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Measurement data from ALHAT and Mars 2020 were formatted
Into generic ASCIl files In order to be replayed with our
algorithms. Several issues with the ALHAT field test data, such
as instrument time synchronization and ranging biases, were
corrected. ALHAT flight test (FT) 3 data is from a laser altimeter
attached to an airplane flying 2-8 km above Yucca Flats and
Death Valley in 2009 (Figure la). ALHAT FT6 data is from a
128x128-pixel flash LIDAR flying 250-0 m over an artificial
boulder field on a Morpheus vertical takeoff and landing rocket at
Kennedy Space Center (Figure 1b). Mars 2020 data is from a six-
beam terminal descent sensor (TDS) radar during descent from
10-0 km on Mars in 2021 (Figure 1c). While the high-quality IMU
data for ALHAT FT6 and Mars 2020 EDL was sufficient for
Integration over the relatively short descents (40 and 152
seconds respectively), this was not the case for accelerometer
Integration during the long ALHAT FT3 flights (each up to 2.3
hours). For these flights, data from a simulated velocimeter,
measuring velocity in the local body frame, was added. For
ALHAT FT3 and Mars 2020 data, several range measurements
were binned together to form a sparse contour. To address the
sparsity of the resulting ground-projected scans, we modified our

Objectives

The objective of this R&TD was to develop, mature, and
demonstrate a 3D Light Detection and Ranging (LIDAR) based,
illumination-insensitive navigation and mapping algorithm that
ensures safe and precise landing on planetary bodies, e.g.,
Europa, Enceladus, Mars, the Moon, and small bodies. In FY20,
the requisite algorithms were developed and tested on simulated
dense LIDAR data. The objective of our efforts in FY21 were to
advance the TRL of the system by demonstrating its functionality
with real-world flight data obtained during the Autonomous
Landing Hazard Avoidance Technology (ALHAT) program (in
2009 and 2014) and during the Mars 2020 entry, descent and
landing (EDL). Accomplishing this objective required that we
address further challenges associated with real-world data, such
as time synchronization, outlier rejection, poor sensor calibration,
and faulty measurements. Additionally, in order to use data from
the ALHAT 2009 flight campaign and Mars 2020 EDL, our
algorithms needed to be modified to accommodate sparse, as
opposed to dense, ranging data.

Figure 1. Input Data. True trajectories are shown as red lines, projected range measurements as green points.

(a) ALHAT FT3 Flight 5 in a King Air B200 airplane (b) ALHAT FT6 Free Flight 14. Morpheus VTOL rocket (c) Mars 2020 EDL at Jezero Crater with
at Yucca Flats with 40.78%73.2 km, 5m/px map, at Kennedy Space Center with 186.5%x186.5 m, 30%x30 km, 24 m/px map, 10 to 0 km
3.3 t0 4.7 km altitude, and LaRC laser altimeter 10 cm/px map, 250 to 85 m altitude, and ASC altitude, and terminal descent radar with 6
at 30 Hz. Goldeneye 128x128 px flash LIDAR at 20 Hz. beams at 20 Hz.
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Figure 3. Estimation (ALHAT FT6 Free Flight 14)

Measurements from LIDAR-Inertial odometry and map relative localization
(MRL) that pass through outlier rejection are input into a smoothing-based
navigation algorithm. The instantaneous estimate and smoothed solution
are shown, with convergence occurring at approximately 3.5 seconds for

(a) Visual features are tracked
frame-to-frame in range (left)
and intensity (right) images in
for LIDAR odometry.

Background

Future JPL lander missions to Europa, Enceladus, comets,
asteroids, or permanently shadowed regions of the Moon will
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MRL correlator to mask unoccupied pixels.
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