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Your speaker

ÅBorn in        , with an         dream 

ÅEducation:

ÅB.S. in Engineering

Å Ecole Centrale de Nantes (FR)

ÅMS in Space System Engineering

Å Cranfield University (UK)

ÅPh.D in Visual Navigation / Robotics

Å Institut Superieur de lôAeronautiqueet de 

lôEspace(FR)

Å European Space Agency @ ESTEC (NL)

Å Airbus (FR)
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Your speaker (continued)

ÅAt JPL since 2015:

Å Ingenuity: 1st flight project

Å Member of Operations Team

Å Member of the Guidance, Navigation 

and Control Team

Å Sensor Alignment Lead

Å Director for Navigation Field Tests

ÅResearch: PI, Co-I

Å Visual Navigation

Å State estimation

Å Sensor fusion: thermal, events, range,é

Å Entry, descent and landing 

Å Future Mars rotorcraft
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Plan

1. Ingenuity Mission Brief & Status Update

2. Ingenuity Navigation System

3. Mars Science Helicopter Navigation System
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1/ Ingenuity Mission Brief & Status Update
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Mars 2020 Mission Objectives

In-situ science:

Did life exist on Mars?

Was Mars habitable?

Prepare future missions:

Cache samples

Prepare for humans
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Mars Helicopter Initial Technology Demonstration

Å Objective 1: First powered airborne 

flight on another planet!

Å Objective 2: Collect engineering data 

for future helicopters

Å 30-day mission
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Design Flight Pattern
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Jezero crater

Octavia E. Butler landing on Feb 18
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Wright Brothers Field
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The challenges of flying on Mars

ÅGenerate enough vertical lift in:

Å1% Earth atmospheric density

Å1/3 Earth gravity

ÅNo remote control:

Å180 millions miles away ~ 15 min communication one way

ÅSurvive Mars: as low as -90 C ambient temperature

ÅSurvive launch, cruise end EDL
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Meet Ingenuity

Å1.8 kg / 4 lbs

Å1.2 m / 4 ft rotor diameter

ÅFlights designed up to

Å5 m / 15 ft high

Å300 m / 1000 ft long

Å90 s duration

ÅFully autonomous

ÅSolar panel charging

ÅRover comms

ÅLi-Ion batteries

ÅSmartphone processors
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Meet Ingenuity (on the inside)

Å1.8 kg / 4 lbs

Å1.2 m / 4 ft rotor diameter

ÅFlights designed up to

Å5 m / 15 ft high

Å300 m / 1000 ft long

Å90 s duration

ÅFully autonomous

ÅSolar panel charging

ÅRover comms

ÅLi-Ion batteries

ÅSmartphone processors

(figure: Balaram, 2018)
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First Flight on Another Planet
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What Ingenuity is doing now

Å Active operating alongside 

Perseverance rovers for 6+ months 

post tech demo

Å Scouting ahead
Å Identify / confirm rover science targets

Å Identify safe rover paths

Å Provide unique aerial perspective
Å High-resolution images (1 cm/pixel)

Å 3D data products (hazards)

(figure: Brockers, 2021)
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Design vs. Performance: The Power of Margins

Variable Design Actual

Number of Flights 5 16

Flight Height Above Ground [m] 5 12

Flight Range [m] 300 625

Flight Max Duration [s] 90 170
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RTE Camera: Flight 12, Sol 174: SéítahSouth

Sample Scouting Image



RTE Camera: Flight 10, Sol 152: Raised Ridges Fracture System

Sample Scouting Image



RTE Camera: Flight 13, Sol 193: Faillefeuoutcrop

Sample Scouting Image
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2/ Ingenuity Navigation System

(slide material courtesy of Dr. David Bayard)



Helicopter Navigation Testing

Fernando Mier-Hicks 

Gerik Kubiak 

Lucas Leach

Russell Smith

Mars Helicopter Project

MiMi Aung (Project Lead)

Bob Balaram (Chief Engineer)

Teddy Tzanetos (Tactical Lead)

And many others é.
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Navigation Development 

Team

David Bayard (Lead)

Dylan Conway

Roland Brockers

Jeff Delaune

Havard Grip

Larry Matthies 

Extended Navigation Team

Gene Merewether 

Travis Brown 

Johnny Lam

Brent Tweddle

Nuno Filipe

A. Miguel San Martin 

Ingenuity Navigation Team



Electronic Control 
Module (ECM)

ÅLidar Altimeter
ÅCamera

ÅIMU
ÅInclinometer

SENSORS
ÅCamera
ÅIMU
ÅLidarAltimeter
ÅInclinometer (for pre-flight cal only)

Nadir Pointed 
Camera and
Altimeter 27

ÅNav Camera: IntrinsycOmniVisionOV7251

ÅFOV 133x100 deg, Nadir Pointed

ÅPixels 640x480 ; pixel size 3.6 mrad

ÅFrame Rate: >30 Hz

Ingenuityôs Navigation Sensors (contôd)



Navigation Architecture Block Diagram

Altimeter
(LRF)

Camera

Inclinometer

To 
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Vision
Processin
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State Estimator
(MAVeN)

30 Hz

50Hz

30Hz

IMU

Accel

Gyro

500Hz1600Hz

3200Hz

NAV FUNCTIONS
ÅIMU Integration w/ 
coning-sculling
Å500 Hz Downsample
ÅBias Correction
ÅInitialization
ÅTime Alignment & IMU 
Re-propagation
ÅCommDelay Handling
ÅFault Handling using 
IMU/LRF
-------------------------------
ÅGuidance & Control
ÅOther

500Hz

FPGA

FLIGHT COMPUTER (R5)
ÅARM Cortex-R5, 2x redundant
ÅCOTS automotive-grade processor
Å32-bit RISC ARM processor core
ÅSafety critical applications
ÅRun in lockstep for dual 

redundancy
ÅNOT RAD HARD

Asynchronous I/F (UART)

500Hz
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Preflight Roll/Pitch 
measonly

S
yn

ch
ro

n
o

u
s 

I/
F

R5

NAV

Å R5 double redundant, run lock-step
Å If R5 fails it can detect which one is bad

Å Both R5 and Nav integrate IMU

Å If Nav fails, R5 will continue to propagate IMU

Å !ƭƭ Ŧŀǳƭǘ ǊŜǎǇƻƴǎŜǎ ŀǊŜ άƭŀƴŘ ƴƻǿέ

FPGA 
ProASIC3E 
RAD HARD

NAV PROCESSOR (NAV)
2.1 GHz Qualcomm Snapdragon
(quad-core COTS cell-phone processor)
Å1-core dedicated to Vision Processing
Å1-core dedicated to State Estimator
ÅRuns non-real-time Linux operating system
ÅNOT RAD HARD
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Å FEATURE DETECTION APPROACH
Å FAST Algorithm: Selects corner-like features
Å Forms feature template using center pixel and 

square area surrounding it
Å Non-maximum suppression to reduce 

concentrations of features in high contrast regions
Å Keeps the 28 highest contrast features in each of 9 

tiles (3x3 grid of tiles)

Å FEATURE TRACKING APPROACH
Å KLT Algorithm (Kanade-Lucas-Tomasi)
Å 30 Hz images
Å Estimates image-space displacement of template 

from one image to the next 
Å Iterative gradient-descent search based on pixel 

intensity
Å Window size of 11x11 pixels
Å Tracks using 3-level image pyramid (full, 1/2, 

1/4/, 1/8 resolutions of same image)
-- extends KLT radius of convergence

Å Augmented with gyro-based derotationto 
overcome large attitude motion

Å Forces new Base frame every 1/3 second which 
desensitizes MAVeNto ground slopes 

Feature Detection (3x3 grid)

Feature Tracking (ex: track length =10)

Vision Processing



Å Green features are 

kept

Å Red features rejected

Å Features tracks reset  

at start of each Base 

frame

Å FAST Feature Detection 
Å KLT Feature Tracking
Å RANSAC outlier 

rejection
Å Landing legs masked 

out
Å Features on shadow 

removed by RANSAC

Vision Processing (contôd)



MAVeNBase and Search Images

Repeating
Horizon



Ingenuity Navigation Filter Definitions 

Base Frame

Search Frame

Ground Frame

(7x3 =21 states)



Landmark Update

Background: Nav with Mapped Landmark Update



Base Search

Ingenuity EKF Measurement Update
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COMMANDED NAVIGATION LANDING ERRORS*

FL

T

Time Tota

l

Dist

Max 

Alt

Max

Spee

d

Heading 

Error

Position

Error

Attitud

e

Error

Cross-

Track

Error

% Drift

# sec m m m/s deg m deg m %

1 40 0 3 0 -0.16 0.27 0.01 0.01 -

2 52 4 5 0.5 1.25 0.31 0 0.15 -

3 80 100 5 2 0.85 0.27 0.04 -0.05 0.3%

4 117 266 5 3.5 4.16 5.69 -1.04 -5.58 2.1%

5 108 129 10 2 1.43 1.89 -1.69 0.8 1.5%

*Post-flight landing error reconstruction

Å From HIRISE Images errors

Summary: Tech Demos (TD)

ÅDrift error ~ 1-2 percent 

Navigation Performance during Tech Demo
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COMMANDED NAVIGATION LANDING ERRORS

FL

T

Time Total

Dist

Max 

Alt

Max

Spee

d

Heading 

Error

Position

Error

Attitude

Error

Cross-

Track

Error

% Drift

# sec m m m/s deg m deg m %

6 140 215 10 4 7.18 6.04 3.78 -4.72 2.8%

7 63 106 10 4 1.84 1.83 -0.22 -1.79 1.7%

8 77 160 10 4 1.49 2.28 -0.31 -2.24 1.4%

9 166 625 10 5 7.8 38.51 5.26 -38.15 6.2%

10 165 244 12 5 5.29 4.23 -3.26 -2.68 1.7%

11 131 385 12 5 4.99 20.2 -5.12 -19.54 5.2%

12 170 450 10 4.3 10.9 15.73 -2.08 11.74 3.5%

13 161 210 8 3.3 3.4 0.65 0.16 -0.55 0.31

Summary: Scouting Demos (more challenging)

Å Drift error ~ 2-6% percent 

ÅWorst-case 6% drift due to Flight 9 over ancient lake bed (sharp 

slopes)

ÅMain drift in cross-track direction due to heading error

Å Velocities remained accurate for good flight control (smooth flight)

Navigation Performance post Tech Demo
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3/ Mars Science Helicopter Navigation System
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Mars Science Helicopter Program

ÅMars Science Helicopter concept (MSH, 

JPL R&D)

ÅGoal: Enable science return from a Mars 

helicopter

ÅRegion-wide in-situ exploration (range > 1 

km/sol)

ÅAreas inaccessible to rovers

ÅMain challenge:

ÅSystem design to accommodate 5-kg 

payload

ÅAutonomous perception:
Å Navigation

Å Landing site detection

Å Map registration

ÅMission profile: horizontal traverses over 3D 

terrains (> 1km)
39

Mars Science Helicopter Concept

(Ames, Univ. of Maryland, JPL)
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ÅVisual-Inertial Odometry (VIO):
ÅLoosely-coupled

ÅMeasurement: unscaled pose in 
local visual frame

ÅORB-SLAM, SVO, PTAM

ÅTightly-coupled
ÅMeasurement:

Å Image coordinates (feature-based)

Å Image intensities (direct)

ÅMSCKF, ROVIO, OKVIS

ÅVIO drift mitigation:

ÅScale:

ÅLRF + globally-flat terrain 
[Bayard, 2019]

ÅUltrasonic sensing + equidistant 
large terrain patch [Urzua, 2017]

ÅHeading (w/o magnetometer):

ÅVO + sun sensor [Lambert, 2011]

ÅSun sensing widely used in space

Accurate

Robust

Large drift due to unobservable:

- scale (w/o excitation)

- heading

Literature Review

- No range-VIO for 3D terrains

- No solar-VIO
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State Estimator
FAST features

LKT tracking

RANSAC outlier rejection

Static poses sliding window

Inverse-depth SLAM features

2D image 

coordinatesPosition

Velocity

Attitude

Gyro and accel biases
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Ranged Facet Update

42

ÅForm a triangle with 3 
neighboring features:

Å╝ █ █ █ █

ÅAssumption: Local planar facet

ÅConstraint:

╘ █ ╝ π

Å ► ὶ ◊

► ╝ ὶ ◊ ╝

ὶ
█ ▬ ╝

◊ ╝

Ὤ●

ÅIntegrates depth uncertainty

rLRF

{p,q}

f1

f2
I

N

uLRF



jpl.nasa.gov

Ranged Facet Update (contôd)

43

Projection

rLRF

{p, q}

f1 f2I

N

uLRF

ὶ
█ ▬ ╝

◊ ╝

◊ ╝

█ ▬ ╝

╝ ╝ὼ

Delaunay image triangulation

Maximizes smallest angle of all triangulations
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State Estimator Outdoor Flight Test

Range-VIO forms triangular facets between SLAM 

features to construct range constraints

Works over arbitrary structures: flat or 3D

Enables scale observability in the absence of 

excitation (e.g. constant speed)

Theoretical demonstration for the linearized 

system in the paper.

30 Hz update on 1 core of QC Snapdragon 820 

Range-

VIO

VIO scale 

drift

Ʒ4xƷ

44
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Range outlier rejection

The range finder hits a 7-m high street 

light

The Mahalanobis gating catches it and 

shows no impact on range-VIOƷ4xƷ

45
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State Estimator Indoor stress case

Strong accelerations 

Fast rates

Close-up passes over 3D 

structure

Inertial 

excitation

Pose estimate vs. motion 

capture

46
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IEEE Aerospace, 2020)


