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Your speaker

A Bornin O with an —";,—' dream

A Education:

A B.S. in Engineering
A Ecole Centrale de Nantes (FR)

A MS in Space System Engineering
A Cranfield University (UK)
A Ph.D in Visual Navigation / Robotics

A Institut Superieurde!l 6 Aer oneidet i qu e
| 6 Es fFR)C e

A European Space Agency @ ESTEC (NL)

A Airbus (FR)
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Your speaker (continued)

A At JPL since 2015:

A Ingenuity: 1st flight project
A Member of Operations Team

A Member of the Guidance, Navigation
and Control Team

A Sensor Alignment Lead
A Director for Navigation Field Tests

A Research: PI, Co-I

A Visual Navigation
A State estimation
A Sensor fusion: ther mal,

A Entry, descent and landing i
A 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



= Prepare future missions:
Cache samples
Prepare for humans

- Did life exist on Mars
Was Mars habi







Design Flight Pattern
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The challenges of flying on Mars

A Generate enough vertical lift in:
A 1% Earth atmospheric density
A 1/3 Earth gravity

A No remote control:
A 180 millions miles away ~ 15 min communication one way

A Survive Mars: as low as -90 C ambient temperature

A Survive launch, cruise end EDL

jpl.nasa.gov



Meet Ingenuity

A 1.8kg/4lbs
A 1.2 m/ 4 ft rotor diameter

A Flights designed up to
A 5m /15 ft high
A 300 m/ 1000 ft long
A 90 s duration

A Fully autonomous

A Solar panel charging

A Rover comms

A Li-lon batteries

A Smartphone processors

jpl.nasa.gov



Meet Ingenuity (on the inside)

(figure: Balaram, 2018)

A 1.8kg/4lbs
A 1.2 m/ 4 ft rotor diameter

A Flights designed up to
A 5m /15 ft high
A 300 m/ 1000 ft long
A 90 s duration

A Fully autonomous

A Solar panel charging

A Rover comms

A Li-lon batteries

A Smartphone processors

jpl.nasa.gov









What Ingenuity is doing now

A Active operating alongside
Perseverance rovers for 6+ months
post tech demo

A Scouting ahead
A Identify / confirm rover science targets
A Identify safe rover paths

A Provide unique aerial perspective
A High-resolution images (1 cm/pixel)
A 3D data products (hazards)

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

Number of Flights 5 16
Flight Height Above Ground [m] 5 12
Flight Range [m] 300 625

Flight Max Duration [s] 90 170

jpl.nasa.gov



Sol 248 | Distance Driven 1.66 miles / 2.67 km







Sample Scouting Image

RTE Camera: Flight 12, Sol 19ditaiSouth



~RTE Camera: Flight 10, Sol Faiséd Ridge&racture System
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Reference

AIAA SciTech Forum
8-12 January 2018, Kissimmee, Florida
2018 ATAA Atmospheric Flight Mechanics Conference

Mars Helicopter Technology Demonstrator

J. (Bob) Balaram* *,
Timothy Canham™ ", Courtney Duncan™®*, Matt G_olombek*’?._ Havard Fjer Grip*1, Wayne Johnson** !, Justin
Maki***, Amelia Quon® ™", Ryan Stern***, and David Zhu* %

*Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
**NASA Ames Research Center, Moffet Field, CA 94035

We describe a helicopter that is being developed as a technology demonstrator of Mars
aerial mobility. The key design features of the helicopter, associated test infrastructure, and
results from a full-scale prototype are briefly described.



2/ Ingenuity Navigation System

(slide material courtesy of Dr. David Bayard)
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Ingenuity Navigation Team

Navigation Development Helicopter Navigation Testing
Team Fernando Mier-Hicks
David Bayard (Lead) Gerik Kubiak
Dylan Conway Lucas Leach
Roland Brockers Russell Smith
Jeff Delaune
Havard Grip Mars Helicopter Project
Larry Matthies MiMi Aung (Project Lead)
Bob Balaram (Chief Engineer)
Extended Navigation Team Teddy Tzanetos (Tactical Lead)

Gene Merewether
Travis Brown
Johnny Lam And many others é.
Brent Tweddle

Nuno Filipe

A. Miguel San Martin
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vigation

/— Communications Antenna

Solar Panel ——

SENSORS
ACamera
AMU
ALidarAltimeter

Ainclinometer (for preflight cal only)

Rotor Blades
Propulsion Motors
& Control Linkages

Module

Camera

Landing Legs
8 Leg Fuselage (Power

and Electronics)

AMU

Alnclinometer

ALidar Altimeter
ACamera

A Nav CamerantrinsycOmniVisiorOV7251
A FOV 133x100 deg, Nadir Pointed
A Pixels 640x480 ; pixel size &6ad
A Frame Rate: >30 Hz

Electronic Control

(ECM)

Nadir Pointed
Camera and
Altimeter

Sensor
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Navigation Architecture Block Diagram

To To o Do o

R5 double redundant, run loeitep

If R5 fails it can detect which one is bad

Both R5 and Nav integrate IMU

If Nav fails, R5 will continue to propagate IM
NBalLlyaSa

L E€ FIodzE

Synchronous I/F

IMU
[mclinometer

Preflight Roll/Pitch
measonly

30Hz
=

NAV
Vision
Processin

Pson:

State Estimator
(MAVeN

Asynchronous I/F (UART)

1600Hz

Wi () A (k) L0 ()
500Hz

V26¢

3200Hz

NAV FUNCTIONS
AIMU Integration w/
coningsculling

A500 HADownsample
ABias Correction
Alinitialization

ATime Alignment & IMU
Repropagation
ACommbDelay Handling
AFault Handling using
IMU/LRF

AGuidance & Control

Aother R 5

NAV PROCESSOR (NAV)

2.1 GHz Qualcomm Snapdragon

(quad-core COTS cgdhone processor)
Al-core dedicated to Vision Processing
Al-core dedicated to State Estimator

ARuns norreaktime Linux operating system

ANOT RAD HARD

FPGA
ProASIC3E
RAD HARD

Znav(k — n) with timestamp

500Hz

To
Controller

Peon
Vean
Geon
>

FLIGHT COMPUTER (R5)
A ARM CortesR5, 2x redundant
A COTS automotivgrade processor
A 32-bit RISC ARM processor core
A safety critical applications
A Run in lockstep for dual
redundancy

A NOT RAD HARD
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Vision Processing

Feature Detection (3x3 grid)

A FEATURE DETECTION APPROACH
A FAST Algorithm: Selects corsiée features
A Forms feature template using center pixel and
square area surrounding it
A Nonmaximum suppression to reduce
A

concentrations of features in high contrast regions
Keeps the 28 highest contrast features in each of 9
tiles (3x3 grid of tiles)

A FEATURE TRACKING APPROACH

KLT AlgorithmKanadelLucasTomasj

30 Hz images

Estimates imagspace displacement of template
from one image to the next

Iterative gradientdescent search based on pixel
intensity

Window size of 11x11 pixels

Tracks using-level image pyrami¢full, 1/2,

1/4/, 1/8 resolutions of same image)

-- extends KLT radius of convergence
Augmented with gyrdébasedderotationto
overcome large attitude motion
A Forces new Base frame every 1/3 second which

desensitizedMAVeNto ground slopes

oo Do ToTo Do

b




on Processing (contdd)

Mars Helicopter - Flight 3 - Sol 64

Turnaround Point

Image l1716; Diplayed Image ID 1727

Base Image ID 716 Searc

(g g TR A Green features are
400 ¥ | \ kept

A Red features rejected

A Features tracks reset

at start of each Base

frame

® Used for Nav
® Rejected

300

200

A FAST Feature Detection

A KLT Feature Tracking

A RANSAC outlier
rejection

A Landing legs masked
out

A Features on shadow
removed by RANSAC

Image Height (Pixels)

100

0 100 200 300 400 500 600
Image Width (Pixels)



MAVeNBase and Search Images

Search Search
Base Image * * ° Image Base
Image

1 Sz S3

[1] Identify the first image as a Base image

Repeating
Horizon

=

[2] Use the current estimate of Base pose pg,gp to map features in the Base image onto

the planar ground to give pseudo-landmarks f1, f2, f3.

[3] Identify the next image as a Search image. Match Search image features to the pseudo-

landmarks f1, fa, fa.

[4] Combine the m pseudo-landmark matches with current geometry to form a measurement

that is a function of both the current Base and Search states,

yi = hi(ps,qs,pB.qB) + Ui

Perform Kalman filter measurement and time updates.

[5] If the number of matched features drops below a threshold, declare the next image as
a new Base image and go to [1]. Otherwise declare the next image as a Search image

and go to [3]



Ingenuity Navigation Filter Definitions

Search Frame

7’th feature A B

Ground Frame

(7x3 =21 states)

pPs, Vs, (s - Search state position, velocity and attitude quaternion
pB,qr - Base State position and attitude quaternion

ba, by - bias states for the accelerometer and gyro
e Base states (i.e., clone states), are copied from Search states at Base times tp
pp(te) = ps(tp), and qp(tp) = qs(tp)

e Base states propagate with constant dynamics between Base images

pe =0, =0



Background: Nav with Mapped Landmark Update

Landmark Update

Mapped Landmarks: Assume f; is known and use BLUE triangle
rs, = Asfi — Asps

For an arbitrary line-of-sight vector r = [ry, 7y, r.]T a pin-hole projection operator is defined

as
=] el

Ty /T
Applying pin-hole operator gives measurement
y =m(rs;) = m(Asfi — Asps) = h(ps, As, fi)

Measurement has desired form

— _ | Ps
y = h(x), where z = [ As ]



Ingenuity EKF Measurement Update

Searchjk e Vector Decomposition

Base ,
‘J{x/ ——————————— rg, = di m(a;, Bi)
T3, d; — depth (scalar)
t m(«;, ;) — unit vector
«;, i — bearing angles

plan®
e Solve for_d; (assumes planar ground)

From BLUE triangle y 2 m(rsi) = h(ps, As, f)

MAVeN: Replace unknown f; by a function ¢f state f;(x) using GREEN triangle
fi=pBp+ Ajrp, = pp + ALdim(ai, Bi) = fi(ps, Ap, ai, Bi, N)

Substituting gives measurement in desired form Ps
vs
Yi :h’( p57A57pByABaai7ﬁiaN) = Yi :h(l) where = AS ER15
M PB
Ap

e Assumptions: (1) Known ground plane with normal N; (2) Base frame bearing angle
measurements «;, ; are noiseless

e The MAVeN state is not augmented by feature vector




Navigation Performance during Tech Demo

COMMANDED NAVIGATION LANDING ERRORS*

FL Time Tota Max Max Heading Position Attitud Cross- % Drift I
T I Alt Spee Error Error e Track : |

Dist d Error Error : :
#  sec m m m/s deg m deg m I % |
1 40 O 3 0 -0.16 0.27 0.01 ooo I - 1
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 I 030 |
4 117 266 5 3.5 4.16 5.69 -1.04 -5.58 5106 |
5 18 129 10 2 = 143 189  -1.69 08 | 1504 !

'
*Post-flight landing error reconstruction D

A From HIRISE Images errors

Summary: Tech Demos (TD)
A Drift error ~ 1-2 percent
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Navigation Performance post Tech Demo

COMMANDED NAVIGATION LANDING ERRORS

FL Time Total

T
# SecC
6 140
7 63
8 77
9 166
10 165
11 131
12 170
13 161

Dist

m
215
106
160
625
244
385
450
210

Max
Alt

m
10
10
10
10
12
12
10
8

Max

Spee

d

mmmbhh%

4.3
3.3

Heading
Error

deg
7.18
1.84
1.49
7.8
5.29
4.99
10.9
3.4

Position
Error

m
6.04
1.83
2.28

|38.51

4.23
20.2
15.73
0.65

Attitude Cross-

Error

deg

3.78
-0.22
-0.31
5.26
-3.26
-5.12
-2.08
0.16

Summary: Scouting Demos (more challenging)

A Drift error ~ 2-6% percent
A Worst-case 6% drift due to Flight 9 over ancient lake bed (sharp

slopes)

Track
Error

m
-4.72
-1.79
-2.24

-2.68
-19.54
11.74
-0.55

A Main drift in cross-track direction due to heading error

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

I % Drift

%
2.8%
1.7%
1.4%

|62%

1.7%
5.2%
3.5%




Reference

AIAA SciTech Forum
7-11 January 2019, San Diego, California
ATAA Scitech 2019 Forum

Vision-Based Navigation for the NASA Mars Helicopter

David S. Bayard* Dylan T. Conway' Roland Brockers? Jeff Delaune® Larry Matthies¥
Hévard F. Grip/ Gene Merewether** Travis Brown'" A. Miguel San Martin

Jet Propulsion Laboratory, California Institute of Technology, 91109

A small helicopter has recently been approved by NASA as an addition to the Mars 2020 rover mis-
sion. The helicopter will be deployed by the rover after landing on Mars, and operate independently
thereafter. The main goal is to verify the feasibility of using helicopters for future Mars exploration
missions through a series of fully autonomous flight demonstrations. In addition to the sophisticated
dynamics and control functions needed to fly the helicopter in a thin Mars atmosphere, a key sup-
porting function is the capability for autonomous navigation. Specifically, the navigation system must
be reliable, fully self-contained, and operate without human intervention. This paper provides an
overview of the Mars Helicopter navigation system, architecture, sensors, vision processing and state
estimation algorithms. Special attention is given to the design choices to address unique constraints
arising when flying autonomously on Mars. Flight test results indicate navigation performance is
sufficient to support Mars flight operations.



3/ Mars Science Helicopter Navigation System



Mars Science Helicopter Program

A Mars Science Helicopter concept (MSH,
JPL R&D)

A Goal: Enable science return from a Mars
helicopter

A Region-wide in-situ exploration (range > 1
km/sol) _ ‘ !

A Areas inaccessible to rovers

«% —
A Main challenge: % Q———

A System design to accommodate 5-kg

payload Mars Science Helicopter Concept
A Autonomous perception: (Ames, Univ. of Maryland, JPL)
A Navigation

A Landing site detection
A Map registration

A Mission profile: horizontal traverses over 3D
terrains (> 1km)

39 jpl.nasa.gov



Literature Review

A Visual-Inertial Odometry (VIO): A VIO drift mitigation:
A Loosely-coupled A Scale:
A Measurement: unscaled pose in A LRF + globally-flat tegrain

local visual frame

[Bayard, 2019]
A ORB-SLAM, SVO, PTAM

A Ultrasonic sensipg'+ equidistant
large terrain patch [Urzua, 2017]

A Heading (w/o magnetometer)
A VO + sup sensor [Lam
A Sun sensing widely

A Tightly-coupled
Accurate A Measurement:

A Image coordinates (feature-based)
A Image intensities (direct)

A MSCKF, ROVIO, OKVIS

Robust

Large drift due to unobservable: - No range-VIO for 3D terrains
x - scale (w/o excitation) x R
- heading

Jun 1, 2021 Range-Visual-Inertial Odometry: Scale Observability Without Excitation 40 jpl.nasa.gov



FAST features

State EStl m atOr -------------- | LKT tracking

1
. RANSAC outlier rejection
Camers —55

Static poses sliding window
Inverse-depth SLAM features

Matches

TRACK
MANAGER

STATE RANGE
MANAGER UPDATE

| e . I : i
2D image
. Position Fo--- VISUAL - R - - - -~ -~ -i coordingtes E
. Velocity UPDATE Lol .
1
|
1
1

1
1
Attitude i
Gyro and accel biases !

TIME MEASUREMENT
PROPAGATION UPDATE

State estimate @ IMU rate

41 jpl.nasa.gov



Ranged Facet Update A Form a triangle with 3
neighboring features:

{p.a} A BB BB

A Assumption: Local planar facet
A Constraint:

L I d 1
A > i 0
» 4 7 o 4
‘ j -
| o 7]
MNe

A Integrates depth uncertainty

42 jpl.nasa.gov



Ranged Facet Update (cont o6d)

Projection Delaunay image triangulation

Maximizes smallest angle of all triangulations

43 jpl.nasa.gov



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

—z VIO scale
51 drift o1

ti error [m]
[m]

o1 ﬁm = Range- °1
=] VIO =

380 400 420 440 460 480 380 400 420 440 460 480
Time [s] +1.579378e9 Time [s] +1.579378e9

. ipl.nasa.gov



Range outlier rejection

— X
8 el B
— Z
64
E
=
S 4
£
3]
]
5
—2 4
T T T T T T
380 400 420 440 460 480
Time [s5] +1.579378e9

The range finder hits a 7-m high street
light

The Mahalanobis gating catches it and
shows no impact on range-VIO

T3

Height [m]
=
B =) ® =)

N

o

380 400 420 440 460 480
Time [s] +1.579378e9

. jpl.nasa.gov



State Estimator Indoor stress case

Pose estimate vs. motion
capture

ol
. Strong accelerations
Inertial
excitation Fast rates

Close-up passes over 3D

structure
jpl.nasa.gov
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