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Introduction: Recent lunar missions provide the
planetary scientist community with vast amounts of
new data enabling important insights into the geology
of the Moon. In order to fully leverage these remotely
sensed data products, future landers, rovers, and/or
human explorers must collect precise ground-truth
measurements. To facilitate the planning of these fu-
ture surface missions, the Narrow Angle Camera
(NAC) on the Lunar Reconnaissance Orbiter (LRO)
has collected 0.5 m scale images of key exploration
sites [1-6]. Analyses of the images reveal potential
landing areas, sampling locations, and meter scale haz-
ards. Using digital elevation models (DEMs) derived
from NAC stereo observations [7] and datasets from
other LRO instruments and recent missions, we have
developed a tool to plan least energy traverse paths for
future surface operations.

Traverse Planning Algorithm: To locate potential
traverse options, a graph data structure is created to
cover the entire exploration site (Fig. 1). The graph is
made up of a grid of evenly spaced nodes that are typi-
cally several meters to 10s of meters apart. Each of the
nodes is connected to up to eight neighboring nodes
and each connection, or edge, is assigned a value that
corresponds to the amount of energy required to trav-
erse from the current node to the corresponding neigh-
boring node.
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Figui‘e 1. Exémﬁle of the graph data st'ruciure

Dijkstra’s graph search algorithm [8] is used to
locate the least energy traverse from an initial node
such as a landing site to all other nodes in the region of
interest. An example of the algorithm is shown in Fig.
2. In this example, the starting point is the blue node in
the upper left hand corner. In the initial state, the start-
ing node has a value of 0 assigned to it while the re-
maining nodes have a weight of « and are marked as
unvisited. From the starting node, the energy required
to traverse to the neighboring unvisited nodes is calcu-
lated and the values are applied to the corresponding

nodes (UL > LL=0+4=4,UL>UC=0+10=
10; UC > LC = 0 + 8 = 8). The initial node is then
marked as visited and the process is repeated at the
unvisited node with the lowest value, which in this
case is the lower left node with a value of 4. From
there, the energy required to traverse to the neighbor-
ing unvisited nodes is calculated (LL > LC =4 +2 =
6). Since this new value (6) is less than its previous
assigned value (8), the node’s value is replaced with
the lower value. The lower left node is then marked as
visited and the process repeats until the all the nodes in
the graph are visited. Once completed the least energy
path from the initial node to any other node in the
graph is known.

Fig. 2. Example of Dijkstra’s algorithm with the green
lines denoting the least energy path from the upper left
to upper right node.

To calculate the least energy traverse for a given
exploration site, the weights for each connection are
dependent on an array of variables derived from the
NAC DEM of the site, the model rover, and other data
sources. For many of the key exploration sites, 0.5 m
stereo observations were acquired with the NAC dur-
ing the nominal LRO mission. From these stereo image
sets, DEMs are generated with a typical ground sam-
pling distance of 2 m. From the DEM, slope and corre-
sponding aspect maps are derived. Based on the
change in elevation, a weight is applied to each con-
nection in the graph. This calculated weight is depend-
ent on the orientation and direction of the slope. For
example, a rover would require more energy to trav-
erse up a slope than down the same slope. Likewise, a
rover of a predefined design may be limited to a range
of slopes (both down-track and cross-track) it can han-
dle. If such a slope is identified, a weight of oo is ap-
plied to the corresponding connection.

Additional weights are applied to each connection
based on the rover capabilities and the estimated sur-
face properties of the site. For example, a large, heavy
rover would require more energy to traverse the same
distance than a smaller, more agile rover. However, a
larger rover might handle rougher terrain better, giving
it the advantage for a particular exploration site.
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Fig. 3. Several potential low energy rover traverses in the Marius Hills region plotted on a NAC image
(M111965782L/R) and corresponding shaded relief, slope, and energy map derived from a NAC DEM.

Traverse Maps: Maps derived from this algorithm
show the energy required to traverse from the initial
node to all the other nodes in the network (Fig. 3; far
right). These maps also identify areas that are not ac-
cessible to the model rover given a predefined set of
constraints such as the maximum traversable slope
(black regions in the energy map). When using Dijks-
tra’s graph search algorithm, the lowest cost path to
travel to each node in the network is also stored. By
selecting any traversable point on the map, the lowest
cost path from the initial node is identified (Fig. 3;
white dotted lines denote potential traverses to four
potential measurement sites).

By studying NAC images and datasets acquired by
other instruments on LRO and other recent missions,
key sampling targets can be identified. Using our pro-
posed framework, a traverse plan from a safe landing
site to an array of key science and engineering targets
can be produced.

Tool for Future Exploration: A traverse planning
tool such as the one employed here is key for any fu-
ture lunar mission planning activities. These maps
identify least energy traverse paths, as well as delimit
traversable and inaccessible areas around each explora-
tion site. We also use this tool to identify the required
capabilities and operational characteristics (rolling
resistance, turning capability, max slope, etc.) a future
prospecting rover would need in order to reach key
targets of scientific interest at a specific site (Fig. 4).
Future model development will focus on including
other datasets and cost parameters such as boulder
populations derived from Diviner measurements and
LOLA-derived surface roughness to the weighting
scheme. In addition, we will explore developing a
framework to enable time dependent weighting such as
the influence of solar illumination and surface tem-
peratures.

Fig. 4. (Top) Two least energy traverses in the Marius
Hills region generated with a model rover that can
traverse slopes up to 10° [W = 2.9 km; E - 3.0 km].
(Bottom) Two least energy traverses generated with a
model rover that can traverse slopes up to 15° [W
-21.0 km; E 2 0.9 km].
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