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One of the leading candidate sites for future lunaexploration is Shackleton Crater, a 20-
km-diameter, 4-km-deep depression offset 10 km fronthe south pole of the Moon. The
perpetual darkness that exists at the floor of thecrater, which makes it scientifically
interesting and a potential supply of resources, isoupled with near-continuous sunlight atop
the rim and some of the surrounding area. In orderto leverage favorable Sun and Earth
access conditions in the region, engineers desiggifuture missions must be able to quantify
these access conditions and effectively use thist@o select an ideal landing or outpost site.
This paper details work completed to develop thisapability within Team X at the NASA Jet
Propulsion Laboratory using a Satellite Tool Kit (STK) model coupled with a MATLAB site
selection tool employing multi-attribute decision-naking (MADM) techniques. Three
scenarios are analyzed in terms of the fraction dhe year for which Sun and Earth access
exists, the maximum durations for which access isonexistent, and access consistency.
These multiple metrics are combined into an aggrega suitability score based on user
weights and the Technique for Order Preference by ifilarity to Ideal Solution (TOPSIS),
and optimal sites are identified. In addition, veighting-independent Pareto-optimal points
are identified and are shown to be clustered in faugeographic regions. The most promising
points have access to the Sun 89-93% of the yeardato the Earth about 58% of the year. It
is shown that access results are highly sensitive & spacecraft's effective solar array or
antenna altitude above the surface. Recommendatienof future sites to consider are
provided, and avenues for future expansion of thianalysis and its tools are identified.

Nomenclature

AHP = Analytic Hierarchy Process NAOJ = National Astronomical Observatory of Japan
DEM = Digital Elevation Map SELENE = Selenological and Engineering Explorer
GUI = Graphical User Interface STK = Satellite Tool Kit

IAU = International Astronomical Union UTC = Universal Time Coordinated

MADM = Multi-Attribute Decision-Making

I. Introduction

NE of the leading candidate sites for future rabatid human exploration of the Moon is ShackletoateZ, a

20-km-diameter, 3.5-billion-year-dldiepression whose center is offset just 10 km fioenlunar south pole.
The walls of Shackleton rise 4 km from the bottoihthe@ crater, and the result is a crater floor dchim perpetual
darkness. Maximum daytime temperatures of theesblgharts of the crater are estimated to be 70aKd
considerable speculation has been made about ¢henatation of volatiles such as water ice in trakldrap.
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The possible presence of perpetually dark craberd] such as those of Shackleton, has been reesajsince at
least 1952. While hypotheses on the presence of large qisstf water beneath the lunar surface existetién t
late 18008;° it was in 1961 that the possible presence of ajiginke quantities of water ice on crater floors @md
similar “cold traps” was seriously examin®d.Such ice could be a useful resource for futun@dwutposts, and it
is also of scientific interest since it may provate indication of the degree of chemical differatitn of the Moon
itself.” In 1996, the Clementine spacecraft’s bistaticaragxperiment returned observations from permapentl
shadowed regions of the lunar south pole consistithtthe presence of ice depodits.Additionally, neutron flux
measurements of these regions from the Lunar Retmpspacecraft in 1998 suggested the presendgrafisant
amounts of hydrogen in the form of water 16&' Most recently, in October 2009 the Lunar Cratbs@vation and
Sensing Satellite (LCROSS)mpacted a permanently shadowed region of ther Ismath pole’s Cabeus crater and
revealed an estimated 24 gallons of water ovemgact area 20-30 m in diametar.

In addition to science- and resource-driven inteireshe south pole region, operational advantadss exist.
Just as some crater floors experience perpetukhess, some crater rims and mountains in the regiperience
near-constant sunlight. This contrasts with maéseolocations on the Moon that have 14-day edfifgse., lunar
night), and thus such rims and mountains have aheglications for photovoltaic power production.dditionally,
some locations in the region are in line of sigithvigarth a large fraction of the time, a qualignkeficial for radio
communication with operators on the ground.

Because of the low elevation angles of the Earth@um over the lunar south pole horizon, criticahiny study
of Sun or Earth access is accurate terrain elevatida. The question of solar illumination at oeith pole has
been examined many times over the past two decaftes, soon after new terrain data becomes avaifdbft® A
thorough summary of previous efforts is availaleRief. 19. Earth access has been covered to a smaler
degree in the literature, although a number of istuexist exploring options for lunar communicasiorelay
satellites and constellations under the assumttiaithis capability will be necess&y?

Provided in this paper is an overview of a capgbthat now exists within the Team X concurrentieegring
and conceptual design group at the NASA Jet Prapulsaboratory to generate Sun and Earth accesstits for
the lunar south pole using Satellite Tool Kit (STKn addition to allowing for detailed examinatiof a single
landing or outpost site, this capability is usedjémerate Earth and Sun access statistics at themisélocations in
the region surrounding Shackleton Crater. Multiatite decision-making (MADM) techniques, includiran
interactive graphical user interface (GUI), aredugeidentify acceptable as well as Pareto-opticaaididate sites.
This analysis makes use of, but is not limited laser altimeter terrain data from the Kaguya (SEEEN
spacecraft; and attributes traded include percent Earth acqesscent Sun access, maximum Earth eclipse
duration, and maximum Sun eclipse duration. Afilaites in this study are properties of the lusravironment and
do not assume any particular mission or systemiguaration. As a result, this analysis can be usesupport of
virtually any future lunar south pole mission.

Il.  Access Data Generation and Validation

Although the tools developed here can be applieghioproperly-formatted lunar topography data,ahalysis
presented in this paper makes use of publicly-alstel topography data from the Japan Aerospace Eatjgn
Agency (JAXA) Kaguya (SELENE) missidh. This data choice is convenient because it pevaiigation against
previously published illumination analysfs. STK is chosen as the analysis engine becauds oflatively wide
availability in the industry, its extensibility tother applications (e.g., it allows tracking of tharthe Sun, and if
desired, satellites or other man-made objects),immndsualization capabilities. In order to uke tJAXA ASCII-
formatted topography data within STK, a seriesooiversions are required, and these are documeated h

A. Access Data Generation

In order to generate Earth and Sun access datd basthe Kaguya (SELENE) topography, an STK mosel i
created through a two-step process. In a thig $6ATLAB is used to interface with STK to automatealysis of
a swath of latitude/longitude coordinates in oftemap access statistics.

1. ASCII-to-DEM Conversion

The original Kaguya (SELENE) south pole topograptata extends from 85.0078°S to 89.9921°S at a
resolution of 0.0156° (473.8 m) and from 179.9111t8M 79.9111°E at a resolution of 0.177865° (469.at the
northern extent of the map;, 0.7 m at the southentiend). The data is in a three-column
(longitude/latitude/elevation) ASCII format that EWill not recognize. STK will, however, recognigerrain data
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in the U.S. Geological Survey (USGS) DEM file fotrm&he commercially-available Global Mapper 10twafe

package is used to accomplish this conversionthiiconversion process, elevations are roundategmearest
meter, and the reference for the DEM projectiothes WGS84 coordinate system (due to an STK reqenerfor

lunar terrain). In addition, because of an STKaier modeling limitation, the entire terrain dakt & offset in

altitude by +10 km to prevent obscuration from ladavall-like feature that would otherwise existla 180° anti-
meridian. The effect of this 10 km offset on Eatid Sun access results is expected to be neglgjisa the large
distances to the Earth and Sun. Figure 1 shovwadaptation of the terrain elevation map in Globalpyer, and
Fig. 2 shows this map overlayed with names of regjiéeatures.

2. STK Analysis

Within an STK 8 scenario, the DEM from Step 1 iported and assigned to the Moon. A facility iscplhat a
given latitude/longitude coordinate, and elevatisndetermined from the supplied DEM terrain. Anmazh-
elevation mask is created and activated as a eimntsto prevent line-of-sight through terrain. tBaand the Sun are
created in the scenario, and access is compute@detthe facility and the centers of the Earth &nd over a one-
year time period using the STK default of DE405 espbris and the IAU 2000 lunar orientation and rotel
elements. Access periods are computed to a pwacigithin fractions of a second. The access armlgan be
exported in a text format or through MATLAB, asdiscussed shortly. Although not required in oreproduce
numerical data, STK also has a visualization cdipgbin order to use this capability, the DEM filean be
converted to PDTT and JP2 files and rendered irDagBaphics window. An example 3-D visualizatioorsd with
a sample access report is shown in Fig. 3.
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Figure 1. Kaguya (SELENE) terrain data displayedmn Global Mapper 10 (adapted for clarity).
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A = Amundsen Crater

dG = de Gerlache Crater
F = Faustini Crater

M = Malapert Mountain
S = S8hackleton Crater
Sho Shoemaker Crater
Sv = Sverdrup Crater

139°E

& Latifude lines spaced every 1°
1 80 Outer boundary is at 85°5.

Figure 2. Selected named features in the vicinityf ¢he lunar south pole®

B Report: Access - Access: i

16 Jul 2008 10:56:44 5|
Facility-BaseFacility-To-Planet-Earth, Planet-Sun: Access Smumary Report
BaseFacility-To-Barth
Start Time (UTCG) Stop Time (UTCO) Duration (sec)
1 1 Jan 2007 12:00:00.000 7 Jan 2007 19:34:48.099 545688.099
2 23 Jan 2007 08:35:25.932 4 Feb 2007 01:10:18.432 1010092.500
3 19 Peb 2007 15:11:43.738 3 Mar 2007 07:25:36.911 1008833.173
4 15 Mar 2007 01:10:30.203 30 Mar 2007 12:32:00.851 991250 648
5 15 Apr 2007 10:36:45.156 26 Apr 2007 15:35:37.742 968332.586
6 12 May 2007 17:11:55.760 23 May 2007 17:38:20.619 951984.858
7 8 Jun 2007 19:50:31.966 19 Jan 2007 21:05:08.992 954877.026
8 5 Jul 2007 21:25:33.761 17 Jul 2007 03:01:42.623 970568861
Fl 2 Aug 2007 01:22:20.550 13 Aug 2007 10:15:00.392 992359.843 -
10 29 Aug 2007 08:38:39.597 9 Sep 2007 16:38:58.558 579218.961
11 25 sep 2007 18:00:36.309 6 Oct 2007 20:42:25.431 960109.121
12 23 Oct 2007 02:52:28.134 2 Mov 2007 22:43:07.955 535439761
13 19 Nov 2007 07:26:05.335 30 Nov 2007 00:53:16.978 926831.643
14 16 Dec 2007 09:24:48.405 27 Dec 2007 06:13:55.454 938947.089
Global Statistics
Min Duration 1 1 Jan 2007 12:00:00.000 7 Jan 2007 19:34:48.099 545688.099
Max Duration 2 23 Jan 2007 08:35:25.932 4 Feb 2007 01:10:16.432 1010092.500
Mean Duration 937469.584
Total Duration 13124578.171

Figure 3. Earth and Sun access lines of sight onda4, 2007 from 89°S, 0°E, with an STK access repdor
the year in the upper right corner. Shackleton Craer is in the bottom of the figure, and Malapert Maintain
is toward the left, roughly in line with the accesdines to Earth and the Sun.
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3. Automated MATLAB-STK Analysis

In order to gather Sun and Earth access reponts &avide range of latitude and longitude coordisatgher
than a single point, MATLAB is used to interfacdm&TK through the STK Integration toolbox. MATLARarses
through a list of latitude and longitude coordisatglaces an STK facility at each coordinate, audnds the Earth
and Sun access and eclipse periods output by Shi€se recorded periods later allow the user to coengtatistics
such as fraction of time with access, average aaha@stion, and maximum eclipse duration during-poscessing.
Although the modeled terrain in STK extends asitath as 85°S latitude, access data reportedsmtipper extends
only as far north as 89°S (i.e., in the vicinitySifackleton Crater; no point in this range is fartthan about 30 km
from the rim of the crater). As a result, thisdstwlraws no conclusions on the viability of a MaapMountain
landing site (near 86°S, 0°N, which has been prepos the paét®) except to say that it is very far —
approximately 120 km — from Shackleton Crater amdrlikely staging site for physical access to &hedon.

B. Validation Results

To characterize the fidelity of the STK model, anetric available from this analysis, the illumiratirate (or
fraction of time for which Sun access is available)compared to the illumination rate availablenirthe analysis
of Ref. 18. Comparison is made for 7,812 reguapgced latitude/longitude coordinates at positsmgh of 89°S.
Points within 0.1° in longitude from the anti-meaid and within 0.03° in latitude from the pole aseluded, and it
is not recommended that this model be used in thegions. Several differences exist in the assiomptand
implementation of these independent analyses, famglit is not expected that there should be exgreteanent. It is
also not expected that any one of these differewoedd account for more than a few percent errdihese
differences include:

= Temporal Discretization. While STK computes exact access time periods (tepdo fractions of
a second), the analysis of Ref. 18 samples accodgslaily. In Ref. 18, the access condition (iee.,
binary access/no-access response) is sampled(ft O0:C on each day of the year; the condition
recorded at 00:00 UTC is assumed to hold for thieeeday. This would produce discrepancies on
[Earth] days when the Sun is visible for only pafrthe time, but it does not introduce a systematic
bias (i.e., it is likely to produce just as mangimstimates as underestimates).

=  Sampling Time Period. The validation analysis in STK is run during §ear 2007, in particular
from 12:00 UTC on January 1, 2007 to 12:00 UTC amuary 1, 2008. This allows for all major
effects to be captured, i.e., both daily and sealsaariations in sunlight, for a minimum amount of
computational time and resources. Ref. 18 perfdimssanalysis over an approximately 5.5-year
period starting at 00:000 UTC on January 1, 20B8cause of the unique nature of the precession
of the lunar orbital plane and spin axis, the spiis of the Moon is tilted at an essentially consta
1.6° to the normal to the ecliptic and does natlltes substantial lighting variations over the @-8.
year lunar orbit precession cycle (i.e., on thesoaf 0.5 percent)® Thus, error due to this effect is
likely to be small.

= Angular Size of Sun. The STK analysis tracks the line of sight fromognpon the lunar surface to
the center of the Sun. In reality, the Sun isn#tdisize (0.26°) disk in the lunar sky, and Réf. 1
accounts for this, considering illumination to kefided as any time when any part of the Sun’s
disk is visible. This has the effect of systemallyc biasing the STK analysis such that it
underestimates the amount of illumination with egdgo the analysis of Ref. 18. A brief analysis
to quantify this has suggested that this error orayhe order of 0.5 to 4.0 percent, depending on
location and surrounding terrain (e.g., in a 109-eriod, the discrepancy between the STK and
Ref. 18 analyses due to this effect would be @.®-days of illumination).

= Ephemerisand Moon Crientation. The STK analysis uses the default DE405 epheraaddAU
2000 lunar orientation and rotation models, while &nalysis of Ref. 18 uses DE403 ephemeris
and an updated lunar orientation and rotation. I&\thie effect of the ephemeris difference is likely
to be negligible, error due to the slightly diffetéunar orientation may be noticeable, particylarl
at polar locations. Future analyses aim to quattiit effect.

= Terrain Elevation Offset. As mentioned in Section Il.A.1, the terrain modelSTK is elevated
+10 km from the actual Kaguya (SELENE) elevatiom¥ercome a modeling limitation at the anti-
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meridian. Because the driver of illumination rasethe elevation angle of the Sun and its
interaction with local terrain elevation, terrainemtation is paramount. A 10 km translational
discrepancy is unlikely to have a major effect errain orientation with respect to the Sun since
the distance between the Moon and Sun is sevensanflmmagnitude larger, at 1.5 x21an.

= Computational Algorithms. The analysis of Ref. 18 used a custom computer, astdEeh may
introduce additional discrepancies when compareth¢oproprietary STK code. For example,
differences in terrain interpolation methods arewell understood. These discrepancies, however,
are difficult to quantify without an additional dedted analysis.

The illumination maps used in the validation stadg shown in Fig. 4. The data in the map on tfenere
provided by the authors of Ref. 18 at the Natigksttonomical Observatory of Japan (NAQJ), and tlag ron the
right was generated using the STK model generaiethis study. It is visually clear that the twatth quite well.
Shackleton Crater is the most obvious feature ah gédot, filling most of the lower right quadrarfttbe map with a
circular area with zero percent illumination. Tloatside walls of Shackleton have moderate amoufits o
illumination (around 40%), and the upper left quendris largely devoid of illumination because oddbwing from
distant mountains as well as the rims of nearbyclketon and de Gerlache craters. The lower ledidgant, which
contains a ridge connecting the rims of Shackletott de Gerlache, is an area with an illuminatide es high as
76.2% (STK prediction) or 75.5% (NAOJ predictidn).

Figure 5 shows the subtraction of the NAOJ preaiictrom the STK prediction (i.e., from Fig. 4, thght plot
minus the left plot). The plot on the left in Figshows the spatial distribution of illuminaticate errors, where the
colors yellow, orange, and red indicate that th& $Todel overpredicts illumination and the color dlimdicates
that the STK model underpredicts illumination refatto the NAOJ model. Note that the majority loé tmap is
colored green (essentially zero error) or lightehfa slight underprediction).

Also informative are the histograms of the erroovgh on the right in Fig. 5, which display the infaation
statistically. The upper histogram shows thatvidig majority of errors are between -0.1 and +@ith a slight bias
downward (i.e., toward STK underpredicting illumioa). The mean (-0.0178) and median (-0.0139finarthis;
the central tendency of the STK model is to undstiat illumination by 1.4 to 1.8 percentage poicespared to
the NAOJ model. The lower histogram shows theibigion of the absolute value of the error, allog/istatements
to be made about the likelihood of a randomly $ettSTK prediction differing from the NAOJ model &ycertain
amount. The lower histogram shows that th8 pércentile error is 0.0749 (i.e., 90% of the tirae;andomly
selected data illumination rate will be in errorh$ percentage points or less). Th& pBrcentile error is 0.0991,
and the 99 percentile error is 0.1482.

While this error is considered suitable for thegmses of this study and the use of the model irceqmual
design, future studies and model development mely &ereduce this discrepancy between the data 3éts first
assumptions to investigate in depth are the diffege listed earlier. It is worth noting that theoein the upper
histogram appears to be essentially normally distedd, a behavior that might be expected for factoentioned
earlier that had no clear systematic biasing effeath as time discretization). Interestingly, thajor biasing
effect recognized earlier was the consideratioimefSun as a disk rather than a point, which waghly estimated
to bias the STK model to underpredict illuminatmmthe order of 0.5 to 4.0 percent. This is cdesiswith the 1.4
to 1.8 percent underprediction central tendenen $eere.

* Note that this is only the maximum seen from t}{842 points used in the validation.
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Figure 4. Maps of illumination rate (fraction of time with Sun access) for the 7,812 validation points a
function of latitude and longitude. Data from Ref. 18, by the National Astronomical @atory of Japan
(NAQOJ), is on the left. Data from the STK modelus this paper is on the right. The northerreextof the map
is 89°S, and contours indicate 1 km changes iraterelevation.
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Figure 5. Statistics on the arithmett difference between the illumination rate predictd by model used in this
paper and the data of Ref. 18 (i.e., statistics dhe subtraction of the two plots in Fig. 4, as STkrediction
minus Ref. 18 prediction). The plot on the left indicates the spatial disttibn of errors (red indicates STK
overpredicting the amount of illumination, and blodicates an underprediction relative to Ref. 18je two
histograms on the right indicate the statisticatdbution of the error. The northern extent of thap is 89°S, and
contours indicate 1 km changes in terrain elevation
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1. Results and Discussion

A. Scenarios Studied

The results that follow utilize the STK model déised in Section Il, and Sun and Earth access dongitfor
three parametric variations, shown in Table 1, Haaen generated to account for three scenariast@fest. The
three scenarios are designed to capture differeimcascess due to the effect of the altitude atclwtdccess is
tracked® This effect is relevant from an operational pecsive. For example, access exactly at the sudhtiee
Moon is relevant when computing surface temperatared identifying regolith in permanent darkness] this
metric is frequently the only one considered ionlination rate studies. However, access at 1 meatte surface
is more relevant for robotic mission scenarios, nehsolar arrays or Earth-pointing antennas willsbenewhat
elevated from the surface. Access at 10 m abaveihface is more relevant for large human-claasespaft. In
combination, these three sets can also be usedapolate if a given spacecraft configuration doees precisely
match the O, 1, or 10 m altitudes.

As shown in Table 1, Set #1, the baseline conditiersurface access during the year 2011. Seb#fains
32,384 data points spaced at latitude interval3@f56° (473.8 m) and longitude intervals of 0.71{% 6.5 m at
the -89°S edge of the analysis area). Sets #23am@ identical to Set #1 except that the altitafiéhe facility
created in STK is raised by 1 and 10 m, respegtivel

Table 1. Three Scenarios Analyzec

Set No. Scenario Altitude  Year Data Points
1 Baseline: Surface Access Om 2011 32,384
2 Notional Robotic System Access 1m 2011 32,384
3 Notional Human System Access 10m 2011 32,384

B. Set #1: Baseline Results

Presented here are results from Set #1, the basmEse described above. Access is tracked autfaes (0 m
altitude) during the year 2011. Covered firstraaps of the traditional access rates (fractiornoé twith access) as
well as maps of maximum eclipse durations. Nexsjta selection and decision tool is introduced asdd to
combine multiple measures of site suitability iatonap of overall suitability. This allows for seien of optimal
sites and regions given user weights and constraiffbllowing this is an identification of Paretptional sites,
independent of user weights.

1. Access and Eclipse Metric Maps

Figure 6 shows the fraction of time that the Sud Barth are accessible during the year 2011. $ktack
Crater is clear in both maps, as are other dejresshat prevent visibility to both Sun and Eartdowever, the
similarities in the plots essentially end therartk access is bimodally distributed across the;daage portions of
the map have high Earth access (the highest is¥g8rear the southern rim of de Gerlache at 89.0234°
92.4012°W), and other large portions have virtuatbyaccess. Few points fall between these extreanelsthis is
caused by the fact that the Moon is tidally lockedts orbit around Earth. In contrast, the Suocks around the
south polar region once per lunar day, and Sunsaciemore evenly distributed. The maximum Suresgc
detected is 77.0%, near the southeastern exte&tadkleton at 89.7733°S, 155.7213°W. However,hamaegion
of high Sun access is the ridge connecting Shawkketd de Gerlache, particularly near 89.4°S, 135°W

Figure 7 shows the maximum duration of no-accesscbipse, periods for the Sun and Earth. Thisfis
significance to power system and telecommunicatdesgn because even if a site’s accessible fractidime is

$ Consideration was given to also parametricallyyivay the sampling year, but the ranges of Sun aadhE
elevation angles above the lunar south pole hordgmnot exhibit long-term trends when plotted osegoeriod of
several years. That is, the Sun and Earth rigeapibigh above the lunar south pole horizon in128d4 they do in
2006 (a year of maximum Earth-relative inclinati@n)2015 (a year of minimum Earth-relative inclioa). As a
result, the sampling year should have a minimactfbn Sun and Earth access. The year assumedl fesults
shown here is 2011, approximately in the middl¢hef 18.6-year lunar orbit precession cycle whenMlen is at
an Earth-relative inclination of 23.5°.
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high, terrain or seasonal effects may cause laegegs of time with no access. Note that in Figh@ upper limit
on the color axis is 90 days, and any eclipse tigneater than 90 days are maroon in color. As tridghexpected
due to the fact that the Earth occupies a verylsm@isistent portion of the lunar sky, the majafth maximum
eclipse duration is closely correlated with its m@upart in Fig. 6. Its bimodality in color, inrobination with the
access data in Fig. 6, indicates that if a site Ferth access at all, then the maximum eclipsebeagenerally
expected to last 13-14 days. On the Sun maximuipsecduration map, a dramatic transition to looljpses can
be seen in the upper half of the map. These lafigses occur as the Sun sets behind local tedwaimg the lunar
winter, and this information is not captured in .Fég Interestingly, since the reduction in Eartfipse duration
favors the upper half of the map and reduction im &clipse duration favors the lower half, this gegis a
compromise may be required in landing or outpdstselection. This type of compromise and the idenation of
multiple objectives in selecting a landing sitevds the analysis detailed next.

SUN: Fraction of Time Accessible EARTH: Fraction of Time Accessible

40.5
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0.3
0.2
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0

Figure 6. Maps of fraction of time with Sun acces@eft) and Earth access (right) for Set #1.
The northern extent of the map is 89°S, and costmdicate 1 km changes in terrain elevation.
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Figure 7. Maps of maximum time without Sun accesddft) and Earth access (right) for Set #1.
The northern extent of the map is 89°S, and costmdicate 1 km changes in terrain elevation.
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2. Decision Tool and Optimal Site Selection

The analysis described above produces a varieBunfand Earth access statistics for each poinhenunar
south pole map. Given the quantity of data geedrat each of the 32,384 points, it can be diffituidentify the
optimum landing site by inspection of these maphis is especially true since the statistics regmmted on each
map vary in importance with the mission scenafidnis section illustrates a method by which multipletrics of
interest can be combined into a single suitabititgtric, permitting more straightforward selectiohaosingle
landing or outpost site.

Figure 8 shows a graphical user interface (GUI)isi@e-making tool that allows a user to interadgveet
relative weights and filters for key parametersoérest in order to identify highly-desirable ldoas. In the upper
left of the GUI, the user inputs relative weights éach of six metrics: Percent Sun Access, Peiamh Access,
Maximum Sun Eclipse Duration, Maximum Earth Eclifzeration, Sun Eclipse Duration Standard Deviatemd
Earth Eclipse Duration Standard Deviation. Thetffour metrics are identical to those demonstrate8ection
[11.B.1, and the last two are measures of the cbastcy of eclipse periods. Collectively, theseriogtrepresent the
desire for a site to have (1) a large amount oktimith access to the Sun or Earth, (2) short womse Sun and
Earth eclipse periods, and (3) eclipse period thnatthat are regular. While these three desiresa@related, they
represent important and conceptually distinct dhjes. The weights indicated by the slider bard anmbers
indicate the relative importance of each metrith user; for example in Fig. 8, the most importauetric to the
user is the maximum duration for which the Sundsatcessible. The weights in Fig. 8 were deteeshithrough a
pairwise-comparison-based Analytic Hierarchy PrecgsHP)? and they clearly favor Sun access over Earth
access, representative of a solar-powered spatesithf access to a relay satellite for Earth comication.
However, these weights can be easily and interggtimodified by the user to reflect different m@siscenarios.

On the right in the GUI are filters associated wetich of the six metrics of interest. Here, ther usay set
thresholds for which data is displayed. For exaniplthe user wishes to consider only locationthvun access
more than 50% of the year, the “Percent Sun Acdsst may be set to 50%, and no locations withslthan 50%
Sun access will be displayed on the resulting mapwill they be scored for the optimization praces

Once weights and filters are set, the user mak d¢he “Update Map” button to perform the optimipati
analysis and display a color map of site suitahiliThe map resulting from the user’s preferennesig. 8 is shown
on the left plot of Fig. 9. The score displayedtémms of color is computed using the Technique Goder
Preference by Similarity to Ideal Solution (TOPSI8hich determines a point’s score based on itdicaan
closeness to the positive ideal (utopia) pointhef data set and its euclidean distance from thativegdeal (anti-
utopia) point of the data s&t. High scores (i.e., highly desirable sites) apresented in red. Areas that have been
omitted due to filter settings are representedhitev In the left plot of Fig. 9, no filter setya are active, and every
location has a score and color associated witsdme maroon, very-high-score regions are evidengahe ridge
connecting Shackleton and de Gerlache craterse thatt the craters themselves have appreciablesbacause
only one eclipse period exists (the 365-day eclips¢he entire analysis time period) and as altéisay have very
small eclipse duration standard deviations. Inglog on the right in Fig. 9, filter settings halveen imposed such
that the only points shown are those with more ®#nSun and Earth access and less than 90 days»aimom
Sun and Earth eclipse duration. As a result, éasible area is considerably smaller than in tfieplet, limited
primarily to the rim of Shackleton Crater, the veest outer slope of Shackleton, and the ridge cdimgec
Shackleton and de Gerlache.

After a user clicks “Update Map” in the Fig. 8 Glithe coordinates of the optimum (highest-scorintg are
displayed toward the bottom left of the GUI. Ttemuhas the option of clicking “Query this Point’dee detailed
statistics about the site. The query resultsiferdptimum site for the Fig. 8 GUI are shown in.Ai@. This site is
on the southwestern rim of Shackleton Crater (keeyellow star in the right plot of Fig. 9) and H&isn access
77.0% of the year (the highest value on the map) Barth access 57.2% of the year. The maximumtidora
during which the Sun is not accessible is 6.1 diws]owest over the entire map, and access dthimunar south
pole summer is uninterrupted for a period of 1ldags (nearly four months). Earth access pericelsegularly 15-
16 days in duration, and Earth eclipse periodsragularly 11-12 days in duration. Figure 11 shd®®K
visualizations of this location.

In addition to the ability to query the optimal ppithe GUI also allows the user to either poind afick or
manually input coordinates to query any point oa thap (after clicking the “Query Point on Map” loum}.
Additionally, the user may place a yellow star nearkt the current point on the map by clicking tBaow on
Map” button in the GUI.
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DECISION MAKER LUNAR TERRAIN TOOL

— Weight — Filters

Percent Sun Access 4 | | » | I 01734 Percent Sun Access = lf Y
Percent Earth Access 4 | | b | I 0.0331 Percent Earth Access = |1— Yo
Max Sun Eclipse Duration 4 | | » | I 0418 &y Sun Eclipse Durstion = 366 days
Max Earth Eclipse Duration 4 | | » | I 0.0392 iz Earth Eclipse Duration < IT days
Sun Eclipse Duration Std. Deyv. 4 | I » | I 02247 Sun Eclipze Duration Stel. Dey. < IT days
Earth Eclipse Duration Std. Dewv. 4 | | » | I 01078 Earth Eclipze Duration Std. Dew. = 366 days

Highest Scoring Location: Query Pairt on Map I

Latitude:  -89.773 deg. 4 . N

Update Map Longitude: -1 55.?? deg. Il::‘t::'r:jc-ie: % ::z Sessteetton ST
............... Quervthmpmm- I Percent Earth Access: 572234 %
Percent Sun Access: TEATT2 %

Figure 8. Decision-Maker Graphical User Interface.
The weights set in this example are determinedMRB, and filters are effectively deactivated.

Sun/Earth Access Suitability- No Filters Sun/Earth Access Suitability: Medium Filters

0.9
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07
06
05
0.4

ik

0.2

0.1

0

Figure 9. Maps of site suitability with no filters(left) and with moderate/medium filters (right).
The yellow star in the right plot indicates theioptm site for the selected objective weights.
The northern extent of the map is 89°S, and costimdicate 1 km changes in terrain elevation.
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Earth Access Sun Access

2
Optimal _Loc_atlon Results e R S yer ] 5 m 0
AHP Weighting Scheme Earth Access Duration, days Sun Access Duration, days

Earth Eclipse Sun Eclipse

89.7733°S, 155.7213°W

57.2% Earth Access

77.0% Sun Access
1
Max Earth Eclipse: 12.7 days : I
i . 0 5 10 15 0 2 4 6 8
Max Sun Ecllpse. 6.1 days Earth Eclipse Duration, days Sun Eclipse Duration, days
Max Earth Access: 16.1 days ) Earth Profile (1=Access, 0=Eclipse) ) Sun Profile (1=Access, 0=Eclipse)

Max Sun Access: 117.2 days
0 0
0 100 200 300 0 100 200 300
Simulation Time, days Simulation Time, days

Figure 10. Detailedstatistics on Earth and Sun access for the optimébcation according to the Fig. 8 weight:
The top plots are histograms of Earth and Sun acdesations, the middle plots are histograms oftkand Sun
eclipse durations, and the bottom plots show sitrarigime histories of Earth and Sun access.

Sverdrup
de Gerlache

Shackleton

Figure 11. STK visualizations of the optimal locabn according to the Fig. 8 weights.
In the left illustration, the site is on the rim®hackleton at the intersection of the two greem &l Earth access
lines. The right illustration shows an Apollo Lurddodule landed at the optimal location, overloakiBhackleton.

12
American Institute of Aeronautics and Astronautics



As mentioned earlier, the optimal point identified the decision tool depends on the weights a ingers.
These inputs may depend significantly on the missicenario. For example, if an early robotic noissio the
Moon is to be powered by a radioisotope thermoetegenerator (RTG), the requirement for Sun acceag be
greatly reduced or eliminated while Earth accesyg stil be critical (e.g., if a communications rglsatellite is not
yet in place). A notional weighting scheme for ls@cmission is input to the GUI in Fig. 12. Thevneeights
result in the suitability map in Fig. 13, whichfdifs significantly from Fig. 9.

The optimum site according to the new weights tated on the ridge between Shackleton and de Gerlac
craters (see the yellow star in Fig. 13). As gibgrFig. 14, this site has Sun access 70.1% of/¢lae (6.9% less
than the previous optimum) and Earth access 58 .fl#eoyear (0.9% more than the previous optimurije
maximum duration during which the Sun is not adbésss 11.5 days, and the maximum access durai@6.4
days during the lunar south pole summer. Becatisheoemphasis on Earth access regularity in thightiag
scheme, Earth access periods are regularly 15 wldly very little variation, and the interveninglipse periods
are regularly 11.5 days long. Figure 15 shows SiEKalizations of this location.

=101
DECISION MAKER LUNAR TERRAIN TOOL
— Weights — Filters
Percent Sun Access 4 | | [ | I 0 Percent Sun Access = If %
Percent Earth Access 4 | | » | | 01655 Percent Earth Access = If %o
iz Sun Eclipse Durstion 4 | | [ | I [i} Mz Sun Eclipse Durstion < 366 days
Mz Earth Eclipse Duration 4 | I » | I 0198 hax Earth Eclipse Duration < IT days
Sun Eclipse Durstion Std, Dey. P | | » | | [i} Sun Eclipse Duration Std. Dev. < IT days
Earth Eclipze Duration Std. Dey. L':J:Ll W Earth Eclipse Duration Std. Dev. < 366 days
Highest Scoring Location: Query Point on Map |
Update Map t?::fuie; 18254219 :Zz tamu.de: ; R AT OB pate LathLon Show on Map
- ongitucde: lm deg.
Query this Point | Percent Earth Access: 381323 %
Percent Sun Access: 701404 %

Figure 12. Decision-Maker Graphical User Interfacefor a Notional RTG-Powered Mission. This scenario ha
virtually no need for solar power and emphasizesstent, short-eclipse Earth access. Filters aradiivated.
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Figure 13. Map of site suitability with no filters, using the weights in Fig. 12.
The yellow star indicates the optimum site fordbkected weights. The northern extent of the :891S, and
contours indicate km changes in terrain elevatit
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Max Earth Eclipse: 12.1 days . 1 . ,
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Max Sun ECIlpse. 11.5 days Earth Eclipse Duration, days Sun Eclipse Duration, days
Earth Profile (1=Access, 0=Eclipse Sun Profile (1=Access, 0=Eclipse
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Max Sun Access: 26.4 days
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Figure 14. Detailed statistics on Earth and Sun @ess for the optimal location according to Fig. 1®&eights.
The top plots are histograms of Earth and Sun acdesations, the middle plots are histograms oftkand Sun
eclipse durations, and the bottom plots show sitraridime histories of Earth and Sun access.

Sverdrup de Gerlache

Shackieton

Figure 15. STK visualizations of the optimal locabn according to the Fig. 12 weights.
In the left illustration, the site is on the ridgetween Shackleton and de Gerlache at the intéosect the two
green access lines. The right illustration showsAgollo Lunar Module landed at the optimal locatio
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3. Pareto-Optimal Sites

A natural follow-on question after the previous lgsia involving subjective weighting schemes is ttiee it is
possible to identify sites that would be optimummatter what weighting scheme is chosen. Thissléadhe
notion of Pareto optimality. A Pareto-optimal pois one that is hon-dominated, or one for whichpomts exist
that are more desirable in every category. Theok&areto-optimal points in an objective spac&riswn as a
Pareto front or Pareto frontier. These points the only points relevant for trade studies, prodidbat all
objectives have been accounted for in the metridsterest. For this analysis, it is assumed tihbbjectives
except for the six weighted in the GUI are negligib

To generate the set of Pareto-optimal points, efthe 32,384 data points in the set is compareshth other
data point to determine whether any is equal oesapto the current point in all six objective dinsions. This
reduces the list of potential data points from 82,8 just 28 points. These 28 points are themalyithe only
points that should be considered when examinindeamong the six defined objectives. These paimdstheir
performance with respect to the six objectivesliated in Table 2.

The first 19 points in Table 2 are of greatestrege Note that Point #4 near de Gerlache hakigfest percent
access to Earth and the minimum longest Earthseelyeriod. Point #16 is the same point that wastified in the
alternate weighting scheme for the notional RTG-@®d early robotic mission, and it has the smahesizero
standard deviation in Earth eclipse duration. P9 is the same point that was identified inithial AHP-based
weighting scheme, and it scores highlest terms of all three Sun access metrics. Assalteif only Sun access
were considered, Point #19 would always appeahasundisputed best point on the map. Points #2@r28
technically Pareto-optimal because they have tls¢ pessible (zero) standard deviation for Sun athEeclipse
duration. However, these points are not of pratiitterest because the zero eclipse duration atdrikviation is
due to the fact that a single 365-day eclipse &Xist., the sites are in permanent eclipse, witlaccess to either
Earth or the Sun).

Interestingly, Points #1-19 are clustered in foigtidct geographic areas, mapped in Fig. 16. #d ia the
western hemisphere. The northernmost region sedlo the edge of de Gerlache Crater, at the martage of the
map. Moving southwest about 15 km between de Gleeland Shackleton, a distinct 6 km long line ofeRa
optimal points exists along a ridgeline running
south. Moving west from here by another
km, another series of Pareto-optimal poin
exists along a second ridgeline. This seco
ridgeline is about 11 km from Point #19 on tF
rim of Shackleton Crater. This clustering ¢

1

0s

0.8

points suggests that the locations of the thi 0.7
major clusters (on de Gerlache and the t log
ridgelines) are areas that will consistently sta '
out regardless of the weights a user assign: 405
the six objectives. It is worth noting tha

perhaps surprisingly, the rim of Shackletc s
Crater has only one Pareto-optimal poi

0.3

(Point #19). Figures 17 and 18 provide bird
eye 3-D views of the nineteen Pareto-optim
locations of interest using the STt
visualization capability.

0.2

0.1

0

Figure 16. Paretoeptimal points (yellow stars) overlaid on the
left plot from Fig. 9. The northern extent of the map is 89°S, and
contours indicate 1 km changes in terrain elevation

” Future analyses may prefer to add objectives, sischurface slope and roughness, as well as distanihe
nearest point of interest. This can be easily meoodated in the future.

™ Strictly speaking, this point actually has a Sulipse standard deviation inferior to Points #20-&Bich have
zero standard deviation because they are in pemh&um eclipse. More correctly, Point #19 haskthgt nonzero
Sun eclipse duration standard deviation.
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Table 2. Paretc-Optimal Points for Baseline Surface Acces

Point ] ] Percent Access Max Eclipse (d) Ecl. STDV (d)

No. Latitude Longitude sun Earth Sun Eath Sun Earth Comments
1 89.0077°S 87.4209°W 48.3% 57.7% 16.12 1192 5.07 2.62
2 89.0077°S 86.7095°W 48.6% 57.7% 16.40 1196 495 2.62
3 89.0077°S 84.5751°W 50.1% 57.6% 15.47 1199 450 262
4 89.0234°S 92.4012°W 47.7% 58.3% 16.51 11.71 5.03 2.59 Max Earth Access Pct, Shortest Max Earth Eclipse
5 89.0546°S 91.6897°W 32.9% 57.9% 1524 11.79 513 2.60
6 89.2265°S 110.8992°W 57.8% 57.0% 14.97 12.00 470 2.56
7 89.2421°S 113.0336°W 51.4% 57.2% 13.90 1196 569 255
8 89.2577°S 113.0336°W 52.2% 57.2% 16.41 1193 595 253
9 89.3046°S 112.3221°W 42.9% 57.3% 1495 1193 6.35 252
10 89.3202°S 113.7451°W 63.2% 57.5% 1859 1190 5.15 251
11 89.3202°S 112.3221°W 48.7% 57.4% 15.05 1192 529 251
12 89.3515°S 112.3221°W 50.0% 57.4% 8.02 1193 264 250
13 89.3671°S 133.6660°W 62.8% 57.6% 10.95 12.16 4.23 2.50
14 89.4140°S 113.7451°W 36.6% 57.3% 26.68 12.03 8.16 2.50
15 89.4140°S 113.0336°W 24.1% 57.3% 25.81 12.05 10.10 2.50
16 89.4296°S 136.5119°W 70.1% 58.1% 11.50 12.09 4.17 2.49 Min Nonzero Earth Ecl. STDV, Opt. in Figs.12-15
17 89.4765°S 136.5119°W 72.4% 58.1% 11.85 12.12 332 2.49
18 89.5077°S 140.0692°W 76.8% 57.8%  9.47 1217 267 250
19 89.7733°S 155.7213°W 77.0% 57.2% 6.10 12.65 151 2.56 Nonzero Best for All Sun Metrics, Opt. in Figs. 8-1
20 89.1640°S 26.9466°W 0.0% 43.4% 365.00 15.78 0.00 3.13 Permanent Sun Eclipse
21 89.2421°S 75.5040°E 0.0% 43.5% 365.00 15.80 0.00 3.11 Permanent Sun Eclipse
22 89.8202°S 39.7530°W 0.0% 43.7% 365.00 15.84 0.00 3.08 Permanent Sun Eclipse
23 89.3046°S 145.0494°W 59.0% 0.0% 14.27 365.00 3.55 0.00 Permanent Earth Eclipse
24 89.3046°S 142.9150°W 48.7% 0.0% 16.68 365.00 3.45 0.00 Permanent Earth Eclipse
25 89.3046°S 139.3577°W 49.3% 0.0% 16.85 365.00 3.52 0.00 Permanent Earth Eclipse
26 89.3202°S 142.9150°W 61.8% 0.0% 14.81 365.00 3.71 0.00 Permanent Earth Eclipse
27 89.3515°S 142.2036°W 59.8% 0.0% 14.48 365.00 5.00 0.00 Permanent Earth Eclipse
28 89.9608°S 63.9427°W 9.6% 0.0% 27.56 365.00 3.17 0.00 Permanent Earth Eclipse
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Shackleton

D E—

Figure 17. STK visualization of Pareto-optimal loations for the Baseline Surface Access condition.
The camera in this image is positioned above déaGlee Crater. Points #20-28 are excluded.

de Gerlache

The
Pentagon
(to scale)

Figure 18. STK visualization of the Pareto-optimalocations for the Baseline Surface Access conditio
The camera in this image is positioned above SktmkICrater. Points #20-28 are excluded.
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C. Set #2: +1 m Notional Robotic Mission Results

Presented here are results from Set #2, the amagsithat considers access as assessed one butertlae
lunar surface. This is intended to be realisticaiotenna or solar array placement conditions dbotic missions,
and tracking access at this slightly elevatedualétmitigates the effects of any small but shangite features that
could obstruct viewing locally. As with Set #hvered first are maps of the traditional accesssréfraction of
time with access) as well as maps of maximum ezlgasations. Next, the site selection and decisiohis used to
determine an optimal site for a given set of useights. Following this is an identification of R&r-optimal sites
for this scenario.

1. Access and Eclipse Metric Maps

Figure 19 shows the fraction of time that the Smd Barth are accessible at the +1 m altitude. akstith the
surface data shown in Fig. 6, Shackleton Crateler in both maps, as are other depressions thaenmt visibility
to both Sun and Earth. Earth access is again lalyodistributed across the map, with large podiaf the map
having high Earth access and others having vistuadlaccess. There is no substantial change iogtimum Earth
access condition with the raised altitude: Thénegy Earth access percentage is again 58.3%, doatitbe same
location on the rim of de Gerlache at 89.0234°S4@»22°W. However, note that in the right plot af.FL9, there
exist far fewer dark blue speckles than in Fig. his suggests that a number of locations in Sethad access
blocked locally by small, sharp terrain features.

Sun access is again more evenly distributed a¢hessnap than Earth access. However, the maximum Su
access is significantly higher than in Set #1. hwlite +1 m altitude, the maximum Sun access detést®9.2%, on
the ridgeline nearest Shackleton (the ridgelinewdrich the Pentagon is pictured in Fig. 18), at 896¢S,
137.2233°W. This percentage is 12.2% higher tha®et #1, indicating access on 44.5 days morefdbeogyear.

Figure 20 shows the maximum duration of no-acamssclipse, periods for the Sun and Earth. Iteapmce is
similar to that of Fig. 7, although significantlgwier “speckles” exist in the maps, again indicatimg presence of
areas with access blocked locally by small, sharpin features. While the shortest maximum Eaxtlipse
duration remains unchanged at approximately 11ag,dhe shortest maximum Sun eclipse on the maghéen
nearly halved from 6.10 days to 3.11 days (at atpoéar the rim of Shackleton Crater with 85.7% &aooess, at
89.7733°S, 155.7213°W).

2. Optimal Site Selection

Here, an optimal site is identified assuming theesaser weights and filters as in Figure 8. Thi Gecision-
making tool is used, and the resulting suitabititgp is shown in Fig. 21. This plot is similar ke toriginal 0 m
altitude version in Fig. 9, but note that the ogtirfocation has changed to the ridgeline nearesci8aton, at
89.4296°S, 137.2233°W. Access statistics at thist@re shown in Fig. 22. This site has Sun a&c882% of the
year (the highest value available on the map) arthEaccess 58.1% of the year. The maximum durddiowhich
the Sun is inaccessible is 9.2 days, and accessriterrupted for 7.6 months (228.3 days) of tharyeEarth access
periods are regularly 15-16 days in duration, aadHeclipse periods are regularly 11-12 days ratitn.
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Figure 19. Maps of fraction of time with Sun accesfleft) and Earth access (right) for Set #2.
The northern extent of the map is 89°S, and costmdicate 1 km changes in terrain elevation.

SUN: Maximum Eclipse Duration (days) EARTH: Maximum Eclipse Duration (days)

Figure 20. Maps of maximum time without Sun acceddeft) and Earth access (right) for Set #2.
The northern extent of the map is 89°S, and costmdicate 1 km changes in terrain elevation.
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Figure 21. Map of site suitability with no filtersfor Set #2, using the weights in Fig. 8.
The yellow star indicates the optimum site fordbkected weights. The northern extent of the m&91S, and
contours indicate 1 km changes in terrain elevation

Earth Access Sun Access
15
'j':: J"V
10| tes "
5
i i ol M -

Optlmal -LOC-atIOH Results 8 10 12 14 16 50 100 150 200 250
AHP Welghtmg Scheme Earth Access Duration, days Sun Access Duration, days

Earth Eclipse Sun Eclipse

89.4296°S, 137.2233°W
58.1% Earth Access

4
89.2% Sun Access
2
Max Earth Eclipse: 12.1 days . 1 . ,
i - 0 3 10 15 0 2 4 6 8 10
Max Sun ECleSE. 9.2 days Earth Eclipse Duration, days Sun Eclipse Duration, days
Max Earth Access: 15.8 days 5 Earth Profile (1=Access, 0=Eclipse) ) Sun Profile (1=Access, 0=Eclipse)

Max Sun Access: 2283 days

| m_mﬂﬂﬂ_ﬂmﬂ_w | —||_|_|_|_|_|.|_”
0 1 0

0 100 200 300 0 100 200 300
Simulation Time, days Simulation Time, days

Figure 22. Detailed Earth and Sun access for thgotimal location for Set #2 according to Fig. 8 weilgts.
The top plots are histograms of Earth and Sun acdesations, the middle plots are histograms oftkand Sun
eclipse durations, and the bottom plots show simulatioe histories of Earth and Sun acc
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3. Pareto-Optimal Sites

For Set #2, the 32,384 data points are reducedéd af 22 Pareto-optimal points. For a missioenghaccess is
to be considered +1 m altitude above the grourd, (a.notional robotic mission), these 22 pointstaeoretically
the only points that should be considered when @éiamtrades among the six defined objectives. s€hgoints
and their performance with respect to the six dhjes are listed in Table 3.

The first 14 points in Table 3 are of greatestrege Note that Point #2 near de Gerlache hakigfinest percent
access to Earth and the minimum longest Earth seclgeriod, just as it did when access was recoatlédl m
altitude. However, interestingly, the best Suneascmetrics are no longer coincident at a singtation. As
mentioned earlier, the highest Sun access percenta@9.2% on the ridge nearest Shackleton, avéite a
maximum Sun eclipse duration of 9.2 days (Point #8) contrast, the shortest maximum Sun eclipsatohn is
about three times shorter — at 3.1 days — on ditocan the Shackleton rim (Point #11) that hasralker Sun
access percentage of 85.7%. Points #15-22 areitedlly Pareto-optimal because they have the besgiple (zero)
standard deviation for Sun or Earth eclipse dunatidHowever, these points are again not of practidarest
because the zero eclipse duration standard daviegtidue to the fact that a single 365-day eclgsdsts (i.e., the
sites are in permanent eclipse, with no accesgherdearth or the Sun).

Points #1-14 are clustered in the same four distjpographic areas as the Pareto-optimal pointSdo#1. The
Pareto-optimal points for this particular set aneven in Fig. 23. Note the added cluster of pogttshe rim of
Shackleton and the reduced cluster at the de Gerlem. Again, these clusters suggest that thesgrgphic
locations will consistently stand out regardlesthef weights a user assigns to the six objectives.

Table 3. Paretc-Optimal Points for +1 m Altitude Access (Set #2

Point ] ] Percent Access Max Eclipse (dEcl. STDV (d)
No. Latitude Longitude sun Earth Sun Eath  Sun Earth Comments
1 89.0234°S 93.1126°W 71.1% 58.3% 9.05 11.73 195 259
2 89.0234°S 92.4012°W 66.7% 58.3% 9.22 11.71 2.05 2.59 Max Earth Access Pct, Shortest Max Earth Eclipse
3 89.3202°S 113.7451°W 72.7% 57.5% 729 1190 2.12 251
4 89.3202°S 113.0336°W 45.3% 57.5% 20.29 1188 6.54 250
5 89.3515°S 112.3221°W 50.1% 57.4% 8.02 1193 264 250
6 89.4140°S 113.7451°W 49.2% 57.3% 1256 12.03 3.36 250
7 89.4140°S 113.0336°W 31.8% 57.3% 22.62 12.05 8.36 250
8 89.4296°S 137.2233°W 89.2% 58.1% 9.22 1210 311 2.49 Max Sun Access Pct, Opt. in Figs. 21-22
9 89.4296°S 136.5119°W 72.2% 58.1% 11.23 12.09 4.06 2.49 Min Nonzero Earth Eclipse STDV

=
o

89.4765°S 136.5119°W 85.7% 58.1% 4.42 1212 121 2.49

89.7733°S 155.7213°W 85.7% 57.2% 3.11 12.65 0.79 2.56 Shortest Max Sun Eclipse
89.7733°S 155.0099°W 84.6% 57.2% 3.73 1266 091 256

89.7733°S 154.2984°W 84.4% 57.2% 3.11 12.66 0.82 256

89.7733°S 153.5870°W 85.4% 57.2% 3.16 12.64 0.78 2.56 Min Nonzero Sun Eclipse STDV

L o
AW N B

15 89.1640°S 26.9466°W 0.0% 43.4% 365.00 15.77 0.00 3.13 Permanent Sun Eclipse
16 89.8202°S 39.7530°W 0.0% 44.0% 365.00 15.77 0.00 3.07 Permanent Sun Eclipse
17 89.8358°S 49.0020°W 0.0% 44.0% 365.00 15.78 0.00 3.10 Permanent Sun Eclipse

18 89.3046°S 145.0494°W 59.2% 0.0% 14.25 365.00 3.55 0.00 Permanent Earth Eclipse
19 89.3046°S 142.9150°W 49.0% 0.0% 16.60 365.00 3.45 0.00 Permanent Earth Eclipse
20 89.3046°S 139.3577°W 49.4% 0.0% 16.84 365.00 3.52 0.00 Permanent Earth Eclipse
21 89.3202°S 143.6265°W 62.4% 0.0% 13.97 365.00 3.62 0.00 Permanent Earth Eclipse
22 89.9608°S 63.9427°W 9.9% 0.0% 27.56 365.00 3.15 0.00 Permanent Earth Eclipse
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The
Pentagon
(to scale)

Figure 23. STK visualization of the Pareto-optimalocations for the +1 m Access condition (Set #2).
The camera in this image is positioned above SktmkICrater. Points #15-22 are excluded.

D. Set #3: +10 m Notional Human Mission Results

Presented here are results from Set #3, the asalgsithat considers access as assessed ten aimieesthe
surface. This is intended to be more realisticdotenna or solar array placement conditions fandniclass
missions, and tracking access at this elevateti@dtimitigates the effects of small but sharp terfeatures that
could obstruct viewing locally. As with Sets #ledvered first are maps of the traditional accasss (fraction of
time with access) as well as maps of maximum ezlgasations. Next, the site selection and decisohis used to
determine an optimal site for a given set of useights. Following this is an identification of R&r-optimal sites
for this scenario.

1. Access and Eclipse Metric Maps

Figure 24 shows the fraction of time that the Sud Barth are accessible at the +10 m altitudet aluwith the
surface data shown in Fig. 6 and +1 m data showfign19, Shackleton Crater is clear in both magsare other
depressions that prevent visibility to both Sun Badh. Earth access is again bimodally distrithateross the map,
with large portions of the map having high Eartltess and others having virtually no access. Tiseneo
substantial change in the optimum Earth accessittamdvith the raised altitude: The highest Easdtcess
percentage is once again 58.3%, located at samaéidocon the rim of de Gerlache at 89.0234°S, 9240/.
However, note that blue speckles in the right pfdtig. 24 are virtually gone in comparison to Fi§sand 19. This
again suggests that a number of locations in Seshad access blocked locally by small, shar@iefeatures.

Compared to the surface and +1 m altitude, Sunsadoe the +10 m altitude is significantly diffetenMany
more yellow and red points are visible in the @t of Fig. 24 compared to Figs. 6 and 19. Tlealmns of these
points correspond to the same four Pareto-optineaig@phic areas identified for Sets #1-2, i.e., fines of
Shackleton and de Gerlache as well as the two Inggeon the connecting terrain. The maximum Scress
detected is 93.1%, about four percent more theein#2, on the same ridgeline nearest Shacklet@9.4296°S,
137.2233°W.

Figure 25 shows the maximum duration of eclipséogerfor the Sun and Earth. Its appearance idasina that
of Figs. 7 and 20, although significantly fewer ésgles” exist in the maps, again indicating thespnee of areas
with access blocked locally by small, sharp terfaatures. Interestingly, in the left plot of Smmaximum eclipse
duration, a clear “trail” of dark-blue, minimum-gmde-duration points, exists between de GerlaclleSirackleton
and could form a promising traverse route betwéentivo craters. The shortest maximum Earth eclijpsation
remains practically unchanged at 11.70 days, aedhiortest maximum Sun eclipse on the map hasreeeiced
from 3.11 days (in Set #2) to 2.99 days.
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SUN: Fraction of Time Accessible EARTH: Fraction of Time Accessible
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Figure 24.  Maps of fraction of time with Sun accesfleft) and Earth access (right) for Set #3.
The northern extent of the map is 89°S, and costmdicate 1 km changes in terrain elevation.

SUN: Maximum Eclipse Duration (days) EARTH: Maximum Eclipse Duration (days)

Figure 25.  Maps of maximum time without Sun acceddeft) and Earth access (right) for Set #3.
The northern extent of the map is 89°S. and costmdlicate 1 km chanaes in terrairevation

2. Optimal Site Selection
Here, an optimal site is identified assuming thmesaiser weights and filters as in Figure 8. UsiregyGUI

decision-making tool is used, the resulting sulgbmap is shown in Fig. 26. This plot is similay the +1 m
altitude plot in Fig. 21 and is distinguished bigistly higher suitability over the entire map arever “speckles”
due to fewer local access blockages at the +1Qitndd. The optimal location is identical to thgimal location in
Fig. 21, on the ridgeline nearest Shackleton aAB55°S, 137.2233°W. Access statistics at thistpaia shown in
Fig. 27. With the +10 m altitude, this site has &cess 93.2% of the year (the highest valueablaibn the map)
and Earth access 58.1% of the year. The maximumtidn for which the Sun is inaccessible is 3.8sjand
access is uninterrupted for 7.6 months (228.3 dafythe year. Earth access periods are reguldr§6ldays in
duration, and Earth eclipse periods are regulah 2 days in duration.
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Figure 26. Map of site suitability with no filtersfor Set #3, using the weights in Fig. 8.
The yellow star indicates the optimum site fordbkected weights. The northern extent of the m&91S, and
contours indicate 1 km changes in terrain elevation
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Optimal Location Results
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Figure 27. Detailed Earth and Sun access for thgotimal location for Set #2 according to Fig. 8 weilgts.
The top plots are histograms of Earth and Sun acdesations, the middle plots are histograms oftkand Sun
eclipse durations, and the bottom plots show sitrarigime histories of Earth and Sun access.
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3. Pareto-Optimal Sites

For Set #3, the 32,384 data points are reducedéd af 27 Pareto-optimal points. For a missioengtaccess is
to be considered +10 m altitude above the groursd, (@ notional human mission), these 27 pointshareretically
the only points that should be considered when eéxam trades among the six defined Sun and Eartdessc
objectives. These points and their performanch wispect to the six objectives are listed in Tdble

The first 19 points in Table 4 are of greatestrggg and they are clustered in the same foumdisgjeographic
areas as the Pareto-optimal points for Sets #lléte that Point #3 near de Gerlache has the higieesent access
to Earth and the shortest maximum Earth eclipsegejust as it did when access was recorded atahdh+1 m
altitude. Also, similar to the Pareto-optimal éswf Set #2, the maximum Sun access percent8)2%) occurs
on the ridgeline nearest to Shackleton while thee @i shortest maximum Sun eclipse duration (288)lis on the
southeastern rim of Shackleton. The key differdmstgveen Set #2 and Set #3, however, is that théman Sun
eclipse duration at the ridgeline site is redu@e@.76 days instead of 9.2 days. The Shackletorsitie has a Sun
access percentage of 86.8%, so the major tradernmstof Sun access is 6.3% in access rate versusrgening of
the maximum eclipse time by 0.77 days. Points 22@&e technically Pareto-optimal because they taeedest
possible (zero) standard deviation for Sun or Eectipse duration. However, these points are ag@airof practical
interest because the zero eclipse duration startkvidtion is due to the fact that a single 365-deljpse exists
(i.e., the sites are in permanent eclipse, witlacaess to either Earth or the Sun).

Table 4. Paretc-Optimal Points for +10 m Altitude Access (Set #2

Point ] ] Percent Access Max Eclipse (dEcl. STDV (d)

No. Latitude Longitude sun Earth Sun Eath  Sun Earth Comments
1 89.0234°S 95.2470°W 79.7% 58.1% 8.76 11.87 1.89 2.60
2 89.0234°S 93.1126°W 73.6% 58.3% 9.02 11.73 1.92 2.59
3 89.0234°S 92.4012°W 72.4% 58.3% 9.19 11.70 191 2.59 Max Earth Access Pct, Shortest Max Earth Eclipse
4 89.2890°S 113.7451°W 78.2% 57.5% 9.38 1189 274 252
5 89.3046°S 113.7451°W 76.9% 57.5% 956 1189 270 251
6 89.3202°S 113.7451°W 76.8% 57.5% 726 1189 201 251
7 89.3202°S 113.0336°W 60.1% 57.6% 16.79 11.88 4.63 2.50
8 89.3515°S 112.3221°W 51.3% 57.4% 8.00 1192 261 2.50
9 89.4140°S 114.4565°W 48.9% 57.4% 12.22 12.03 341 2.50
10 89.4140°S 113.7451°W 50.4% 57.3% 12.14 12.03 3.24 250
11 89.4296°S 137.2233°W 93.1% 58.1% 3.76 12.10 1.01 2.49 Max Sun Access Pct, Opt. in Figs. 26-27
12 89.4296°S 136.5119°W 86.6% 58.2% 9.56 12.08 3.37 2.49
13 89.4296°S 135.8004°W 48.3% 58.1% 16.74 12.11 7.04 2.49 Min Nonzero Earth Eclipse STDV
14 89.4452°S 137.2233°W 90.2% 58.1% 428 12.11 1.03 2.49
15 89.4765°S 136.5119°W 90.6% 58.1% 3.65 1212 094 249
16 89.7733°S 155.7213°W 87.1% 57.2% 3.00 1265 0.75 2.56
17 89.7733°S 155.0099°W 86.8% 57.2% 3.02 1265 0.75 2.56
18 89.7733°S 154.2984°W 86.8% 57.2% 299 1265 0.75 2.56 Shortest Max Sun Eclipse
19 89.7733°S 153.5870°W 86.7% 57.2% 3.02 12.63 0.74 2.56 Min Nonzero Sun Eclipse STDV

20 89.0077°S 69.8123°E 0.0% 43.7% 365.00 15.80 0.00 3.11 Permanent Sun Eclipse
21 89.1640°S 26.9466°W 0.0% 43.7% 365.00 15.67 0.00 3.12 Permanent Sun Eclipse
22 89.6796°S 51.8478°W 0.0% 43.2% 365.00 16.02 0.00 3.10 Permanent Sun Eclipse

23 89.1640°S 151.4526°W 57.2% 0.0% 13.93 365.00 5.76 0.00 Permanent Earth Eclipse
24 89.3046°S 145.0494°W 61.2% 0.0% 14.04 365.00 3.60 0.00 Permanent Earth Eclipse
25 89.3046°S 142.9150°W 52.6% 0.0% 15.87 365.00 3.45 0.00 Permanent Earth Eclipse
26 89.3202°S 143.6265°W 63.3% 0.0% 13.95 365.00 3.66 0.00 Permanent Earth Eclipse
27 89.3359°S 142.2036°W 60.1% 0.0% 14.01 365.00 3.47 0.00 Permanent Earth Eclipse
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IV. Conclusions

This paper has provided a systematic analysis ethEand Sun access for the lunar south pole region
surrounding Shackleton Crater. Following a britfrature review, the data generation process utiagslobal

Mapper, STK, and MATLAB software packages was dised. The model outputs were then compared to the

illumination rate results of Ref. 18 and showedeptable agreement. Analysis consisted of threeasices with

different altitudes above the surface at whichragk access, accounting for the fact that prackicahan or robotic
landers and rovers will have antennas or solaysekevated some height above the surface. Forssmario, the
percentage of available Sun and Earth access ariuinoma eclipse durations were mapped. Next, sixricgedf

interest were combined into a suitability scorengsine TOPSIS multi-attribute decision-making tegbe, and
optimal locations were identified. Finally, Pareqgtimal sites, which do not depend on user weighfireferences,
were identified, effectively reducing the numbessité options from over 32,000 to just 20-30 caatéd.

A. Tools and Methods

Perhaps the most important outcome of this efothat it has resulted in a comprehensive capabiitnodel
and systematically analyze lunar south pole acce$his capability is extensible well beyond the adaind
considerations in this study. When new lunar terdata becomes available from future projects @sians (such
as NASA'’s Lunar Reconnaissance Orbiter), the STilehcan be updated with the most current data. Shie
model also allows tracking of access between agcthin the scenario of interest; as designs damspmature,
access between lunar ground sites and orbiting saltellites or specific Deep Space Network grosites can be
tracked. The STK model is also applicable to nofapsites, provided topography data is available.

The MATLAB decision and site selection GUI may afsovide a useful capability for future analyséshis
tool is separate from the STK model, and it islimited to reading STK’s outputs. Users can eafsilynat their
own Earth and Sun access data to be read by theatUthen use the GUI to apply weights and filtersrder to
visualize the suitability of the terrain and idéntptimal landing or outpost sites. The GUI ig fimited to the
south pole region and can be easily adapted foelssgvhere. Furthermore, if the user wishes tsiden additional
terrain-related properties as objectives or coimggasuch as slope, rock count, or distance tm#srest point of
interest, these attributes are relatively easilyntegrate.

B. Landing/Outpost Site Recommendations

This analysis has effectively narrowed the listpoéferred landing or outpost sites to a handfupoints
concentrated in four geographic regions spaced Baiapart. As shown in Table 5 and Fig. 28, theggons are
(1) the southeastern rim of Shackleton Cratera(Byigeline approximately in line with the 136°W mdén, (3) a
ridgeline approximately in line with the 112°W nuian, and (4) the southern rim of de Gerlache Crate

Two of these regions, the 136°W ridgeline and tbetteeastern Shackleton rim, are of particular eger
According to the nominal AHP weighting scheme userk, the rim region was optimal at the 0 m alatuout the
ridgeline region was optimal for the more realistt m and +10 m altitudes. Ridgeline Sun accesseatr10 m
altitude reached 93.1%, with an uninterrupted acpesiod of over 7 months and maximum eclipse peoio3.8
days. At the same +10 m altitude, Shackleton rim &ccess is about 86.8% with a 5-month uninteediperiod
but also a shorter maximum eclipse period of 2.89sdindicating eclipses due to terrain obscuratioe more
frequent but shorter in duration than at the rioigekegion. Earth access is regular at both sites varies in
availability by only about 19 It is recommended that both of these regionsdmsidered as potential sites in
future analyses. Additional
factors distinguishing these
two regions, such as
proximity to Shackleton Region

Table 5. Approximate Coordinates of Consisterly Optimal Regions.

Approx. Location Distance from

Elevation

Crater, surface slope, ani Latitude _ Longitude Shackleton Center
rock count, may be more Southeastern Shackleton Rim 89.77°354.44°W 1.684 km 10.4 km
significant in this decision \vestern Ridgeline 89.43°S136.51°W  1.919 km 20.9 km
than the access difference ggiern Ridgeline 89.30°S112.32°W 1.603 km 26.6 km
seen here. Southern de Gerlache Rim 89.02°S92.40°W  1.474 km 37.4 km

¥ In general in this study, Earth access matteraguily in terms of whether it exists or not; siteish Earth access
tend to have it regularly and 50-60% of the tiniegll because Earth rises several degrees hightreolunar south
pole horizon than the Sun.
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Figure 28. Locations of consistently optimal regias
overlaid on Kaguya (SELENE) terrain data.

C. Influence of Solar Array and Antenna Altitudes
An important conclusion from this analysis is tlamicess results (particularly for Sun access) cawebpg

sensitive to small perturbations in the altitudevhich the data is gathered. For example, ateaisithe western
ridgeline region, Sun access percentage rose fE6%7 at 0 m altitude to 89.2% at +1 m altitude 85hore days
of access per year!) and to 93.1% at +10 m altifadeling another 14.2 days per year). It is highbommended
that future studies consider this effect. It pded more realistic estimates in several respdeirst, real missions
will have elevated components, and in addition, iragldthis small elevation helps mitigate differences
shortcomings of modeling techniques and their teriaterpolation algorithms. Furthermore, the coomm
convention of tracking access at 0 m can be mislgagince detail about small-scale features sudboaklers and
small craters, which will have a large effect om @urface access, is often not captured in thaitedata sets.

D. Future Enhancements
As noted earlier, the extensibility of the STK miodad MATLAB decision tool makes a number of future

enhancements possible. Among the most importatiteisnclusion of additional metrics for consideratin the
MATLAB decision tool. An appropriate initial stepight be the inclusion of metrics such as terrdapes and
distances to points of interest. Also, an expansiothe analysis region north of 89°S would allamalysis of the
Malapert range, for example, and allow a suitabiidmparison with the Shackleton region. Anothitep dor the
near future is analysis using higher-resolutioraiardata from a study using the Goldstone Solate®y Radaf or
other data that will be released in the coming y)eak number of possibilities exist for future usethis analysis
and its methods and tools, and it is hoped thikwaolt find broad use within the lunar mission dsicommunity.
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