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Dr. Christopher D'Souza is the NASA Technical Fellow for Guidance, Navigation and
Control (since 2023). He joined the NASA/Johnson Space Center in 2005. In 2009 he
started serving as the Deputy Branch Chief of the GNC Autonomous Flight Systems
Branch where he led a group of 22 engineers responsible for the onboard Guidance,
Navigation and Targeting of crewed vehicles. In 2014, he was selected to the the
Navigation Technical Discipline Lead for Human Spaceflight.

Prior to joining NASA, he worked at the Charles Stark Draper Laboratory in Cambridge,

MA. He has worked for the US Air Force Research Laboratory (AFRL) at Eglin AFB, FL.
He also worked at the Jet Propulsion Laboratory on the Magellan and Galileo missions.
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« Autonomous Navigation for Human-Rated
Missions

« Autonomous Guidance and Navigation for
Landing Missions

Outline 3
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11. ENTRY 1. PERIGEE RAISE
INTERFACE MANEUVER .
+ 12/11-Flight Day 26 /11:20:18 CT - :;/16 - FLIGHT DAY 1/ 00:56:56
v el (DATES AND TIMES SHOWN FOR LIFT-OFF ON 11/16/22 00:47:43.6 CT)

AV:136.37 f/s
Duration: 00:00:23
. 9. CREW MODULE / 8. RETURN
SERVICE MODULE POWERED FLYBY
SEPARATION 12/5 - FLIGHT DAY 20 / 10:43:20 6. DISTANT RETROGRADE
12/11 - FLIGHT DAY 26 / 11:00:15 CT o ORBIT INSERTION
AV: 0,65 f/s Thruster: OMSe, Av 960.97f/s 11/25 - FLIGHT DAY 10 / 15:52:28 CT
12/11-FightDay 2§ 38 . 7 _-~” 10. CREW MODULE o P e
11:40:18 CT N3 a v 5 RAISE BURN : "¢ ®Pburation: 00:01:28
5 / - 12/11 - FLIGHT DAY 26 / 11:03:45 CT < =l
Thruster: CM-RCS I
AV:8.16f/s i !
Duration: 00:00:16 | ? !
1

T
2. TRANS LUNAR
INJECTION :
11/16 - FLIGHT DAY 1/ 01:33:23* CT
Thruster: RL10 T
AV:9,217.88 f/s
Duration: 00:18:01

4. OUTBOUND TRAJECTORY
CORRECTION BURN-1 (OTC-1)
11/16 - FLIGHT DAY 1/ 08:32:39 CT
: Thruster: QMSe.
3. ICPS SEPARATION AV: 114.66 f/s 7. DISTANT RETROGRADE
11/16 - FLIGHT DAY 1/02:01:36* CT  Duration: 00:00:30 ORBIT DEPARTURE POWERED FLYBY
12/1 - FLIGHT DAY 16 / 15:53:56 CT  11/21- FLIGHT DAY 6 / 6:44:14 CT

* Times based on lift-off on 11/16/22 00:04:00 CT Thruster: OMSe, AV:47673f/s  Thruster: OMSe. AV:586.37f/s

Duration: 00:01:51 Duration: 00:02:30
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A

ARTEMIS

ICPS Earth
disposal ,

ARTEMIS I

First Crewed Test Flight to the Moon Since Apollo

@ LauncH @ INTERIM CRYOGE! OUTBOUND TRANSIT
Astronauts MANEUVE PROP STAGE TO MOON
lift off from pad P 3URN 4 days outbound transit
398 at Kennedy A E RAISE BURN along free return trajectory.

Space Center. IGH EARTH ORBIT @ HIGH EARTH ORBIT 1
Begin 24 hour checkout CHECKOUT LUNAR FLYBY Enter Earth's atmosphere.
ETTISON ROCKET  of spacecraft. Life support, exercise, 4,000 nmi (mean)
and habitation equipment lunar farside altitude. 15
evaluations. Ship recovers astronauts
and capsule.

Orion proxlml!y TRA NJECTION  Return Trajectory Correction
operations S MAIN (RTC) burns as necessary
ORE STAGE M demonstration and NGINE to aim for Earth's
ENGINE CUT OFF manual handling Lunar free return trajectory atmosphere; travel time
With separation. qualities assessment initiated with European approximately 4 days.
for up to 2 hours service module.
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The Role of Navigation on Artemis

« Running Pre-launch to Post-splashdown (Never don’t navigate!)

4 instantiations of Multiplicative Extended Kalman Filter (MEKF)

« Atmospheric Extended Kalman Filter (ATMEKF)
» Prelaunch, Ascent, Entry

« Earth Orbit Extended Kalman Filter (EOEKF)
« Outbound/Inbound (within GPS constellation)
 Cislunar Extended Kalman Filter (CLEKF)
» Translation beyond GPS constellation
« Attitude Extended Kalman Filter (ATTEKF)
» Exo-atmospheric flight

« Split design allows for different filters to process different sensors
« Pad position, GPS, star tracker, ground update, optical navigation...
» Reduce software complexity and allow re-use of algorithms



63rd General Meeting
15t & 16t of April 2026

<ECWISA-

Frankfurt, Germany The Industry Steering Committee on
Wellbore Survey Accuracy (ISCWSA)

Distortion
M

Timetag, P4Ss Duration,
Image Ffequency

Camera/ST
nteriock Angied |

Position Moon & Sun,
QUAT_ICRF To_Planet, PlanetID

Timetag, Range, Angles, BIT,
Camera Attitude, Hlanet ID, Statistics

Timetag, Range, Angles,
Camera Atttiude, Planet ID

Undistortion Image Pfocessing
Star ! alor Calibrafion
Imd Coefficients

Centroid)
1D

Camera/ST Interlock Angle:
Calibration Coefficients ImgProc

o
Parameters Camera Exposure. 7
Sellings



3
63 General Meeting %55_’] _ c‘! E E L!-! E qu, -
.

15t & 16t of April 2026 y
Frankfurt, Germany The Industry Steering Committee on

Wellbore Positioning Technical Section Wellbore Survey Accuracy (ISCWSA)

Orion Optical Base
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What was different on Artemis Il than for Artemis |

« ECLSS (Environmental Control and Life Support System)
« CO,and Humidity control via Pressure Swing Adsorption (PSA)
« Waste Water

* Both of these were vented off-board

» The PSA vents were continuous and had a frequency depending on the
activity of the astronauts (awake, exercise, sleep)

» The WW vents were periodic (every 8 hours or so)

« The biggest concern was the PSA vents (10X larger than WW)

« The strength of these two types of vents had large uncertainties
» This had a significant impact on the trajectory
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How did the Navigation Perform on Artemis 11?7

« The four onboard navigation filters performed spectacularly
» More than a million measurements processed by the four filters
» Only two rejected measurements (Optical Navigation)

« The IMUs were able to pick up various crew activities
» Exercising
» Sleep
 Toilet flushes

« Qver all there were no surprises — it was a spectacularly boring flight
from a GNC perspective — just the way we wanted it!

» The Polaris console had to find things to keep themselves entertained

10
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Lunar Landing Guidance and Navigation

» Recently there has been a great deal of activity with respect to landing on the Moon

* The Artemis Program

* Human Landers
e CLPS

« The NASA Commercial Lunar Payload Services (CLPS) is a program to facilitate
commercial companies to delivery payloads to the surface of the Moon
« Technology Demonstrations
« Scientific Payloads
« Tight funding constraints and tight schedules

11
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Lunar Landing Challenges

» The Navigation challenges are daunting, particularly for the autonomous landers
» Unforgiving Lighting
« Shadows
« Harsh Environment
« Temperature swings
* No atmosphere

« Commercial providers have struggled

» 3 out of 4 attempts have been unsuccessful or partly successful
* Only one mission has been an unqualified success
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DESCENT ORBIT L-63 Minutes
INSERTION S

DOI burn places Blue Ghost on its descent trajectory.

COAST L-62 Minutes
PHASE 100 - 20km AGL
Blue Ghost coasts with engines off while

vision-based terrain relative navigation measures
vehicle's position.

50 MINUTE

D'SOUZA L-11 Minute:
GUIDANCE 20km - 500m AGL
Blue Ghost uses all engines to reduce orbital

velocity from 1.7 km/s to 40 m/s and position itself
above target landing site.

INITIAL . .
HAZARD A —o B
DETECTION _/ B oen... B - TERMINAL L-100 Seconds
g W | T GUIDANCE 500m - 10m AGL
CONVERGENCE ;
OVER LANDING Main engine shuts off and RCS thrusters pulse as
ELLIPSE LANDING SITE needed to control descent.
SELECTED .

FINAL HAZARD

AVOIDANCE

LANDING LTl Seconds
GUIDANCE 10m - Om AGL
Blue Ghost descends at a constant 1 m/s until
reaching the lunar surface.

SHUTDOWN

ON LUNAR
CONTACT

TOUCHDOWN L-0 Se
Om AG

Shock absorbing legs stabilize Blue Ghost and
contact sensors on footpads signal engine
shutdown,

“Attitudes and timelines are approximations
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Why is there a problem?

» The tight funding constraints have necessitated the use of COTS (Commercial Off-the-Shelf) sensors
* Lower cost IMUs and Star Trackers
Terrestrial grade laser range finders (LRFs)
 Low TRL
» (etting a good altitude measurement is vital for a safe landing
There is a tendency to treat these sensors as ‘black boxes’
Reduced sensor testing campaigns
» Sensors not tested over the entire operational envelope
« Limited system-level testing
Systems Engineering is not well-practiced

* Very limited NASA oversight
» Contractual constraints

* GNC is treated as a ‘known’ commodity
* The propulsion system gets the most attention



N
634 General Meeting %E{é& = (t E E L!.! E P)
Py

15t & 16t of April 2026 y
Frankfurt, Germany The Industry Steering Committee on

Wellbore Positioning Technical Section Wellbore Survey Accuracy (ISCWSA)

Addressing the Challenge -- Navigation

+ Optical sensors are ready for prime-time

« TRN

* Craters

* Feature-based
*  Optical Flow

* Change in position of features from one frame to the next

* Active TRN
* Optical and active sensors

» Laser Range Finders
+ Eye-safe lasers have lower operational range
* The link-margins are tight

+ Lidars
* Scanning Lidars
* Is Flash ready for prime-time?
+ Combination of the two?

* What about the performance of these sensors in a vibro-acoustic environment?
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Addressing the Challenge I

* Hazards are a particular challenge at the lunar South Pole
» Shadows are a particular challenge at the lunar South Pole
+ Identifying safe sites in the presence of hazards is key
* |dentifying hazards in the field of view of the sensors is vital

» Precision Landing is the goal of future lunar landing missions
* Hazard Relative Navigation (HRN) is a necessity (in all lighting conditions)
* Scanning or Flash lidars

* Algorithms that can reliably process the HRN and TRN-type sensors are non-negotiables
* Nonlinear estimation techniques are of absolute necessity
* We need to go past the old-time EKFs
» But be sensitive to computational constraints

» Being able to guide and control to the surface in the presence of hazards is a challenge
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Conclusions

* Whereas much has been accomplished in cislunar exploration with Artemis | and Artemis I, the
challenges of landing on the Moon, particularly at the Lunar South Pole are daunting

» Lighting (shadows)
* Hazards
* Thermal Environments (-280 F to 260 F)

* The Schedules and the Cost Constraints are tight

» There is a tremendous amount of collaboration among countries (Artemis Accords) and competition
among 'new space' providers

* The Artemis Service Module is provided by ESA
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