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ABSTRACT

A ne essary pre ursor to the human exploration of Mars is a ontinuously
operating robot olony that an fun tion su essfully over a period of
years. Su h a robot olony would be useful not only in in reasing our
knowledge about Mars, but also in paving the way for human exploration
by deploying the infrastru ture needed to support humans. For these
robot olonies to be su essful over a long period of time, they must
be able to opportunisti ally adapt to their environment and the robot
olony on guration, responding reliably to the dynami hanges that
will inevitably o ur over time. This paper explores these issues in the
ontext of robot olonies for the site preparation task { a task identi ed by
NASA as an important pre ursor to human missions to Mars. We identify
the important issues driving the need for opportunisti adaptation in site
preparation and des ribe our planned approa h to addressing this task,
along with our planned robot experiments.
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INTRODUCTION

A primary hallenge in the su essful deployment of roboti olonies to other planets
and the moon is the ability to ontrol the distributed team of robots so that they
a hieve their mission e e tively and eÆ iently in the midst of highly unpredi table
and un ertain environments. For these robot olonies to be su essful over a long
period of time, they must be able to opportunisti ally adapt to their environment
and the robot olony on guration, responding reliably to the dynami hanges that
will inevitably o ur over time, su h as hanges in the environment or in remental
variations in robot performan e apabilities.
The ability to adapt to these types of dynami hanges is espe ially important in
multi-robot appli ations, sin e the e e ts of individual robot a tions propagate a ross
the entire olony. A robot olony with stati apabilities will not be able to ontinually
a hieve its goals over time as the system of robots and the environment drifts further
and further from the original state. One important onsequen e of dynami hanges
in lifelong multi-robot systems is that ontinuing drift in individual robot apabilities
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reates a team of heterogeneous robots, even if the original team was designed to
be homogeneous. Thus, me hanisms for generating lifelong robot olonies must of
ne essity deal with the issue of heterogeneity among robot team members.
Furthermore, the hallenge is made more diÆ ult in applying robot teams to
missions that require the intera tion with, and alteration of the planetary surfa e.
One su h mission is the site preparation task { an appli ation identi ed by NASA as
an important pre ursor mission for human exploration of Mars. Due to the limited
knowledge of planetary surfa e onditions and their impa ts upon engineered systems
(in luding robots), system designers annot expe t to be able to fully predi t the
variety of ir umstan es or fault modes that robot teams may experien e. Thus, to
build robot teams that are survivable in these harsh environments, system designers
must provide robots with the ability to opportunisti ally adapt to the variety of
dynami hanges they may experien e.
In this arti le, we des ribe the issues in the site preparation task that require opportunisti adaptation in the robot team. We des ribe our formulation of the problem
and our planned approa h to addressing this problem to a hieve opportunisti adaptation in the site preparation task.
THE SITE PREPARATION TASK

To ground the on epts developed for survivable robot olonies, the site preparation
task has been sele ted as a proof-of-prin iple appli ation domain. NASA has identi ed
the site preparation task as an important prerequisite for human missions to Mars
[3℄. This task is also of interest s ienti ally to the roboti s eld be ause it requires
teams of robots to work together to physi ally alter outdoor terrains. As noted by
Huntsberger et al. in [2℄, the site preparation task has many parallels with box
pushing { a task that has been studied frequently in multi-robot systems resear h
(e.g., [7, 5, 1, 8, 4℄). However, the Martian site preparation task is more hallenging,
be ause it also requires the leveling of soil. These previous resear h e orts did not
address this diÆ ult aspe t of the site preparation task.
The site preparation task ts within the larger ontext of the need to deploy PV
tent arrays in preparation for human missions to Mars. Figure 1 shows the series of
tasks that must be undertaken to solve this omplete mission. First, a site must be
sele ted for the PV tent array. This is a omplished through an analysis of satellite
images and ground penetrating radar by NASA s ientists and engineers to sele t
the site that has a low density of ro ks and partially buried ro ks, and a relatively
level terrain. On e the site has been sele ted the roboti vehi les are landed nearby,
followed by the initiation of site preparation. On e a portion of the site has been

Figure 2: Illustration of site preparation task.
leared, the task of transporting the PV tent arrays to the site an begin, followed by
PV tent deployment. Site preparation, transport, and deployment an take pla e in
parallel or serially to in rementally set up working PV tent arrays while further site
preparation is ongoing.
A spe i ation of the exa t requirements for site preparation is still an open issue,
for whi h NASA has not provided spe i guidan e. Thus, we have analyzed this task
in light of the planned needs for human presen e on Mars, as well as the realities of
the planned roboti systems available for Mars site preparation, and have developed
the following task analysis. Our solution and approa h to opportunisti adaptation
in this appli ation domain is based upon this task analysis.
The site preparation task, illustrated in Figure 2, requires an area of approximately 50m x 100m to be leared of ro ks and obstru tions and to be leveled (e.g.,
dit hes lled in) suÆ iently to allow the solar PV tent arrays and the human habitat
to be deployed. We assume that a map generated from satellite views and ground
penetrating radar is available, along with appropriate analysis software, to enable the
robot team to determine the burial depth of ro ks in the area. We assume that the
area identi ed for site preparation an be marked by radio bea ons, or pseudolites,
whi h the robots an sense for positioning. We further assume that the ro ks to be
removed from the site an either be pushed outside the area (leaving a suitable path
into and out of the area), or an be pushed to a ommon olle tion point. A number
of onstraints on an a eptable solution make the site preparation problem parti ularly hallenging and interesting, and illustrate the need for opportunisti adaptation.
Several of the most important of these onstraints are as follows:
 Limited team size: Due to pra ti al payload limitations in laun hing subsystems from Earth, only a limited number of robots may be available for this
task { on the order of 4-5 robots, rather than dozens or hundreds. Thus, a
solution to the site preparation problem must enable the expli it ooperation
of a few mobile robots, rather than relying on the redundan y of large numbers
of robots and suÆ ient mission exe ution time to generate robustness in simple
robots \for free".
 \I eberg" problem: Robots must be able to handle the \i eberg" problem,
in whi h portions of ro ks visible at the surfa e may only be a small fra tion of
the total ro k body, most of whi h is buried underneath the ground.

Rough estimates of power requirements for ro k pushing indi ate that robots will only have about 1 hour of ontinuous operation
before they must re harge.
 Limited daylight: Based upon the expe ted battery hara teristi s and length
of Martian days at the landing site, robots are expe ted to have approximately
6.5 hours of work time, about half of whi h will be spent re harging batteries.
Thus, the time ea h day available for mission exe ution is quite limited.
 Heterogeneous robots: Due to intentional design or robot drift over time,
the robots available to perform site preparation may di er in apabilities. This
leads to the need for de ision-making to ensure an appropriate mapping of
robots to tasks.
 Need for in remental progress: Due to un ertainties in robot reliability and
other unexpe ted events, it is desirable to systemati ally in rease the ontiguous
area that is leared, rather than learing small (but unusable) pat hes throughout the 50m x 100m area. By ontinually enlarging the area that is leared, the
robots will make in remental progress towards the goal and generate at least
some usable area before potential system failures prevent further progress.



Limited robot power:

APPROACH TO SITE PREPARATION
Solution Formulation

The primary ontrol issue in solving the site preparation problem is a ontinuous
determination of whi h a tions individual robots should take throughout their mission
to a omplish the site preparation task under the above onstraints. This problem
an be formulated as a global optimization problem. However, sin e omplete global
information for the entire task will never be known (due to unexpe ted events in the
future, un ertainty in sensing and a tion, and impre ise information regarding the
terrain), an optimal solution for the entire mission annot be generated. Instead, an
optimum solution an be attempted for the next time window,  , during whi h we
assume that the urrent onditions remain onstant. Thus, we obtain the following
fun tion that should be minimized at time over the next  time window:
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for all fun tioning robots , where:
[ ℄ = motions of robot during time window  , having integrated
length , slope , and pushing e ort
( [ ℄) = energy required for robot to perform motions [ ℄
( ) = umulative ontiguous area leared at time (de ned as the
area su h that (1) the densities of ro ks above ertain heights in
that area are less than prede ned amounts, and (2) the variation
in the area's terrain slope is less than a prede ned angle)
1 = weight on energy term
2 ( ) = weight on umulative area term (grows monotoni ally
as in reases)
This optimization fun tion ensures that an in reased emphasis is pla ed on growing ontiguous leared areas and that robots sele t tasks that in rease the leared
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areas while still minimizing energy usage (e.g., avoiding pushing ro ks up hills, if
possible). Note that the energy fun tion is unique for ea h robot, to allow for heterogeneous robot apabilities. This fun tion takes into a ount all the problem onstraints identi ed in the previous se tion ex ept the urrent battery life of the robot.
The re harging behavior of the robot an easily be made a separate behavior, when
assuming that it is better to have a robot perform produ tive site preparation tasks
whenever its battery is harged.
To minimize this fun tion, a series of tasks must be sele ted for ea h robot su h
that the ombined energy usage for ea h robot to move along a path of a given integrated length and slope, and using a given integrated pushing e ort is as small as
possible. The sele tion of tasks for ea h robot, however, is not a trivial de ision,
and must opportunisti ally adapt over time. This sele tion must take into a ount
a number of issues, su h as (1) the tradeo s between ontinuing a urrent task and
stopping to help another vehi le, (2) the need to manage battery reserve, (3) proximity to other vehi les, (4) giving up a task if you need help that is not provided,
(5) determining the next best ro k to move, (6) determining tradeo s between ro k
pushing and soil leveling, and so forth. The omputation of the energy fun tion must
take all of these issues into a ount.
In orporation into ALLIANCE

As a framework for ontrol, this optimization fun tion will be mapped into our
previously-developed ALLIANCE framework [6℄ to enable individual robot team members to eÆ iently and robustly sele t their a tions throughout their mission, and to
adapt to dynami events as they o ur. The ALLIANCE framework is a behaviorbased, distributed ontrol te hnique that has been demonstrated to enable robot team
members to automati ally sele t appropriate a tions even in the midst of sensor and
a tuator un ertainties, robot apability drift, and varying team ompositions in a
potentially dynami and un ertain environment.
Unlike typi al behavior-based approa hes, ALLIANCE delineates several behavior
sets that are either a tive as a group or are hibernating. Ea h behavior set of a robot
orresponds to those levels of ompeten e required to perform some high-level taska hieving fun tion. Be ause of the alternative goals that may be pursued by the
robots, the robots must have some means of sele ting the appropriate behavior set to
a tivate. This a tion sele tion is ontrolled through the use of motivational behaviors,
ea h of whi h ontrols the a tivation of one behavior set. Due to on i ting goals,
only one behavior set is a tive at any point in time. However, other lower-level
ompeten ies su h as ollision avoidan e may be ontinually a tive regardless of the
high-level goal the robot is urrently pursuing.
The motivational behavior me hanism is based upon the use of two mathemati allymodeled motivations within ea h robot { impatien e and a quies en e { to a hieve
adaptive a tion sele tion. Using the urrent rates of impatien e and a quies en e,
as well as sensory feedba k and knowledge of other team member a tivities, a motivational behavior omputes a level of a tivation for its orresponding behavior set.
On e the level of a tivation has rossed the threshold, the orresponding behavior set
is a tivated, and the robot has sele ted an a tion. The motivations of impatien e and
a quies en e allow robots to take over tasks from other team members (i.e., be ome
impatient) if those team members do not demonstrate their ability { through their
e e t on the world { to a omplish those tasks. Similarly, they allow a robot to give
up its own urrent task (i.e., a quies e) if its sensory feedba k indi ates that adequate
progress is not being made to a omplish that task.

Figure 3: Prototype sket h of ORNL/CESAR's \Emperor" ATRV-mini robots, named Augustus (\Auggie"), Vespasian (\Vespie"), Constantine (\Connie"), and Theodosius (\Ted").

Planned Experiments and Demonstrations

We plan to implement our approa h to opportunisti adaptation in a proof-ofprin iple demonstration on ORNL/CESAR's four \Emperor" robots (s heduled to
be re eived in Mar h 2000). Shown in Figure 3, this team of ATRV-mini robots is
able to operate in outdoor terrains for proof-of-prin iple site preparation appli ations.
For this proje t, these vehi les will be modi ed to have a simple blade aÆxed to the
front of the robot to allow ro k and loose soil pushing.
y

SUMMARY

In this paper, we have examined the site preparation task for robot olonies and have
identi ed the hallenges that require opportunisti adaptation. We have formulated
the problem in terms of an optimization fun tion, and have des ribed our planned approa h to in orporating this fun tion into the ALLIANCE ar hite ture. Our planned
experiments will allow us to test and re ne our approa h to a hieving opportunisti
adaptation in robot olonies in the site preparation domain.
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