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Abstract - Soon NASA will begin to plan planetary exploration missions with teams of small,
inexpensive robots. Such teams will be able to map and explore remote terrains faster and more
thoroughly than a single robot, because the robots will explore "in parallel,” and the team will be
robust to component failure and loss of team members. But before such robotic teams can be
deployed, several technical challenges must be overcome. Among these are (1) sensing
technologies that allow the robots to determine inter-robot and environment positions accurately
and rapidly, and (2) artificial intelligence that allows the robots to fuse the fuzzy, possibly
conflicting, data from team members. Here, we demonstrate novel technologies to overcome
both of these. We describe a novel range finding technique that is applicable to several robots
working cooperatively, and we describe software that creates an accurate map based on the data
from the range finders.

Introduction

The success of the robot Sojourner on Mars has excited NASA and the American public with the
notion of sending inexpensive robot emissaries to explore other worlds. Although Sojourner far
exceeded her designers' expectations and the mission was highly successful, a single failure at
the start of the mission could have completely changed the outcome. To increase system
reliability, NASA has adopted the strategy of using teams of simple, cooperating robots. With
multiple robots, a mission can tolerate many independent failures and still continue. Moreover,
the mission can be accomplished more quickly because the robots can be exploring different
areas at the same time.

Some basic technologies must be developed before implementing the robot team approach. This
work addresses one of determining inter-robot distances and directions accurately. This
information is used to establish a precise, global coordinate system in which any object that a
robot finds can be accurately located and with which robot movements can be choreographed.
Our work naturally divides into two parts: the hardware needed to accurately measure inter-robot
distances and directions and the software that takes this data, taking into account measurement
imprecision, and converts it to a stochastic map of the terrain. By addressing the problem of
determining positions rather than of producing accurate robot movements, the hardware is
greatly simplified, permitting miniaturization, robots can move autonomously, and robots can
share the location of actions and discoveries.




Inter-Robot Distance and Direction Measurements
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Fig. 1: Layout of optical and acoustic transducers on a robot.
IAT = acoustic transmitter, R1 - R4 = acoustic receivers, LT =
optical transmitter, and LR = optical receiver

cannot determine the distance
accurately without equipment too expensive, fragile and bulky for robotics. The data from the
ultrasonics and from the optics must be fused to obtain both range and direction measurements.
The same challenges occur when detecting positions among multiple robots. The work reported
here develops a method for cooperating robots that can obtain both inter-robot distance and
direction highly accurately, by actively communicating signal information among the robots.
One robot broadcasts a signal. The other robots use the signal to infer the broadcasting robot's
position and update their internal database. The receivers communicate their interpretation of the
broadcaster’s position. Both the broadcaster and the receivers use this new information to update
their database. At the end of the communication all the robots have identified the broadcaster's
position and improved their
understanding of their neighbors'
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heading, theta, between Robot 1. the transmitter, and Robot 2, a receiver, (Fig. 2) are given by:
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Here we assume that the front of the robot is along the side with receivers R1 and R2, and that
the heading is measured relative to the front.

The hardware in each robot includes a microcontroller, an optical transmitter, an ultrasonic
transmitter, an optical receiver and four ultrasonic receivers (Fig. 1). At any particular time, a
robot is either transmitting or receiving. The microcontroller (PIC 17C44), which is programmed
with assembly language *, generates the signals to be transmitted, enables the reception of the
signal, analyzes the received signal, and outputs the data to an external computer. The external
computer updates a map database from the measurements. Ultimately, the map can be generated
by the microcontroller without a link to an external computer, but this was done separately here
to speed the development.

The ideal signal for ranging is an impulse - the separation between the optical and acoustic
impulse would unambiguously yields the range. Unfortunately, ultrasonic transducers are narrow
band devices and cannot transmit an impulse without grossly distorting it. The ultrasonic
transducers in our prototypes have a bandwidth of 5 kHz centered at about 40 kHz, which is best
suited for transmitting sinusoidal signals near 40 kHz. Measuring the phase shift of this signal
provides the range, but is ambiguous in the number of full cycles included. For example, a phase
shift of 30° is indistinguishable from a phase shift of 390° or 750°, Amplitude modulating the
sinusoidal signal eliminates this ambiguity within the constraints of a narrow band system, if the
system detects the phase shift of the modulated signal rather than phase shift of the 40 kHz
carrier. To demonstrate this principle, the prototype uses a modulation frequency of 100 Hz,
which corresponds to a wavelength of 3.43 m. Thus, we can measure up to a distance of 3.43 m
without ambiguity. Although this distance is adequate for a benchtop demonstration, longer
distances can be obtained with lower modulation frequencies or by using multiple modulation
frequencies to remove the ambiguity *. The precision to which the phase delay between the
optical and acoustic signals can be measured determines the distance resolution. As described
below, this is limited by the microcontroller sampling rate of 900 kHz and corresponds to 0.386
mm. Because this resolution is smaller than the size of the robot (a few centimeters), the
differences in the phase delay of the four acoustic receivers yield accurate angular data.

The microcontroller generates the optical and acoustic signals, which are transmitted by an
infrared light emitting diode (LED) and an ultrasonic transducer, respectively (Fig. 3). The
optical signal is a 100 Hz square wave that the receiver uses for phase comparison. The fast rise
and fall times of the square wave is better suited for this purpose than a sine wave because it
provides precise trigger points. The narrow-band ultrasonic transducer simultaneously transmits
an acoustic signal that is a 40 kHz carrier amplitude modulated with 100% modulation depth by
the 100 Hz square wave. Because the transducer will transmit only the fundamental frequency of
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the carrier, the
microcontroller output to
the transducer is the logical
AND of a 40 kHz square
wave with a 100 Hz square
wave. This feature greatly
simplifies the electronics
because all the generated
signals are digital.

A receiving robot detects
the optical and acoustic
signals with a photodiode
and four ultrasonic
transducers, respectively.
These signals are amplified
and filtered with analog
circuitry (Fig. 4). The
acoustic signals are
demodulated to filter out
the carrier wave and to
obtain the 100 Hz square
wave signal. The rising
edge of the 100 Hz square
wave from the optical
signal sets the output of all
four phase comparators to
a digital 7 state. The rising
edge of the demodulated
100 Hz square wave from
each of the acoustic
receivers sets the output of
the corresponding phase
comparator to a digital 0
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[Fig. 3: Block diagram of transmission electronics. The
microcontroller generates a 100 Hz signal that directly drives an
ILED. The microcontroller also generates a 40 kHz square wave
lamplitude modulated by the 100 Hz signal to drive the ultrasonic

transducers. The LED signal and the modulation of the acoustic
wave are synchronized.

state. Thus, the output of a phase comparator is a pulse with a width equal to the delay between
the optical and acoustic signals. This pulse gates a 900 kHz clock on the microcontroller, and the
number of clock cycles accumulated in a counter is a measure of the delay between the two
signals. The microcontroller is also programmed to handle cases where one or more of receivers
fail to obtain a signal strong enough to trigger the phase comparator. The accumulated count is
sent to a PC for further processing through an RS-232 connection.

A communication protocol coordinates the ranging process among the multiple robots. We
implemented a token-ring protocol for this project, although other protocols such as Ethernet
could also be used. The robots use their LED's and photodetectors to exchange messages. A
token is passed from robot to robot. The robot with the token broadcasts an optical signal to
identify itself, then sends the optical and acoustic ranging signals. The other robots receive the
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signal and
determine their
positions relative
to the
broadcaster. The
token is then
passed to the next
robot and the
process repeated.
Provision is made
to add and delete
robots to the ring
as they go in and
out of range. The
protocol uses no
additional
hardware and is
implemented
through the
microcontroller
software. Should
the need arise,
one or more
communications
channels can be
added with LED's
operating at
different
wavelengths and
with the
appropriate filter
in front of the
corresponding
photodetector.

In addition to
synchronizing
measurements,
robots can
exchange maps
over the optical
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[Fig 4:Block diagram of receiver electronics. The optical signal is amplified
and filtered for noise, and is used as the reference for the phase comparator.
The signal from each of the four ultrasonic transducers is amplified, filtered
for noise and demodulated, and its phase is compared to the phase of the
optical signal. The microcontroller takes the outputs from the four phase
comparators to measure the phase delays. The result of these measurements
are sent to an external computer for further analysis.

channel. Doing so will increase the accuracy of the map a robot builds since it will include the
results of measurements taken by other robots. Also, each robot will have a complete map so that
no vital information is lost with the failure of a robot.




Map Building (

Introduction -The data from the microcontroller are sent to a PC via the RS-232 link. A single
PC 1s used for convenience, but a separate thread of the program is run for each robot so that it
simulates independent, onboard processing for each robot. From the data sent from the
microcontrollers, the computer maintains two matrices for each robot representing that robot's
knowledge of the terrain and the positions of other robots **, One is a matrix, X, which contains
the three coordinates representing the robot's own position plus three coordinates for each of the
other n robot positions that it monitors for a total of (3n + 3) elements. For each robot. the matrix
holds the x-y coordinates and the direction that the robot is facing. Another matrix, C, is a (3n +
3) by (3n + 3) covariance matrix that stores the uncertainty associated with each element in the X
matrix. The (i, j )" element of the covariance matrix is the covariance associated with the i® and
j" elements of the position matrix. Diagonal elements give the variance of the variable, which is
the square of its standard deviation. The off-diagonal elements store the covariance of each pair
of elements in the X matrix. The covariance is the product of the standard deviations of each
measurement and their correlation coefficient.
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These dynamic matrices become larger as a robot becomes aware of new robots or as a robot
moves and the map reflects both the current and the previous robot positions. The matrix
elements also change as new measurements are taken or new information arrives from other
robots. New information imposes a constraint on the knowledge represented in the matrices.
When a conformation of a measurement is received, for example, the related variance and
covariance terms for that variable become smaller, representing greater confidence and precision
in the information. Changes in matrix elements are calculated using a Kalman filter, which fuses
new constraints with the existing knowledge. The Kalman filter employs general constraints,
which can be expressed as a number of sensor measurements, s, and a function, (x), that maps
the current spatial state variables x into an expected value of the sensor readings corrupted by
SOme noise v.
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Thus, the filter compares what it predicts the sensor would see with what the sensors actually L




observe. The difference between these ex pected sensor readings and the measured sensor
readings determine how reliable the current estimates are. This calculation accounts for the
precision of the expectations and the observations, as well as handling the transformation
necessary to maintain all readings in the same coordinate space. The elements of the X and C
matrices are adjusted according to
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The Kalman filter assumes that the random variables are normally distributed and it produces an
optimum minimum-variance Bayesian estimate for linear constraints. Although the constraints
here are nonlinear, the filter provides an accurate linear approximation as multiple observations
converge to a normal, random distribution.

Improving Knowledge Through Mathematical Constraints - When Robot 1 directly
perceives Robot 2, Robot 1 can use its sensor readings to improve its estimate of Robot 2's
position. If yet another robot (Robot 3) reports Robot 2's position to Robot 1, Robot 1 can
improve its understanding of both Robot 1 and 2's positions by incorporating this new
information into its position and uncertainty matrices. The constraints that each new set of
information imposes on Robot 1's current representation of the world establishes these
relationships. Typically the addition of each constraint improves the position estimates in the
position matrix and decreases the values in the covariance matrix, which represents more precise
localization of the values. The implementation described here uses three specific constraints:
1.When Robot 1 senses Robot 2, Robot 1 can determine Robot 2's position and orientation in
Robot 1's reference frame. The equations for predicting sensor readings that are necessary for
this constraint are
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