn into an aisle after travelling in
a main corridor.

Before discussing in detail, some frequently
used terms should be defined:

In this paper, 'Guide" means Any physical
obstruction alongside the desired direction of
travel. In the HLOROBO application, Guides
usually consist of 36 gallon drums standing
on wood pallets. The drums are expected to
be flush with the horizontal edge of the
pallet, or they may protrude or be recessed
by up to 10 cm. Since the snares are
mounted at the same height as the horizontal

" "

edge of the pallets, they will ‘see' the

horizontal edge of the pallet in-between
drums, if a drum is missing (but the pallet is
there), or if a drum is recessed. Alternatively,
if as drum protrudes beyond the horizontal
edge of the pallet, the sonars will "see" the
protruding part of the drum (subject to
limitations of specula reflections).

And  "No-Guide'

means a name for

ultrasonic range readings that are larger than
a certain threshold. Readings larger than this
threshold are interpreted as ‘'there is no
guide;" readings smaller than (or equal to)
this threshold are interpreted as 'there is a
guide." The no-guide (NG) value is computed
such that they represent the largest range
possible within the aisle. For the body
Sensors:

NG,= L, —0.5Wpp-—D.-=350 mm

For the head sensors:

NGy=L,,  —05Wrpe—Dy=370 mm

where : L., iS maximal aisle width, Wy
is width of HLOROBO base, D, is Distance
between Body sonar and longitudinal center
of HLOROBO base, D, is Distance between
Head sonar and

HLOROBO base.

longitudinal ~ center of

3.1 Travel along the center line of a
narrow aisle.

The velocity variation:

a) Acceleration for 10 = 240 mm (.e., the
first 240 mm in the beginning of motion)

b) The end of strategy is verified by three
consecutive readings of both the head
and the body sonars. All six readings
must exceed the no-guide threshold

before the robot begins the "Turn out of

an aisle and into a corridor (90° )"
motion component. This prudent strategy
is feasible because of the deceleration

phase described in (¢) as follows.
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Fig. 7 The robot measures the width of the aisle
every one centimeter and computes the
locus of the center point Ni. Ni is
temporarily stored and, 10 intervals (= 100
mm) later, used as the momentary target
point for steering

©) Deceleration is invoked when the head
sonar (of the side around which the next
rotation is pending) 'sees' no-guide as
shown in Fg 7 Deceleration for the
longitrudinal distance between the head
and body sonars: IFC = 240 mm. The
main benefit of this deceleration phase
(other than smooth motion) is that the
robot speed is very low when the body
sonar reaches the edge of the aisle.
Therefore, the body sonar's reading that
is tested for the exit condition can be
verified by taking multiple
Taking multiple readings at the vehicle's
take
relatively long and allow the robot to exit

readings.

normal operating speed might

too far out of the aisle before the exit
condition is confirmed.

Control Methods:

Range measurements from the head sensors
the
coordinates of the center of the aisle N. At a

are used to determine absolute

(KS(A

speed of 100 mm/sec and a firing rate of
100ms,
computed at intervals of 100 msec X 100

a new center point Ni can be
mm/sec = 10 mm of travel. Ni is then stored
in a ring buffer that holds 10 elements. This
way, the newest element in the buffer is the
present Ni=1 and the oldest element is Ni-10
(.e., 10x1 0 mm = 100 mm behind Ni). The
algorithm
different states:

control distinguishes ~ among

a) During steady-state, the motor controller
controls the speed of the motors such
that HLOROBO's center point G aims at
Ni-10 (e, at a point that is 10 cm
behind Ni).

b) During the first 100 mm of travel, Ni-10
has not been computed yet. During this
transient distance the speed of the motors
is controlled such that HLOROBO's center
point G aims at the oldest existing N
(.e., N1). Steady-state is reached when i
> 11, and Control Methods (a) goes into

effect.

Robot

either first or second condition appears:

will not continue moving if

Aisles are too narrow

Desired

No Guide direction

(a) HLOROBO begins to decelerate when the head
side sensor "sees" no-guide
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Desired
direction

- D

(b) HLOROBO begins to turn When both of the head &
body sensors "see’ no-gui
Fig. 8 Control methods of HLOROBO

If an object is close to a side of the aisle
but small enough to allow passage, then
either it will be detected by sensors S3 and
S4 as an obstacle, or it will be treated as a
legitimate protrusion of the guide. In the
latter case, HLOROBO measures and computes
the exact width of the remaining opening and
threshold for the
minimum allowable aisle width, which is

compares it with a
45cm in our application. If the measured
width is above the threshold, HLOROBO will
continue and plot its path along the center
between the protrusion and the other guide.
If the measured width is below the threshold,
HLOROBO stops and notifies the operator.

An obstacle is detected in the robot's path

If either of the two obstacle detection
sensors (S3 and S4 in Fig. 2) detects an
obstacle ahead of the robot, HLOROBO stops.
Unlike in most common obstacle avoidance
systems, in our application there is no point
in trying to circumnavigate an obstacle: if an
obstacle is present in a narrow aisle, then the
aisle blocked. At this time the system may
alert the operator or maneuver backward out
of the aisle, depending on the application.

3.2 Turn out of an aisle and into a
corridor .

Control Methods:
The controller computes and maintains
motor velocities so that the robot turns
around a center of rotation ‘C about 90°
(see Fig. 9). In our application ‘C’ is located
on the outer perimeter of the robot. Rotation
about ‘C guarantees that HLOROBO will not
collide with either one of the guides of the
aisle out of which the robot is exiting.

Robot stops if an obstacle in the robot's
path is detected.

—

—

Desired
direction

Fig. 9 HLOROBO rotates around point C until
the end of strategy is met

This strategy will complete if:

a) According to direction of rotation, either
head right sensor or head left sensor
measure a range of
Ry < 0.5 Wype— Dpt Cypo=
where: CW. Arbitrarily chosen reference
steady-state  distance = between  the
HLOROBO side and the corridor side of
the guide.

b) The rotation of 900 is completed. This
exit condition is to serve as a safeguard

380 mm

if the primary exit condition (above) fails.
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3.3 Driving in the main corridor,
looking for the next aisle

The velocity variation

This motion component comprises of
driving through a short distance of roughly
straight-line motion along the short side of a
rectangular pallet/drum guide, until the next
aisle is encountered.

Control Methods:

This motion component has two distinct
control strategies. Strategy (a) governs the
motion while the body sonar of the robot
that is facing the guide "sees" the guide. This
condition is shown in Fig. 10(a) Strategy (b)
governs the motion while the head sensor
"sees" no-guide, as shown in Fig. 10b. Both
strategies are described in more detail below.

a) The short side of the rectangular
pallet/drum guide has the width of two
rows of drums that is 2 x 600 mm =
1200 mm.

b) When both the head and body sonar’s
reaches beyond the edge of the next
aisle, the robot stops and prepares to
turn in an aisle.

Robot will stop if an obstacle in the
robot's path is detected. If both of head
sonar and body sonar sees no-guide, that’s
reason for the end of strategy.

(KS((A
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Main
corridor

Narrow aisle

(@)

Desired
direction

Narrow aisle
No Guide E% 1}

im0

0 0O

1=

()

Desired
direction

Narrow aisle

©

Fig. 10 HLOROBO travelling along the short side
of a drum/pallet guide: When body
sensor "sees” no-guide the robot is stop
and then turn into the next aisle

3.4 Turn into an aisle after travelling
in @ main corridor.

Control Methods

"Turn into an aisle after travelling in a
main corridor” is the most critical motion
component, because it is the motion during
which a collision is most likely. Conventional
solutions aim at measuring the location of
corner points A and Q and computing a path
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between these two points. The technical
difficulty with such an approach lies in the
difficulty  of Q precisely,

especially when the robot approaches from

locating  point

the direction shown in Fig. 10 Our method
differs from conventional ones in that it does
not require any sensor-derived measurements
of point Q and it requires only vague
measurements of point P. To understand how
our method works we have to recall some

characteristics of the previous motion
component are as follows.
Main
corridor
P
| oemmmmmee
Narrow S .
aisle w / I y
Doatt '
ﬁ Ioxe
Q
i Cw» /"(

Fig. 11 The geometry progressive just prior to
turn into an aisle after travelling in a
main corridor

During the "travel in a corridor looking for
motion the robot tried to
100 mm
from the narrow side of the guide, the robot

a new aisle"
maintain a certain distance Cw =

is aligned in parallel with the narrow side of
the guide when exiting that motion. Upon
exiting, the robot's drive axis must
necessarily be beyond P, because the body
sensor, located exactly along the drive axis,
is already "looking" into the aisle. Therefore,
a 900

rotation around point ‘C s

guaranteed not to collide with corner P. This
approach does not consider point Q at all,
but it will work as long as the narrow aisle
is ‘sufficiently” wide. Just how much is
"sufficient”
dynamics of the robot, as well as on the

depends on the geometry and

ultrasonic properties of the sensors and the
environment.

Main corridor
Q Desired direction

Narrow aisle

i a0 .

Fig. 12 HLOROBO is turning into a narrow aisle

Let us assume the ideal condition, in
which the robot is aligned in parallel to the
short side of the guide and travels at the
desired distance Cw =
guide. Let us further assume that there are

120 mm from the

no delays in the sonar measurements and
that the sonar emission cone is exactly &
=30 wide, as shown in Fig. 11 under these
ideal conditions the body sensor located at
point ‘C’ in Fig. 11 will see no-guide at the
moment when the axis of the robot has
advanced a distance x beyond the corner of
the guide P.
around ‘C’ no part of the robot will protrude
outside a circle of radius R, as shown in Fig.

In the subsequent rotation

11 Note that R is only a function of the
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geometric properties of the robot; for
HLOROBO we measured R = 460 mm. From
the geometry of Fig. 11 we can now derive
that the condition W ) x + y will guarantee
collision-free turning into the aisle. It is easy

to see from Fig. 11 that :v=Cu,tan(%) and

that y=+/R’—C? so that the condition for

collision free turning becomes

W> \/R*— C* + C,tan (%)

Substituting the numeric values of our

application into the above equation, we
assume:
2 2 300
W> v/460° —120° 4+ 120tan ( 5 ) =480 mm

The result of above Equation shows that
theoretically the robot could safely enter any
aisle of width W » 480 mm. In practice, of
course, there are significant delays to
consider. For example, it is not guaranteed
that the body sensor is sampled at exactly
the position shown in Fig. 11. Furthermore,
for reliable operation it is necessary not to
act immediately on the first no-guide reading
from the body sensor, but rather to take
multiple readings (three, in our application)
for verification. Multiple readings, of course,
introduce further delays. On the other hand,
we recall the robot decelerates as soon as
and that

therefore the robots speed is very slow when

the head sensor sees no-guide,

these delays are incurred. In our experiments
we found that the delays (caused by the
three readings taken for verification of the
end of strategy)

equate to only 1-2

KIS(A
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centimeters travel. At a slower firing rate, for
example at 200 ms, proportionally longer

delays can be expected.

4. EXPERIMENT AND RESULTS

Our experimental vehicle-HLOROBO, shows
in Fg 13 is equipped with 8 Polaroid
ultrasonic sensors, which we customized for
short range measurements (80-100 mm). This
approach emphasizes the importance of the
optimal location of the sonar to achieve
extremely reliable and robust performance.
Most  successfully implemented conventional
general purpose obstacle avoidance algorithms
rely on a statistical interpretation of the often
inaccurate sonar range data. Because of the
statistical uncertainty inherent in these systems
they cannot avoid occasional — collisions,
especially when navigating in narrow aisles or
doorways. By contrast, the algorithm presented

in this paper has been shown to cope reliably

and repeatable with narrow aisles and
narrow-aisle entry, even under changing
conditions.
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Fig. 13 The picture of the HLOROBO Robot
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Our

times to approve our research contents in

experiment was done about 500

laboratory environment as shown in Fig.14
(start point—end point) experimental result

was listed and analysed as table 3

Start point (36 gallon

' 3:3 o :3:

Narrow aisle 55cm

200 .. 000 .
000 - 000 -

55cm
®

Fig. 14 Layout of experiment

End point

Table 3 The experimental number and success

rate
The experimental The successful
number number
1 O
2 O
3 O
4 @)
5 @)
6 O
500 494(about 99%)

5. CONCLUSION

In this paper, we have proposed a new
technique for autonomous navigation and

travelling based on ultrasonic sensors of

mobile robot. Also, this paper has presented
an extensively tested and verified solution to
This
solution is based on the optimal placement

the problem of obstacle avoidance.

of ultrasonic sensors at strategic locations
around the robot. Both the sensor location
and the associated navigation algorithm are
defined in such a way that only the accurate
radial sonar data are used for travelling. The
purposed technique of obstacle avoidance
has been illustrated very useful for accurate
autonomous travelling. This is also evident in
the great popularity of potential field-based
obstacle avoidance systems. In future, we are
going to adapt this technique for the real
line process of FA.
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