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Abstract—The Mars 2020 Robotic Operations team is respon-
sible for the development, planning and Mars execution of
robotics aspects of the mission. This includes the Persever-
ance rover’s mobility, manipulation, and sampling operations,
and the Ingenuity helicopter’s flights. The rover has driven
30 km and collected 28 samples as of sol 1266 (September
11, 2024). This paper presents the results from the mission
after successfully establishing the Three Forks Sample Depot
on January 28, 2023, where it deposited 10 of these samples
on the surface of Mars. We discuss the climb onto the delta,
the upper fan exploration, and exploration of the margin unit
as the rover works its way toward the Jezero crater rim. We
discuss the autonomy and wheel motor challenges encountered
navigating the terrain and strategies for addressing them. We
describe the successful rover flight software update to enable
Global Localization to enable even longer drive distances and
the operational challenges encountered during deployment. We
discuss the energy savings from onboard planning to allow more
time for driving and sampling. We present updates made to
our contact science strategy that have resulted in reducing the
number of sols needed to perform an abrasion, and updates
to sampling during this extended mission. We discuss re-
calibrating the Robotic Arm during this period, which is a first
for this mission. We also discuss analysis that was performed
to ensure that the gas dust removal tool will have sufficient
gas and the drill percuss mechanism has sufficient life for the
extended life of the mission. Successfully driving through this
challenging terrain has enabled the rover to reach a milestone
in Mars planetary science exploration: “While previous rovers
have driven in fluvial terrains, even small channels draining
local relief, this is the first time we have visited the floor of a
large Mars river”.
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Figure 1. Route of the Perseverance rover from sols 0-1281.
Each white dot indicates the stopping point at the end of a

Martian sol. The light blue dot on the left shows the rover’s
location on sol 1281 (26 September, 2024).
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Table 1. Accumulated mobility odometry and performance as of sol 1265. AVOID ALL performs fully autonomous drives
with Visual Odometry (VO), hazard detection (Terrain Mapping) and avoidance. UNGUARDED drives ignore any onboard

map and do not predictively evaluate terrain safety, but may employ any combination of VO and Terrain Mapping; the bottom
four rows break out those components from the UNGUARDED summary line above. “Nonimaging” indicates neither mode is

active, “VO Mapping” means that both are active. GUARDED uses VO and hazard detection, but simply stops with a fault
rather than avoid a hazard in its path. AVOID KOZ does no terrain understanding though will avoid any human-specified

Keepout zones, but has not been used yet during this mission. This table details the accumulated values at the rightmost edge
of Figure 2.

Mode Distance Duration Effective Total Max Max
Rate Odometry Distance Distance

meters hours meters/hour Percent Sol Number meters
AVOID ALL 22332.00 243.18 91.83 75.08 753 331.00
UNGUARDED (overall) 7274.86 87.93 82.74 24.46 1247 78.07
GUARDED 180.40 1.78 101.52 0.61 448 36.49
AVOID KOZ 0.00 0.00 0.00 0.00 - -

UNGUARDED Nonimaging 315.75 2.90 108.75 1.06 47 39.99
UNGUARDED VO 2405.19 24.31 98.95 8.09 123 73.61
UNGUARDED Mapping 0.00 0.03 0.00 0.00 - -
UNGUARDED VO Mapping 4553.92 45.67 99.70 15.31 1247 78.07

Figure 2. Cumulative plot of Perseverance Mobility
Odometery, labelled by drive mode. This is a visualization

of the data underlying Table 1.

1. INTRODUCTION
Perseverance has performed extremely well since landing
in Mars’ Jezero Crater on 18 February, 2021. It has set
new records for autonomous mobility by a planetary rover
[1]. In the extended mission we have reduced the time
needed to perform abrasions on the surface, further increasing
the science return. Observations made by instruments in a
clean abrasion return considerably better observations than
from a dusty natural surface. The team has incorporated
new software technologies onboard and in ground operations,
and transitioned Ingenuity helicopter operations to a new
phase as part of our extended mission. Commands from the
Robotic Operations (RO) team execute nearly every day (see
Figure 4).

We have also encountered new challenges along the way.
New terrain types led to multiple and ongoing efforts to
reconfigure the rover, changes to mission lifetime require-
ments have led to new constraints on Mars 2020 continued
operations, and the steep terrain we are beginning to ex-
perience as we begin to explore the Crater Rim region led
us to strategically reassess processes and flight and ground
software capabilities. We also had to recover from staffing
challenges that arose due to layoffs in February 2024.

Figure 3. Selfie taken by the Perseverance rover on Sol
1219 in front of Chevaya Falls.

Figure 4. Sol by sol plot of the number of commands
executed for each RO activity type. Simple Planner has been

active for every RO activity as of Sol 934.

This paper describes how the robotic operations team has
addressed these challenges, enabling the rover to navigate
challenging terrain to access locations of high science value
and make close up science observations with the robotic
arm and collect samples. Figure 3 shows an example. The
Chevaya Falls observations provided some indications it may
have hosted microbial life billions of years ago [2]. Multiple
scans of Cheyava Falls by the rover’s SHERLOC (Scanning
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Habitable Environments with Raman & Luminescence for
Organics & Chemicals) instrument indicate it contains or-
ganic compounds. A sample was collected at this location
which is on the northern edge of Neretva Vallis, an ancient
river valley measuring a quarter-mile (400 meters) wide that
was carved by water rushing into Jezero Crater long ago.

2. MOBILITY
Overall our mobility system has performed very well. Table 1
describes the overall performance in each drive mode, and
Figure 2 shows the accumulation of odometry in each mode
over time. Available drive modes are:

AVOID ALL The primary Autonomous Driving mode, the
rover uses Visual Odometry to maintain position knowledge,
and employs Terrain Mapping (stereo vision processing and
traversability analysis) to understand the geometric properties
of the surrounding terrain, and drive around any perceived
hazards.
UNGUARDED Driving without using any predictive on-
board knowledge of the terrain geometry.
GUARDED Driving while using onboard terrain knowledge
to proactively stop before driving into a predicted terrain
hazard, in contrast to AVOID ALL which can maneuver
around predicted hazards.
AVOID KOZ Driving without using onboard terrain knowl-
edge, but autonomously maneuvering around any human-
specified Keep Out Zones.

We have demonstrated unprecedented levels of autonomous
driving. A dedicated Vision Compute Element (a second
RAD750 computer with Virtex 5 FPGA) on the rover en-
ables high resolution Stereo Vision and Visual Odometry
image processing to complete in milliseconds, thus enabling
onboard autonomy analysis to occur in parallel with drive
motion. Since the effective rate of autonomous driving is
comparable to non-autonomous modes, the operations team
often chooses to drive autonomously. As a result, Perse-
verance is the first Mars Rover to have driven over 90%
of its total odometry autonomously (in an AVOID ALL,
Guarded, or Unguarded Mapping mode) [1].

Traverse Highlights

Perseverance has been climbing its way out of the Jezero
Crater Floor area since establishing the Three Forks Sample
Depot Cache on Sol 690 [3], [4]. We began driving northwest
up onto the Delta fan, experiencing our highest tilt to date of
25.4 degrees at the base of the fan on sol 700 (see Figure 6).
We then drove 4.4 km to the Emerald Lake area just west of
Belva crater very quickly, averaging 170 m/sol (sigma = 87.9
m/sol) in just 26 drives over 70 sols.

The area west of Emerald Lake was predicted to be more
challenging for Autonav, with a greater density of boulders
than we had seen before (rocks visible in the HI-RiSE orbital
views with at best 25cm resolution). But it ultimately was
relatively simple for Autonav to work through.

The route got more challenging for mobility once we entered
the Tuxedo Park area about 0.5 km west of Emerald Lake on
sol 896. Multiple steering motor faults slowed our progress
for several days, as described in Section 3 below.

Our drives along the Margin Unit (toward the Bright Angel
target) went well until we entered more complex terrain on
sol 1096 (see Figure 9). At that point we found that the

conservative settings of our Autonav system were unable to
discover viable paths through that most challenging terrain
seen to date, as explained in Section 3. After two months of
manually guiding Perseverance through the complex terrain,
we made our way into the river valley and once again were
able to drive autonomously. We spent a month visiting differ-
ent sites within the riverbed, reaching the Bright Angel area
on sol 1182 after 1.1 km of travel using 9 drives averaging
124.8 m/sol (sigma 58 m/sol).

We departed Bright Angel on sol 1219, heading south toward
the beginning of Jezero Crater Rim. In order to reach the
crater rim we would have to climb slopes consistently above
20 degrees for the first time. This presented some initial
challenges (see the High Tilt section below), but we were
ultimately successful in achieving full autonomous driving
even here, and look forward to continued exploration of high
tilt areas in our future extended missions.

3. MOBILITY CHALLENGES
Perseverance encountered multiple mobility challenges since
completing the Three Forks sample depot on sol 690 [4],
[5]. And although Perseverance’s mobility mechanisms were
originally required to survive up to 20 km of travel, recent
changes to the plans for overall Mars Sample Return [6]
and recognition of our having already driven 30 km on Mars
have led the Mars 2020 mission to reevaluate our operational
strategies in response to these challenges, to help us drive
even farther and better support potential rendezvous for sam-
ple transfer.

In this section we describe some of the more concerning faults
summarized in Figure 5.

Steering Faults

After driving more than 20 km during its first two and a
half years of operation, Perseverance’s steering motors expe-
rienced their first faults on sols 896, 897 and 899. These faults
occurred on different motors and had multiple signatures,
which led us to conclude that they were occurring due to
terrain interactions, not internal issues. Perseverance often
commands large cumulative steering changes during Turn
in Place motions (around 90 cumulative degrees per corner
wheel on average), and each of these faults occurred while
steering into or out of a Turn in Place configuration.

The first two events were STALL faults (indicated as MOTor
faults in Figure 5), during which the wheels were pushing up
against rocks and were not able to achieve their commanded
turn amount. And the third was a CMAX SLOW fault,
indicating that the current being used to drive an individ-
ual wheel had exceeded a threshold of 2.5 Amps for more
than 2 seconds. Visual inspection of the terrain showed no
motion of adjacent rocks during the stall events, but there
was some resettling motion during the CMAX SLOW fault
(see Figure 7). Discussions with the science team led to the
conclusion that during the first two faults we had encountered
rocks behaving like “icebergs”; a small fraction of the rock
being visible above ground, but most of the rock being firmly
held in place underneath the surface. That led us to change
our short term driving strategy to minimize use of Turns
in Place and only command shorter distances while in that
terrain, review and update motor fault protection parameters
(described in part in the Hard-brakes and Delayed Brake
Engagement sections below), and also to create long-term
goals to modify the flight software (FSW) to better enable
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Figure 5. Sol by sol plot of Perseverance Mobility Faults. Here “fault” means any asynchronous interruption of a mobility
command. Some faults are nominal, e.g., every Autonav drive is expected to end with a CUTOFF TIME fault because that
means it has used all available time to drive as far as possible, until driving was cut off by the time limit. Similarly, most

NO PATH faults are considered nominal since the rover successfully avoided driving over a previously unknown obstacle.

Figure 6. Maximum tilt experienced by Perseverance on
each drive sol.

future driving using fewer or no Turns in Place.

Hard-brakes

The increased frequency of stalls due to terrain revealed an
undesired stall response in the mobility brake system. The
stalls on Sols 897, 929, 1047, and 1052 all resulted in hard-
brake events, in which the brakes are closed before the motor
speed has decreased below a safe threshold. This can cause
significant damage to the brakes and the motor via detrition
and debris generation. Because of this, the mobility motors
are limited to five hard-brake events each over the mission
lifetime. After the Sol 1052 hard-brake, the M2020 Steer RR
motor had seen three of the five allowed hard-brakes in quick
succession over the course of only 156 sols. This frequency
of hard-brakes has not been observed on MSL, which has
only seen three total hard-brakes on mobility motors over the
course of 2531 sols, with only two of those being on the same
motor. The Perseverance Rover needs to maintain its ability
to traverse large distances well into the future, as it may play
a pivotal role in a future Mars Sample Return mission. The
increased frequency and number of hard-brakes endangered

Perseverance’s ability to do that. Because of this risk, driving
was halted while the underlying cause was investigated and a
solution was worked to prevent future hard-brakes.

The underlying cause was determined to be the grouped brake
configuration in the M2020 Rover Motor Control Avionics
box, in which a brake driver channel controls two brakes
at once. In other words, when one brake is opened or
closed, its grouped brake will also open or close, and vice
versa. This configuration was a change from MSL and
was necessary because the number of brake driver channels
was halved from MSL to M2020, but the number of actual
brakes only decreased from 54 to 41. Therefore, in order to
operate all brakes, some motor brakes had to be “grouped”
to share a driver channel with another motor, and all of the
mobility motors were grouped with other mobility motors.
Unfortunately, this grouping created a new issue for the motor
control stall response behavior. When a stall occurred, the
stalled motor’s brake could not close until its grouped non-
stalled motor had completely stopped. While the non-stalled
motor was stopping, the stalled motor was only being held
in place via dynamic braking, which is a passive method that
uses back EMF to slow the motor down. In the case of many
steer stalls, the back EMF would not be enough to hold the
stalled motor in place, so the motor would start backdriving to
unwind the tension built up during the stall. When the brakes
finally closed, the stalled motor would still be backdriving
at a speed above the safe threshold, and, therefore, it would
experience a hard-brake event. If the stalled motor was not
grouped, its brake would have been able to close immediately,
preventing any backdriving or hard-brakes.

The problem was fixed by changing motor control FSW pa-
rameters to prevent the FSW from using dynamic braking on
stalled motors. Nine total parameters were changed with the
primary purpose of causing a CMAX SLOW fault to trip be-
fore a stall fault is tripped. This prevents hard-brakes because
CMAX SLOW faults use the ramp-down stop mode instead
of dynamic braking. In ramp-down, the motor is actively
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