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Abstract

Oxygen and Lunar Volatile Extraction experiment (RESOLVE) [1] for use on a rover platform. The rover will
contain a suite of navigation and scientific sensors to accomplish the task of verifying the existence and characterization of the constituents and distribution of water and
other volatiles in lunar polar surface materials, as well
as demonstrating a hydrogen reduction process to extract
oxygen from lunar regolith.
The CSA has been tasked with developing the rover,
avionics, drill system, navigation cameras, lights, and
software. The rover will use a neutron spectrometer (NS),
along with its cameras, to guide itself to areas where the
lunar regolith has a high concentration of volatiles.

In-situ resource utilization (ISRU) is recognized as an
important aspect of space exploration, in particular the development of infrastructure on the Moon. In this regard,
the extraction of volatiles such as hydrogen from lunar regolith is currently targeted as a near-term goal by space
agencies. The Regolith and Environment Science and
Oxygen and Lunar Volatile Extraction (RESOLVE) experiment is currently being developed as an ISRU technology demonstration. In past analogue missions, control of
the RESOLVE rover platform is achieved primarly using
teleoperation. This research presents autonomous control
algorithms for locating and sampling hydrogen deposits.
Performance of these algorithms is verified in simulation
and shown to be robust to variations in the hydrogen distribution.

1

1.2

The RESOLVE mission architecture calls for up to a
10 day surface mission (8 days with sunlight) [2] during
which the rover will traverse a minimum point-to-point
distance from the landing site of 1 km. During this traverse, it must perform at least six auguring operations for
analyzing material below the surface with its near-infrared
spectrometer, and coring operations at a minimum of three
locations, with volatile analysis performed on 4 segments
of each core. While these are the mission requirements, it
would be advantageous to travel farther, and perform coring operations that are separated by at least 500 m. These
requirements call for a rover that can traverse the lunar
surface and localize volatile hot spots quickly. While teleoperation is possible, algorithms that allow the rover to
perform this autonomously may be more efficient.
Three analogue missions directly related to RESOLVE [3, 4], have been conducted in Mauna Kea,
Hawaii. In addition, there have been field tests with a
K10 rover and ‘Hydra’ instrument [5] at the NASA Ames
Research Center. These field tests assessed the ability of
a rover with navigation and scientific sensors to localize
volatiles. In all cases, hydrogen sources were buried near
the simulated landing site at depths ranging up to 1 m.

Introduction

In 1998, the Lunar Prospector mission’s neutron spectrometer data showed the possibility of significant concentrations of hydrogen at the lunar poles, although the
amount and type has been debated [1]. The Lunar
Crater Observation and Sensing Satellite (LCROSS) impact into the lunar surface, as well as the data obtained
from Chandrayaan-1 and the Lunar Reconnaissance Orbiter (LRO) have given further evidence that significant
amounts of water ice and other volatiles exist in the upper
1-2 m of regolith near the lunar poles. Future missions
will seek to verify these observations with measurements
on the surface.

1.1

Path-planning and Guidance Strategies

Background

The National Aeronautics and Space Administration (NASA) along with its partner, the Canadian Space
Agency (CSA), are developing a prototype payload
known as the Regolith and Environment Science and
1

The locations of these sources were unknown to the scientists and engineers conducting the mission operations.
Their goal was to locate the hydrogen sources and survey
as much of the terrain as possible given specific time constraints based on expected conditions on the lunar surface.
However, the neutron spectrometer has only been used in
tandem with a rover in two of these missions. First, during
the NASA Ames Research Center field tests [5] in 2007
with the K10 rover, and later in the 2012 RESOLVE campaign [6] with the Artemis Jr. rover.
These analogue missions were able to successfully
locate hot-spots near the pre-planned traverse and reach
the required point-to-point travel distance from the lander. However, the rover was driven autonomously for only
240m of it’s 1.14 km traverse. One performance metric
that is explored in this paper is the ratio between total traverse and the point-to-point distance of the rover’s final
position from the landing site. For reference, the third
analogue mission achieved a rover traverse and point-topoint distance of approximately 1.140 km and 0.512 km,
respectively.
While the RESOLVE analogue missions primarily
used human operators for guidance strategies, there has
been a substantial amount of research devoted to algorithms that can autonomously localize objects within an
environment. The applications for this are generally replacing humans with sensor-equipped robots in dangerous
environments. Some of these include gas leak detection,
search and rescue, mineral localization in mining, and nuclear waste handling. Most of these algorithms employ a
sensor that samples the gradient of a physical, chemical,
biological or electromagnetic property in order to locate
the emitting source [7]. Lunar prospecting, at first glance,
may be a suitable area to apply this research. In this application, the robot is detecting volatile-rich material within
an inhospitable and remote environment. The observed
volatile concentration during previous field tests radiates
outwards from the location of the source, much like other
emission sources in similar applications.
Multi-source localization is an emerging area of research that is important in the case of lunar prospecting,
where volatile sources are heterogeneously distributed
across the surface. Multi-source localization is a class
of multi-modal optimization, where the goal is to locate
all local optima of a function [7]. If the gradient of the
function is not directly known, it must be approximated
through appropriate sampling of the function itself. The
type of source will dictate the emission profile and how it
is affected by the environment. The various applications
have a wide variety of emission types and profiles. Diffuse chemicals often follow a Gaussian profile, but can be
influenced by air flow, whereas radiation and sound will
behave according to inverse squared laws. The search efficiency can be improved if the environmental effects (such

as air flow) are modeled and can be measured. Conversely,
the search can be hindered if they are unknown or unpredictable.
While Earth-based tasks can be performed more efficiently with multiple robots, knowledge of the environment, or unlimited search time, a rover such as the one
envisioned for RESOLVE will be constrained by the duration it can survive on the surface, communication delays,
mass and volume constraints that allow for only one rover,
and little information about the distribution of volatiles in
its local environment. Various methods of control are applied to the unique problem of lunar prospecting using
neutron spectrometer measurements, and their effectiveness is demonstrated and compared.
The following sections review the basics behind the
simulated environment, how properties such as the concentration gradient in the robot’s local environment are
inferred, several different control strategies that are implemented, and preliminary results that compare performance.

2

Models

Control algorithms are developed and tested based on
models of the environment, vehicle, and sensor. Although
many assumptions and simplifications are made, more detailed models may be substituted with little impact on the
control architecture.

2.1

Environment

A simplified model is used for the lunar surface, ignoring aspects such as temperature, radiation, terrain elevation, and shadows. The environment model is then composed solely of the hydrogen distribution across the surface. Maps of the hydrogen concentration have been built
using the Lunar Exploration Neutron Detector (LEND) on
LRO, as shown in Figure 1. However, the resolution of
this data is on the order of kilometres and therefore too
low-fidelity to form the basis of a local model for rover
control and simulation.
Instead, the distribution of hydrogen is modeled using
Gaussian radial-basis functions to reproduce the hot-spots
seen in the overall LEND data, but on a smaller scale. The
b is defined by (1) as a function of coorconcentration, C,
dinates x and y. The concentration is a summation of N
hot-spots, where (x0,i ,y0,i ) is the centre of the ith hot-spot,
b0,i is the amplitude.
r0,i is the characteristic radius, and C

b (x, y) =
C

N
X
i=1



 
 x − x0,i 2 + y − y0,i 2 
b


C0,i exp 
r0,i

(1)

b0 , x0 , y0 , and r0 are each defined
The parameters, C
as normally distributed random variables with non-zero

Figure 3. Artemis Jr. rover with RESOLVE
payload [9].
Figure 1. Map of neutron emissions from
the lunar surface as detected by LEND
[8].
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(2)

Sensor

Hydrogen is detected using a sensor model based on
the neutron spectrometer employed as part of the RESOLVE payload. This research assumes that the sensor
provides a measurement of the actual hydrogen concentration at a location in front of the rover with some known uncertainty. Concentration is computed from the map function, as shown in (3) and (4), where a0 is the measurement
offset and Ck is the measured concentration.
" # "
#
xa,k
xk + a0 cos θk
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(3)
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yk + a0 sin θk
b xa,k , ya,k 
Ck = C
Figure 2. Example of a hydrogen concentration map defined by equation 1.

(4)

The first and second time-derivatives of concentration
are also computed using backward differences as shown
in (5) and (6).
1
(Ck − Ck−1 )
(5)
∆t

1 
C̈k =
Ċk − Ċk−1
(6)
∆t
This sensor model ignores the true physics of the interaction between neutrons and hydrogen deposits, as well
as high-energy background neutrons. Processing of the
raw sensor output is assumed to have been performed in
order to account for these effects and provide an estimation of the hydrogen concentration.
Ċk =

mean and variance. Figure 2 shows an example of the
resulting hydrogen concentration map.

2.2

Vehicle

The vehicle model is based on the Artemis Jr. rover
designed and built by Neptec Technologies Inc. [9],
shown in Figure 3. Differential drive is used for steering, therefore a simplified unicycle model is used with noslip conditions assumed. The speed of the vehicle, v, is
assumed to be fixed and the turn rate, ω, is the control
input. The discrete-time equations of motion for the vehicle in global Cartesian coordinates are defined by (2),
where (x,y) is the rover position, θ is the heading, ∆t is the
time-step, and k is the time index.

3

Control Algorithms

Autonomous control of a lunar rover searching for hydrogen deposits was investigated using a number of different approaches. The overall control architecture consists

of a high-level decision-making process that selects a desired heading or turn rate based on sensor feedback and
the rover states. It is assumed that exact rover localization
is provided from the navigation system – accurate localization in a global frame is not necessary and wheel odometry alone may suffice. The desired heading or turn rate is
then tracked by a low-level controller using a simple proportional control law.
High-level control is necessary since the system must
meet multiple mission objectives and constraints. Based
on the RESOLVE mission, the objectives are as follows:
• travel directly to possible hydrogen deposits
• travel a total point-to-point radial distance of 1 km
• traverse a maximum total distance of 3 km
• perform a minimum of 6 auguring operations
The performance of the control algorithms must also
be quantified for evaluation and comparison. This is accomplished by defining a performance index, η, according
to (7), where rF is the final point-to-point distance, uF is
the total distance traversed, CS , j is the concentration at the
jth auguring operation, and NS is the number of auguring
operations performed.
NS

rF  1 X
CS , j
η=
uF NS j=1

(7)

The performance index measures the product of the
mean concentration at auguring sites and the ratio of
point-to-point distance to traverse distance. Therefore,
simulation results with high concentrations and low traverse distances are assigned a higher performance score.
Although the total traverse cannot exceed 3 km, shorter
traverses are considered desirable to improve efficiency
and possibly extend the mission duration.
Selection of the desired control input must be performed on-line based on current and previous measurements and states, since no map of the hydrogen distribution is available. Reactive control based on sensor feedback may be used to direct the rover up the local concentration gradient and towards a hot-spot. However, once
the rover has reached the centre of the hot-spot, the control algorithm must command it to drive away from the
gradient otherwise it will remain stuck near the local maximum. Control is therefore divided into two phases: hotspot tracking and goal tracking. Goal tracking simply sets
the rover desired heading directly away from the lander in
order to maximize the radial distance traveled. By alternating between these two phases, the rover is able to travel
directly to hydrogen deposits and then keep moving away
from the lander.

Ideally, the local concentration gradient would be
used to determine the direction towards the nearest hydrogen hot-spot. However, the neutron spectrometer provides only a scalar measurement of the concentration in
front of the rover. Instead, it is assumed that the rover position (determined by the navigation system) may be used
to estimate the gradient from a subset of previous measurements. Furthermore, the local concentration gradient
is assumed to be uniform and constant as defined by (8),
where ∆ is the magnitude and γ is the direction. The subscript, k, denotes the time-step index.


 


 ∂C 
∆k cos γk 
 ∂x 

  = 
 ∆ sin γ 
 ∂C 
∂y k

k

(8)

k

With no-slip conditions assumed for the rover motion,
the rate of change of concentration, Ċ, may be related to
the local gradient according to (9). Similarly, the second
time-derivative of concentration may be defined according
to (10).
Ċk = vk ∆k cos (θk − γk )

(9)

C̈k = −ωk vk ∆k sin (θk − γk )

(10)

The gradient magnitude, ∆, and direction, γ, may then
be determined analytically from (9) and (10), as defined
by (11) and (12), respectively.
s
1
∆k =
vk

Ċk2 +

C̈k
ωk

!2

C̈k
γk = θk − atan2 − , Ċk
ωk

(11)
!
(12)

Numerical estimation of the concentration gradient
was also investigated using a least-squares solution based
on the change in concentration between two subsequent
points, which may be defined according to (13)-(16).
δCk =

∂C
∂C
δxk +
δyk
∂x
∂y

(13)

δCk = Ck − Ck−1

(14)

δxk = xk − xk−1

(15)

δyk = yk − yk−1

(16)

Given a subset of NC concentration differences (from
NC + 1 measurements), the set of linear equations shown
in (17) may be defined.
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A solution exists as long as NC > 2 and the system
of equations is not rank-deficient due to colinear measurement positions. Although (17) defines the solution
for NC + 1 subsequent points, any subset of measurement
points may be used. The gradient direction and magnitude
may then be determined according to (18) and (19).
∂C ∂C
γk = atan2
,
∂y ∂x
s
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!2

∂C
+
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Control algorithms for tracking hydrogen hot-spots
were then developed as described in the following subsections. The algorithm described in 3.1 is based directly
on the concentration derivatives, whereas those described
in 3.2 and 3.3 are based on the estimated local concentration gradient.
Furthermore, algorithms described in sections 3.1,
and 3.2 depend upon selection between hot-spot tracking and goal tracking, whereas this is not necessary for
the control algorithm described in 3.3. Selection of goal
tracking over hot-spot tracking is based on the current distance traveled from the most recent hot-spot. If this distance is below some threshold, the rover is forced to track
the goal, after which hot-spot tracking is reactivated. Hotspot tracking is also reactivated if the concentration starts
increasing.

3.1

Second-Order Derivative Control

If the local concentration gradient is assumed to be
constant and uniform, then the second time-derivative of
concentration, C̈, may be used to improve the control algorithm over previously established methods using only
the first time-derivative. If the second derivative is increasing (C̈ > 0), then the rover is turning towards the
local gradient direction, γ, thus the turn direction should
be held. Otherwise, the rover is turning away from the gradient direction and the turn direction should be reversed.
This is summarized in (20), where ω0 is a fixed turn rate.
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ω0 sign (ωk−1 ) , C̈k > 0
−ω0 sign (ωk−1 ) , C̈k ≤ 0

Figure 4. A possible trajectory in the direction of θ j

(20)

Gradient Direction Control

The control algorithm presented in section 3.1 depends directly upon the value of C̈k . However, if the gradient direction, γ, is estimated using (12) or (19), then
hot-spot tracking may be achieved by setting the desired
heading equal to the gradient direction, as shown in (21).
θd,k = γk

(21)

The rover turn rate, ω, is then computed based on a
proportional control law regulating the desired heading,
as shown in equation 22.
ωk = −Kθ θk − θd,k

3.3



(22)

Cost-based Control

The cost-based control algorithm assigns a cost for
each possible desired heading direction at time-step k, θ j ∈
[−π, π] where
θ j = −π + j

2π
Nj

∀

j = 0...N j

(23)

and N j + 1 is the number of linearly spaced values of
θ j that will be tested, and defines the resolution of these
values. The distance left to travel from the current distance, rk , to the desired distance, rd , along any direction
θ j is computed as
q
(24)
d(θ j ) = rd2 − rk2 (cos2 (θ j − φk ) − 1)
where
rk =

q

xk2 + y2k

φk = atan2(yk , xk )

(25)
(26)

A cost function is constructed based on the required
point-to-point distance between the lander and final robot
position as well as maximizing high concentration measurements by following a path directly along the current

measured gradient, γk . The cost function at time step k for
θ j is computed as
J(θ j ) = Jr (θ j ) + Jc (θ j ) + Jω (θ j ),

Control

η sm

η med

η lr g

Derivative-based

0.358

0.403

0.485

Gradient-based

0.332

0.368

0.435

Cost-based

0.225

0.240

0.352

Straight

0.055

0.181

0.363

(27)

where

2
Jr (θ j ) = Kr d(θ j ) − (rd − rk ) ,
Z d(θ j )


Jc (θ j ) = −Kc
Ck + ∆k s cos θ j − γk ds,
0

!
1
= −Kc Ck d(θ j ) + d2j ∆k cos θ j − γk ,
2
!2
θ j − θk
1
Jω (θ j ) = Kω
,
2
∆t

(28)

(30)

θ j ∈[−π,π]

3.4

J(θ j ).

CS ,k > C̄S − σS

(31)

where Jr is the cost of the rover deviating from the
straight-line path to reach rd ; Jc is the cost of deviating
off the path that follows γk ; and Jω is the cost of the rover
heading change. The value of Jr is the square of the extra
distance traveled on top of the remaining radial distance.
The value of Jc is the predicted integral of concentration
along the heading assuming the current concentration and
concentration gradient remains constant. The values Kr ,
Kc , and Kω are tunable weights that are applied to their
respective costs. Figure 4 depicts the general case for a
possible trajectory.
The desired heading, θd,k , is then chosen such that it
minimizes the total cost, J, ie.
θd,k = argmin

Table 1. Mean performance indices for
simulations of each distribution case.

(29)

(32)

Maxima Detection & Sampling

Hot-spot tracking culminates in the rover having
reached the local maximum defined by the hot-spot peak.
Therefore, criteria must be established for detecting and
locating the maximum as well as deciding whether or not
to perform an auguring operation. Maxima detection is
accomplished by simply checking the sign of the current
and previous concentration rates: if Ċk < 0 and Ċk−1 > 0
then concentration (as measured by the rover) has reached
a local maximum. In addition, the concentration must be
greater than some threshold, Ctol , and the rover must be in
hot-spot tracking mode (local maxima are ignored during
goal tracking).
Auguring operations are not performed at every hotspot peak. Instead, the concentration of the current hotspot peak, CS ,k , is compared to the mean, C̄S , and standard
deviation, σS , of previously visited maxima. If the hotspot concentration is greater than one standard deviation
below the mean, then an auguring operation is performed.
This criterion is summarized in (33).

4

(33)

Simulation Results

Control algorithms are compared by running multiple simulations and evaluating the average performance
indices. Three hydrogen distribution cases are tested with
varying mean, µ, and standard deviation, σ, for the hotspot radii: (a) small (µ = 0.005L, σ = 0.01L), (b)
medium (µ = 0.01L, σ = 0.02L), and (c) large hot-spots
(µ = 0.02L, σ = 0.04L), where L is the map width. Each
control algorithm is simulated on 30 randomly generated
maps for each of the three distribution cases. In order to
provide a baseline comparison, results are also computed
for a straight-line trajectory in the direction of the initial
rover heading.
Figures 5-7 show the small, medium, and large hydrogen distribution maps with resulting rover paths for
a single simulation run in each of the three distribution
cases. Table 1 summarizes the mean performance index,
η, for each control method within the small (sm), medium
(med) and large (lrg) distribution maps. Note that all control methods satisfied the mission objectives.
From Table 1, it can be seen that as the density of
hydrogen increases (due to larger hot-spots), the performance index increases as well. This is expected since the
rover is more likely to traverse over hot-spots regardless of
control input, and therefore less control effort is required
to reach hot-spots. If the rover is simply commanded to
drive straight away from the lander, it is clear that the performance index is poorer for maps with smaller hot-spots.
However, the control algorithms are robust to changes in
the hydrogen hot-spot distribution, showing relatively little degradation with decreasing hydrogen density.

5

Conclusion

This research compares the performance of three different control algorithms for autonomous localization of

Figure 5. Simulation results for the small
hot-spot distribution.

Figure 7. Simulation results for the large
hot-spot distribution.
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