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Introduction:  The autonomous science rover pro-
ject of the Toolbox for Research and Exploration 
(TREX), a NASA SSERVI node, is exploring how a 
rover capable of science autonomy can improve the 
science yield and operational efficiency of  telerobotic 
exploration and of astronaut/robot collaborative explo-
ration.   Central to our investigation is the concept that, 
given a set of driving hypotheses, a robotic explorer 
should be able to plan and execute traverses and obser-
vations to address these hypotheses while requiring 
little to no input from outside operators. Periodically, 
or when the robotic explorer encounters circumstances 
that fall outside the realm of expected observables, the 
robotic explorer contacts the operator to offer updates 
or request new directions.   

 

Approach:  We have developed and integrated a 
set of tools and techniques to enable a rover to con-
strain the geological origin(s) of a site on the basis of 
mineralogy.  These tools include the hypothesis map 
[1,2], Tetracorder [3-5], and the Geologic Origins Ta-
ble.  A description of the approach is given in [6, 7]; 
recorded presentations describing the approach are 
given in [8, 9]; a description of our first field season 
testing these tools and techniques is given in [10]. 

Here, we describe our second season of field-
testing the rover with autonomous science capabilities. 

 

Objectives:  The overall project objectives of the 
field experiment were to: 
• Compare the operational efficiency and science yield 

of a semi-autonomous rover and of astronaut/rover 
collaboration with the standard exploration strategy. 

• Test new exploration strategies that take advantage 
of rover autonomy. 
 

Experiment: Three operational scenarios were 
executed for comparison purposes: 1) standard rover 
exploration paradigm, 2) autonomous rover explora-
tion, and 3) astronaut/rover collaborative exploration. 

The analysis and decision making tools were inte-
grated onto the Carnegie Mellon rover, Zoë.  A rover-
mounted VNIR (0.35 – 2.5  µm) spectrometer and a 
hand-held FTIR (4 – 15 µm) were used to acquire 
spectra of targets for analysis by the rover and the sci-
ence team.  Five ride-along instruments were also used 
to collect data but were not used by the rover for inter-

pretations: a rover-mounted Gamma Ray Spectrome-
ter, a second handheld VNIR spectrometer, a handheld 
UV spectrometer, a micro-imager, and a portable 
XRD.   

A science team was tasked with identifying sci-
ence objectives and activities to be performed  during 
the field experiment, with generating the hypothesis 
map that served as the rover’s science guide, and with 
providing analyses and scientific conclusions for each 
of the three scenarios.  The science team consisted of 
experts with accumulated experience in Gamma-ray 
spectroscopy, UV to mid-IR (0.2 to 14 µm) reflectance 
spectroscopy of solar system objects, and X-ray dif-
fraction.  The rover was commanded by the science 
team from a science operations center in Green River, 
UT.  A field geologist was tasked with to performing a 
parallel investigation of the geologic history of the site 
for comparisons to the rover exploration scenarios.    

Field Site: The field site was located in Yellow Cat, 
UT (38°51'19.73"N, 109°32'44.50"W).  It was selected 
for its accessibility, traversability, preponderance of 
fine-grained materials, and scientific interest.  The 
Yellow Cat Flat field area consisted of three main geo-
logic units: the Cretaceous Yellow Cat member 
(Kcmy) of the Cedar Mountain Formation, the Juras-
sic, Brushy Basin Member of the Morrison Formation 
(Jmb), and the Jurassic and the Saltwash Member of 
the Morrison formation (Jms).  Of these three units 
Jmb dominated the central portion of the field area.  It 
generally consisted of flat lying montmorillonitic clays 
with lenses of chert, sandstone and siltstone.  In the far 
southwest portion of the field area there were also out-
crops of conglomerates.  Kcmy mainly formed cliff 
walls in the North and Northwest portions of the field 
area and consisted of alternating beds of siltstone, 
sandstone and claystone.  This material was mainly 
experienced by our investigation as float near the edg-
es of the valley.  JMS was located mainly in the South-
east portion of the field area and was made up of re-
sistant, fine grained, quartz arenite sandstones that 
overlay siltstone.  Within the field area were several 
uranium mines and veins of amorphous silica suggest-
ing low grade mineral alteration had taken place [11]. 
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Operational scenarios:   
Scenario 1 - Standard exploration paradigm: In this 

scenario, the science team defined a set of science 
stops that they wanted the rover to visit.  The rover 
acquired data with the rover-mounted spectrometer and 
the GRS while transiting between stops as well as at 
each one of the stops.  Also at each stop, the science 
team identified targets of interest, which were meas-
ured with the entire instrument complement.  The data 
was sent to the science team, which then analyzed and 
discussed the data, and decided on the next steps.   

Scenario2 - Autonomous science rover: In this sce-
nario, the science team provided the rover with a hy-
pothesis map and related uncertainty map, and a list of 
desired target science stops.  The hypothesis map was 
prepared using hyperspectral data from the Airborne 
Visible/Infrared Imaging Spectrometer (AVIRIS) and 
the Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER), as well as high resolu-
tion (< 1 m/pixel) images of the site.  It was represent-
ed by a 3-dimensional data cube consisting of 10 
stacked maps, with each layer representing a different 
geologic origin.  For any position on the map, a 10-
element vector encoded the relative probability of each 
geologic origin.  Potential geological origins were es-
tablished on the basis of mineralogy.  Likelihood of a 
geologic origin was established by the number of min-
erals found at a location having a common origin.  A 
map characterizing the uncertainty associated to the 
geologic origin at each location on the map accompa-
nied the hypothesis map, where the number of poten-
tial geologic origins attributed to a mineral detection 
was used to establish uncertainty in geological origin.  

Given the hypothesis map and associated uncertainty 
map, the rover established the region of highest uncer-
tainty within a prescribed range as the next science 
stop.  If a desired target science stop existed within the 
range, it was prioritized as the next science stop.  As 
the rover traversed to the science stop, it acquired 
spectra with its on-board spectrometer and once at the 
science stop, the instrument suite was used to acquire 
complementary measurements on a set of random tar-
gets near the rover.  The VNIR and FTIR data were 
interpreted to mineralogy and geological origin by the 
rover, which then used this information to update its 
hypothesis and uncertainty maps, and plan the next 
science stop.  The data from the rest of the instruments 
was delivered to the science team.  At the end of the 
day, the science team used the updated hypothesis map 
and the complementary measurements to assess the 
new hypothesis map and update for use on the follow-
ing day by the rover. 

Scenario 3 - Astronaut/rover collaborative explora-
tion:  In this scenario, we tested ways in which astro-

naut EVAs could benefit from autonomous rover capa-
bilities to maximize EVA scientific return and reduce 
astronaut risk. In this scenario, simulated astronaut 
extravehicular activity (EVA) was coordinated with 
autonomous rover operations similar to those per-
formed in Scenario 2, with predetermined locations to 
rendezvous with the astronauts for measurement and 
interpretation of astronaut-collected samples using the 
rover’s instruments and Tetracorder module. The as-
tronauts were assigned science stops, activities, and 
science questions to be addressed for each EVA that 
were intended to augment the rover collected data by: 
1) investigating locations inaccessible to the rover, 2) 
providing overall contextual and stratigraphic observa-
tions/images, and 3) performing tasks not possible with 
rover instruments (i.e. digging, collecting samples).  

 

Conclusions: We assessed how science yield and 
operational efficiency varied between scenarios.  Pre-
dictably, the operational efficiency of the autonomous 
science rover was significantly greater, accomplishing 
in a few hours what was accomplished with the stand-
ard exploration paradigm in days.  Given similar time 
frames, the autonomous rover was able to visit more 
science stations, and acquire more data.   

The greatest science yield was provided by the as-
tronaut/rover collaborative exploration.  Collectively, 
the astronaut/rover capabilities better enabled real-time 
evaluation and facilitated impromptu adjustments to 
astronaut tasks and EVA path, as directed by the re-
mote science team, based on the combined information 
and results. This shared task methodology maximized 
EVA efficiency and decreased crew risk by reducing 
overall EVA time. Also, the rover provided redundant 
capabilities for navigation (i.e. within astronaut line of 
sight, the rover was used to navigate to rendezvous or 
other locations), and communications (e.g. served as a 
relay between the science team and astronauts when 
topography limited primary communications). 
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