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Abstract— The Perseverance Mars rover needs to drive long
distances between regions of scientific interest to collect a diverse
set of samples. Position knowledge is needed for navigating to
the region of interest. Planetary mobile robots accumulate posi-
tion uncertainty as they move. Globally localizing the robot to an
orbital map of Mars removes this uncertainty. To date, this has
been performed manually on the ground by humans for mobile
surface and aerial robots. This can be accurate but requires
communication between planets. This takes significant time and
the need for it limits how far Perseverance can autonomously
navigate without ground-in-the-loop.

This paper describes a new onboard approach for performing
global localization, much of which already has been success-
fully demonstrated on Perseverance. Our Censible technology
uses a modified census transform to achieve sub-meter global
localization accuracy that is robust and practical, and whose
performance matches human-directed localizations from the
first two and a half years of the mission to within 0.5 meters
on average with no outliers. We use the fast processor on the
Ingenuity Helicopter Base Station mounted in the Perseverance
rover to perform the localization. It was originally installed to
coordinate communication with Ingenuity. This effort devel-
oped the interfaces and radiation mitigation methods needed to
enable its use as a rover co-processor. The system is designed
to limit operations impact and requires no daily input from
rover operators other than whether or not to perform global
localization, but also allows strategic configuration options if
desired. We discuss the lessons learned from developing and
deploying this new technology on a flight mission, and describe
how global localization is expected to increase science return and
change how planetary mobile robots navigate.
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Figure 1. Illustration of the 5 kilometers of driving
Perseverance completed over 31 sols during the Rapid
Traverse portion of its mission (sols 379-409).
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1. INTRODUCTION

The NASA Mars 2020 mission, which includes the Persever-
ance rover and the Ingenuity helicopter, landed on Mars on
February 18, 2021. It is part of an international Mars Sample
Return campaign to collect and return Martian samples to
Earth for scientific analysis. The farther it can drive between
sample collection locations, the more diverse the samples can
be. Figure 1 shows an example of a Skm drive Perseverance
performed over 31 days to move as quickly as possible
between locations of scientific interest [1]. Perseverance is
currently planned to rendezvous with the Sample Retrieval
Lander (SRL) to deliver its samples in the 2030s.

Perseverance is the first NASA Mars rover that can drive
using its autonomous driving capabilities (Hazard Detection
and Avoidance, Visual Odometry) at close to its maximum
electromechanical speed. As a result, its self-driving au-
tonomous navigation system has become its primary means
of driving: it has been used to execute or evaluate 88% of the
total distance traveled [2]. As of this writing, Mars solar day
(sol) 925 for the mission (26 September 2023), the farthest
distance it has driven without human review is 699.9m over
three sols, which is a planetary rover record [2].

When planning long autonomous drives, human Rover Plan-
ners indicate safe and dangerous areas by laying out “Keep
in” and “Keep out” zones on orbital maps. But as the
rover drives, the uncertainty regarding its actual position
on the orbital map grows. To ensure the rover remains
safe, the “Keep in” (and “Keep out”) zones will shrink (or
grow) onboard according to the current uncertainty. This
added uncertainty can result in drives ending early if the
growth in “Keep in” and “Keep out” zones blocks a narrow
passage. This can only be alleviated by re-localizing the
rover’s current location against the orbital map. Currently,
human mapping specialists re-localize the rover before every
drive plan (manually performing global localization). This
requires a complete communications cycle, and the need for
it limits how far Perseverance can autonomously navigate
without ground-in-the-loop.

As a result, the maximum duration of any autonomous drive
plan without human review has only been three Martian sols.
After hundreds of meters, rover position uncertainty will
grow to such an extent that it is impractical to navigate typical
Martian terrain without using global localization to elimi-
nate the accumulated uncertainty. This process is currently
performed manually on Earth: rover operators downlink
panorama images from the end of the drive and match them
to an orbital map. Autonomous onboard global localization
will no longer require frequent communication with Earth,
removing the limitation on drive distance due to uncertainty
growth.

This paper addresses the challenge of autonomous onboard
global localization and describes:

A system for global localization for a flight robotic mission
that has been demonstrated to produce results that match
human accuracy on Mars data.

The first demonstration using the non-radiation-hardened
Ingenuity Helicopter Base Station as a rover co-processor.

Beyond Perseverance, the absolute position estimation pro-
vided by global localization is a key enabler for future plan-
etary robotic missions. Lunar rover missions like Endurance
[3] aim to traverse many kilometers across the Moon largely
in Permanently Shadowed Regions with limited communica-

Figure 2. Demonstration of the onboard position
uncertainty growth that occurs on long drives. A single set of
drive instructions was sent to Perseverance on Mars to drive
over multiple Martian days, sols 717-719. It drove 655.8
meters on Mars over that period, shown by the light blue line
from the bottom right corner to the top left. The uncertainty,
shown in dark blue, grew monotonically from O meters at the
start of the drive to 32.92 meters at the end of the drive,
because no global localization was performed during the
three driving sols.

tion. The Ingenuity and Sample Retrieval Helicopters also re-
quire absolute position estimation to navigate autonomously
and retrieve sample tubes. The proposed system contributes
a critical capability in the broader context of increasing de-
mands for long-range autonomy in planetary robot navigation
[4]. The decision to implement the MSR mission will not be
finalized until NASA’s completion of the National Environ-
mental Policy Act (NEPA) process. MSR references in this
document are being made available for information purposes
only.

2. GLOBAL LOCALIZATION PROBLEM

Planetary mobile robots such as Perseverance and Ingenuity
accumulate position uncertainty as they move. This is due to
several factors including sensing and actuation accuracy, and
accuracy of position estimation.

The growth of uncertainty over a long drive is illustrated in
Figure 2. At the end of each drive on Mars, human mapping
specialists re-localize the rover relative to the orbital map.
So every new drive starts by setting uncertainty to zero at
the starting location. Uncertainty then grows monotonically
throughout the drive. Ingenuity is manually localized on the
ground as well after each flight. Position error for Ingenuity
is terrain dependant and has has been up to 13% of flight
distance in complex terrain.

Perseverance autonomous navigation is successfully driving
long distances making global localization a higher priority

Global localization has been a known problem for planetary
robots for some time. Global localization has been performed
manually at the end of each drive by human experts since
the Mars Exploration Rover mission began in 2004, and the
practice has continued for Curiosity and Perseverance. Prior
rovers’ autonomous navigation (AutoNav) systems drove
more slowly, typically only covering tens of meters per sol
[2], so there had been no urgency to address this issue earlier.
In contrast, the Perseverance self-driving AutoNav system
has already been used to evaluate 88% of the 17.7km distance






