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Objectives

Objective is to assess safety of MER sites
in terminal phase of landing with airbags

Safety to be assessed by Monte Carlo
simulation of bounce trajectory

Failure mode 1: bounce too vertically (crunch!)

Failure mode 2: bounce too horizontally (rip!)

Failure mode 3: bounce or drop off cliff (spoofing)
USGS su_?plying DEMSs of each site & morph-
ologic unit; simulations weighted by unit area

Summary statistics of slopes at 5-m baseline
(airbag diameter) will be presented here
Useful for purposes of comparison
Not the official criterion
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Topographic Model Count

Site WS2 WS3 PR WS4 Totals
MPF g = 2
Elysium g 1
Gusev g 6
Hematite g B 3
Isidis gl gl 2

Totals 5 3 2 ! 22
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Photoclinometry & Stereo
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Methodologies Compared

Photoclinometry Stereo
Single image Two convergent images
Horizontal res 1 pixel Horizontal res 23 pixels

Measure, | slopes Vert res 0.2 pix / (b/h)
Neighbor hts to << 1 pix ~1 pix for MOC
Errors grow w/baseline Independent of baseline

Radiometric Geometric
Artifacts if albedo varies Ignores albedo
Scale error if haze not Ignores atmosphere
calib. to stereo/MOLA Absolute heights require
No absolute heights control (e.g. to MOLA)

CPU & labor intensive CPU & labor intensive
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Which Results to Use?

Prefer stereo when Prefer PC when

Samples larger, Albedo variations
more representative not dominant

=lee _ Stereo fails to
PC is compromised resolve relief

by albedo variations elements

Stereo
matching/editing
errors severe
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Slope Analysis of DEMs

Direct calc of slopes

Adirectional (gradient)

or bidirectional (e.g. E-W)

Gives shape of entire

slope distribution
Distributions are long-
tailed: extreme slopes
are more common than
RMS slope might
suggest

Limited to single

horizontal baseline at a

time

Fourier transform

Limited to bidirectional
slope

Gives RMS slope only,
not distribution

Quickly gives variation
with baseline
Are slope-producing

features adequately
resolved?

Requires care in
mirroring and (not)

windowing data to avoid
end effects
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Error Assessment

Tests to quantify stereo,PC errors for
MER LS Slopes Peer Review (9/02)
JGR special issue

Assess matcher errors w/ parallax-free image
Compare USGS/MSSS/JPL stereo DEMs

Compare overlapping stereopairs of MPF site
with each other and other datasets

Trough/ridge in stereo DEMs now understood

Assess PC errors with synthetic images of
fractal surfaces

Compare 2D photoclinometry results (fractal
and real) with point photoclinometry
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Test of Matching Errors

Utilize “typical® MOC stereopair (Gusev)

Resample nadir im

age to approximate size,

skew, etc. of obligue image

Collect DEM as if t

(result should be flat, or at
Remove residual ti

nis were the oblique image
least planar)

t of DEM, examine “relief”,

ascribable to matcher errors

Amplitude of error 0.22 pixel (vs 0.2 pix ROT)
Amplitude+correlations —> statistical model

of “slopes” caused

by matching errors

Observed slopes exceed error slopes for all
but the smoothest units
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Matcher Test DEM Results

Bland image area

Stretch is £7.5 m for both

Typical image area
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Comparison of Stereo DEMs

Compare USGS/MSSS-Harris/JPL
models of Melas Chasma pair

Must coregister to same sample spacing
and coordinate system, remove tilt/arch

USGS-MSSS show random differences
consistent with 0.22 pixel matching errors

USGS-JPL differences smaller; matcher
behavior correlated?

Compare new, old models of MPF site
Overlap consistent w/~0.2 matching errors

New data at Iandin? point shows slope-
baseline consistent with IMP results, etc.
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USGS-MS3 DEM Comparison

M I USGS Raw Stereo MSSS Stereo USGS - MSSS
e aS 10 meters [ pixel 16 meters | pixel 10 meters [ pixel

USGS /MSsSS |

Stereopair:
e02-00270
e05-01626

Color Legend

T O aa

Flanetographic
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USGS-JPL DEM Comparison

M I USGS Raw Stereo JPL Registered Stereo USGS - JPL
e aS 10 meters / pixel 10 meters / pixel 10 meters / pixel

USGS / JPL

Stereopair:
€02-00270
€05-01626

Color Legend

Color Legend Difference

-43--39
-38--32
31--25
24--18
-1
-4

o

&)
w

N7 RN
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o
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o o
NN
o &
)

0 500 Meters

Planetographic

77°42' 77°41' 77°40' 77°39'West  77°42' 77°41' 77°40' 77°39'West  77°42' 77°41' 77°40' 77°39'West
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MPF 1: SP125603/SP123703

I 4002 - -3732 [ -3711 - -3709
M P F 1 -3731--3725 [ -3708 - -3706
Stereopair: Planetographic - E 37055702
sp123703 1 0 1 Km [ -3718 - 3717
125603 — — [ ]-3716--3715 [l -3693 - -3690
sp [ 3714 - -3712 [ -3689 - -3678

MOLA Raw Stereo DEM

10 meters/pixel 10 meters/pixel
- 33°16" - 33°14'

MOC Ortho sp123703

10 meters/pixel
- 33°18' - 33°16' - 33°14' - 33°16'

- 33°16' - 33014 - 3314 East -33°18 -33°16' - 33°14' East
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MPF 2: M1102414/E0402227

. -3993 - - 3730 - -
MPFE Stereopair: Planetographic — . 37362
2

-3754 - - 3721 - -
€0402227 1 0 1 Km = -3749 - - 3715 - -
m1102414 e — ) 3745 - - 3709 - -
[ |-3740-- 3702 - -

3692 - -

MOC Ortho m1102414 MOLA Raw Stereo DEM Corrected Stereo DEM

10 meters/pixel 10 meters/pixel 10 meters/pixel 10 meters/pixel
- 33°16' - 33° - 33°16' - 33°14' - 33°16' - 33°14' - 33°14'
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MPF 1-MPF 2 Comparison

MPF+/MPF, Comparison at Big Crater Planetogtaphic MPF1 Stereopair: sp123703/sp125603
1 0 1 Km MPF2 Stereopair: 0402227/m 1102414

10 meters/pixel e —

MPF1 - MPF2 MPF1 - MPF2 MPF1 - MPF2
MPF1 Raw Stero DEM Raw Stereo Corrected Stereo High Pass Filters

~33015 3314 -33'15" - 3314' -33'15" - 3314 -33'15' - 33'14°

-33'15'

o
=N W

BRANAACT ) [ TR

2OVOONOORWN=0
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Comparison with Other Data
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Trough/Ridge in Stereo DEMs

Optical distortion (~1% pin-
cushion) identified as cause
Error proportional to

Amount of distortion

Inverse of (base/height)

Distance on ground between
boresight tracks
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Simulated Images to Assess
Photocllnometry Errors

Fractal 3 .| Lowpass
H=0.8 T ¢ NN | @ 16 pixels
1° slopes "- »

1=45° |

Sun ENE

@ 16 pix f

: variations
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Example of Simulations

Fractal Lowpass Highpass

RMS 3.0m exag 50 RMS 3.0m exag 50 RMS 0.3 m exag 50

RMS 2.13 (0.20) m RMS 2.14 (0.03) m RMS 0.20 (0.04) m

exag 50 exag 50 exag 500
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Simulation Results

Const albedo: 2D PC slopes accurate to <2%

Varying albedo: stripe artifacts add to
apparent slopes

Effect is much greater if slope baseline crosses
stripe (sun) direction at an angle

Filtering DEM largely eliminates these errors
Point PC and 2D PC results agree to <5%
when correctly interpreted & compared

Point PC gives downsun slope across each pixel

2D PC results usually quoted as slope between
adjacent pixel centers, in sample direction

Haze estimation may be the biggest error
source in practice (10-20% ?)
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Effect of Haze and Albedo

Sun is from upper left in all examples

Correct Haze and Albedo

Albedo underestimated

Albedo overestimated
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Elysium 1: E18-00429/E21-00119

Elysium ;

Stereopair:
1800429
2100118

-3122 - -3109
-3108 - -3096
-3095 - -3082
-3081 - -3069
-3068 - -3055
-3054 - -3042
-3041 - -3028
-3027 - -3015
-3014 - -3002
-3001 - -2988
-2987 - -2975
-2974 - -2961
-2960 - -2948
-2947 - -2934
-2933 - -2919

EENEC | CC NN

1 Km

Planetographic

MOC Ortho 1800429

10 meters/pixel

124°20 124°22'

124°20 124°22' 124°24'

124°20'

124°20"

MOLA

10 meters/pixel

124°22'

124°22'

124°24'

124°24'

124°20'

Raw Stereo DEM

10 meters/pixel

124200 12422

saee? g

B 003 L et b
TP

[

124°22' 124°24'

124°24'

Corrected Stereo DEM

10 meters/pixel

124°22' 124°24'

s B ST
ihdy
AP

124°20 124°22' 124°24' East
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Slope vs. Baseline at Elysium:
First stereo result; no PC

One stereopair
obtained and
analyzed

Stereo slopes
intermediate: 3.5°

Albedo appears to
vary; consistent
solution for haze
not found so no
PC slope results

Does stereo
resolve features?

|s area represent-
ative of ellipse?

MER LS Workshop 01/09/03 Kirk—MER LS Roughness from MOC 25




Gusev 3: M0-301042/E17-01547

Gusev:

Stereopair:
m0301042
1701547

-2168 - -2132
-2131 - -2092
-2091 - -2052
-2051 - -2012
-2011 - -1987
-1986 - -1976
-1975 - -1964
-1963 - -1952
-1951 - -1940
-1939 - -1927
-1926 - -1912
-1911 - -1895
-1894 - -1875
-1874 - -1754

HEN [ BECHEEEN

Planetographic

MOC Ortho 1701547 MOLA

10 meters/pixel

Raw Stereo DEM

10 meters/pixel

Corrected Stereo DEM
10 meters/pixel 10 meters/pixel

175°00 175°2' 175°00" 175°2 175°00 175°2' 175°00 17522

175°00" 175°2'
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Gusev 4: E17-0082/7/E18-00184
Gusev 5: E05-03287/E18-00184

G usev 4/5 MOC Ortho e1800184 MOLA Raw Stereo DEM Corrected Stereo DEM

10 meters/pixel 10 meters/pixel 10 meters/pixel 10 meters/pixel

Stereopairs: 175°18' 175°20' 175°22' 175°18' 175°20' 175°22' °18' 175°20' 175°22' 175°18' 175°20' 175°22'
Gusev 4 = = ] =

€1800184 : 4 '

€1700827

Gusev 5
e1800184
0503287

B 1962 - -1948
B 1947 - -1934
1933 - -1920
1919 - -1906
1905 - -1891
1890 - -1877
-1876 - -1863
1862 - -1849
. |-1848--1835
1834 - -1820
[ |-1819--1806
0 -1805 - -1792
B 1791 - 1778
B 1777 - 1763

1 0 1 Km

Planetographic

175°20 175°22' 175°18' 3 °22' % ! 175°20' 175°22' East
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Gusev 6: E19-00218/E21-00256

MOC Ortho e1900218 MOLA Raw Stereo DEM
u S ev 6 10 meters/pixel

10 meters/pixel 10 meters/pixel

175°10' 175°8" 175°10" 175°8" 175°10'
Stereopair:
1900218

2100256

RN

Sl AT

\

-1941 - -1935
-1934 - -1929
-1928 - -1923
-1922 - -1917
-1916 - -1910
-1909 - -1904
-1903 - -1898
-1897 - -1892
-1891 - -1886
-1885 - -1879
-1878 - -1873
-1872 - -1867

-1866 - -1861

-1860 - -1854

BN BCCNNNNR

1 Km

Planetographic

175°10' East
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Slope vs. Baseline at Gusev:
Consistent data, geologic variety

Stereo resolves
main roughness
elements but PC
resolves them
better, preferred

Many morpho-
logic units with
large range in
roughness

Safety of site
depends on area
coverage as well
as outcomes of
simulations on
individual units
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Hematite 3:
E02-00970/E17-00918

"Rough” crater ejecta Typ_i_gal smooth plains

_F\' :Ej" ~ ol .:.;.I ¥ ;‘ = o [+
¥ -1 % .-\.__.-\.-'_ : ad
i iy g 3 Sk o
L 1 VAR T %
i 1 LT :-._#_I:_ -_'__;_ . "
X

+15% +50 m
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Hematite 4:
E12-03255/E18-00595

Hematite.

Stereopair:
1203255
1801595

I 1462 - -1457
I -1456 - -1452
I 1451 - -1447
B -1446 - -1442
I -1441 - 1437
[ ] -1436 - -1432
[ 1431 - 1427
[ 1426 - 1422
|| -1421--1417
| | -1416 - 1412
[ 1411 - 1407
I -1406 - -1402
I 1401 - -1397
I -1396 - -1392

Planetographic

MOC Ortho e1203255

10 meters/pixel

MOLA

10 meters/pixel

-5°54'
———r——

-5°52' -5°54'

Raw Stereo DEM

10 meters/pixel

-5°5'

- 5050
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Hematite 5:
E15-00023/E21-01653

H t't MOC Ortho e1500023 MOLA Raw Stereo DEM
e m a I e 5 10 meters/pixel 10 meters/pixel 10 meters/pixel

Stereopair:
1500023
2101653

1432 - -1428
1427 - 1424
1423 - -1420
1419 - -1416
1415 - -1412
1411 - -1408
-1407 - -1403
-1402 - -1399
1398 - -1395
1394 - -1391
1390 - -1387
-1386 - -1383
1382 - -1379
1378 - -1374
1373 - 1371

NENR (B0 NN

1 Km

Planetographic
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Slope vs. Baseline at Hematite:
Finally, an answer (It's smoooth!)

Stereo matching
succeeded in
areas 4, 5—RMS
slopes 1.2°-1.5°
despite crater in
each area

Consistent with
previous PC
slopes (uncon-
trolled) in areas
without severe
albedo variations

Consistent with
upper limit ~1°
for failed stereo
in area 3
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Isidis 2: E13-00965/E14-01522

-3823 - -3817
-3816 - -3811
-3810 - -3804
-3803 - -3798
-3797 - -3791
-3790 - -3785
-3784 - -3778
-3777 - -3772
-3771 - -3766
-3765 - -3759
-3758 - -3753
-3752 - -3746
-3745 - -3740
-3739 - -3733

Planetographic

MOC Ortho e1300965 MOLA
10 meters/pixel 10 meters/pixel

Raw Stereo DEM
10 meters/pixel

88°50' 88°52' 88°50' 88°52' 88°50' 88°52'

]
88°50' 88°52' East
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Slope vs. Baseline at Isidis:
First result within ellipse Is rough

Now have stereo
in ellipse; strong

albedo variations
prevent PC

Stereo slopes
similar to previous
area ~150 km
from ellipse, but
rougher (6°)

Area is heavily
cratered, may be
rougher than
average ellipse
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Summary of Slope Results
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Slope Statistics & Locations

4.2/15
3.0/14

3.0/14

8.0/30
9.0/30 9.3/32

4.7/31

o)l}ewaH

4.9/29

1.3/5.4
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Gusev 4+5 Visualized
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Gusev 1: E02-00665/E02-01453

G usev MOC ortho €02-00665 MOLA Raw Stereo DEM Corrected Stereo DEM

10 meters/pixel 10 meters/post 10 meters/post 10 meters/post

Stereopair:
e02-00665
e05-01453

I 1976 - -1949
1948 - 1939
1938 - 1929
1928 - 1920
-1919 - -1894
-1893 - -1850 : -14°48"
-1849 - -1836 .
-1835 - -1826
-1825--1818
-1817 - -1811
-1810 - -1803
I -1802 - -1793 | -14°52]
1792 - 1777
I -1776 - -1662

No Data

[ CHECNN

1 0 1 Kilometers
™

Planetographic

176°00"176°2' 176°4" East 176°00' 176°2' 176°4" East 176°00'176°2' 176°4" East 176°00' 176°2' 176°4" East
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Gusev 2: E02-00341/E05-00471

M rtho e0100341 MOLA
G usev OC ortho e Raw Stereo DEM Corrected Stereo DEM

10 meters/pixel 10 meters/post 10 meters/post 10 meters/post

Stereopair:
0100341
0500471

I 2013 - 1924
-1923 - -1905
-1904 - 1892
o ae2 1500 : -15°00" [ ‘ -15°00"
[ -1874--1867
[ -1866--1859
[ -1858 - -1852
[ -1851--1843
-1842 - 1833
[ -1832--1821

-1807 - -1787
I -1786 - -1267
[_1No Data

Planetographic
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s 1: E02-02016/E02-01301

Isidis MOC ortho €02-02016 MOLA Raw Stereo DEM Corrected Stereo DEM

Stereopair: 10 meters/pixel 10 meters/post 10 meters/post 10 meters/post
€02-020
e02-01301  +%°

I -3848 - -3807

-3806 - -3801
I -3800 - -3797
I -3796 - -3793
[ -3792 - -3789
[ | -3788--3786
[ -3785--3783
[ -3782 - -3780
[ |-3779--3777
T -3776--3774
[ | -3773--3770
I -3769 - -3766
-3765 - -3761
-3760 - -3704

No Data
4°40°
1 0 1 Kilometers
[

Planetographic 4°38"

84°52" 84°54° 84°56' East 84°52' 84°54' 84°56" East 84°56" East 84°52' 84°54' 84°56' East
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Athabasca 2:
MO7-05928/E10-02604

MOC ortho m07-05928 MOLA Raw Stereo DEM Corrected Stereo DEM
Athabasca

20 meters/pixel 20 meters/post 20 meters/post 20 meters/post

Stereopair:
m07-05928
€10-02604

I 3147 - -3075
-3074 - -3015
-3014 - -2956
I 2955 - -2896
I -2895 - -2837
e 2776 2718
[ -2717 - -2658
-2657 - -2599
| | -2598 - -2539
[ ] -2538--2480
I -2479 - -2420
-2419 - -2361
I -2360 - -2301
| ] No Data

2 0 2 Kilometers
g

Planetographic

7°45' Ll 7es 7°45' = 7°45"
East 155°35' 155°40' East 155°35' 155°40" East 155°35' 155°40' East 155°35' 155°40
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Athabasca 3:
MO7-00614/E05-00197

Athabasca Moc ortho M0700614 MOLA Raw Stereo DEM Corrected Stereo DEM
20 meters/pixel 20 meters/post 20 meters/post 20 meters/post
Stereopair:
m0700614 |
€05001
10°00' 10°00" g
I 2678 - -2644

-2574 - -2540
[ -2539 - -2506
[ |-2505--2471
[ -2470 - -2437
[ 2436 - -2402
[
[ |

g

) B MY

-2401 - -2368

-2367 - -2333
[ ]-2332--2299
I -2298 - -2264

-2263 - -2230
B -2229 - -2195
[ | No Data

R

4 Km
T —

Planetographic

YT

East 156°4' 156°12' 156°4" 156°12°

1" 156°12' 156°4" 156°12'
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Slope vs. Baseline at Athabasca:

Complicated

RMS Slope—Athabasca Vallis

~
]
—r
Q
o
S
w
®
=
2
]
o
[+
=
2
4]
72}
2
-4

- 2n (S of ellipse, higher/rougher)
-lc
-1b
-1a

Baseline (m)
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Stereo resolves
main roughness
elements

Photoclinometry
confirms no un-
resolved features

Slopes vary with
location

Note high PC
slopes at long
baselines (rolling
topography or
albedo varying?)

Stereo results
preferred




E02-02855/E04-01275

Eos MOC ortho €02-02855 MOLA Raw Stereo DEM
10 meters/pixel 10 meters/post 10 meters/post
Stereopair:

€02-02855
€05-01275

I 3884 - -3855
I 3854 - -3851
-3850 - -3844
-3843 - -3785
-3784 - -3722
-3721- -3715
-3714 - -3706
-3705 - -3696
-3695 - -3685
-3684 - 3672
-3671- -3660
-3659 - -3634
-3633 - -3596
-3595 - -3486

HINC AN

b=
o
lw)
L
©

1 0 1 Kilometers
S e —

Planetographic

41°22 41°20" West 41°22' 41°20' West 41°22' 41°20' West
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: E04-02155/E11-02980

Eos MOC ortho 0402155 MOLA Raw Stereo DEM Corrected Stereo DEM

10 meters/pixel 10 meters/post 10 meters/post 10 meters/post

Stereopair:

0402155 e
1102980
B 3812 - -3790

-3789 - -3776

-3775 - -3755 ,

-3754 - -3739| T3
I -3738 - -3728
[ |-3727--3714
[ -3713 - -3703
[ -3702 - -3696
[ |-3695 - -3689
[
[
[ ]

-3688 - -3669| _ 308"
-3668 - -3657
-3656 - -3645
-3644 - -3635
-3634 - -3564
" | No Data

Planetographic

41°50' West 41°62'  41°50' 41°52'  41°50' 41°52'  41°50' West
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Slope vs. Baseline at Eos:

Sampling effect on PC

RMS Slope—Eos Chasma

- 2d (mostly hills)

- 2c (gently rolling)
- 2a

- Inc

- Ind (misses hills)

~
o
—
Q
a
K-
[77]
®
=
2
)
Q
[
=
2
m
[72]
2
o

\
§

Baseline (m)
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Stereo resolves
main roughness
elements

Photoclinometry
confirms no un-
resolved features

Photoclinometry
slopes vary,
depending on
area sampled
(amount of hills)

Stereo results
preferred




Melas 1: E02-00270/E05-01626

MOC ortho €02-00270 MOLA Raw Stereo DEM Corrected Stereo DEM
Melas

10 meters/pixel 10 meters/post 10 meters/post 10 meters/post
| |

Stereopair:
€02-00270
€05-01626 8°4%

Melas_d_st
[ 4183 - -4150
-4149 - -4140
-4139 - -4130
-4129 - -4116
-4115 - -4086
-4085 - -4056
-4055 - -4046
-4045 - -4036
-4035 - -4021
-4020 - -4002
[ -4001 - -3923

2

I 3819 - -3735
No Data

500 0 500 Meters
o= e}

Planetographic

-8°50"

77°42' 77°41' 77°40° 77°39'West 77°42' 77°41' 77°40' 77°39'West T77°42' 77°41' 77°40" 77°39'West 77°42' 77°41" 77°40' 77°39' West
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Melas 2: M08-0436//E09-02618

M I MOC ortho M0804367 MOLA Raw Stereo DEM
e as 10 meters/pixel 10 meters/post 10 meters/post
Stereopair: '

m0804367 - Y
€0902618

Mel_mola
-3317 - -3282
--3272

Corrected Stereo DEM

10 meters/post

500 0 500 Meters
g
Planetographic

-8°52'

coverage shown
on right
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3: M04-00361/E12-00720

Melas MOC ortho m0400361 MOLA Rew Stereo DEM
Stereopair: 10 meters/pixel 10 meters/post 10 meters/post
m0400361. West 77°31' 77°30' ! 77°31" 77°30' ' 77°31" 77°30"
€1200720 ‘

-3856 - -3770
-3769 - -3753
-3752 - -3734
-3733 - -3715
-3714 - -3702
-3701 - -3691
-3690 - -3659
-3658 - -3628
-3627 - -3608
-3607 - -3594
-3593 - -3581
-3580 - -3564
-3563 - -3545
-3544 - -3505

| No Data

HERT TRE NN

400 0O 400 Meters
™ s
Planetographic

-8°46'

West 77°31" 77°30' 77°31" 77°30' 77°31" 77°30'
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Slope vs. Baseline at Melas:

Stereo lacks resolution

RMS Slopes—Melas Chasma
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—— ST - 3a (layers) T~
—— ST - 2a (layers)
--=-PC - 1e (dunes)

— —PC+5T merged - 1d (plateaux, dunes)
—— ST - 1a+b (plateaux, dunes)

Baseline (m)
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Stereo fails to
resolve dunes

Photoclinometry
resolves dunes,
gives best slope
estimates

Stereo appears
to resolve layer
topography—
fortunate, since
PC is imposs-
ible because of
albedo




