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Malin  We Build & Operate Space Cameras in San Diego
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Mars 2020 rover

- Mars Reconnaissance Orbiter
- descent cameras
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3cm

pre-launch testing, 26 August 2008

DEV_MH0808140270000489B00 3
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calibration target
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Mars 2020 Rover

SHERLOC
& WATSON

SHERLOC

detects and classifies organics
and “astrobiologically relevant”
minerals
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Mars 2020 SHERLOC and WATSON

CONTEXT IMAGER
* Asphere-Sphere Spectrometer * Monochromatic imager
» e2v CCD with 512 x 2048 pixels »  Kodak KAl 2020 1200x1600 pixel CCD

WATSON
< B does what
AUTOFOCUS WIDE ANGLE IMAGER MAHL| dOES

 Autofocus mechanism « 248.6 nm deep UV laser * “V’PAHU BUILD-TO-PRINT
* Objective element * LEDs

« SHERLOC - Scanning Habitable Environments with Raman & Luminescence
for Organics & Chemicals

- WATSON - Wide Angle Topographic Sensor for Operations and eNgineering
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Gale Crater
(155 km diam)

ﬁf’ “
Aeolis Mons [Fgfds

4

LR
5

Cr -

" Terra Cim

-wsom MGS MOLAtopography =7 ) cch i 0 Tl % gt

Edgett— MSL MAHLI—- February 2017



— | Aeolis Mons (Mt. Sharp)
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Yellowknife Bay field site
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MAHLI Camera Head

sapphire window
working distance

i - - f
Lexan® dust cover window ' iy oicon c:::vgarb?:)p

Sapphire window

White LEDs
(both sides)

close-focus position

close: /9.8, EFL 18.4 mm far: /8.5, EFL 21.4 mm

: HE BB RN
Instrument is typically operated with dust e 8 N R EEEE R
cover fully open. Shown here, itis only half-
way open.

. ON Seimiconductor KAI-2020CM CCD Bayer Pattern
FOV =38.5" diagonal 1600 x 1200 7.4 pm pixels microfilters
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Landscapes

wheel width 40 cm
wheel track width 2.8 m
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MAHLI nested imaging of mudstone target Fort Confidence — Sol 179 — 6 February 2013

Ry )

170 cm

150 cm

-
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| Wernecke — Sol 169 — 26 January 2013
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k.-

lithic clast with
phenocrysts or micro-
breccia fragments
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Look where the sun do

~80 cm away
3cm

——

= Gillespie sandstone

~55 cm away

.

Edgett— MSL MAHLI- February 2017 From MAHLI Sol 160 images




Mudstone beneath sandstone overhang at Missoula outcrop, Sol 1031

Edgett— MSL MAHLI- February 201 MAHLI focus merge product 1031MH0004540000400105R00




Onboard focus stack
merge capability
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MAHLI/Robotic Arm Pointing
Stability Test, 2 December 2010.

Cleanroom floor in robotic
arm workspace (distance
~45 cm from target).

Edgett— MSL MAHLI—- February 2017 ATL_MH1012010080000188B00




MAHLI First Opening of Dust Cover — Instrument Check-Out
Sol 33 — 9 September 2012

dust cover closed dust cover open

Transparent cover was coated with a Front lens element was clean;
thin film of dust during rover’s terminal protected by dust cover during
descent. rover’s terminal descent.
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Robotic Arm Commissioning & Operation Support

MSL Robotic Arm Teach Point Testing
SAM Organic Check Material #1

Earth — 28 July 2011 ’ Mars — 10 September 2012 <
ATL_MHO0090060020001340E01 0034MH00004100101 00009C00
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1.9cm
U.S. cent
for scale

Step 2.

Range-Finding for Scooping Efforts

Step 1.
MAHLI autofocus sub-frame

acquired from ~7 cm distance
_ establishes range to within 2 mm.

Sol 60 & 61

blue box =

range-finding autofocus
sub-frame. Range was
estimated tobe 6.8 0.1 cm

. Curiosity’s first
scoop site

On another sol, MAHLI
range-finding results are
used to position the scoop
for sample extraction.

White box is location
of 32 ym/pixel image
acquired on Sol 61.

Edgett— MSL MAHLI—- February 2017
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John’ Klein drill site

\x QS5  " ' substrate =

© Sheepbed

member

brushed target, Wernecke
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2 UV LEDs (365 nm)
To seek fluorescent materials

4 White Light LEDs
Can control each group of 2 separately
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Mojave — Night Imaging — 5 cm standoff ~1cm

Edgett— MSL MAHLI—- February2017 0809MH0004450030300859C00
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rock target “Nova” - ChemCam Iaser plasma
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Edgett— MSL MAHLI— February 2017 composite of 0687MH0004150010203989C00 & 0687MH0004160000203993M80



' rock target “Nova” — ChemCam laser damage

L~ 4

ot A

Edgett— MSL MAHLI—- February 2017 focus merge product 0688MH0002650000204021R00
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Sols 1457-1466: Contact Science Observations
MAHLI Observations overlald in Sol 1466 Left B Navcam

NLB_527647167EDR_F0572798NCAMO00368M
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Quela drill hole — September 2016
ey

(o R s ta’ﬁ"“" SR A el -",’.\.-.4;"’.."1“,);"'.”1'.-;"”%." MAHLIimage 1464MH0003970010503887C00
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Down Murray Mudstone Drill holes at Night — same exposure durations

Tolograph_Poak

0910MMO0047 40050 30 3016C00

Exposure: 1582 ms
.

0910MH0004 74008030301 5C00

Exposure: 2582 ms
—

0910MMO004740070303014C00

Exposure: 3582 ms
—_——

088IMHO004320060302615C00 0910MMO004 74005030391 2C00
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Buckskin

1364MHO004 7 40090502334 C00

1364MHO004740080502333C00

1364MHO004 7400 TO502332C00

10GAMHO004 7 400 TO400545C00

1IG4AMHO0047 40050502 3)0C00

1 46GMH0004 7400305040 6C 00

1426MH0004 74009050 34279000

1426MH0004740080503427C00

144EMH0004 T40070504034C00

1426MH00047 4005050424000 144GMHL004T 40050504032C 00




16 mm
diameter
drill holes
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Sol 1436 - Target Conda — Before DRT — APXS and ChemCam Support

Context view from ~ 25 cm standoff
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Sol 1436 — Target Conda — After DRT — APXS and ChemCam Support

ateg BO°

Context view from ~ 25 cm standoff
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Sol 1436 - Target Conda — After DRT — APXS Support
Focus merge product from ~ 5 cm standoff
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Sol 1436 - Target Conda - After DRT — APXS Support
Focus merge product from ~ 1 cm standoff

201

1438MH0001 530000503527R00
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Sol 1591 — Wheel Inspection — 27 January 2017

Edgett— MSL MAHLI- February 2017 right wheels, position 4 of 5




CheMin Inlet — Sol 1496 — 21 October 2016

3.5 cm diameter

Edgett— MSL MAHLI—- February 2017 1496MH0002280000504685C00




CheMin Inlet — Sol 1496 — 21 Oc

3.5 cm diameter & 3e AT

Edgett— MSL MAHLI—- February 2017 1496MH0003120010504683C00




CONCRETIONS

MAHLI focus merge product

1278MH0001700000500009R00

M-100 mcam05998

- Sol 1277

Nosi
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Fracture-associated halo in Stimson eolian sandstone

Helgas Dune

Edgett— MSL MAHLI— February 2017 view toward ~east-southeast, Sol 1381 M-100 mosaic mcam06770




Vandalia (Sol 1143)
APXS & MAHLI

Devils Basin (Sol 1120)
ChemCam

Edgett— MSL MAHLI—- February 2017
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Okoruso drill site
Sol 1338 — May 2016
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Fracture-Associated Halo

the StamprietBlockwas
rotated “clockwise” by
rover wheel(s).

_Swartmodder

N

Kobos (ChemCam)

Impalila

note the boundary cuts
across bedding here

- L3

Edgett— MSL MAHLI— February 2017 this is part of the Sol 1342 — Mastcam-34 mosaic — mcam6442
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Bimbe “blocky unit”

boulder with targets Tumba & Funda
(conglomerate) ey

$— 'rover barkiﬁg spot, Sols 1405-1410

| ‘ : Murray formation
*_Murray formation - ”"V . |

B -
35 4

Edgett— MSL MAHLI- February 2017 cropped from map-projected HIRISE ESP_044172_1755
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MAHLI focus merge product 1411MH0005840000502998R00
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REMS boom
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REMS Meteorology Boom Inspection
Sol 1572 - 7 January 2017

Edgett— MSL MAHLI— February 2017 focus merge product 1583MH0006680000601418R00




REMS Meteorology Boom Inspection
| Sol 1572 - 7 January 2017
: /\’

Edgett— MSL MAHLI—- February 2017 focus merge product 1583MH0006680000601420R00
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Flume Rldge— eollan ripple cres
Sol 1603 — 8 February 2017

Edgett— MSL MAHLI—- February 2017 1603MH0005490010602038C00




Murray formation at Quela drill site, Sol 1463 (17 September 2016)
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(additional slides...)
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MAHLI Technical Reports

For more information about MAHLI calibration, characterization, image range and
scale, focus merge products, etc.

Title

Curiosity’s robotic arm-mounted Mars Hand Lens Imager (MAHLI):

Characterization and calibration status

New as of 5-Oct-2015: Equation 2 of Rept 0001 has been corrected;

please download the appropriate “Supplementary File” for the

19 Jun2015

doi:10.13140/RG.2.1.3798.5447
(http://dx.doi.org/10.13140/RG.2.1.3798.5447)

updated MAHLI Cal Report.

New as of 4-Dec-2015: The corrected version of the MAHLI Cal Reportis also available from NASA PDS:
http://pds-imaging.jpl.nasa.gov/data/msl/MSLMHL 0010/DOCUMENTMAHLI TECH REPT 0001.PDF

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science

Laboratory Principal Investigator’s Notebook: Interplanetary Cruise

and Sols 0-89

22 Jun 2015

doi:10.13140/RG.2.1.4442.6403
(http://dx.doi.org/10.13140/RG.2.1.4442.6403)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 90-179

25Jun 2015

doi:10.13140/RG.2.1.2089.5841
(http://dx.doi.org/10.13140/RG.2.1.2089.5841)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 180-269

25 Jun 2015

doi:10.13140/RG.2.1.4956.7844
(http://dx.doi.org/10.13140/RG.2.1.4956.7844)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 270-359

26 Jun2015

doi:10.13140/RG.2.1.3580.5286
(http://dx.doi.org/10.13140/RG.2.1.3580.5286)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 360-449

26 Jun 2015

doi:10.13140/RG.2.1.4213.3608
(http://dx.doi.org/10.13140/RG.2.1.4213.3608)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 450-583

21 Sep 2015

doi:10.13140/RG.2.1.3437.6167
(http://dx.doi.org/10.13140/RG.2.1.3437.6167)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 584-707

11 Dec 2015

doi:10.13140/RG.2.1.3569.0329
(http://dx.doi.org/10.13140/RG.2.1.3569.0329)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 708-804

14 Dec 2015

doi:10.13140/RG.2.1.3934.6002
(http://dx.doi.org/10.13140/RG.2.1.3934.6002)

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory Principal Investigator’s Notebook: Sols 805-938

Edgett— MSL MAHLI—- February 2017

14 Dec 2015

doi:10.13140/RG.2.1.2648.4562
(http://dx.doi.org/10.13140/RG.2.1.2648.4562)




MAHLI Technical Reports

For more information about MAHLI calibration, characterization, image range and
scale, focus merge products, etc.

Report Tie | pae | 0 po ]

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
0011 Laboratory (MSL) 08 Apr 2016
Principal Investigator’s Notebook: Sols 939-1062

doi:10.13140/RG.2.1.3569.4488
http://dx.doi.org/10.13140/RG.2.1.3569.4488

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science
Laboratory (MSL)
Principal Investigator’s Notebook: Sols 1063—-1159

doi:10.13140/RG.2.1.4605.2721
http://dx.doi.org/10.13140/RG.2.1.4605.2721

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science doi:10.13140/RG.2.2.20528.76808
Laboratory Principal Investigator’s Notebook: Sols 1160-1293 http://dx.doi.org/10.13140/RG.2.2.20528.76808

Curiosity’s Mars Hand Lens Imager (MAHLI) Mars Science doi:10.13140/RG.2.2.27370.52163
Laboratory Principal Investigator’s Notebook: Sols 1294—-1417 http://dx.doi.org/10.13140/RG.2.2.27370.52163

“Principal Investigators Notebook” reports correspond to NASA PDS release cycles but also cannot be completed until
all data onboard MAHLI, on Mars, has been either downlinked or deleted onboard. Thus, the report corresponding to the
most recent PDS release(s) is/are typically not available because some of the data are still onboard the rover.

Edgett— MSL MAHLI—- February 2017
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MSL MAHLI Calibration Target

Edgett— MSL MAHLI—- February 2017




[ie -launch testing -5 cm standoff ‘ — I l I

1653 East Main Street
Rochester. NY 14809 [ISA
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Colors = No Image Processing > MAHLI

“82 | Mars — Sol 740 — 5 September 2014
p

Edgett— MSL MAHLI—- February 2017




0689MH0003250050204026E01

Sol 689
15 July 201 4 Sol 689 - ~13:21 LMST

b/c dust
storm
activity
in the
region.

0651MH0003250050203824E01

Sol 651 ~14:24 LMST

Sol 651
6 June 2014

Edgett— MSL MAHLI—- February 2017



Science and Support Services

Science/Engineering Support

« Science observing .

— Images ~14 ym/pixel to > 100 pym per pixel; — Wheel and undercarriage/belly pan inspections.

most common images are 16 to 110 ym/pixel.

Close-up color imaging of rocks & regolith
targets (grain- and bedding- scale texture,
structure, )

Stereopairs / 3D mesh
Mosaics

Nested suites in which lower resolution
provides context for higher resolution views.

Context support for other contact science and
mast-mounted science observations.

Curatorial documentation support for extracted
sample documentation (vital for making caseto
return samples).

Oblique views of core hole walls for geologic
context of extracted samples.

“Dog’s eye” views under overhanging rock
ledges for stratigraphy investigations.

Robotic Arm Commissioning support
(images acquired in ATLO and on Mars)

Range-finding support for sample extraction

Range-finding support for core hole depth,
cuttings pile height, etc.

Stereo imaging support for corer placement.

Inspections and diagnostics (e.g., of other
instruments or rover hardware to understand a
problem or monitor dust accumulation)

Night illumination options for science or
engineering (e.g., on MSL, night imaging is
preferred for inspection down CheMin sample
inlet).

Sample extraction site context, traceable up to
HIiRISE scale, via “rover self portrait”.

Edgett— MSL MAHLI—- February 2017




Capabilities and Options

Focus range 2.1 cm to infinity

— pixel scale as high as ~14 ym per pixel; MSL typical highest resolution images
16—21 um/pixel

>

Color via Bayer Pattern CCD

— Can be color-interpolated onboard

Sub-framing

Uncompressed, lossless compressed, JPEG lossy

Onboard focus stack merge (up to 8 images)

Night imaging with white and 365 nm LEDs

Stereo, mosaics, nested images via Arm positioning
Autofocus & Manual Focus

Auto-exposure & Manual Exposure

« “video” — frame rates likely < 2 per second

Edgett— MSL MAHLI—- February 2017




Some MAHLI Characteristics

bandpass

395-670 nm

2.1 cm working
distance

infinity

depth of field

1T mm

field of view (FOV; diagonal)

340

38.5°

FOV (horizontal 1600 pixels)

26.8°

31.1°

FOV (vertical 1200 pixels)

20.1°

23.3°

instantaneous FOV (IFOV)

402 prad

346 urad

focal ratio

f/9.8

f/8.5

effective focal length

Edgett— MSL MAHLI—- February 2017

18.4 mm

21.4 mm




DEA — Digital Electronics Assembly

- 8 GB flash memory, Very enabling!

« We acquire more images
than we return to Earth.

« Onboard focus merge

- We often store images
uncompressed.

* |If desired, we can return
same image more than once with
different compression.

Edgett— MSL MAHLI—- February 2017




Curiosity at Kennedy Space Center, July 2011 |

MAHLI camera
head is on turret
atend ofa~2m
long robotic arm.

NASA photo KSC-2011-5925

Sol 84 Mastcam-34 image
0084ML0003740000102846E01

Edgett— MSL MAHLI—- February 2017




Gale Crater

« 5.4°S, 222.3°W

ey .-‘:J‘ )." ' ~- Yoo, b 1o
: Y Curiosity’s
* 155 km diameter o A sy y

o )
ot

w
e
LA R

b«

« Mt. Sharp is about
5 km high

* Landing site elevation
is near —4.5 km

ESA/DLR/FU Berlin
(G. Neukum)
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Northern Gale Crater Cross-Section

South North
= ~Craer
rnm

1,000

impact central peak 0-
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Sample Extraction Sit Selection, Context, Curatorial Documentation
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Nested Imaging at Various Spatial Scales
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