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Abslract1

Robotic planctary surface missions cover a wide range of scenarios
from grabbing a piece of rock near the spacecraft landing site to
building and maintaining a large radio observatory on the Lunar
farside. This paper discusses how tcams of small aulonomous mo-
bile robots can be applied to many of the missions now on the
drawing board. Teams of small autonomous robots potentially
have many advantages over using a small number of larger robots.
These include savings in fabrication costs, launch mass, landing
mass, and an increascd mission reliability.

1. Introduction

It is not yet clear of what type, and how much, “intelligence”
is needed for a planctary rover to function semi-autonomously on a
planctary surface. Current designs assume an advanced Al systern
that maintains a detailed map of its journeys and the surroundings,
and that carclully calculates and tests every move in advance {7,
3). To achicve these abilitics, and because of the limitations of
space-qualified clectronics [6], the supporting rover is quite siz-
able, massing a large fraction of a ton, and requiring technology
advances in everything from power to ground operations.

An alternative approach is to use a behavior driven control
scheme. Recent rescarch has shown that many complex tasks may
achieved by programming a robot with a set of behaviors and acti-
vating or deactivating a subset of those behaviors as required by
the specific situation in which the robot finds itself, such as going
around a rock [1, 2, 9, 4]. Behavior control requires much less
computation than is required by traditional Al planning techniques.
The reduced computation requirements allows the entire rover to
be scaled down to the micro-rover (1-5 kg) level.

A micro-rover is a small sclf-contained robot that is capable
of autonomous local-navigation. This means that the robot is capa-
ble of avoiding obstacles and traps while heading in the desired di-
rection. The chosen direction is in reference 1o a constantly read-
able feature such as: a compass heading or a reference direction
from a radio beacon. Indoor prototype rovers have been developed
{2, 9] and more capable vehicles are now under construction at
MIT, JPL and clsewhere. These robots are programmed using any
of the several behavior languages now developed. All of these pro-
gramming paradigms require relatively low computation rates al-
lowing the robot to move continuously and reacting dynamically o
ils environment.

The next logical question is: how can micro-rovers be used?
The next section will briefly go over some of the logistical prob-
lems of micro-rovers; their overall capabilities, delivery mecha-
nisms, communications, etc will be outlined. The third section will
cover some basics on how to get teams of micro-rovers o act in
concert. The sections that follow will give examples of how teams
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of rovers can be used to accomplish useful missions of science and
space operations. Finally some thoughts on the overall utility of
micro-rovers will be presented.

2. Micro-rover Logistics

Micro-rovers arc small high-mobility autonomous mobile ro-
bots. Between the design of their mobility systems, and their on-
board intelligence, micro-rovers should be able to go almost any-
where a large vehicle can go, and scveral places where a large ve-
hicle cannot. A micro-rover cannot go over some of the large rocks
that may be traversable by a larger vehicle, but its autonomous ob-
stacle avoidance will allow it to go around those rocks. Its high
mobility will allow it to handle obstacles of the characteristic size
of the vehicle. Very large obstacles can either be gone around, or
are so large that, at the scale of the micro-rover, they have a suffi-
cient fractal dimension to be traversable by the small robot. One |
should remember that small animals can go most places large ani-
mals can go and are normally only blocked by smooth artificial
structures. Any artificial structure that a micro-rover needs {0
traverse can be made traversable when the object is designed. Our
preliminary experiments in natural terrain with one of our robots
leads us to belicve that a micro-rover can go anywhere it needs 0
for the purposes of planctary exploration.

Getting micro-rovers o a planctary surface is much casier that
landing their larger alternatives. A smaller size and lower mass can
make a micro-rover much stronger and more shock resistant than a
vehicle massing the greater part of a ton. On plancts such as Mars,
it should be possible to land a micro-rover using a combination
acroshell and parachute. The rover itself will be encased in a shock
absorbing package, which opens up upon landing. The Capsule
System Advanced Development system, developed in 1967 to sur-
vivably land a science package on the surface of Mars, used a mass
ratio of approximately 1.6 between the support hardware (c.g.,
acroshell, parachuite, and shock absorbers, ctc) and the payload that
was landed in working condition. CSAD was designed for landing
payloads in the 30-50kg range.

The CSAD capsule was derived from the Ranger landing cap-
sule {11] which had a slightly higher mass ratio (approximately
2:1). The system developed for Ranger is applicable for getting mi-
cro-rovers down on surfaces without an atmosphere. The Ranger
system used a rocket motor 1o slow the capsule 1o a few hundred
miles an hour. The shock absorbers in the capsule (originally made
out of radially cut balsa wood) were designed 10 absorb the re-
mainder of the impact. Both the Ranger landing capsule and the
CSAD capsule are capable of sufely landing several micro-rovers
and a beacon system on the appropriate planctary surfaces. With
approximately a 2:1 mass ratio, they are more efficient at deliver-
ing payload 1o a planctary surface than any propulsive lunder so fuir
developed.
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Micro-rovers operate autonomously. This means that little
communication between the ubots and the Earth is necessary for
the safe operation of the robots. Micro-rover programs so far de-
veloped have been on the order of ten thousand byles of program
and data. Such a small program size means that critical portions
can easily be stored in ROM and that the robot could receive a to-
tally new progranm in less than an hour with only a few bytes per
second of uplink speed. The larger communications needs come
from relaying the data that the rover acquires back to Earth. From
the Moon, this is still a trivial matter, because of the short distance.
From Mars and beyond, the communications subsysien is sull
simple if it is assumed that a relay orbiter is available. Since com-
munications is one of the few things that does not scale with Ui
size of the robot, care needs to be taken (o reduce communications
overhead and usage.

While maintaining mininal communications, there is no good
way 10 teleoperate these robols. Time-delay makes most forms of
wleoperation infeasible anyway. The way 10 instruct these robots
10 accomplish a task is 10 give them an evaluation function w0 saus-
fy. For instance, 4 useful task for a Moars rover o accomplish
would be 10 check for carbonates near the edges of dried-up river-
beds. The rover can be directed W the riverbed by giving it a posi-
tion relative to beacons landed with it, and at other rover landing
sites. Once the rover is near the riverbed, behaviors can be activat-
ed that search around for a ridge going down, and have the rover
try to maximize its depth. Once the rover is in the riverbed, it
should just follow the ridge-wall, sampling for carbonates. It
should then follow any carbonate gradient to its maximal concen-
wation. By changing the evaluation function, and by conuolling
which behaviors are active and available at a given time, itis pos-
sible 1o direct a behavior-contolled micro-rover without requiring
the conununications exchange needed for eleoperation.

3 Micro-Rover Tewns

A single micro-rover can orient itself based on signals re-
ceived from fixed radio beacons. A team of micro-rovers can ofi-
ent itself internally by having cach rover position itself relative 1o
beacons on its companion rovers. To gel MICTO-Tovers W swarn
wyether, it is only necessary that they all have some sort of scuisi-
ble beacon mounted on their structure. Each rover then aclivates
behaviors 1o move it towards the greatest conceniration of beacons,
while keeping it some small distance away from any other vehicle.
This will cause the rovers 1o clump up, and the clumps o eventual-
ly converge. The minimum distance behaviors will keep the rovers
from actually running into one another, and will keep the swarm al
a constant density.

Once you have a swann of rovers, it is casy 1o get them mov-
ing as a coordinated pack. For this 1o happen the rovers need to se-
lect a leader. It is not assunied that all tovers will always function;
therefore it is is not a good idea to hardwire in a single lead rover.
However, it is assumed that all funciional rovers can sense the bea-
cons of all rovers in the pack. If cach 1over has a serial number en-
coded in its beacon, and cach rover has & leader-behavior that is
suppressed when seasing a higher serial number than it has, then
only one rover will have an active leader behavior. The leader-rov-
or disables its swarm behavior, and starts moving on the appropri-
ate course. The followers bias their swarn: behavior with a follow-
the leader behavior. This combination will cause the pack o move
in formation after the lead-rover. Should the leader ever be dis-
abled, the next highest numibered sover will tuke over.

The leader-based serial number scheme can also be used
have the Tovers take turns doing things. For example, in a leam of
three, if rover-three finds an inleresting sample, it can apply ils in-
struments Lo the sample. When finished, rover-three signals “next”,
if rover -two is funciioning, it signals ils response (suppressing
rover-one’s response) and applies ils instruments 1o the sample. Fi-
nally, rover-one responds o rover-lwe's next signal. When rover-
one sends out 4 “next”, there is no response within the allotted ume
causing rover-three 1o take command of the group once again.

Similar behaviors can also be used to have the rovers form
particular formations. For cxample, suppose iere is a group of
rovers, and directionally distinct radio-beacon such as an airport
VOR. It is easy to get all the rovers 10 forin a line along 4 specified
radial starting at a specilied distance. Each rover has a behavior 1o
get it to the radial, if there is no rover in front of it, it should move
along the radial until it is at the correct distance from the beacon. If
there is a over in front of it, it should cut in front of that rover if
that rover has a higher serial number, otherwise it should maintain
a specified distance behind that rover. When they settle down, all
the rovers will be equally spaced, in order, along the specified radi-
al, at the specified distance.

These basic techniques of moving as a group, forming forma-
tions, and taking tumns can be used to accomplish many useful mis-
sions.

4. Mission Possibilities

4.1 Planclolopy Science

While great progress hus been made in the miniaturization of
various science instruments 12, 13}, it is still true that science in-
struments do not scale with the size of the vehicle, while the
vehicle’s capability to carry them does. Therefore, one of the im-
portant reasons [or using leains of micro-rovers is to ensure suffi-
cient payload capability for science instrumentation [8]. Using the
group movement and turn-tuking behaviors described above, it
should be possible to huve several small rovers duplicate virtually
all the capabilitics of a larger rover. One small rover might just
have multi-spectral imaging, and processing facilities. This rover
would then normally be the leader since its main purpose would be
10 locate the appropriate sample. Another rover might use all its
payload capability in a rock crusher and tock drill. A small rotor
saw may be the most effective way of geuing a fresh rock sample
from a low-mass, low-power sample acquisition system. Other rov-
ers might have chemical analysis fucilitics. gas-chromatographs,
and other analysis tools can now be packaged in a few tens of
grams. Finally, it might be possible 10 have very specialized rov-
ers; a mole rover that could dig down into the Martian sand and
sniff for volatiles, would be potentiaily very valuable.

4.2 Planclary Site Surveys

One important task 10 be done by robotic precursor missions
is 10 certify a site for a human follow-on mission. A major part of ~
the certification process is a sounding of the proposed area. The ;
purposes of the sounding are w locat the depih at which bedrock
begins, soil density, rock sizes, locations of accessible and useful.
deposits, etc. Much of this information cun be discovered through
perforniing an clectromagnetic sounding and a seisniic sounding.'/Z i
The em-sounding is performed by broadcasling a radio signal at
the ground and construcling a differential radar-image from the ré-
Mection. The cquipment 1o do this is a pair of several meter long '
antennas. The seisinic sounding equipment is similar in appear-
ance. A string of seismaphones are attached on a long cable; 4



pmwn charge is then set off at a known distance from the seisma-
cs.
& The anicnnas for both types of sounders can be pulied by a
Fmiéro-rovcr (the antennas would mass less than a kilogram) how-
vever, care must be takua to keep them from getting tangled. One
- way 10 accomplish this would be w have a team of micro-rovers
sfollowing at difterent pusitions along the antennas, with special
%mampuhloxs 10 lift the wires over any obstacles that might other-
g:wm. ensnare them. Other rovers could be used 10 cmplace the
tcharges for the seismic soundings.
- Scveral weams of rovers could be used w forni a pack of
r'iza.l.ms In other words, each team would ke posidons relanve o
388 leader, and the team leaders would form a fornuation. In this
*way, a thorough site survey could quickly be accomplished of a
Jarge arca.

4.3 Instrument Emplacement

Several network missions are curtently under study. A net-

'work iission involves the emplacenient of several similar instru-

‘,Amo..nl pickages at various points on the planct. Most of the network

“missions being explored use approximately one dozen penewrators
“which embed themselves a meter or two into the surface {5, 10].
?Somc of the problems with peneirators is that they pul strong
shock resistance requirenients on the instrument packages, and that
 there is no fine wning of the instrument position. The latter makes

Fdifficult or impossible 1w do a detailed neiwork wission over a
“small arca. It also makes it impossible W use pencirators for ¢m-
;)l.sunb an wray of instruments that ficed to be una certam pattern,
“such as the receiver elements of very-low frequency array (VLFA)
.yudio-observatory.

“ Teawns of micro-rovers provide « new way ol approaching
these network missions. The simplest method is w build the nstru-
menl package into the micro-rover as an integral part. The rovers
M distribute themselves into the correct pattern, and start retumn-
"ing the data. This is an especially useful configuration if it might
make scense to shift the entire network to a new location at a later
time,

Anolher approach is W have a cenwral cache of instrunient
packages and a wam of rovers w distribute themn. 1f the rovers can
~sense where the emplaced packages are as well as the position of

. the cache, then it 1s not necessary for any complex plan or map to
be used for the emplucement. By choosing appropriate values for
the maximum distance an insttument pack can be from the cache
and the proper distance between instrumeint packages, the rovers

*will quickly fill the designated arca with an even disuribution of n-
struments. By making the distance between mstruments a function

-of the distance from the cache, a varying density of instrument

packages can be achieved that would be suitable for the VLFA. All

that is necessary is that each rover can track the posidon of the
central cuche, and of the deployed instwument packages nearest the
rover.

oy gy

4.4 Construction and Mining

Belore humans can reside permaniently on the Moon or Mars
a varicly of construction acuvities will have Lo have occurred.
These include digging out large arcas, leveling, covering habitats
with regolith, cte. Some of these acuvities are probably outside the
purview of micro-rovers. However, activities such as digging and
covering structures should be able to be efficiently accomphshed
by teams of micro-rovers.

For example, covering a habitat will require only sufficicnt
eamwork so as the rovers do not interfere with one another. The

rovers could start off surrounding the structure to be buried. There
is a non-directional radio beacon on the habitat. Each rover scoops
up some dirt that is at leust some preset distance from the habitat. It
then carries the dirt and deposits it at the nearest point of the struc-
ture that is not yet covered. If a certain minimum depth of cover-
age is necessary, each rover should have a small sounding device
that can gauge the depth of coverage. When the rover drops its
load, it then goes in search for some more dirt. The preset distance
requirement ensures that some rovers will not uncover one part of
the habitat o bury another. By maintaining a minimum separation
from the other rovers, interference between rovers will be kept 1o 4
mininum.

5. Conclusions

Behavior-controlled micro-rovers have been constructed in
the luboratory that have a high degree of mobility, and are capable
of mancuvering relative W beacons or other sensible stimuli. Space
capable versions of these rovers should be constructible at relative-
ly low cost. Because of their small size, mass and computational
needs, these robols are also relatively easy 1o launch, land, and
power. The behavior-control paradigm also allows a high-degree
of autonomous operation, reducing the cost and complexity of
ground-based operations. Many sensors and instruments necessary
for geologic, seismic, meteorologic, and biologic surveys of a plan-
ets surface can now be made in a form that masses a fraction of ki-
lograni, and requises only a few milliwatts of power.

Given all of the above, it would appear that micro-rovers can
be used 1o great advantage for most aspects of the scientific explo-
ration of planctary surfaces. There are very few places that a large
rover can go where a micro-rover cannot. Furiher, because of their
relative low-cost (both in the robot and getting it to its destination)
micro-rover missions can afford a higher degree of risk, and afford
10 drop some rovers at sites of high-scientific interest, that are per-
hups slso contain very difficult werrain.

One objection that has been posed 1o micro-rovers is that they
would be unable to carry sufficient payload to accomplish a useful
mission. Since virwally all instruments are now availuble in a size
that can be carried by a single rover, the team rover concepts that
have been outlined above shiould put this objection to rest. The
original Mars Rover Sample Return Mission (MRSR) proposed a
rover massing near one ton, and carrying 40kg of science instru-
ments. A team of forty micro-rovers cach carrying one kilogram of
science instruments would mass no more than two-hundred kilo-
grams, and would have a much greater component redundancy
(and likely mission reliability) than would the one ton rover.

The key 1o micro-rover team aclivities is the behavior conuol.
This low-compulation technique allows several competing stimuli
to result in coherent action by the robot. Beacon following and ob-
stacle avoiding behaviors have been well developed. By putting
coded beacons and beacon readers on cach rover, other rovers can
be considered obslacles, or atractors as appropriate. These team
activities fit very well into the behavior-control architecture, and
require no directed comununication between micro-rovers. The
only communication between rovers is for them 1o broadcast their
1D and an occasional “ready” and “next” signal. The individual
rover’s behaviors, and a carclul system design will tuke care of the
rest.

Further work is needed to determine what is the best distribu-
tion and organization of capubilities amony rovers. Experimenta-
tion is also necessary to determing if micro-rovers can compete
with large rovers on a kilogram of rover verses Kilogram moved



malerial basis. But it scems definite that when it comes to explora-
tion, micro-rovers have an important role to play.
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