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Robust Sensing for Mobile Robot Control

Tarek M. Sobh, Mohamed Dekhil, and Alyosha A. Efros

Department of Computer Science and Engineering
School of Science, Engineering and Technology
‘ University of Bridgeport
Bridgeport, CT 06601, USA

Abstract: In this work we present a control strategy under sensing
uncertainties for mobile robot navigation. The sensing system is
represented using three levels of abstraction. Sensing uncertainties
are embedded into the model to perform tolerance analysis for
data recovery and timing. A server-client model is implemented
where the server executes commands and clients run in parallel.

Keywords: Mobile Robots, Distributed Control, Sensing.

1 Introduction

In any closed-loop control system, sensors are used
to provide the feedback information that repre-
sents the current status of the system and the envi-
ronmental uncertainties. The main component in
such systems is the transformation of sensor out-
puts to the decision space, then the computation of
the error signals and the joint-level commands (see
Figure 1). Fast response can be achieved by allow-
ing sensors to send commands directly to the phys-
ical system when quick attention is required. This
is analogous to human reactions to some events. In
this work, several controllers (clients) are working
in parallel, competing for the server. The server
selects the command to be executed based on a
dynamically configured priority scheme. Each of
these clients has a certain task, and can use the
sensor readings to achieve its goal. A special client
with the task of avoiding obstacles is assigned the
highest priority.

2 The Proposed Control

Scheme

2.1 Abstract Sensor Model

One can view the sensory system using three dif-
ferent levels of abstractions (see Figure 2.)

1. Dumb sensor: which returns raw data with-
out any interpretation. For example, a range
sensor might return a real number represent-
ing the distance to an object in inches, and
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Figure 1: Closed loop control system.
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Figure 2: Three levels to view a sensor module.

a camera may return an integer matrix rep-
resenting the intensity levels of each pixel in
the image.

2. Intelligent sensor: which interprets the raw
data into an even. For example, the sensor
might return something like “will hit an ob-
ject,” or “a can of Coke is found.”

3. Controlling sensor: which can issue com-
mands based on the received events. for ex-
ample, the sensor may issue the command
“stop” or “turn left” when it finds an obstacle

ahead.
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Figure 3: The proposed control scheme.

2.2 A Distributed Control Archi-
tecture

Several sensors can be grouped together represent-
ing a logical sensor [3, 8]. We will assume that
each logical sensor is represented as a client pro-
cess which sends commands through a chanel to
a multiplexer (the server process) which decides
the command to be executed first. Besides these
logical sensors, there might have other processes
(general controllers) that send commands to the
server process to carry out some global goals. Fig-
ure 3 shows a schematic diagram for the proposed
control scheme.

Let’s call any process that issues commands to
the server a client process. In this figure, there are
three types of clients:

1. Commanding sensors, that are usually used
for reaction control and collision avoidance.

General Controllers, that carry out a general
goal to be achieved (e.g., navigating from one
position to another.)

. Emergency exits, which bypass the multi-
plexer in case of emergencies (e.g., emergency
stop when hitting an obstacle.)

2.3 Time vs. Accuracy

The most important criteria in any sensory system
are time and accuracy. Time is the time elapsed
between issuing a read request to the logical sensor
and the reply to that request. This time depends
on the physical aspects of the sensory system, and
on the sensing strategy implemented in the logical
sensor. Tolerance is defined in this scheme as the
region in which the measurement resides.

The following are some variables that will be
used in the tolerance analysis for our experiment.

e u; : sound velocity.

460

® Ymaz : maximum distance in our indoor envi-
ronment.

® Ymin : Minimum distance in our indoor envi-
ronment.

tm : the maximum time to get a measurement
by the physical sonar sensor.

tm = 2Ymaz / Vs

e v, : the linear velocity of the robot in me-
ter /sec.

® w, : the angular velocity of the robot in
rad/sec.

tq : decision time; the time to decide the next
action based on the current reading.

In most cases, one cannot satisfy both re-
quirement at the same time. Since the physi-
cal sensor has its accuracy limitations, there-
fore, we might need to get several readings re-
garding the same measured point to increase
the accuracy. This of course with increase the
time of measurement. In case of multisen-
sor system, the accuracy can be increased by
considering the readings from more than one
sensor. In such cases, one should consider the
time of the data fusion algorithms used.

3 Tolerance Analysis for

Sonar Sensors

Sonar sensors have been widely used in several
robotic applications. This is due to their low cost
and reasonable reliability. However, sonar sensors,
like most ultrasonic sensors, have several draw-
backs. One problem is that the data measure-
ments depends on the speed of sound, which vary
according to the atmospheric conditions such as
temperature and humidity. This usually results
in inaccurate and inconsistent readings. Another
problem is that the ultrasonic echoes might cause
the sensor to measure totally incorrect values.

The use of ultrasonic sensors for mobile robots
has been investigated by a lot of researcher [1, 4,
5, 6). The main goal is to increase the accuracy
and reliability of these sensors, and to filter the
noise and echoes to get more consistent data.

In this analysis, we will ignore measurement
noise, and errors due to the interference between
the sensors. Also, we will use a simplified beam
pattern for the sonar sensors which is a conic shape
centered at the center of the sensor. Our goal here
is to be able to determine the location of the mea-
sured point within a certain tolerance. Also, we
would like to locate edges and door ways within a
reasonable tolerance. First, the case of using one
sensor will be considered, then the use of multiple
sensors to get more accurate measurements will be
discussed.
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Figure 4: The simplified sonar model.

3.1 Using One Sensor

Figure 4 shows the simplified beam pattern of a
sonar sensor. We assume that the sensor will re-
turn the distance y of the closest point p from the
center of the sensor within a tolerance region 2z,
where z = y tand.

It is clear that the tolerance area depends on the
angle 6 and the distance y. However, the angle is
fixed for most sonar sensors (It may vary accord-
ing to the operating frequency.) In our experiment
for example, § = 11. Also, there is physical limita-
tions on the minimum distance ymi» which means
there is an upper limit on the accuracy that we
can get with the sensor. The upper limit is:

Tmin = Ymin tand

There are several ways to minimize the tolerance
region and to detect the existence of edges within
this region. One way is to move in the y direction
towards the measured point. Another way is to
move small movements in the z direction, and a
third technique is to rotate with small angle ¢. In
each case, the readings are combined to get smaller
tolerance region. Now, let’s discuss each of these
techniques in more details.

Translation in the y direction

Moving Ay in the y direction towards the mea-
sured point, the tolerance region is decreased by:

Az = Aytané

This is shown in Figure 5 where y is the initial
distance and z is the initial tolerance region, and
y' is the new distance and z’ is the new tolerance
region. The time to make this movement t, is
equal to:

ty = Ay/v,

and total time to make this reduction in the tol-
erance region is equal to

ty +t4

If the new distance 3 is different than y — Ay,
this means that we encountered an edge or a door
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Figure 6: Different situations when moving in the
y direction.

way. Figure 6 shows different situations in which
this may occur.

In this case, the edge can be located with toler-
ance 2Ax since the edge ma be at either sides as in
cases 1 and 3 of Figures 6 or at both side as in case
2 of the same figure. To determine on which side
the edge is located, we can move the robot very
small distances in the x direction to left and to
the right, and by combining these readings we can
determine the edge location within Az tolerance.
Another way to determine the edge location is by
rotating the robot clockwise and counter-clockwise
using small angles, and combining the readings as
before to determine the edge location.

Translation in the z direction

Moving the robot in the x direction will result
in an overlapping region equals to:

ytané — 2Ar

as shown in Figure 7. The time needed for this
movement is equal to:

ty = Az/v,

However, in our experiment, the robot can only
move forward and backward. To move in the x
direction, we need to rotate the robot 90 degrees,
then move forward Az, and finally rotate back 90
degrees again. Therefore, the time needed to move
Az is:

t, = Tw+ Az

and by adding the time to decide taking this move-
ment, the total time will be:

ty + tg
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Figure 8: moving in the x direction with y' =y

If the two readings are the same (i.e., ¥’ = y),
then we have two possibilities; the measured point
is in the overlapping region, or it is outside the
overlapping region. Figure 8 shows the two cases.
The probability that the two readings correspond
to points in the overlapping region is:

ytanf — 2Ax
ytanf + Az

This formula shows that the probability of the
point to be in the overlapping region decreases by
increasing Az

If the two readings are different (i.e., ¥’ # ¥),
then again, we have two cases as shown in Figure9;
2" > y which means that there is an edge within
the left Az region, and y’ < y which means that
there is an edge within the right Az region.

Rotating the robot ¢ degrees

Rotation is similar to moving in the x direction.
By rotating a small angle ¢, where

—20 < ¢ < 20

and with rotation radius r, there will be an over-
lapping area as shown in Figure 10. This over-
lapping area starts at a distance d, which can be
calculated as follows:

d, = ec—gc

Con Q) yey

Camtt) >y

Figure 9: moving in the x direction with y' # y
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Figure 10: Rotating the robot ¢ degrees.

where ~
ec = rsin(¢) tan(é + (ye )

gc=r1 —rcos(¢) =r(1 — cos(p))
finally, we have:

d, = r[sin(¢) tan(¢ + g —6) + cos(g) — 1]

and for small values of ¢, d, can be approximated
by:
o

| % = @)

Therefore, if the sensor reading is y, we should
rotate the robot such that y > d,, otherwise, the
reading will be outside the overlapping region. In
other words, the rotation angle ¢ is limited by the
sensor reading as follow:

y tan(6)

T

o<

.Using case analysis similar to what we did for
moving the robot in the x direction, with substi-
tuting Az with r¢, we can get new tolerance re-
gions with probabilities associated to them in the
same way we did before for the translation in the
x direction.

The time needed to rotate ¢ degrees t,,; is equal
to w¢ and adding the decision time t; we get the
total time.

3.2 Using Multiple Sensors

This case is exactly the same as rotating the robot,
except for the fact that the angle ¢ is fixed. In
case where the sensors are arranges in a circle and
distributed on equal spacing angles, ¢ depends on
the number of sensors used. For example, if we
have 24 sensors, then ¢ = 22. To have an over-
lapping region, ¢ should be less than 26. Also, to
consider this overlapping region, the sensor read-
ings y for both sensors should be greater than d,
as discussed before. Again, the case analysis that
we did for translation in the x direction can be




Figure 11: The LABMATE robot with its equip-
ments.

used here by replacing Az with r¢. This way we
can get smaller tolerance areas with certain prob-
abilities. The probability that the reading is in
the overlapping area depends on the value of the
readings and on the angles ¢ and 6.

4 Experiments and Simula-
tion Results

A simulator called XSim has been developed to
examine the applicability of the proposed con-
trol scheme. This simulator is based on a mo-
bile robot called “LABMATE” designed by Tran-
sitions Research Corporation [9]. The LABMATE
is equipped with 24 sonar sensors, eight infrared
sensors, a camera and a speaker. ! Figure 11
shows the LABMATE with its equipment.

4.1 Simulation Results

Several experiments were performed on the simu-
lator to check the applicability and validity of the
proposed control scheme, and the results were very
encouraging.

Experiment (1)

In this experiment, we implement a goal-
directed client which tries to move the robot to
a certain goal location. This client has priority 5
which is higher than a simple navigator process.
This new client sends commands to the server
to update the direction of the robot such that it
moves towards the goal location. In this experi-
ment, the initial and the final points were chosen
such that there are some obstacles between them.
Figure 12 shows the robot trajectory for this ex-
periment from the initial location to the goal lo-
cation. Notice that at several points, the collision
avoidance client took over and moved the robot
away from the obstacles, then the new client up-
dates the direction towards the goal point.

1The LABMATE preparations, the sensory equipments,
and the software and hardware controllers were done by L.
Schenkat and L. Veigel at the Department of Computer
Science, University of Utah.
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Figure 12: The trajectory of the robot from the
initial to the goal point.

Experiment (2)

In this experiment, We demonstrate the use of
the tolerance measures discussed in Section 3. this
experiment also illustrates the use of the logical
sensors concept to implement high-level requests
which incorporate tolerance measures and time
calculations.

The request which was implemented for this ex-
periment is measure which has the following syn-
tax:

measure(tolerance, time, pre ference)

where tolerance is the required tolerance with 0
meaning get the best tolerance, and -1 means tol-
erance is not important. time is the required re-
sponse time, and again 0 means as fast as possible,
and -1 means time is not important. When both,
time and tolerance are specified, the logical sensor
may not be able to satisfy both criteria, and this is
when preference is used to specify which criteria
should be preferred. This request returns the re-
sulting tolerance and the time consumed into the
same parameters that were sent.

The following is the output of a program which
uses this request to measure a point in front of the
robot. First it sends a request to get the measure
as fast as possible ignoring the tolerance.

Fast response required ...
! minimum time ...
!1! current reading is 2071 mm,
with tolerance 402.4 in time 0.9 sec.

Result: distance = 2071 mm,
tolerance = 402.4, and time = 0.9 sec.

Second, the program sends a request to get the
best accuracy (minimum tolerance), and the time
is irrelevant.



Figure 13: The trajectory of the robot while per-
forming the requests.

Best tolerance required ...
11! minimize the tolerance .
1! current reading is 1536 mm,

with tolerance 298.4 mm. in time 0.6 msec.
!!! current reading is 1091 mm,

with tolerance 212.0 mm. in time 10.4 msec.
!!! current reading is 603 mm,

with tolerance 117.2 mm. in time 19.0 msec.

distance = 1536 mm, toleramce = 117.2,
and time = 19.0 msec.

Finally, the program specifies both time and tol-
erance to be met, preferring the time.

Tolerance required = 150.0, time required = 6.0 msec.
!!! both criteria are specified ...
11! current reading is 2190 mm,
with tolerance 425.5 mm. and time 0.9 msec.
!!! current reading is 2101 mm,
with tolerance 408.2 mm. and time 2.7 msec.
!1! current reading is 2068 mm,
with tolerance 401.8 mm. and time 4.1 msec.

with tolerance 393.6 mm. and time 5.6 msec.

Result: distance = 2190 mm,
tolerance = 393.6, and time = 5.6 msec.

Figure 13 shows the movement of the robot
while taking these measurements. The first re-
quest did not cause any movement since it re-
quired minimum time. The second request cased
the robot to move forward to minimize the toler-
ance region. During this movement, the speed of
the robot decreases to get better accuracy. Finally,
the last request also caused the robot to move for-
ward, but it stopped before reaching the required
tolerance since the time was preferred.

In this experiment we used only the translation
in the y direction to minimize the tolerance. How-
ever, the other two approaches mentioned in Sec-
tion 3 could be used to get better results with
probability measures as well.

5 Conclusions

In this paper, a distributed sensor-based control
scheme was proposed. In this scheme, each sen-
sor can be viewed with three different levels of
abstraction. Commands can be issued by differ-
ent processes called clients. Each client may is-
sue commands at any time, and a multiplexer (the
server) selects the command to be executed. Tol-
erance measures for sonar sensors were proposed
and different strategies to increase position accu-
racy were investigated.
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