
SCIENCE AUTONOMY FOR PLANETARY CAVE EXPLORATION. E. J. Wyatt1, A. A. Fraeman2, S. A. 
Chien1, S. J. Herzig1, J. L. Gao1, J. C. Castillo1, M. Troesch1, T. S. Vaquero1, W. B. Walsh1, K. V. Belov1, K. L. 
Mitchell1, J. Lazio6, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA 
(e.jay.wyatt@jpl.nasa.gov@jpl.nasa.gov). 

 
 
Introduction: Planetary cave exploration is a topic 

of growing interest in the planetary science community 
as well as for human exploration. More than 200 lunar 
and 2000 Martian cave-related features have been 
identified. Vents and fissures associated with water ice 
plumes on Saturnian, Jovian, and Neptunian moons 
also represent possible cave systems. Lunar and Mar-
tian caves are most commonly associated with lava 
tubes, although some have been proposed to be present 
in karstic sulfate terrain (Mars) and cryovolcanic fea-
tures (outer planet moons). Caves offer stable physio-
chemical environments, may trap volatiles, enhance 
secondary mineral precipitation and microbial growth, 
are expected to preserve biosignatures, and provide 
record of past climate [1]. Investigation of petrological 
sequences on skylight and cave walls can provide criti-
cal constraints on lava temperature and cooling history, 
leading to insights into Martian magmatic processes 
and differentiation [2].  Caves also represent potential 
environment for future human exploration: they are 
believed to offer stable, UV-shielding environment and 
potential to act as volatile traps [3]. 

Science Definition: Building on previous work, we 
identified that a future mission to Martian caves should 
provide reconnaissance both for scientific and human 
exploration. Key science objectives for this pathfinder 
mission would be: (1) map the cave geometry (cave 
diameter/ceiling height from entrance to >100 m 
depth), (2) determine traversability challenges for fu-
ture missions (boulder distribution, unconsolidated 
material), (3) document the cave environment (spatial 
and temporal variations in temperature and humidity 
and radiation), and (4) map the compositional and lith-
ological diversity of the cave materials, in particular to 
characterize mineralogy  and search for volatiles, and 
organics. These science goals led to identification of 
possible instruments and resource requirements. The 
payload leverages recent or emerging miniaturized 
instruments developed for CubeSat-class deep space 
missions. The mild radiation and thermal environment 
expected in caves justifies the use of CubeSat-class 
instruments while the multiple assets provide redun-
dancy. Configuration of the instruments on the plat-
forms and accommodation of special needs, for exam-
ple illumination for imaging and attitude control re-
quired for LiDAR imaging remain to be addressed in 
detail and in relevant environment.  

 

Subsurface Explorer Concept: Resource analysis 
so far suggests that the science of interest for a recon-
naissance mission could be carried out with small (10s 
kg) platforms. Yet, intrinsic to their sizes, these plat-
forms have limited resources, science capability, and 
lifetime. The situation is exacerbated in the case of the 
present concept where the only power source comes 
from batteries (radioisotope heating units were not 
deemed valuable in terms of anticipated cost and com-
plexity). Hence this concept is heavily power con-
strained with impact on scientific measurements, in-
situ computing, and communicating. Novel operational 
concepts are required, which are expected to include 
higher levels of autonomy and frequent communica-
tion among spacecraft for autonomous coordination. 
Managing the complex design space, and performing 
associated trade studies to find well-balanced solu-
tions, requires appropriate computational methods and 
tools to support mission designers and systems engi-
neers in their decision-making processes. These will  
be addressed in more detail in the poster.  

We have focused on utilizing a variety of assets 
and strategies to mitigate challenges related to com-
munication and instrument operations while optimizing 
data acquisition and science data retrieval via an orga-
nized network. We studied heterogeneous architectures 
where responsibilities (science, telecom) are distribut-
ed among assets. Our study includes trade-offs be-
tween potential power sources, homogeneity and het-
erogeneity of the assets, as well as distribution of sci-
ence instruments to optimize cost and achieved benefit.  

Telecommunication Challenges: In order to de-
velop an informed concept of operations for this con-
cept we visited the Pisgah lava tubes in May as a re-
connaissance field trip in preparation for more elabo-
rate investigation in the coming year. The traversabil-
ity of the Pisgah cave was especially challenging and 
might represent an extreme endmember of what one 
would expect in a Martian lava tube. Even if smoother 
caves may be more applicable, the reconnaissance of 
planetary caves would require special strategies for 
handling highly resource-constrained conditions and 
challenging communication configurations with lim-
ited or no line-of-sight to the relay mothership. More 
generally, the cave environment presents a significant 
challenge in maintaining reliable communications. In 
small caves, or using small mobile units, or moving 
close to a cave wall could all lead to substantial chal-
lenges for communication.  In the most extreme case, 
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two mobile assets could be in direct line of sight yet 
unable to communicate. This concept represents a per-
fect example for the application of disruption tolerant 
network (DTN) technologies.  In order to allow a 
deeper analysis of these challenges, we have launched 
an effort to develop the capability for measuring and 
characterizing radio signal propagation at much higher 
fidelity in order to make sound design decision for in-
cave communications.  

Coordinated Autonomy: Task distribution be-
tween assets is required to increase science return and 
mission reliability. Real-time sharing of information 
among assets is also required to facilitate autonomous 
in situ decision-making. A few different exploration 
and coordination strategies are being investigated for 
autonomous multi-rover cave exploration. The Dynam-
ic Zonal Relay Algorithm spreads out the rovers along 
the length of the cave such that each rover investigates 
a specific area of the cave while maintaining commu-
nication distance to the neighboring rovers. Data ac-
quired by the rovers is relayed out of the cave through 
wireless communication between the rovers. The algo-
rithm is dynamic in that it handles the case where a 
rover becomes unable to operate by dynamically re-
distributing the remaining rovers. The Sneakernet Re-
lay Algorithm is an extension of the Dynamic Zonal 
Relay Algorithm where the rovers move beyond the 
communication range to neighboring rovers, allowing 
for data acquisition deeper in the cave. Since the rovers 
are no longer always within communication distance to 
neighboring rovers, they must therefore drive back and 
forth to relay data out of the cave. The Scout Observa-

tion Algorithm works on the premise that there are 
multiple scouting rovers and a single more capable 
science rover. The scouting rovers explore the cave 
first, possibly using the Dynamic Zonal Relay Algo-
rithm, to identify potential science targets that are then 
investigated by the science rover. The data found by 
the science rover is then relayed out using the scouting 
rovers. 

Summary: Advanced design of a Martian cave ex-
ploration concept has highlighted the need for novel 
approaches to communication and science acquisition. 
This study in particular is tackling the complex issue of 
disrupted communication among assets distributed in a 
highly varied environment. An important result from 
this study is that demanding telecommunication sce-
narios anticipated for this concept challenge the notion 
that cave exploration could be achieved with very 
small platforms (<1 kg) as has been suggested in the 
past [4].  
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Energy Flux Plots Along A 100-meter-long Tunnel. From transmitter (a, top-left) to the cave end (s, bottom-right), 
each plot shows how the energy flux is distributed cross-sectionally. One can clearly observe the effect of the obstruc-
tion in the tunnel (j) and the manner in which the energy flux distribution evened out through scattering as one moves 
further away from the obstruction. 
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