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I. ABSTRACT

In the last several years, mobile manipulators have been
increasingly utilized and developed from a theoretical view-
point as well as for practical applications in space, under-
water, construction, and service environments. Our mobile
manipulator RISCbot, is comprised of a manipulator arm
mounted on a motorized mobile base wheelchair. The work
presented in this chapter explores the use of multi-sensor for
combining measurements from ultrasonic and infrared sensors
for mobile manipulator navigation and obstacle avoidance.
Furthermore, we deal with the problem of controlling of a
mobile manipulator via sensor fusion in order to reduce the
uncertainty in localization and obstacle avoidance. Sensor
fusion is used by combining and integrating data gathered
from sensory information provided by ultrasonic and infrared
sensors to enhance the quality of information provided to
RISCbot.

II. INTRODUCTION

A mobile manipulator is a manipulator mounted on a
mobile platform with no support from the ground. A mobile
manipulator offers a dual advantage of mobility offered by
the platform and dexterity offered by the manipulator. For
instance, the mobile platform extends the workspace of the
manipulator. We are developing and constructing a mobile
manipulation platform called RISCbot . The prototype of the
RISCbot is shown in figure 1.

Sensor fusion has been an active area of research in the
field of computer vision and mobile robotics. Sensor fusion
can be defined as a method for conveniently combining and
integrating data derived from sensory information provided
by various and disparate sensors, in order to obtain the
best estimate for a dynamic system’s states and produce a
more reliable description of the environment than any sensor
individually. Sensor fusion algorithms are useful in low-cost
mobile robot applications, where acceptable performance and
reliability is desired, given a limited set of inexpensive sensors
such as ultrasonic and infrared sensors. Depending on the
modalities of the sensors, sensor fusion can be categorized
into two classes (as described in [1]), sensor fusion using
complementary sensors and sensor fusion using competing
sensors. Complementary sensors consist of sensors with dif-
ferent modalities, such as a combination of a laser sensor
and a digital camera. In contrast to complementary sensors,
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Fig. 1.

A prototype of the RISCbot.

competing sensors are composed of sensors suit which have
the same modality, such as two digital cameras which provide
photographic images of the same building from two different
viewpoints.

Sensor fusion has some critical problems such as the
synchronization of sensors. Different sensors have different
resolutions and frame rates so the sensors need to be syn-
chronized before their results can be merged by fusing the
data from multiple sensors and presenting the result in a way
that enables autonomous robot to perceive the current situation
quickly. Sensor fusion is commonly used to reduce uncertainty
in localization, obstacle avoidance, and map building. In this
paper, we discuss sensor fusion for navigation and obstacle
avoidance, describe our mobile manipulation platform , and
present our results.

III. DESIGN SPECIFICATIONS
A. Data Acquisition

In our project, we used a data acquisition module called
Data Translation DT9814 which is a low cost USB data
acquisition module that offers 24 analog input channels, 2
analog outputs channels, and one 32-bit counter timer to
accommodate most applications. Furthermore, it provides a
resolution of 12 bits for both the analog input and analog
output subsystems, and input throughput up to 50 kHz. The
analog signal range is from -10 Volt to 10 Volt. This module
also provides the following features: (as described in [14])

¢ One 32-bit counter/timer channel.

« Internal and external A/D clock sources.
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« Internal and external A/D trigger sources.

« No external power supply required.

« It supports a 32-location channel-gain list. You can cycle
through the channel-gain list using continuous scan mode
or triggered scan mode.

e It can be connected directly to the USB ports of a
computer.

B. Sensors

There are various sensor types used for measuring distances
to the nearest obstacle around the robot for navigation pur-
poses such as ultrasonic and infrared sensors. The sensors
can be classified as proprioceptive/exteroceptive and pas-
sive/active [4]. Proprioceptive sensors measure values internal
to the robot such as motor speed, wheel load, and battery
voltage. Exteroceptive sensors acquire information from the
robot environment such as distance measurements. Passive
sensors measure ambient environmental energy entering the
sensor; such as temperature sensors, and microphones. Active
sensors emit energy into the environment, then measure the
environmental reaction.

There are two important concepts to understand when
analyzing any sensor; sensitivity and range. A sensing device
reacts to varying levels of some physical stimulus by out-
putting a characteristic voltage (or current, frequency, etc.).
Sensitivity is a measure of the degree to which the output
signal changes as the measured quantity changes. Let’s call
the sensor output ¢ and the measured physical quantity *. The
sensitivity * can be computed from equation 1.

A A

6]

Where A« is a small change in the measured quantity and A
is related to a small change in the sensor response.

1) Sonar Sensor: A sonar sensor measures the time of flight
of a sonar pulse to travel to the object in font of this sensor and
the time to be received again. Given the speed of the sound,
one can compute the distance to the object.

The distance * to the nearest object within the sonar cone
can be computed from equation 2. Where © is the elapsed time
between the emission of the sonar signal and the reception of
its echo and ¢ is the speed of the sonar signal in the medium
(the speed of the sound (* *¢) in dry air is given approximately
by equation 3 where * . is the Celsius temperature)

r= @)

c ~ 3314 +06 x ¢ 3)

There are some uncertainties associated with readings from
sonar sensors. The uncertainties are due to:

o The exact position of the detected object is unknown
because the computed distance * in equation 2 could be
anywhere within the sonar cone.

o Specular reflections problem occurs when the sonar beam
hits a smooth surface at a shallow angle and is therefore
not reflected back to the robot.
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o Crosstalk can occur when an array of sonar sensors is

used.

We used the ++ — o seecees® ultrasonic
sensors. As described in [2], they can detect objects from
0-inches to 254 inches (6.45 meters) and provides sonar
range information from 6-inches out to 254-inches with 1-
inch resolution. Objects from O-inches to 6-inches range as
6-inches. They are low cost sonar ranger actually consisting
of two parts: an emitter, which produces a 42kHz sound wave;
and a detector, which detects 42kHz sound waves and sends
an electrical signal back to the microcontroller. Readings can
occur up to every 50 ms, (20-Hz rate) and designed for indoor
environments. The advantage of using ultrasonic sensors is that
they can detect obstacles with high confidence especially when
the object is well defined (i.e., located perpendicular to the
sonar axis and has good ultrasonic reflectivity). As described in
[2], the sample results for measured beam patterns are shown
in figure 2 on a 12-inch grid. The detection pattern is shown
for;

(A) 0.25-inch diameter dowel, note the narrow beam for
close small objects.

(B) 1-inch diameter dowel.

(C) 3.25-inch diameter rod, note the long controlled detec-
tion pattern.

(D) 1l-inch wide board moved left to right with the board
parallel to the front sensor face and the sensor stationary.
This shows the sensor’s range capability.

_ e e TM

2) Infrared Proximity Sensor: Infrared sensors operate by
emitting an infrared light, and detecting any reflection off
surfaces in front of the robot. If the reflected infrared is
detected, it means that an object is detected. On the other
hand, if the reflected infrared is absent, It does not mean
that there is no object in front of the infrared sensor because
certain darkly colored objects are invisible to infrared signal.
Therefore, infrared sensors are not absolutely safe to use alone
in obstacle avoidance applications and they can not be used
for range measurements. We have used an infrared proximity
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Fig. 3. Analog output vs. distance to reflective object (As described in [7]).

sensor - Sharp GP20A21YK. As described in [7], this sensor
has an analog output that varies from 3.1V at 10 cm to 0.4V at
80 cm as shown in figure 3. The analog sensor simply returns a
voltage level in relation to the measured distance. As shown in
figure 3, it is clear that the sensor does not return a value linear
or proportional to the actual distance because the intensity of
the infrared signal is inversely probational to the square of
the distance. Therefore, the infrared signal falls rapidly as the
distance increases.

C. Jazzy 1122 Wheelchair

As described in [3], the jazzy wheelchair has two main
assemblies: the seat and the power base as described in
figure 4. Typically, the seating assembly includes the armrests,
seatback, and controller. The power base assembly includes
two drive wheels, two anti-tip wheels, two rear caster wheels,
and a body shroud. In our project, we remove the armrests
and seatback as shown in figure 5.

The specifications of the Jazzy 1122 wheelchair are de-
scribed in table 1. The jazzy 1122 wheelchair also provides
the following features: (as described in [3])

1) Active-Trac Suspension: The wheelchair is equipped

with Active-Trac Suspension (ATS) to be able to traverse
different types of terrain and obstacles while maintaining
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The RISCbot base.

Fig. 5.

smooth operation. With ATS, the front anti-tip wheels
work in conjunction with the motor suspension to ma-
neuver over obstacles. As the front anti-tip wheels come
in contact with an obstacle, the front anti-tip wheel
assembly is drawn upward. At the same time, the motors
are forced downward. This allows the motors to push the
wheelchair over an obstacle.

2) Rear Suspension: The wheelchair is equipped with a rear
suspension system to work in conjunction with the ATS
and is designed to maintain a smooth ride when driving
over rough terrain and up and down curbs.

IV. NAVIGATION AND OBSTACLE AVOIDANCE

A prerequisite task for the autonomous mobile robot is the
ability to detect and avoid obstacles given real-time sensor
readings. Obstacle avoidance is a crucial issue in robot’s
navigation. Given partial knowledge about its environment and
a goal position or a series of positions, navigation encompasses



370

TABLE 1
SPECIFICATIONS OF THE JAZZY 1122 WHEELCHAIR [3].

Suspension:
Drive Wheels:
Caster Wheels:
Anti-tip Wheels:
Maximum Speed:

ATS and rear suspension

14 in., pneumatic, center-mounted
8 in., solid, rear-articulating

6 in., solid, front-mounted

Up to 6 mph

Brakes: Intelligent Braking, electronic regenerative,
disc park brake

Drivetrain: Two motor, mid-wheel

Batteries: Two 12-volt, Group 24 batteries

Base: 129 Ibs.
Seat: 40 Ibs. (standard seat).
Batteries: 53.5 Ibs.

Component Weights:

the ability of the robot to act based on its knowledge and
sensor values so as to reach its goal positions as efficiently and
as reliably as possible. The obstacle may be defined as any
object that appears along the mobile robot’s. The techniques
used in the detection of obstacles may vary according to the
nature of the obstacle. The resulting robot motion is a function
of both the robot’s sensor readings and its goal position. The
obstacle avoidance application focus on changing the robot’s
trajectory as informed by sensors during robot motion. The
obstacle avoidance algorithms that are commonly used can be
summarized as the following: (as described in [4])

« The bug algorithm: The basic idea is to follow the eas-
iest common sense approach of moving directly towards
the goal, unless an obstacle is found. If an obstacle is
found, the obstacle is contoured until motion to goal
is again possible. In [4], two approaches are described;
Bugl and Bug2. In Bugl Algorithm, the robot fully
circles the object first, then departs from the point with
the shortest distance toward the goal. This approach is
very inefficient but it guarantees that the robot will reach
any reachable goal. In Bug2, the robot will follow the
object’s contour but it will depart immediately when it is
able to move directly toward the goal.

« Tangent Bug: As described in [8], tangent bug algorithm
is a variation of the bug algorithm. The robot can move
more efficiently toward the goal also go along shortcuts
when contouring obstacles and switch back to goal seek-
ing earlier. In many simple environments, tangent bug
approaches globally optimal paths.

« Artificial Potential Fields: The artificial potential fields
(APF) is proposed by Khatib in [9]. The robot is consid-
ered as a moving particle in a potential field generated
by the goal and by the obstacles that are presented in the
environment. In APF method, the robot immersed in the
potential field is subject to the action of a force that drives
it to the goal. This approach uses repulsive potential
fields around the obstacles (and forbidden regions) to
force the robot away and an attractive potential field
around goal to attract the robot. A potential field can be
viewed as an energy field and so its gradient, at each
point, is a force. Consequently, the robot experiences
a generalized force equal to the negative of the total
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potential gradient. This force drives the robot towards
its goal while keeping it away from the obstacles (it is
the action of a repulsive force that is the gradient of the
repulsive potential generated by the obstacles). However,
There is a major problem with the APF approach because
the local minima can trap the robot before reaching its
goal. One of the powerful techniques for avoidance of
local minima is the simulated annealing approach which
has been applied to local and global path planning as
described in [13]

« Vector Field Histogram: Borenstein and Koren devel-

oped the vector field histogram (VFH) [10]. Borenstein
and Ulrich extended the VFH algorithm to yield VFH*
[11] and VFH™ [12]. As described in [4], the instanta-
neous behavior of the mobile robot in the bug algorithms
is a function of only its most recent sensor readings
which may lead to undesirable problems in cases where
the robot’s instantaneous sensor readings do not provide
enough information for robust obstacle avoidance. The
VFH algorithm is computationally efficient, very robust
and insensitive to misreading. The VFH algorithm allows
continuous and fast motion of the mobile robot without
stopping for obstacles.
The VFH algorithm [10] permits the detection of un-
known obstacles and avoids collisions while simultane-
ously steering the mobile robot toward the target. This
algorithm uses a two-dimensional cartesian histogram
grid to represent a local map of the environment around
the robot which is updated continuously with the sampled
data from range sensors. The VFH algorithm generates
a polar histogram to represent the relation between the
angle at which the obstacle was found and the probability
that there really is an obstacle in that direction based on
the occupancy grids cell values. From this histogram, a
steering direction is calculated. The polar histogram is
the most significant distinction between the virtual force
field (VFF) and the VFH method as it allows a spatial
interpretation (called polar obstacle density) of the robot’s
instantaneous environment. In the VFH™T algorithm [12],
the basic robot kinematics limitations are used to compute
the robot possible trajectories using arcs or straight lines.
The VFH* algorithm [11] proposes look-ahead verifi-
cation. The method investigates each possible direction
provided by the VFH™ approach, checking their con-
sequences concerning the robot future positions. The
experimental results [11] shows that this look-ahead veri-
fication can successfully deal with problematic situations
that the original VFH and VFH™ can not handle and the
resulting trajectory is fast and smooth.

Given a map and a goal location, path planning involves
identifying a trajectory that will bring the robot from the
initial location to reach the goal location. During execution,
the robot must react to unforeseen events such as the obstacles
in such a way to still reach the goal. For some purposes,
such as obstacle avoidance, constrained workspace, and time-
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Fig. 6. Via points to plan motion around obstacles.

critical applications, the path of the end-effector can be further
constrained by the addition of via points intermediate to
the initial and final configurations as illustrated in figure 6.
Additional constraints on the velocity or acceleration between
via points can be handled in the trajectory planning.

The implementation of the path-planning system requires
that the continuous environmental model is transformed into a
discrete map suitable for the chosen path-planning algorithm.
The three general strategies: (as described in [4])

1) Road map: This approach identifies a set of routes
within the free space in a network of 1D curves or lines.
In this approach, the path planning is used to connect
the start position with the target position of the mobile
platform by looking for a series of routes from the initial
position to the goal position.

2) Cell decomposition: This approach distinguishes be-
tween the free areas and the areas that are occupied by
objects [4].

3) Potential field: As described in the previous section,
this approach considers the robot as a moving particle
in a potential field generated by the goal and by the
obstacles that are presented in the environment.

In the navigation problem, the requirement is to know the
positions of the mobile robot and a map of the environment
(or an estimated map). The related problem is when both the
position of the mobile robot and the map are not known. In
this scenario, the robot starts in an unknown location in an
unknown environment and proceeds to gradually build the
map of the existing environment. In this case, the position
of the robot and the map estimation are highly correlated.
This problem is known as Simultaneous Localization and
Map Building (SLAM) ([5] and [6]). SLAM is the process of
concurrently building a feature based map of the environment
and using this map to get an estimation of the location of the
mobile platform.
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V. IMPLEMENTATION AND RESULTS

We are developing and constructing the mobile manipulator
platform called RISCbot ( the prototype of the RISCbot is
shown in figure 1). The RISCbot mobile manipulator has been
designed to support our research in algorithms and control
for autonomous mobile manipulator. The objective is to build
a hardware platform with redundant kinematic degrees of
freedom, a comprehensive sensor suite, and significant end-
effector capabilities for manipulation. The RISCbot platform
differs from any related robotic platforms because its mobile
platform is a wheelchair base. Thus, the RISCbot has the
advantages of the wheelchair such as high payload, high speed
motor package (the top speed of the wheelchair is 6 mph),
Active-Trac and rear caster suspension for outstanding outdoor
performance, and adjustable front anti-tips to meet terrain
challenges.

In order to use the wheelchair as a mobile platform, a
reverse engineering process has been used to understand the
communication between the joystick of the wheelchair and
the motor controller. This process was done by intercepting
the continuous stream of voltages generated by the joystick
after opening the joystick module and reading the signals
within joystick wires that are sent the signals to the wheelchair
controller.

We used different types of sensors so that the RISCbot can
perceive its environment with better accuracy. Our robot hosts
an array of 13 ¢+ —e eeoeeee® oo 0TM yjirasonic sen-
sors. The ultrasonic sensors are suitable for obstacle avoidance
applications but their wide beams are unable to distinguish
features within the beam angle, making sonars a poor choice of
sensor for fine feature extraction within indoor environments.
This resolution problem is magnified for objects further away
from the robot (i.e., objects appearing at the wide end of
the beam). Lastly, our robot is also equipped with an array
of 11 Sharp GP20A21YK infrared proximity sensors below
the sonar ring. The sonar and infrared sensors were mounted
together so that their beams are oriented in the same direction.
The configuration of sonar and infrared sensors is shown in
figure 7. These sensors allow the RISCbot to obtain a set of
observations to provide these observations to the controller
and higher decision making mechanisms. The controller acts
upon this set of observations to cause the robot to turn in the
correct direction. The Integration of these modules together
constitutes an intelligent mobile robot.

A main drawback of the infrared sensors is that they can
only accurately measure obstacle distances within a range of
0.1m to 0.8 m. Another drawback of these sensors is that they
are susceptible to inaccuracies due to outdoor light interference
as well as an obstacle’s color or reflectivity characteristics
which can be seriously affected by windows and metallic
surfaces.

Note that since our sonar and infrared sensors are in fixed
positions, our experiments concentrated on performing data
fusion on data obtained from a particular fixed height in
the environment. In this project, sonar and infrared sensors
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Sonar  |Sonar Data
Sensors
Infrared |Infrared Data
Sensors

Fig. 8.

A closeup view of the sonar and infrared sensors array.
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The components of the RISCbot system.

are used together in a complementary fashion, where the
advantages of one compensate for the disadvantages of the
other.

As shown in figure 8, the RISCbot software which is written
in Visual * # and runs on a laptop reads the values of all
sensors at a rate of 10 HZ gathered in the data acquisition.
The RISCbot software maps the sensory inputs to a series of
actions which is used to achieve the required task. Based on the
used algorithm, the RISCbot software responses to the sensor
data by generating stream of voltages corresponding to the
joystick signals to the wheelchair controller. These voltages
control the direction and the speed of the wheelchair to cause
the RISCbot to turn in the desired direction.

The experimental result indicates that the RISCbot can
detect any unknown obstacle and avoid collisions while simul-
taneously steering from the initial position toward the target
position.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, the mobile manipulation platform RISCbot has
been presented. The RISCbot platform differs from any other
robotic platform because its mobile platform is a wheelchair
base. Thus, the RISCbot has the advantages of the wheelchair.
Furthermore, the RISCbot consists of a comprehensive sensor
suite, and significant end-effector capabilities for manipula-
tion. In addition, we have used infrared and sonar sensors to
monitor if any type of obstruction is in the path of the robot.
This research aspires to find online real-time collision-free
trajectories for mobile manipulation platforms in an unknown
static or dynamic environment containing some obstacles,
between a start and a goal configurations.
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Path planning for mobile robots is one of the key issues in
robotics research that helps a mobile robot find a collision-free
path from the beginning to the target position in the presence
of obstacles. Furthermore, it deals with the uncertainties in
sensor data.

The objective for this project is to implement an autonomous
mobile manipulator via Sensor Fusion. There are great benefits
in using an autonomous mobile manipulator in dangerous,
inaccessible and toxic environments.

In our anticipated future work, there will be an ongoing
effort for the development of multiple mobile manipulation
systems and platforms which interact with each other to
perform more complex tasks exhibiting intelligent behaviors
utilizing the proposed manipulability measure.
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