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Abstract

Future robotic missions are being planned in order to explore
permanently dark regions of the moon, located in craters near
the poles. There the rover will monitor for the presence of
hydrogen concentration, and collect and analyze samples in
order toverify the presence of water ice, and, in addition, and
determine thespatial distributionof the ice, including loca-
tion, depth, and concentration. Unlike the case with Mars,
short communication delay to the moon makes safeguarded
teleoperation of the rover's surface operations a viable strat-
egy for navigation and control in general. Automated plan-
ning systems on the ground could also assist scientists in gen-
erating waypoint-based exploration routes. Nonetheless,the
intermittent loss of direct line-of-sight communication near
the poles justi�es considering an approach that combines au-
tonomous on-board decision making with teleoperation. This
paper proposes an approach for autonomously constructing,
executing and revising plans for multiple sorties into and out
of cold traps on craters. The approach combines ground plan-
ning with on-board execution and plan revision.

Motivation
The depositing of water and other volatiles on planetary bod-
ies is a fundamental aspect of the history of the solar system
and is intimately connected to the origins of life on Earth.
Evidence exists for the presence of ice on the Moon's per-
manently shadowed areas, called ”cold traps”, near the lu-
nar poles. Lunar models propose different sources of lunar
volatiles, including cometary impacts. These models sug-
gest a subsurface in which ice in a cold trap appears in lay-
ers from the earliest (deepest) primal ice to the most recent
that occurs near or on the surface. In addition to the scien-
ti�c value to be gained in verifying the presence of ice, such
deposits could be tapped for life support and rocket propel-
lent, thus enabling In-situ Resource Utilization (ISRU) for
maintaining permanent human outposts on the moon.

Although important information for con�rming the pres-
ence of frozen water can be obtained by orbiting spacecraft,
true con�rmation can only be obtained by the proximity and
scale offered by instruments on the surface. Although hu-
man explorers could be tasked with this goal, an ef�cient
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alternative would be to send robotic explorers, or mixed
human-robotic teams.

This paper focuses on the application of autonomous
planning and scheduling technology to the problem of sortie
exploration in cold traps. Challenging computational issues
emerge in the integration of navigation and activity plan-
ning, as well as the need for ensuring rover safety while
accomplishing mission goals. The next section describes
the overall capabilities for instrumentation and mobilityre-
quired by a rover. Next, the overall sortie exploration plan-
ning problem is discussed, including capabilities required
for autonomous execution and replanning. The paper con-
cludes with a description of the software components to be
used in the implementation of these capabilities.

Rover Resource and Instrumentation
Requirements

Rovers on polar lunar sorties will enter cold traps, monitor
for the presence of hydrogen concentration, and collect and
analyze samples in order toverify the presence of water ice,
and, in addition, determine thespatial distribution of the
ice, including location, depth, and concentration. Determin-
ing the distribution of the ice will assist in determining the
viability of using the ice a a future resource for maintaining
life support for permanent outposts on the moon.

Instruments and tools on a rover that could be used for the
unambiguous detection of water ice include:

� A neutron detectorfor monitoring the hydrogen concen-
tration close to the surface around the rover;

� A cryogenic drill and sample acquisition toolfor obtain-
ing sub-surface cores up to 1 meter below the surface.

� compositional instrumentssuch as Tuned Diode Lasers
(TDLs) for the molecular identi�cation ofH20.

The safety of the rover is the primary factor in designing
a sortie scenario. Most likely, when the rover is in the cold
trap, the sole source of power for navigation and drilling
will be the energy stored in the battery. Consequently, if
the rover cannot escape from the cold trap because of in-
suf�cient battery charge, it is lost. The duration of a sortie
is determined by the power requirements for rover mobility
and in-situ sampling. For example, one conservative esti-
mate states that a fully charged 178 amp-hr lithium-ion bat-



tery allows for a 3.5 hour sortie into permanent darkness for
drilling and analyzing samples.

A reasonable scenario for a sortie starts from a region of
full sunlight, where the rover has been charging its batteries
since the last sortie, into a region with partial darkness, and
�nally into complete darkness. Desirable timing for sorties
will be based on minimizing the distance traversed in partial
darkness in order to maximize useful battery life, as well as
maintaining Earth line-of-sight. A strobe light synchronized
with a camera will allow the rover to illuminate its path. A
Neutron Detector will allow for a determination of drill loca-
tions based on suitable concentrations of hydrogen deposits.

The short communication delay between Earth and moon
(approximately 1.5 second one-way time delay) makes safe-
guarded teleoperation of the rover's surface operations, per-
haps combined with navigational and fault detection au-
tonomy, a viable strategy for navigation and control. Au-
tomated planning systems on the ground could also as-
sist ground scientists in generating waypoint-based routes.
Nonetheless, at the poles, the Earth will not be in view for
approximately 75% of the time. During these blackout pe-
riods, contact can be maintained through a lunar Orbiter for
part of the time (roughly 52 minutes out of every 168-minute
of a 1000km lunar orbit period). This still implies intermit-
tent communication with Earth, making continuous control
of the rover from Earth an unlikely occurrence. When mis-
sion costs are factored into the equation, autonomy poten-
tially offers an alternative to using an orbiter for maintaining
a high degree of interactivity with a rover. These considera-
tions motivate the discussion that follows.

Previous research in autonomous rover operations has led
to demonstrations of autonomous navigation and odometry
on Mer (Biesiadecki, Leger, & Maimone 2005), traverse of
several kilometers in Mars-analogue settings (Wettergreenet
al. 2002), instrument placement on science targets (Peder-
senet al. 2003), sub-surface drilling (Paulsenet al. 2006),
and opportunistic science (Washingtonet al. 1999). The
cold trap lunar sortie scenario induces challenges for ma-
chine autonomy not previously encountered. Speci�cally,
the need to traverse in total darkness over partially or com-
pletely unknown terrain to �nd a promising site to drill be-
low the surface makes �ne-grained mission planning on the
ground infeasible. On-board planning and execution to en-
sure safety while accomplishing mission exploration goals
requires continuous incremental path planning, and moni-
toring and predicting of power consumption. The closest
episode that resembles this kind of scenario is sol 109 of
the MER mission, when Spirit was commanded to drive
into terrain that was not previously imaged using its au-
tonomous navigation capability (Biesiadecki, Leger, & Mai-
mone 2005). Nonetheless, the cold trap scenario extends the
autonomy capabilities over the MER episode by requiring
decision-making for drill site selection, as well as the need
to plan to escape from darkness.

Mission Architecture and Sortie Command
Cycle

For the sake of ease in presentation, we consider in this pa-
per a simpli�ed formulation of the sortie scenario, which as-
sumes no communication is possible with the Earth during
exploration of the dark region, but only while the rover is
in daylight. Second, we assume that accomplishing mission
objectives requires multiple sorties, potentially over many
days, where each sortie consists of a traverse into a dark
region, followed by an (optional) drilling and sampling ses-
sion, followed by a return to a lighted region in Earth view
for recharging battery and data downlink. Mission goals of
verifying the presence of water, and of mapping the concen-
tration, stratigraphy and distribution of water ice, must even-
tually be accomplished by the end of some nominal mission
time (e.g. three months).

As noted earlier, accomplishing the proposed mission ob-
jectives requires multiple sorties into cold traps for the pur-
pose of verifying and mapping the spatial distribution of wa-
ter ice. These requirements will be satis�ed through the aid
of automated decision-making capabilities distributed be-
tween ground operations tools and on-board, integrated into
a system that allows for asortie command cycleto be ac-
complished repeatedly for the duration of the mission.

For this mission concept, the sequence of actions asso-
ciated with a single sortie command cycle is illustrated in
Figure 1. There are two timelines executing in parallel, one
for ground activities and one for rover activieies. A feasible
nominal plan, built on the ground, is a set of waypoints for
the rover to traverse, as well as drill activities. Data from
previous sorties will offer guidance to mission planners in
the selection of waypoints within the cold traps to explore
on the next sortie. However, in general, it is assumed that
detailed geological or topological maps of the regions to be
explored is scarce or non-existent. Over time, sensor data
downlinked from the rover acquired from the Neutron De-
tector and drilling activities will enable the construction of
such a map.

A sortie plan is uplinked to the rover during the period
in which it is recharging its battery in sunlight. The rover
executes the plan by navigating towards the waypoints, po-
tentially stopping to take pictures and sending additional
data while direct communication with Earth is still possi-
ble. Each sortie consists of a period in which the rover is
in sunlight, followed by a period in which it is in partial
sunlight, followed by a period in total darkness and out of
communication contact with the Earth. Once in darkness,
the rover autonomously explores a designated region while
looking for drill sites. selects a drill site, drills, collects a
sample and analyzes it, returns to sunlight and Earth view,
and downlinks the data acquired.

As noted in the Figure, associated with ground cycle ac-
tivities is an integratedground mission operationstool com-
prised of capabilities for modeling the terrain under investi-
gation for planning purposes, automated planning, and exe-
cution monitoring. Similarly, to accomplish rover tasks a set
of On-board capabilitiesfor robust execution, incremental
path planning, and autonomous drill site selection, are re-
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Figure 1: A sortie mission planning cycle and distributed architecture for cold trap exploration, showing estimated timelines
for ground and on-board activities. This scenario is assumed to repeat for the duration of the mission.

quired. The next sections discuss these capabilities in detail.

Ground Planning Operations
From Figure 1 it is clear that the length of a single sortie mis-
sion command cycle is hard constrained by the duration of
time for the battery on the rover to recharge to full capacity,
plus the duration of time it can explore in the cold traps be-
fore it must return to the sunlight to recharge, plus the time
it takes to downlink the data acquired during the sortie. Let
us call the sum of these durationsD . Thus, any difference
betweenD and the actual length of the mission cycle must
accrue as the result of time spent on the ground building
the plan or analyzing the data (assuming for simplicity, as
we are here, that no teleoperation of the rover occurs during
the sortie mission planning cycle). Clearly, it is desirable
to maintain a mission cycle length as close toD as possi-
ble; this increases the number of sorties in the mission and
hence increases the chances for mission success as well as
the overall amount of knowledge gained.

Automation on the ground in the form of mission planning
and visualization tools has been demonstrated to be effective
in reducing the amount of time devoted to mission planning
on MER (Ai-Changet al. 2003). Ground mission operations
for multiple cold trap exploration sorties will require similar
tools for integrating data acquired from previous sorties into
a visualization toolto enable selection of waypoints for the
next sortie,automated baseline planningthat integrates tem-
poral �exibility and uncertainty, andexecution monitoring.
This section describes a set of three capabilities for assisting
ground teams to meeting these constraints.

Visualization Tool
A visualization tool assists in helping mission teams under-
stand data as well as for mission planning. For the purpose
of exploiting the results of cold trap exploration on previous
sorties to plan the next sortie, we propose a 2D graphical
organization of topological information in graphical form,
called asortie plan map. The nodes of the graph are way-

points. Labeled edges between the nodes specify either ter-
rain information or the results of mineralogical analysis.Ex-
amples of data to be displayed on a sortie plan map include:

1. Paths and waypoints traversed on previous sorties;

2. Data from the results of drilling;

3. Terrain information (slope, ruggedness); and

4. Hydrogen count data obtained on previous sorties while
traversing.

An example of a sortie plan map for a four-day repeat
sortie is found in Figure 2. The map is divided into three
regions: full sunlight, partial sunlight, and total darkness.
Nodes indicate waypoints; smiley faces indicate drill sites;
the square node indicates planned waypoints that were not
reached during the traverse due to decisions made on-board
(discussed in more detail below). Edges between nodes are
labeled with an indicator of the cost of traversing the edge
(e.g. battery resource comsumption). Values in the node are
an indicator of the evidence for the existence of water ice
in that area (e.g. a reading from the neutron detector or the
results of analysis by the tuned diode laser). Dotted edges
indicate paths that may have been generated by the plan but
were not traversed due to decisions made on-board. The pair
of values at the drill sites indicate depth of the drill and the
result of the analysis. (It should be noted that these numbers
are arbitrary and are meant simply to illustrate the concept
of the sortie plan map. )

Mission operations teams will begin a sortie planning cy-
cle by examining the current sortie plan map, i.e., the one
recently updated by data acquired from the previous sor-
tie. Each subsequent sortie will extend an existing planning
map by adding a new path. There are different strategies for
growing a planning map over time, based on a tradeoff be-
tween exploring new areas and ensuring safety by re-using
data acquired from previous sorties. For example, given
a starting point, abreath-�rst strategywould favor explo-
ration over exploitation by covering a broader area around
that point. Adepth-�rst strategywould favor a deeper tra-



Figure 2: A visualization of rover navigation and sensor data acquired over time from previous sorties. Shown are previous
rover paths, drill sites and subsurface drill data (vertical bars), as well as terrain data. These data will be used by mission science
teams to generate plans for subsequent sorties.

verse in a linear path from the start point. Other strategies
are based on plans derived from the geological or topologi-
cal data downlinked from previous sorties. These data will
indicate areas to exploit or avoid based either on terrain fea-
tures or expected science gain.

In addition to the 2D sortie plan map, a separate 3D ter-
rain map acquired from previous sorties will allow for the
visualization of the ruggedness and slope of the cold trap.
This map can also allow for the visualization of sub-surface
data acquired by the drilling process. The terrain map may
also be used to guide the selection of waypoints or paths for
future sorties in order to avoid dif�cult areas for navigation.

Baseline Mission Planning
Robotic planning problems, unlike standard planning prob-
lems, involve:

� Integration of planning decisions with acting, sensing,
and resource monitoring. In the scenario under discus-
sion, for example, data acquired during the sortie will lead
to planning decisions involving

– Time allocation. e.g., when to end exploration or
drilling;

– Whether to perform a task or not, e.g. whether to per-
form a sampling operation at all, given the concentra-
tions of hydrogen detected during an exploration;

– Path selection, e.g., whether to return to a given area

earlier traversed during exploration, or what path to use
to return to the light.

� uncertainty and partial models of the environment. Ini-
tially, there is at best only coarse data available about ei-
ther the terrain features or the most promising areas to
explore for water. Over repeated sorties this knowledge is
re�ned, but on the whole the knowledge remains partial.
A baseline sortie plan should satisfy three critical con-

straints:
1. it should contribute torover safetyby being resource con-

strained and temporally �exible;
2. it should contribute toaccomplishing mission goalsby

utilizing all available relevant data about promising wa-
ter exploration sites acquired by previous sorties; and

3. it should exploit on-board decision-making capabilities
by allowing opportunistic replanning of the region ex-
plored by the rover, of the site selected for drilling, and
of the path chosen by the rover for return.

A baseline sortie planconsists of �ve high-level activities:
a traverse to darkness, an exploration in darkness, a (op-
tional) site selection and drill sequence, a return to sunlight
and a downlink of data. (This paper ignores issues related
to planning and execution of communication downlinks and
focuses primarily on issues related to cold trap exploration.)

Baseline sortie plans will address constraint (1) by utiliz-
ing environment and rover models to reason about the cost of



accomplishing the component actions. Environment models
(Tompkins, Stentz, & Whittaker 2004) include terrain mod-
els derived from previous traverses or other sources (e.g. or-
bital data), and lighting models (to determine the durations
of light and dark traverse times). Rover models include those
for battery (minimum and maximum storage of charge), lo-
comotor (power load for mobility), and drill (power load re-
quired for sampling).

To address constraint (2), sortie plans will use the results
of previously acquired data from the rover Neutron Detector
or composition sensors to plan traverses through promising
exploration sites, while ignoring unpromising regions,

Finally, constraint (3) is addressed by deferring the choice
of path for part of the sortie to on-board decision-making.
Thus, a sortie plan can be viewed as a combination of a set
of waypoints and a ”way region”. Formally, a way region is
an area de�ned by a waypoint and a radius around this point.
The rover is constrained to explore anywhere within the de-
�ned region, but can plan the path through the region on its
own. An example of a sortie plan is found in Figure 3. The
rover plan consists of a set of waypoints. The way region
for the plan is the area within the circle. The path inside
the circle was generated incrementally on-board by a path
planner.

Ground Monitoring and Control
As noted, it is assumed here that prior to entering cold
traps, the rover will undertake part of its traverse in Earth
sight. This allows for teleoperated commanded updates to
the baseline plan to occur dynamically during this phase of
the traverse. This also allows for the rover to acquire and
downlink images of the surface features while traversing, ei-
ther for science purposes or to build higher resolution ter-
rain maps. Dynamic changes to the baseline plan during this
phase may have consequences for the amount of time that
can be spent exploring in the dark region. Because the base-
line plan is re�ned on-board during execution in the dark
region, more command �exibility can be tolerated during
execution.

Sortie Plan Execution
A nominal sortie plan will be partially executed in a highly
unknown environment in complete darkness without the op-
tion of human supervised control. Figure 3 illustrates a com-
plete sortie scenario. The top of the �gure shows a set of
waypoints. At the time of the plan uplink, the rover is in po-
sitionA. WaypointsB andC were generated on the ground,
incorporating, if possible, data acquired from previous sor-
ties. B is the point at which the rover enters the cold trap
(note: this scenario is a simpli�cation insofar as the transi-
tion into the cold trap will include an intermediate region in
which the rover is partly in sun and partly in dark).

The circle in the �gure de�nes a region within which the
rover is allowed to explore autonomously in order to select a
drill site; C is the entry point into this region. Hence, in this
sortie, waypointsD , D 0 andE were generated on board.

After entering the cold trap, the rover will turn on its
strobe light to enable obstacle avoidance in the dark. It will

also begin to monitor the values returned by the neutron de-
tector (theH-count) as well as the remaining battery charge.
At any moment, the energy required to perform the drilling
and return to sunlight must not be more than the remaining
charge. We de�ne a state variable, theDrill-Return (DR)
value, as the estimated amount of charge required to drill
and return to the light.

The middle graph in Figure 3 shows the interaction be-
tween the current battery charge and the DR-value. While
in the light (fromA to B ) the charge does not diminish; also
the DR-value is clearly 0 because the rover is already in sun-
light. At point B (entry into the cold trap) the DR-value un-
dergoes a jump in value to indicate the amount of charge re-
quired simply to perform the drilling to some desired depth
and sampling. This value is obtained from the drill model
derived from speci�cations. Clearly, if the DR-value line
ever crosses above the remaining charge value line, the rover
will not be able to perform the drill operation and return to
light. The on-board executive will monitor this interaction
so that this condition never arises. If for some reason these
lines become close or touch without crossing, the executive
may still decide for safety reasons not to perform the drill
and simply return.

Different strategies for autonomously selecting a drill site
can be distinguished based on two criteria: �rst, how to se-
lect a path through the region, and second, the condition
that must be satis�ed for exploration to be terminated and
the drill site selected. For example, traversing a ”breadth-
�rst” zig-zag pattern through the exploration region allows
for more unknown region to be explored while maintaining
a relatively close proximity to the light. In �gure 3, by con-
trast, the rover has executed a strategy of traversing a straight
line from its entry pointC to the center of the region.

The bottom of Figure 3 shows a hypothetical reading of
the Neutron Detector as the rover traverses the dark region.
BetweenC andD the H-count increases steadily, then de-
creases to pointE . One simple strategy for terminating ex-
ploration would be to traverse until the H-count reaches a
predetermined value. Another approach would be to explore
until the distance between the remaining battery charge and
the DR-value reaches some predetermined threshold.

In Figure 3 a slightly more sophisticated strategy is fol-
lowed. The rover keeps track of H-values obtained at differ-
ent locations, and thus has a record of the location at which
the H-count reached its highest value (D). After some dis-
tance is explored while the count decreases (toE), the rover
returns to the location of the highest count (D = D 0). On
the return, the DR-value decreases proportionally to the de-
crease in charge, indicating that the rover is on a return path
to the light.

After the drill site is selected, the executive executes com-
mands for the drilling and sampling. Based on the remaining
charge at the onset of drilling, the drilling duration may be
shortened or lengthened. High level control of drilling deci-
sions such as the desired weight on the bit, penetration rate,
and rotation rate, can be made based on telemetry received
from the drill actuators or down-hole sensors (Paulsenet al.
2006). Detecting and recovering from drilling failures will
also be performed. If subsurface cores are collected, the data
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Figure 3: An Autonomous Site Selection Scenario.

analysis can be conducted while in the darkness, or saved
until the return to light (this decision can itself be made dur-
ing execution).

After drilling, the rover will decide on the return path.
The simplest approach would be to backtrack over the path
it took from its original position (viz.D 0 ! C ! B ! A in
Figure 3). However, this simple approach is not always op-
timal. For one thing, the terrain may make the return on the
same path prohibitively unsafe. Alternatively, if the rover
chose a zig-zag or other non-linear pattern of traverse, the
return path could be much longer than a path that followed
a straight line back to the region entry point.

Implementation
A complete system for mission planning operations and on-
board execution and replanning is being developed using a
suite of development and planning tools developed at Ames
Research Center and JPL. This section brie�y describes each
component of the overall system.

Visualization of Data and Waypoint Generation
For visualization of waypoint, path, drill, H-count, and ter-
rain data, we are employing Viz (Edwardset al. 2005).
Viz is an interactive, integrated 3D visualization and sur-
face reconstruction environment developed at NASA Ames
Research Center. Viz provides a mission team with a 3-D
model of the remote environment and the ability to simulate
robot operations in its virtual 3-D world using an accurate
kinematic simulator before issuing commands to the ”real”
robot. Viz also consists of a network-based communication
layer for interfacing software components, enabling modu-
larity and extensibility.

Viz will be used to select paths towards sortie targets. Viz
allows for the accurate simulation of shadows, which will
be important during sortie planning to �nd routes to the cold
traps that maximize time in sunlight.

Rover hardware and Software

The autonomy technology will be demonstrated using the
cold trap sortie scenario on an experiment using Gromit, an
RWI ATRV Jr at NASA Ames. Gromit's functional layer
is built out of the LAAS architecture (Alamiet al. 1998).
Gromit uses stereo vision to continuously build a model of
its environment. Robust execution will be realized through
the integration of the IDEA model-based autonomy archi-
tecture and the Plexil-based universal executive.

IDEA (Muscettolaet al. 2002) supports the development
of robust control systems through a uniform agent-based
model that uses a reactive planner (RP) as its core reason-
ing engine. The RP uses an activity model to generate con-
trol procedure invocations, based upon the same semantics
as the EUROPA activity model. Response-time guarantees
are achieved by limiting the time horizon of the RP. The RP
will generate path trajectories during the exploration phase
of the sortie.

The RP will be invoked by the Plexil universal executive
(Vermaet al. 2005). Plexil is a language for designing ex-
ecution systems. Control is speci�ed as a set of execution
nodes, arranged in a hierarchy, where leaf nodes are com-
mand invocations. Attached to each node are conditions that
drive node execution. The Plexil Universal Executive inter-
prets a Plexil representation of an execution control instance.
Plexil also allows for monitoring resources and the status of
executing commands.



Analogue Mission Demonstration
The primary purpose of the demonstration will be to ver-
ify the effectiveness of the distributed approach to decision
making for lunar cold trap exploration, as illustrated in the
mission command cycle in Figure 1. The entire command
cycle will be demonstrated. First, Viz will visualize the
data accumulated as the result of previous sorties. Second,
the human operations planner will select waypoint(s) for the
next sortie.

Future Work
For engineering nominal ground plans for traversal and
drilling, we will extend the baseline system by employing
a combination of the EUROPA activity planner (Smith, Jon-
sson, & Frank 2000) and the TEMPEST mission path plan-
ner (Tompkins, Stentz, & Whittaker 2004). A EUROPA
model of activities and constraints related to time and re-
sources will be used to develop �exible activity plan se-
quences. TEMPEST adds the capability to build and utilize
rich terrain and resource models to generate optimal traver-
sal paths.

Finally, the ground planner will be integrated into Viz us-
ing Ensemble, a platform for developing, integrating and
deploying mission operations software. Ensemble allows
for the data visualization, execution monitoring and plan-
ning software components to share the same representation
and interfaces. Ensemble is based on open source Eclipse
Rich Client Platform(RCP). Using Eclipse's notion of per-
spectives, users of the Ensemble GUI product are able to
downlink and manipulate data, and create new targets using
either the downlink or data browsing perspective, and build
plans using the planning perspective.

Conclusion
The sortie mission scenario described in this paper will be
demonstrated in an analogue setting using facilities at NASA
Ames Research Center. Future work will document the re-
sults of this demonstration.

This paper has described a plan and software architecture
for demonstrating autonomy for lunar exploration of cold
traps at the poles for the purpose of verifying and mapping
concentrations of water ice. The architecture partitions the
autonomy capabilities to allow mission planners to control
and monitor the development of a detailed map of the fea-
tures of the explored area.
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