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Abstract—The Mars Science Laboratory (MSL) Curiosity rover
has driven over 29 kilometers since landing on Mars in August
2012, as of sol 3600 (September 2022). MSL Rover Planners
use a variety of different driving commands and sequencing
strategies to reach science targets of interest in diverse terrain.
However, 490 Martian solar days (sols) and 4600 meters into the
mission, the wheels began to exhibit significant wear, manifest-
ing as cracks and breaks in their aluminum-alloy construction.
Hardware mitigation was not possible due to the location of the
vehicle; instead, engineers applied software techniques to extend
the lifetime of the wheels. This initially led to the development
of new Terrain-adaptive Wheel Speed Control software for the
rover, which has proven helpful and now has been in use contin-
uously since sol 1646 (April 2017).

But some inefficiencies remained. When performing a precision
approach to a goal location, the standard driving strategy alter-
nates arcs (specified using a small number of fixed, preselected
curvatures, running in open-loop motion) with closed-loop turns
in place. But turn-in-place commands were found to exacerbate
wheel wear rates due to their slower drive speeds and additional
steering. So when a new flight software (FSW) release called
R13 became possible, the project decided to implement two
new commands that will help reduce unnecessary rover motion.
These new mobility commands are now part of MSL’s next
major FSW release and offer new commanding strategies that
should reduce unnecessary wheel wear and allow rover planners
to generate more flexible drive paths.

While similar in name to existing arcing commands, these
two commands have completely new behaviors that allow the
rover to maneuver in ways never possible before: dynamically
choosing the precise arc curvature appropriate for the precision
goal location, and using the gyro-measured heading change to
terminate motion. This update removes the prior restrictions on
which specific curvatures can be used, letting the rover choose
whatever is appropriate given its current pose relative to the
current goal. These two commands can potentially replace the
turn-in-place maneuvers currently used to reach a specific goal,
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a known significant contributor to wheel damage in terrains
with embedded rocks.

The new commands were exercised during algorithm develop-
ment both in simulation and also on MSL’s Vehicle Systems
Testbed (VSTB), an engineering model of Curiosity typically
deployed in JPL’s Mars Yard, an outdoor test area with a
variety of terrains and slopes. Once development was complete,
the VSTB was also used to conduct a formal Verification and
Validation (V&V) test campaign over 5 days in the Mars Yard,
testing the commands to their limits to ensure readiness for
Mars. During this test campaign, the expected behavior of the
commands was confirmed which led to approval for inclusion
in the R13 FSW update after a review of the V&V results by a
board of Mission Subject Matter Experts. We anticipate these
commands will be deployed on Curiosity as part of the R13
update expected in early 2023.
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Figure 1: A Mars rover family photo: Opportunity (left),
Curiosity (right), and Pathfinder/Sojourner (middle). This
photo was taken in the Mars Yard outdoor test area.

1. INTRODUCTION

Curiosity is a third-generation 6-wheeled Mars rover with a
rocker/bogie suspension, following in the footsteps of So-
journer, Spirit, and Opportunity (see Figure 1 for a “family
photo™). Curiosity has been exploring Mars since August
2012, and is likely to continue to operate for many more
years.

An unexpected amount of wheel degradation was first noticed
on Curiosity after 490 Martian solar days (sols) — nearly a
year and a half of Earth time. Figure 2 shows a photograph
taken by Curiosity’s Mars Hand Lens Imager (MAHLI) in-
strument of one of the rover wheels on sol 490 (December
2013), highlighting the wear observed at the time, and an
image of the wheel at the same pose from sol 2030 (April
2018) showing how the damage has increased over time.

The discovery of significant wheel wear led to several miti-
gation strategies, on different time scales.

At first, drives were restricted to be explicitly limited to at
most 20 meters per sol, with human Rover Planners and
Surface Properties Scientists required to characterize every
step in the nearby terrain for wheel safety. But this approach
was not tenable for long-term operations because of the
limitations placed on how far the rover could travel, and due
to the significant amount of overhead imposed on the the
tactical operations team.

Next, the science team determined how to use orbital imagery
to identify the most hazardous terrain for driving. This
enabled the creation of new strategic drive paths that would
avoid the most hazardous terrain. That strategy was indeed
helpful, and led to greatly reduced wear rates [1]. While
this approach helped us avoid mobility hazards in the short
term when an alternate route existed, it did not address the
fundamental problem of how to mitigate wheel damage, and
indeed wheel damage was still occurring [4] [5].

Finally, strategies for updating the mobility flight software
on the rover itself were considered. The initial effort was
focused on low-level control of the drive motors during
forward and backward motions in all drive modes. This led to
the development of new terrain-adaptive wheel speed control,
and after years of work this capability was uplinked to Mars
in April 2017. This feature helps reduce forces as the wheels
climb over small rocks or undulating terrain, and has been in
use ever since [1]. However, flight software is configured to
disable that mode when the rover turns in place.

Figure 2: Rover wheel wear: Martian wheel photos on
sol 490 (left) and sol 2030 (right), with significantly more
damage visible in the later photo

A turn-in-place is implemented by steering the four corner
wheels to approximately 45 degrees off-forward-axis, and
driving them in the same clockwise or counter-clockwise
direction. The center of the rover does not translate during
a turn-in-place, except possibly due to slip. The onboard
attitude estimate is maintained by integrating delta gyroscope
measurements from the Inertial Measurement Unit at 8§ Hz
while the rover is turning. Motion terminates when the actual
heading is about to reach the commanded heading. The
corner wheels then must be steered back to continue driving
along a forward or backward arc.

Detailed analysis by our engineering and science teams even-
tually led to the understanding that turns in place cause
additional wheel damage, particularly to the middle wheels
because they drive more slowly in that mode, which creates
elevated loads when engaging obstacles [2]. Steering a wheel
while sitting atop an obstacle at the tire edge also caused
the highest loads observed during engineering tests, however
due to the lack of specific damage features in flight this was
determined to be a low-likelihood cause of the particular
damage seen up to that point [3]. But turning in place is still
commanded frequently, especially when attempting to reach
a specific drive goal or sampling area.

So we looked for ways to reduce the amount of turning in
place. The aspect of turning in place that makes it attrac-
tive for precision approaches is that it servos on the actual
vehicle heading. That is in contrast to forward/backward arc
motions, which are not based on sensed data, but rather use
precomputed drive motor rotations in an open loop fashion,
assuming a fixed wheel radius and no slip. So we consid-
ered developing new variations of arc commands that would
incorporate sensor data. Doing so would allow us to remove
many turns in place from noiminal drive plans, eliminating
the circa 90 degrees of steering imposed on the corner wheels
each time, and reducing the middle wheel damage caused by
turns in place.

This paper describes the two resulting commands that were
added to flight software to further mitigate wheel wear
concerns, taking us into the second decade of Mars oper-
ations with a more capable set of mobility options. An
earlier version of some of this information was provided in
a presentation-only format [6].

2. BASIC MOBILITY

NASA’s Mars rovers share a common heritage of mobility
commands. The Mars Exploration Rover (MER) mission’s
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Figure 3: Two main types of MER heritage rover mobility: Basic mobility arc allowing motion along circular arc or straight
line path of commanded length, open-loop relative to on-board position/heading estimate; closed-loop turn providing in-place
turn about rover center to commanded heading, closed-loop around IMU sensor-based heading estimate; and autonomous
navigation allowing traverse toward a commanded waypoint with on-board hazard detection using stereo vision; closed-loop

around position and heading, but no fine positioning

Spirit and Opportunity rovers initially used a simple mobility
commanding framework with two main types: basic and
autonomous [7], depicted in Figure 3.

Basic mobility arc commands typically follow a pre-specified
path relative to the current position. Commanding an arc
must include a fixed distance and heading change specified
in advance by human planners. But arcs are implemented as
open-loop commands. They don’t sense when the goal has
been reached — they simply stop spinning the wheels when
a pre-determined number of rotations have been achieved —
resulting in limited confidence that the rover will reach the
commanded position.

In contrast, basic turn commands do have closed-loop control.
They stop turning when a sensor indicates that the rover is
pointed in the desired direction. Turn goals can be specified
using either relative or absolute headings, or as a particular
ground goal location.

Finally, the autonomous mobility GO_TO command lets the
rover choose its own path to a goal using current information
about the terrain and rover state. However, the autonomous
driving does not support fine positioning. Typically, the
rover will stop some distance away from the drive goal, and
operators will use basic commanding to reach the intended
location.

This framework is also used on MSL, and has certain im-
plications to wheel wear. Basic mobility arcs do not adapt
well to unexpected slip. Autonomous GO_TO commands
do, but they cannot do fine positioning. So to perform
fine positioning, we begin to blur the lines between these
commands.

3. IMPLEMENTATION OF ARC_TO AND
ARC_UNTIL_TO

Operational needs on Mars eventually led the Spirit and
Opportunity teams to add a new ARC_UNTIL mobility com-
mand (drive UNTIL you would pass the goal). This command
looks a lot like an ARC command — operators still specify a
distance and the heading change — but the command stops
vehicle motion once the navigation goal location (or a goal
line containing it) has been reached. Figure 4 illustrates this
command.

In fact, using a TURN_TO command followed by this com-
mand became the preferred way to perform a precision
approach to a particular drive location for both Spirit and
Opportunity. Turning to face the goal and using several
ARC_UNTILSs to drive toward it remains the preferred strat-
egy for Curiosity and Perseverance.

However, the ARC_UNTIL command only lets the rover
adjust the drive distance, not the delta heading toward the
goal. Such a change was considered for Spirit and Oppor-
tunity, but the extra complexity and uncertainty of allowing
the rover to choose its steering led the team to choose not to
implement it in a basic primitive drive command. Wheel wear
considerations on Curiosity have forced a reconsideration of
that decision.

The current precision approach strategy includes a turn-in-
place followed by straight-line motion. That turn-in-place can
add significant wheel motion, steering each corner wheel up
to 90 degrees to enter a turn-in-place configuration and return
to straight-ahead. Instead, allowing the rover to choose its
own arc would minimize steering, and therefore reduce any
forces generated by the turn-in-place.

We have thus implemented two new commands to decrease
wheel motion:

The ARC_TO command calculates the delta heading argu-
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Figure 4: Illustration of ARC_UNTIL command inherited
from the MER mission.

ment autonomously based on the relative location of the
current navigation goal. It will then drive the rover toward
that goal, without exceeding a specified path length. As a
result, ARC_TO will minimize the steering change needed to
reach a goal.

The ARC_UNTIL_TO command requires a particular arc to
be specified, but will stop driving once the rover points at
the current navigation goal, or meets other ARC_UNTIL
stopping criteria. As a result, ARC_UNTIL_TO will give
us high precision in pointing directly toward a goal. This
is in contrast to the original basic arc commands which are
all “open loop” and do not guarantee anything about the
rover’s final heading or position. ARC_UNTIL_TO measures
the rover heading using the IMU sensor and therefore can
help achieve precise pointing without ever requiring a turn-
in-place configuration.

These new commands have been implemented in the R13
version of MSL flight software, which is expected to be
deployed on Mars in early 2023 [8].

Simulation Analyses

In combination, ARC_UNTIL_TO and ARC_TO can replace
current sequencing patterns and reduce wheel wear by sub-
stuting turn-in-place/ARC_UNTIL commands with smarter
arc-based commands. These commands eliminate the middle
wheel drive speed slowdown associated with turning in place,
and reduce drive and steering motor usage. To demon-
strate the reduction in motor usage, two canonical cases
were simulated in JPL’s Robot Sequencing and Visualization
Program (RSVP) software package to quantify the effect of
the commands. Metrics measured include the sum of wheel
revolutions across all 6 wheels, and the sum of revolutions
across all 4 steer actuators.

The first case is a typical approach to a waypoint during a
drive. The nominal sequencing strategy is to use a GO_TO to
get within 0.75-1.75 meters of a target, turn to face the goal
if needed, and then perform a series of straight line motions
to get right on top of it. Execution of the TURN_TO is
controlled by a deadband parameter, such that a turn-in-place-
maneuver will only happen if the rover is pointed sufficiently
far from the goal at the end of the GO_TO leg. This is most

(a) Traditional method

(b) New method

Figure 5: Simulated rover wheel tracks for a precision to
a waypoint following a GO_TO that terminated with 20 cm
of positional error. The sharp changes in the orange lines
in the left-side Traditional motion indicate a turn-in-place
maneuver, which results in signficant steering motor usage.

Table 1: Comparison of drive and steer actuator revolutions
using traditional sequencing methods and modified method
with the new commands.

Wheel Steer
Revolutions [deg] Revolutions [deg]
Traditional (a) 5077.2 373.8
Arcs (b) 4833.3 33.1
% Difference -4.8% 91.2%

likely to happen when the rover is traversing high slip terrain
like sand or steep slopes where turns would otherwise be pref-
erentially avoided due to concerns with drive accuracy and
wheel wear. The two frames in Figure 5 show what the wheel
tracks look like for (a) the traditional sequencing method and
(b) an updated method using the new arcing commands. A
comparison of actuator usage for this case is given in Table
1, which demonstrates a small improvement in wheel driving
rotations, and an order of magnitude improvement in steering
motor usage.

The second case demonstrates navigation around an obstacle.
Typical sequencing would include a series of straight line
motions with turn-in-place maneuvers between them. This
significantly increases total steer actuator motion during a
drive compared to a similarly executed arcing maneuver. The
three frames in Figure 6 show what the wheel tracks look
like for (a) the traditional sequencing method using a single
90 degree turn, (b) the traditional sequencing method using
two 45 degree turns, and (c) an updated method using the
new arcing commands. A comparison of actuator usage for
this case is given in Table 2. As in the prior case, we see
some improvement in wheel revolutions, and a much larger
improvement in the reductions of steering motor usage.

The data for these two scenarios show that although the



(a) Single 90 degree turn

(b) Two 45 deg turns

(c) Arcing

Figure 6: Simulated rover wheel tracks for a situation where
the rover must complete a bootleg around an obstacle.

Table 2: Comparison of drive and steer actuator revolutions
using traditional sequencing methods and modified method
with the new commands for a dogleg motion.

Wheel Steer
Revolutions [deg] Revolutions [deg]
Single turn (a) 30566.3 373.8
Double Turn (b) 26608.1 474.6
Arcs (¢) 24582.7 111.5
% Difference a—c -19.6% -70.6%
% Difference b—c -7.6% -85.2%

reduction in drive actuator usage is modest, steer actuator
usage can be reduced by upwards of 90% for certain ma-
neuvers. This is largely because a turn-in-place requires the
same large amount of steer actuator movement regardless
of whether the desired change in heading is large or small.
In contrast, the amount of steering motion required for arc
commands primarily depends directly on how far the goal is
off in heading, and inversely on the distance remaining to the
goal.

4. THE MATH OF ARC_TO

In this section, we derive the underlying mathematics for the
new rover commands ARC_TO and ARC_UNTIL_TO.

ARC_TO commands the rover to perform an arc that will
point the rover’s front or rear at the navigation goal. The
inputs to ARC_TO are the goal position, the desired signed
arc length, and the waydisc radius. The waydisc is a disc
around the navigation goal that the rover should not enter.
The outputs are the change in heading, and if the rover would
meet the waydisc, the shortened arc length.

Figure 7 illustrates the ARC_TO command and demonstrates
the basic math used in this section.
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Figure 7: Rover points at navigation goal in ARC_TO com-
mand

If the rover meets the waydisc

First, we find the change in heading, 0 and signed arc length
d that will move the rover such that it simultaneously meets
the waydisc and points at the navigation goal. In this case,
the final position (zf,y) is bound by the equation of an arc



(1):

Tp = ﬁsinﬁA = x4 —wcosfa
H

d
Yy = EsinﬁA =yg —wcosfa

and by the waydisc radius and the heading at that point (2):

Oa
d ~Snoa (xg —wcosba)
9 (2)
=7A( —wsinOa)
1 —cosfa Yo

Each equation can be solved for d, the arc length. Then the
arc length equations can be set equal and solved for 6, the
change in heading (which can then be substituted back in):

Oa = 2arctan 2(yy, z4 + w) 3)

If the solution for arc length d is less than or equal to the
commanded arc length, then a solution has been found where
the rover meets the waydisc.

If the rover does not meet the waydisc:

If the solution for d is less than the commanded distance, the
rover will not reach the waydisc (w unknown) and will not
point at the goal. In this case, d will be the commanded arc
length, and the change in heading o must be found. Using
the vector from the final position to the goal, we can describe
the change in heading as an arc tangent, but this is also a
function of the change in heading.

Oa =arctan2(yy — ys, xg — xf)
d(1 —cosfp) dsinfr\ &)
7xg -
HA 9A

= arctan 2 <yg —

We have not found a closed-form solution for 6, but we can
use bisection search to find the zero-crossing of the equation.
First, loop over values of f; until a reasonable interval
is found. Then use bisection search to narrow the interval
[6Ai—1,0A:] to a reasonably-accurate value.

5. THE MATH OF ARC_UNTIL_TO

ARC_UNTIL_TO is a flight software command which causes
the rover to perform an arc of given length and change in
heading until one of three ending conditions is met (see
Figure 8). We would like to end the arc when pointed at the
goal, but we would also like to prevent entering the waydisc
and getting too close to the goal, or traveling away from the
goal. We will find the fractions of the commanded arc that
meet each of the conditions (if at all), and the smallest found
fraction will be the fraction of the arc that is returned.

Rover pointing at goal

First, we find the fraction of the arc that will point at the
goal. This is similar to the previous problem, but the radius
of the arc is fixed, leading to (5) a closed-form solution for
the relation between the goal and rover positions.

Yy —yk)  yy—r(l —coskba)
tan kO = vy —a(k) @y —rsimkoa %)

Using trigonometric identities and the linear combination of
sinusoids, we find (6) the solution for &.

r

x2 + (r —yg)2

1
k=— [ + arccos
N

(6)
+ arctan 2(zg, 7 — y,) + 27rn}

Several insights come from Equation 6. From left to right,
the £+ gives two solutions along the circle corresponding to
the arc: one for pointing the front of the rover, and one for
pointing the back. If the input to arccosine has magnitude
> 1, there is no solution. This is the case if the goal is within
the arc and the rover will never point at the goal. Similarly,
if the input to arctan is invalid, the goal is at the center of the
arc, and again there is no solution. The 27n relates to the
fact that the rover could theoretically travel in circles again
and again, pointing at the goal each cycle. We must loop over
values of n to find the smallest positive solutions for k.

Rover meeting waydisc
Figure 10 demonstrates the scenario where the rover touches
the waydisc.

We find the fractions of the arc that intersect with the waydisc,
using the Pythagorean theorem to relate the waydisc radius to
the rover position (7).

w?® =(z(k) — frg)Q + (y(k) — yg)2

(N
=([rsinkba] — xg)2 + ([r(1 — coskfa)] = yg)2

2r(r —yg) + 3 + Y2 —w?

1
k =€[ + arccos
A 2r a:g +(r—uyg)? ®)

+ arctan 2(rzg, r(r — yg)) + 27rn]

The solution (8) for k also uses linear combination of sinu-
soids for similar reasons. The + relates to how the arc can
intersect with the waydisc twice. If the input to arccos has
magnitude > 1, there is no solution because the arc will never
intersect the waydisc. And lastly the 27n shows how the
rover can circle and intersect the waydisc again and again.
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Figure 8: Three successful ending conditions for ARC_UNTIL_TO: (1) rover points at the navigation goal, (2) rover touches
waydisc, and (3) rover gets closest to the goal line. Case 1 helps ensure that the rover is pointed at the goal, so that the next
command will steer the wheels straight ahead. Case 2 gives Rover Planners the option of stopping once the rover is close
enough to the goal such that no further motion is needed (any such motion might require very tight steering angles). And case
3 ensures we do not drive past the goal, even if the rover has yawed away from it due to unexpected slip. Cases 2 and 3 are

inherited from the legacy ARC_UNTIL command.
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Figure 10: Solution space for ARC_UNTIL_TO where the
rover touches the waydisc

Rover’s closest approach to goal

Finally, we would like to prevent moving away from the goal
by finding the position along the arc that is closest to the goal
(Figure 11). We can show that the closest point of the arc is on
the line defined by the goal position and the center of the arc
which is at coordinates (0, 7). Use the tangent relationship
to find the fraction of the arc that meets the matching angle.
This formulation only fails if the goal is at the exact center of
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‘».,. (Xg, yg) N T
. \ : x
Nav Goal ‘\ g
kHA \"
3. Rover gets closest to goal (0;0) y (Ov T)

Figure 11: Solution space for ARC_UNTIL_TO to prevent
the rover from moving away when it reaches closest approach
to the goal

the arc (9).

Yg —
Tg

tan kOa =

)

1
k =[arctan 2y — 1 xg) + 27rn]
N

6. TESTING
Verification and Validation (V&V) Test Preparation

A thorough test plan was developed to verify and validate
the new ARC_TO and ARC_UNTIL_TO prior to testing in
JPL’s Mars Yard. While the two commands are ostensibly
similar their behavior can be quite different in comparable
commanding scenarios, so two sets of tests were written to
cover all cases. The test cases developed to verify and val-
idate the new commands were designed to exercise nominal
functions, as well as off-nominal usage. We wanted to show
that the commands worked as intended, and also use them in
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Figure 12: Goal locations visualization used in Table 3 and
Table 4 gives gives a visual representation of tested goal
locations in 8 possible areas relative to the rover: front, front-
right, right, back-right, back, back-left, left, and front-left,
with +2z corresponding to forward in the rover frame, and
+y corresponding to right in the rover frame

ways that were not intended and verify appropriate behavior.
The V&V design flow started with identifying the test cases,
describing the expected outcomes, checking the outcomes in
simulations, then finally run for record on a flight-like testbed.

Test cases were chosen by simplifying all possible paths and
positions into nine goals, a strategy that was employed by
early mission testing of mobility commands. Eight basic
directions such as straight forward or diagonally back and
left, and one close to or at the rover origin reduced the
tested combinations to a manageable workload. Goals were
expressed in generic Cartesian coordinates, but the actual
goal coordinates depended on the specific test case. The
expected behaviors for the test cases were first described
in the test matrix based on explanations of the commands
provided by the developer.

Simulations of the test cases were then run to check the
described behaviors. Several deviations were discovered
during this process, necessitating large corrections to the test
matrix but improving our understanding of the commands’
behaviors. The simulations were invaluable in reducing the
overall test time. Test cases could be run in a fraction
of the time with accelerated drive speeds and quick resets.
This allowed for rapid corrections and development of tests
without the complexities of operating a real vehicle.

After correcting for the deviations discovered in simulated
testing, the test scenarios were written for both commands
with each scenario consisting of two to eleven individ-
ual tests. These scenarios are summarized in Tables 3
and 4, with ARC_TO consisting of 12 test scenarios, and
ARC_UNTIL_TO having 13.

With the test cases written, a review was held where the test
plan was presented to Mobility Subject Matter Experts, Rover
Operations Team Chiefs, the R13 Flight Software Lead, and
the Testbed Team for approval. The plan was approved with
one open lien to add GUARDED Mode and Visual Odometry
(VO) scenarios [5] to each of the two tests. Once these
scenarios were added, the test campaign was ready to begin.

Testing in the Mars Yard

The new commands were tested using the Vehicle System
Testbed (VSTB), a full engineering model of Curiosity with
flight-like avionics and mobility system. Testing was compli-
cated by the COVID-19 pandemic and other issues described
in another paper about a different new mobility capability in
the R13 flight software [9]. Initial testing was performed in
the In Situ Instrument Lab (ISIL) in the same small test area
described in the preceeding paper. But we were ultimately
able to retest in a larger outdoor space.

The VSTB was deployed on flight-like terrain in our outdoor
Mars Yard test area to provide higher confidence for usage in
flight compared to the purely simulated tests used to develop
the test framework. With 25 different test scenarios and the
MSL VSTB’s top speed clocking in at a blistering 4.2 cen-
timeters per second, V&V of these two commands spanned 5
separate days. A typical test shift required 3 team members,
one to act as the Test Conductor, and the other two to act
as Test Buddies. The Test Conductor was responsible for
sending the commands specified by the test plan to the VSTB
and recording any data necessary to verify that the vehicle’s
behavior matched what was expected. The two Test Buddies
were responsible for moving the umbilical cable that provides
both power and communication to and from the VSTB as it
moves around the Mars Yard (it is too heavy for the rover
to drag), using the panic button to stop vehicle motion if it
is at risk of damage, as well as (if necessary) assisting the
Test Conductor in understanding why rover behavior did not
match what was expected by the test plan.

Test Shifts usually kicked off around 8 am, but due to the
roughly one hour boot time of the VSTB, the Test Conductor
would come in earlier to begin the power on procedure, later
joined by the Test Buddies. After pulling out of the Mars
Yard’s garage, each test case would be commanded one after
another with all team members working together to check
that the rover drove in the expected way. On average, a
shift covered 123 meters of driving, 5 times further than
the average daily drive distance of the Curiosity rover on
Mars [5]. With the shifts completed, the mobility team then
presented their results to the same board that approved the test
procedure. The board was satisfied with the Verification and
Validation of these two new commands, and approved them
for deployment to Mars as a part of the R13 flight software
package.

7. CONCLUSION

The wheel wear issue first discovered on the Curiosity Mars
Rover in 2013 is still a concern for future operations. We
describe two new mobility commands, ARC_TO and ARC_-
UNTIL_TO, that are slated to be uplinked to the rover during
its next major flight software upgrade in early 2023. These
commands were developed as part of our long term response
to these wheel wear concerns and will allow the operations
team to precisely approach drive goals using minimal steering
motion on hazardous terrain. The expected behaviors of
the new commands and the mathematics behind them are
described in this paper. The software successfully completed
a thorough V&V process including simulating the commands
in a virtual environment before deploying them on JPL’s
engineering testbed in the outdoor Mars yard. Expected
command behaviors were exhibited and documented, and the
new software has been officially approved for flight. As
Curiosity enters its second decade on Mars, the ARC_TO and
ARC_UNTIL_TO commands will help the operations team



Table 3: Overview of ARC_TO Test Scenarios. Goal locations under test shown in the rover frame (see Figure 12)

N  Test Scenarios Goal Test  Scenario Behavior Verification
1 Fault Protection Rover motion stops when fault conditions are met
2 Invalid Commanding Commands with invalid arguments are rejected by FSW
(@]
3 Forward, Achieve heading Motion is completed when rover is pointed at the goals facing

e o o forward

4 Forward, Enter waydisc Motion is completed when Rover enters waydiscs facing for-
e o o ward
L] o L]

5 Backward, Achieve heading Motion is completed when rover is pointed at the goals facing

e O o backward

6  Backward, Enter waydisc Motion is completed when Rover enters waydiscs facing back-
ward
7  Zero Distance, Nominal Head- Rover turns in place to point at goals
ing Change ° °
o
] ]
8  Goal with no waydisc close to Rover makes short-sharp arcs that end on top of the goals or
RNAV ° ° pointing at them
] ]
9 Forward, longer distance than Rover completes arcs at the goal in less distance than supplied
needed e o o
10 Backward, longer distance than Rover completes arcs at the goal in less distance than supplied
needed . °
[ ]
11  Distance opposite goal Rover completes arcs pointing at the goal
[ ]
[ ]
12 GUARDED mode and VO Rover does not move when obstacles are detected

prolong the life of the vehicle and maximize the science  Administration (SONMO0018D0004). The authors would like
return of the mission. to thank the Mars Science Laboratory Program for supporting
this research.
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Table 4: Overview of ARC_UNTIL_TO Test Scenarios. Goal locations under test shown in the rover frame (see Figure 12)

—_—

N  Test Scenarios Goal Test  Scenario Behavior Verification
1 Fault Protection Rover motion stops when fault conditions are met
2 Invalid Commanding Commands with invalid arguments are rejected by FSW
o
3 Forward, Deadband Rover does not move when a command within deadband is
o o o issued while facing forward
4 Forward, Achieve heading Motion is completed when rover is pointed at the goals facing
° ° forward
[ ] [ ]
5  Forward, Enter waydisc Motion is completed when Rover enters waydiscs facing for-
° ° ward
[ ] o [ ]
6  Backward, Deadband Rover does not move when a command within deadband is
issued while facing backward
[ ] o ]
7  Backward, Achieve Heading Motion is completed when rover is pointed at the goals facing
backward
8  Backward, Enter waydisc Motion is completed when Rover enters waydiscs facing back-
ward
o
9  Zero Distance, Nominal Head- No motion occurs
ing Change o
(e}
10  Distance opposite goal Rover does not move because it would be moving further from
o the goal
o
11 Goal lines Rover completes drives on the goal lines
[ ]
[ ]
12 Standoffs Rover completes drives short of the goals, and does not start
. when within standoff
L]
13 GUARDED mode and VO Rover does not move when obstacles are detected
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