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ABSTRACT

Tunnels are a challenging environment for radio communications. In this paper we consider the use of autonomous
mobile radio nodes (AMRs) to provide wireless tethering between a base station and a leader in a tunnel exploration
scenario. Using a realistic, experimentally-derived underground radio signal propagation model and a tethering
algorithm for AMR motion control based on a consensus variable protocol, we present experimental results involving a
tele-operated leader with one or two followers. Using radio signal strength measurements, the followers autonomously
space themselves so as to achieve equal radio distance between each entity in the chain from the base to the leader.
Results show the feasibility of our ideas.
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1. INTRODUCTION

Consider the scenario depicted in Figure 1. Shown is a two-dimensional plan of an underground mine. Notionally a
cave-in has blocked access to a portion of the mine equipped with a sensor network that provides monitoring and
communications for personnel who may be trapped in the back part of the mine. Because mine environments in an
emergency can be very dangerous, it is preferable to attempt to clear the rubble via tele-operation and inspect the tunnels
remotely before human rescue teams enter the mine. However, the nature of radio propagation in underground tunnels is
such that typical commercial tele-operation systems will not be able to provide non-line-of-sight (NLOS)
communication with the rubble-removal equipment from the surface. Although it is possible for the equipment to pull a
communication tether or to deploy a “daisy-chain” of fixed-location radio relays, the scenario depicted in Figure 1
suggests another approach: the use of autonomous mobile radio nodes (AMRs) that act as relays for data to-and-from the
remote equipment and eventually to-and-from the underground sensor network. The advantage of using autonomous
relays is that the AMRs can automatically adjust to find the optimal AMR-to-AMR spacing for the specific situation at
hand, without the need for a priori calculation of the spacing, where “optimal” means providing for the best possible
radio communication between all the units.

Figure 1: Autonomous mobile relay node scenario.
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In this paper we details the results of a series of experiments aimed at the scenario depicted in Figure 1. We do not
discuss the generic issues related to underground robotics, but refer the interested reader to the recent survey'. Likewise,
we do not provide extensive details of the RF models and control algorithms used, but focus instead on our
implementations. The interested reader is referred to Weiss, et al. * and the references therein for technical information
about radio propagation models and control algorithms. We also refer the interested reader to Moore, et al. * for more
information about the generic UGV auto pilot architecture we have developed and that was used for all the autonomous
vehicles in the experiments.

The paper is organized as follows. We begin with a description of one of the AMR hardware platforms that we
developed. Then we discuss the RF environments in tunnels, including an experimental characterization obtained in our
school’s experimental mine. Next we describe results from three different radio tethering experiments, each
demonstrating one or more of the components of the scenario shown in Figure 1. These include an:

(1) Outdoor radio tethering experiment with one autonomous follower that uses wall-following-based steering control
(this experiment uses the autonomous vehicle platform discussed in®);

(2) Underground person-in-the-loop radio tethering experiment with one and two autonomous (human) followers;

(3) Underground person-in-the-loop radio tethering experiment with one semi-autonomous follower (human steering
the AMR described in this section, with autonomous velocity control based on radio signal strength).

In the experiments described “radio tethering” means the scenario depicted in Figure 2. As shown, there is a leader
(possibly static or mobile) and a base station. The goal is for the AMR to autonomously move so as to achieve equal
radio signal strength (RSS) between itself and the base and itself and the leader. If there is more than one follower, then
the goal of each AMR is to equalize the signal strength between itself and the radios behind and in front of the AMR.
The meaning of “person-in-the-loop” is explained in the appropriate sections below.

1. START (RSS approx equal between Base, AMR, and Leader)

Boa s
Base AMR Leader
Station

2. LEADER MOVES (RSS less from AMR to Leader than AMR to Base)

ddd e
Base AMR Leader
Station

3. AMR MOVES (RSS approx equal between Base, AMR, and Leader)
(but might not be equally spaced in distance)

2 .
Base AMR Leader
Station

Figure 2: Radio tethering experimental scenario.

2. SYSTEM COMPONENTS

The system components developed in this project included two different AMRs (one based on a “mini-Baja” vehicle and
the other on an “EZ-Go” golf cart), a tele-operated Bobcat vehicle, and a mesh radio infrastructure. Additionally various
operator interfaces were used. In this section we detail these system components, with the exception of the mini-Baja
vehicle, which was described in’.
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2.1 Golf Cart-Based AMR

Figure 3 shows the EZ-Go golf cart that was modified to enable drive-by-wire and drive-by-computer operation, thus
enabling its use as an AMR. Modifications included actuation, sensor additions, on-board computing, and operator
interfaces, each described below.

Figure 3: EZ-Go AMR in the Colorado School of Mines' Edgar Mine.

2.1.1 Vehicle Actuation

The vehicle actuation requires special consideration due to the requirement that manual operation needs to be preserved.
The golf cart’s steering and brake are entirely mechanical, whereas the throttle is an electromechanical system which
uses an inductive sensor to sense the position of the throttle pedal. A Roboteq motor control board drives the steering
and brake actuators to a position set point using a PID control algorithm.

The steering is actuated using a geared-down servomotor mounted near the steering wheel. The servomotor’s rotation is
mechanically linked to the steering shaft via a timing belt and two timing pulleys. To allow for manual operation without
back-driving the servomotor, the timing pulley on the steering shaft is allowed to freely spin on the shaft. A separate,
splined assembly fixed to the steering shaft is pinned to the free-spinning timing pulley, mechanically linking the pulley
rotation to the steering shaft. By sliding the splined assembly axially, the mechanical connection between the steering
shaft and timing pulley can be engaged or disengaged allowing the operator to change between manual and electronic
steering control.

The brake is more seamlessly integrated, using a guided rod and linear actuator to push directly on the brake arm. At any
time, the operator can manually push on the brake, and the rod will simply move in the guide. Conversely when the
linear actuator extends, the rod moves until it makes mechanical contact with the brake arm and thus push in the brake.

The throttle is actuated by simply placing a circuit in parallel with the throttle sensor which mimics the same
functionality. Applying a pulse width modulated signal to the circuit changes the voltage at the sensor line used by the
golf cart speed controller. Because the circuit is in parallel with the sensor, manual and electronic throttle operation are
available at all times.

2.1.2 Sensors

There are a total of 6 propreoceptive sensors on the AMR: a Hall Effect sensor on each wheel to measure odometry and
calculate vehicle speed, a string potentiometer on the steering arm to measure the Ackerman steering angle, and a 5
degree of freedom Inertial Measuring Unit (IMU) to measure vehicle orientation. Combined, these sensors provide
steering angle, velocity, and yaw, all necessary to compute Ackerman vehicle dynamics.

For environmental sensing there are currentlyl4 sonar ranging sensors that symmetrically surround the AMR and
measure the distance to the wall or obstacle, as shown in Figure 4. These sensors have a range between 15 cm and 6
meters.
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Sonar sensors are ideal in mining environments because the diffuse mine walls
scatter sound waves, allowing the sensor to easily detect the wall. However, these
sensors have some drawbacks because they have a slow update rate and are prone . .
to interference from neighboring sensors. To help alleviate the slow update rate,
the 14 sensors are broken up into 4 triggering groups; each triggering group has

between 2 and 4 sonars, all triggered simultaneously. These triggering groups . b b

cycle through every 55 milliseconds, making the total update rate 5 Hz. To avoid . - - ]

interference, each sensor is oriented 90 degrees apart from other sensors in the o

group. Measurements from these sensors are used to build an environment model ’ [y T *

of mine walls. b - - .
LY

One problem with the sonar sensors is they are only accurate to +/- 2 inches, which
causes problems when trying to build a good environment model. In the future,
we may add a scanning laser sensor, which should dramatically improve accuracy.
In addition, we may also add a stereovision system, which would allow us to build
a three-dimensional environmental model, further improving accuracy, and
therefore, navigation.

Another problem with the sonar sensors is they have trouble getting range
measurements at steep angles (from 45deg to parallel with the wall). Thus, we
added 4 Sharp Infrared long-range sensors are oriented towards the 4 corners of
the vehicle at 45 degree angles. These sensors serve as ‘backups’ to the 4 sonars
pointed in the same direction, in the event that the sonars have difficulty reading
the mine walls at steep angles.

Figure 4: AMR sonar
positions.

2.1.3 On-Board Computing and Software Infrastructure

Low-level controller hardware and algorithms: The computing structure consists of three hierarchical computer layers as
shown in Figure 5. The lowest level (far right) is the servo controller. This controller is a RoboteQ AX3500, and sets the
steering and brake actuators to commanded values using a PID loop. The middle computer layer is a digital signal
processing Microchip PIC processor and handles all robotic functions such as analog to digital conversion, servo set
point calculation, command processing, and speed control. This ‘robotic’ controller sends commands down to the servo
controller and receives commands from the ‘autonomous’ controller via RS232 communication. The autonomous
controller (far left) runs higher-level navigation routines.

Autonomy controller and algorithms: Currently, the autonomous controller is implemented on a laptop (or netbook) and
coded in the Python programming language. The autonomous controller communicates with the robotic controller via a
USB to serial adapter. A communication packet structure was created to standardize communication and detect
communication errors. The autonomous controller sends requests for sensor data, system status, or motion actions to
which the robotic controller responds appropriately with data or vehicle motion. When enabled, the autonomous
controller requests sensor data, processes it, and determines the appropriate motion commands to send to the robotic
controller.

Steering is controlled by a fuzzy controller, which compares current, sonar sensor readings with simulated sonar sensor
responses for different ideal situations. Each situation has an associated steering angle with the intent of keeping the
AMR in the center of the mine drift. Multiple situations were simulated on the computer, each generating a vector of
sonar responses, Vspy. These simulated sensor responses are normalized and organized into a matrix as row vectors, M-
siv- During a sensor update, sensor data is stored in a column vector, Vggns, and normalized. The sensor responses are
then compared to the simulated situations by multiplying Mgy and Vggns, resulting in a column vector, V¢, where each
element is the dot product of simulated sensor responses and the actual response. The higher the value of each element,
the more strongly the current sensor response relates to the corresponding situation. These values are used to get a
weighted average of all steering angles for each situation, which is performed by taking the dot product of V¢ and the
vector of steering angles, Vsa. In short, at each control update (~16Hz) the steering angle is obtained using:

Steering Angle= <M SIM - VSENS: VSA >

The resulting steering angle is then limited to = 40°, which is slightly less then the mechanical limits of the golf cart.
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Figure 5: Computer architecture.

Due to scheduling constraints for the first experimental test at Edgar Mine, the fuzzy controller was not designed to
navigate past side passages which intersected the main passage. However, detection of side passages was integrated by
adding simulated situation vectors which included side passages. The results for the situation comparison in V¢ allowed
logic to be added that switched the steering control to a proportional controller that followed the wall opposing the
passage. When the element in V¢ corresponding to a side-passage situation passes a certain threshold, logic would
switch the steering control over to the proportional controller. After the AMR passes the side passage, logic gives
steering control back to the fuzzy controller.

During radio tethering experiments, a separate program monitors RSS signal strength and intermittently sends distance
values to the autonomous controller program. The autonomous controller uses a set speed and the fuzzy controller to
drive down the mine drift the specified distance. Once the AMR reaches the target distance it stops and notifies the other

program. The AMR maintains its position for approximately 30 seconds and collects data before the next target distances
is sent.

2.1.4 Operator Interfaces

The AMR has three user-selectable modes: manual, remote, and autonomous. In manual mode, the brake and steering
actuators are disengaged, which allows a human operator to drive the golf cart without computer interference. In remote
mode, the robotic controller takes over actuation, allowing a human operator to control the golf cart wirelessly using a
standard hobby-grade transmitter and receiver pair. Finally, in autonomous mode, the autonomous controller takes over
all actuation and automatically guides the AMR through the mine.

Proc. of SPIE Vol. 7692 76920R-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/07/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



In autonomous modes, the operator operates the AMR through e yme——" AR

a small graphical inFerface wri.tten. in Pythog .(s.hown LRSIV /2 Control Window

6). Currently the interface is simple, utilizing buttons or Click in this window to input keyboard commands

keyboard commands to allow the operator to turn the fuzzy

controller on or off, turn on data logging, or add comments to

the log files. A set of slider bars is also available which can be

configured for PID tuning, speed, steering, or brake control.

Future development will include indicators for system status

and greater control of logging or system setup. The program

may be started via command line or by double clicking on the

Python file, and debugging information is displayed either in

the command line window or a secondary window if opened

by double clicking on the Python file. U U U
e

Though we did not use the Bobcat in the experiments describe Figure 6: AMR interface.

model Bobcat front end loaders have the added option of a remote ol

system uses a proprietary frequency hopping spread spectrum wireless transmission protocol. This communication

protocol is incompatible with our Ethernet/Wi-Fi network, and could not be used for remote control within an

underground mine environment. In order to make the Bobcat remote control system compatible with an Ethernet/Wi-Fi

network two Ethernet enabled microprocessors were used to trick the remote control system into thinking it is receiving

signals from its own electronics. One microprocessor reads information from the user, in the form of joysticks and

switches. This microprocessor then communicates with the other microprocessor via an Ethernet/ Wi-Fi channel. The

second microprocessor then interprets the data and relays information in the form of simulated signals to the original

Bobcat remote control system. With an Ethernet/Wi-Fi network, adding cameras and other Ethernet enabled devices is

very easy since off the shelf components exist for most applications. Within our system we have cameras on every

vehicle and will have multiple cameras on the Bobcat because it is tele-operated. Figure 7 shows the resulting

architecture for the tele-operated Bobcat. Figure 8 shows the Bobcat tele-operation user interface hardware and an
example of the video feedback available to the operator from the Bobcat.

Commands :

ft+L - Insert g Comment

Shift+Q - Quit Program (mot graceful)

2.2 Tele-operated Bobcat

2.3 Communication Infrastructure

To wirelessly transmit high bandwidth data, like video, a high frequency signal is required. Since real time video is
necessary for tele-operation of the Bobcat front end loader, we need a high frequency signal to carry the information.
Because of this high frequency signal requirement, and because of the many off the shelf components already available,

User
Bobcat wisi Wi
@ Wifi
Ethernet o
Other l Ethernet ; @ 8
Ethernet % Ethernet .-
devices hub - Shell of
ocu original Bobeat
remote with
Microprocessor internal
MmICroprocessor
and wifi card
Original Bobcat
remote: internal
main board Note: Red line encloses the placement of items
within each physical system

Figure 7: Bobcat tele-operation layout.
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Figure 8: Bobcat tele-operation interface and video feedback.

we chose to use a standard 802.11 b/g Wi-Fi network. The company Rajant provides Wi-Fi equipment with the added
ability to interconnect in an ad-hoc fashion and adapt to changing environments. Rajant Wi-Fi nodes connect to as many
other Rajant Wi-Fi nodes that are within range, providing a highly redundant and reliable Wi-Fi network. The more
nodes, the more resilient the meshed network becomes: if one node loses connection the data can be relayed through the
other nodes to get the information across. Additionally, software provided by the vendor allows the ability to obtain and
use the radio signal strength between connected units. We used a Rajant ME2 Breadcrumb radios on each vehicle in our
system as well as at the base station. Because these are commercial units, we do not discuss this part of the system in any
more detail.

3. THE RADIO ENVIRONMENT IN TUNNELS

3.1 Overview of Experiments

The propagation of wireless signals within an underground mine or tunnel environment is dependent upon many
parameters. The cross sectional shape of the mine, the composition of the surrounding rock, the curvature of tunnels, the
position of antennas, and the frequency, among many others. Within our project we use 802.11b/g Wi-Fi for the
necessary high bandwidth communication. This standard Wi-Fi protocol uses a frequency of 2.4 GHz, which has a small
wavelength in comparison to the dimension of the mine. Because the wavelength is small, there is minimal diffraction of
waves around corners. Though there is a strong waveguide effect in many mine tunnels, there is also large bending loss
around corners. What this means is, for straight tunnels, the loss is less than in free space because of waveguiding
(reflections from the walls, if you will for these frequencies of interest). However, at a bend, non-specular scattering due
to the surface roughness of the walls and the low reflection coefficient of the walls result in high losses. Thus, getting
wireless signals around corners is dependent upon reflected waves. However, the reflection of waves is a very
inefficient process because most of the wave energy is absorbed into the walls of the mine. What this means for
transmitting wireless information in an underground mine, is that LOS placement of equipment is the best means of
transmitting and relaying high frequency signals.

We performed several experiments within the Edgar experimental mine to quantify the distance verses signal strength
for a few tunnels within the Edgar mine (note: these are in addition to previous work conducted by some of us on this
problem; see ? and the references therein for additional information on this topic). We took tests of line-of-sight (LOS)
and non-LOS environments within in the Miami and Army tunnel sections of the mine (we refer to these tunnel sections
by their name for delineation, but do not show them on a map due to space limitation; please contact the authors for
more information). The experiments were performed using two Rajant ME2 BreadCrumb Wi-Fi nodes, at transmitter
power of 34 dBm, and omni-directional TX and RX antennas. In the experiments the first node was placed at 0ft and the
second node was placed at several locations at varying distances from the first node. SNR, which has a direct correlation
to the signal strength in a noiseless environment of the mine, was recorded at several distance points along the tunnels.
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3.2 Experimental Results

The first tests we performed were using the straight sections of the Miami tunnel and Army tunnel. The cross sectional
shape of the Miami tunnel has a rough diameter of about 8 ft, while the Army tunnel has a diameter of about 15ft. The
SNR versus line-of-sight (LOS) distance results are shown in Figure 9. From the results, it is obvious that signals are not
attenuated as quickly within the Miami tunnel, this could be for many reasons, but most likely is due to a waveguide

effect.
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Figure 9: SNR versus LOS distance (a) Miami tunnel; (b) Army tunnel.

The next tests considered a 90° turn at 750 ft within the Miami SNR vs. Dist (Miami Tunnel) 750 ft + 90% Tum

tunnel. Figure 10 shows the SNR versus non-line-of-sight SNR (dB)

(NLOS) distance as we moved into the turn at varying distances. 4 X
From the results, it is easy to see that signal strength is 40 N\
attenuated very quickly when a turn around a corner is taken = N
within a mine. From both the LOS test and the non-LOS, the % N
non-LOS signal drops at a rate of about twenty times quicker zz N IR
than the LOS signal. Thus the experiments confirm our s N
assumptions about transmitting signals in tunnel environments, 10 .
that LOS placement of equipment is the optimum solution. 5 ~
0 \\: Dist (ft)
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Figure 10: SNR versus NLOS distance
(Miami tunnel).

4. RADIO TETHERING EXPERIMENTS

As noted in the introduction, we have completed three sets of radio tethering experiments. We discuss each of these
separately below:

4.1 Outdoor Radio Tethering with One Autonomous Follower

As a first step, and as a way to validate our algorithms, we prepared an experiment with one manned leader and one
autonomous follower. The objective of this experiment is to equalize the RSSs between the follower and the leader, and
between the follower and the base station, while following a wall at the left side of the follower. The experiment was
located outside the Brown Hall, on the Colorado School of Mines campus. Figure 11 shows an aerial view of the
location. As can be seen, the first half of the path is a semicircle of an approximate radius of 9 meters, follow by a
straight ramp about 20 meters long. The base station was placed in the interior of the building. As a follower we used an
electric Minibaja vehicle with drive-by-wire capabilities shown in Figure 12 and described in *. The algorithms
described in > were implemented in a single board computer based on a Pentium-M processor, and were written in
Python, using a multithreaded architecture. Two SONARs (one in the left side and one in the front) were added to the
vehicle to measure the distance to the wall. As a leader we used a manned golf cart. The leader and the follower, as well
as the base station, were equipped with a Rajant Radio. The experiment starts with the follower at the start of the path,
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and the leader somewhere in front of the follower. When the autonomous mode in the follower is enabled, it moves
forward until the RSSs are equal, while following the wall. Then the leader move forward and stops, and the follower
follows it, keeping the RSSs equal. This sequence is repeated until the follower finishes the path. The problem was
simplified by assuming that the Minibaja only moves forward. There are two variables we want to control: the distance
between the Minibaja and the wall, and the difference between the RSSs. Since the Minibaja is moving at fairly low
speeds (smaller than 1 meter per second), we can decouple the two variables, and control the distance to the wall through
the steering, and the RSSs differences with the vehicle speed. The algorithmic basis for this control was given in . Here
we detail the implementation of the algorithm.

Figure 11: Aerial view of experiment. Figure 12: Electric Minibaja.

4.1.1 Wall-Following Algorithm

The distance to the left wall is measured with a SONAR mounted in the left side of the Minibaja. In order to be able to
negotiate the corner at the end of the circular arc of the path, we also added a SONAR in front of the Minibaja. The
control objective is to keep a constant distance between the vehicle and the wall. To this end, we implemented a simple
proportional controller that steer the car to the right if we are to close to the wall, and to the left if we are too far. Some
extra logic switches between the proportional controller and the ad-hoc behavior that negotiate the corner. The following
is the function used for the steering controller:

1: def steering control (self):
5 max s = 15.0 11: u = -max_s
— . 12: elif 170 < front sonar <= 180:
3 K=1 —
4 error = Setpoint - self.sonar.get sonar() L3: u = 20.0
p : -get_ 14: elif 160 < front sonar <= 170:
5: front sonar = self.sonar front.get sonar() -
) - - - 15: u = 25.0
6 if front sonar > 180:
foed 16: else:
7 u = K * error
8 if u > max s: L7 u = 30.0
= 18: return u # This is the
J u = max_s steering angle
10: if u < -max_s: 9 9

Lines 4 and 5 read the SONARs and compute the error signal. If the distance between the front SONAR is bigger than
180 inches, we execute the proportional controller. Lines 8 to 11 check if the output of the controller is beyond the
steering range of £15 degrees used to follow the left wall. If the front SONAR measurement is smaller than 180 inches, a
right turn is executed.

4.1.2 Tethering Algorithm

To equalize the RSSs difference, we query the Rajant radio mounted in the Minibaja to get the RSS from the base
station, and the RSS from the leader. The difference between these measurements is used as the error signal for a
proportional controller that commands the speed of the vehicle. The following is the code used for the RSS controller is
shown below. Lines 3 to 5 query the Rajant radio to get the RSSs. Line 7 computes the speed. Lines 8 to 11 check that
the speed is in the range 0 to 1 meters per second:
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1: def follow_the_leader(self)f 7. u = k * (base station - leader)

2: """Follow the leader using rss.""" g - ifu<0: -

3: rss = self.rss server.get rss() 9. u=0

4 leader = float(rss['leader']) 10: elif u > 1:

5 base station = float(rss['base station']) 11: u=1.0

6 k =0.5 12: return u # This is the vehicle speed

4.1.3 Experimental Results

Figures 13 and 14 show the signals logged during one of the experimental trials. Figure 13 shows the left SONAR signal
and the corresponding steering angle. In this case, the setpoint was 75 inches. Initially, the vehicle is too close to the
wall, and thus, the controller steers the car to the right. When the distance is greater than the setpoint, the controller
steers the car to the left, keeping a constant distance with respect the left wall. Figure 14 shows the RSSs from the base
station and from the leader. Initially, the RSS signal from the base station is greater than the RSS from the leader (we are
too close to the base station), thus, the controller makes the Minibaja to move forward, making the RSSs approximately
equal. Then the leader moves forward, which causes a decrease of its RSS. The controller responds by moving the
Minibaja forward. Notice that by the end of the experiment, the RSS from the leader is higher than the RSS from the
base station. However, since we are only allowing positive speeds, the controller can not compensate this for this
difference (this is because in this experiment we did not have the ability to drive the vehicle backwards).
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Figure 13: Steering controller results. Figure 14: Experimental result for the RSS controller.

4.2 Underground Human-in-the-Loop Radio Tethering Experiment with One and Two Autonomous Followers

We performed two experiments simulating how a robot would navigate and position themselves for optimal relaying of
data. In these experiments “human-in-the-loop” means that a human moved in response to commands from the AMR
interface. Specifically, a laptop was associated with a radio and observed the RSS between the unit in front of and
behind the radio. Computations were made (similar to the previous section) and then directions were displayed to the
human, directing them to either “MoveForward,” “MoveBackwards,” or “Stop.” In the first experiment there was one
leader node far away from the base station and the AMR (a human in this case) moves to position itself at an equal radio
signal strength away from both the leader and base station, acting as a relay for data from the leader to the base station.
Figure 15 shows that the system indeed did command the AMR (human) to move to the correct distance so that the SNR
between the AMR and the base is essentially the same as between the AMR and the leader.

The same type of human-in-the-loop experiment was performed using two AMRs (humans). The results are shown in
Figure 16, this time with two humans acting as AMRs, trying to equalize the signal strength between each node.
Unfortunately the battery died on one laptop leaving AMR 3 not finished with the experiment and not at equal radio
signal strength. However, up to that point it can be seen that the radio signal strength (SNR) from both the leader and
follower become equal as the AMRs navigate by the signal strength measurements they receive.
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Figure 15: Human-in-the-loop experiment (one AMR).
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Figure 16: Human-in-the-loop experiment (two AMRs).

4.3 Underground Human-in-the-Loop Radio Tethering Experiment with One Semi-Autonomous Follower

The final experiment reported here used a single semi-autonomous follower. Here “semi-autonomous” means that a
human performed steering, as wall-following in the mine was not functional, due to damage sustained by several of the
key sonar sensors during transport to the test site. As in the outdoor experiment described above, forward motion of the
AMR was commanded by the RSS control algorithm and this command was executed autonomously. The only role of
the human was to steer during AMR movements. The AMR navigated from the base station to the optimal position,
guided by only the signal strengths to the leader and base station (follower) nodes. The AMR would gather radio signal
data for 30 seconds, and then move to an estimated position. It would then repeat the gathering of data for 30 seconds
and reposition again if necessary. The AMR repeated the gathering of data and moving five times during the experiment,
until it ultimately reached its goal of equal signal strength between the leader and base station (follower). Figure 17
shows the resulting signal strength plots and distance versus time. Figure 18 shows the corresponding locations in the
mine. Clearly the algorithm was effective in achieving a balanced RSS between the AMR and the base and between the
AMR and the leader.

5. CONCLUSIONS

We have described a series of successful experiments aimed at demonstrating AMRs for radio tethering in underground
tunnels. Additional work remains to demonstrate a complete autonomous AMR. Specifically, it remains to develop
control logic to recognize side passages and properly account for them so as to maintain correct center-of-the-tunnel
navigation.
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Figure 17: SNR and distance versus time for the semi-autonomous AMR experiment.
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Figure 18: AMR start/stop positions.
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