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Abstract

The detection of atericein the lunar South Polegions wasloneusingreflectance data taken

via remote sensing instruments in orbit. Zrtonomousce-prospectingoveron the surface

would be able t@xploreanddirectly measuréhe terrain, determining the precise locatiomay
water ice and creating a map of its distribution. The development of such a rover would greatly
benefit froma nearby field site that Isothgeologically analogous to tlenar surface and

capable of forming detectable water,ies such a site woufatovide an accessible way to
conductperformancefield testswith higher fidelity tharis available withsimulaedand
laboratoryenvironments aloné-or this project, ldevelogdan experimentampaigrto gather
spectral reflectance dabhaprospective fieldsite n t he i s | andahalydito Hawai * i
determine if the site is sufficienttyeologi@lly similar to lunareference data to serve as a

surface analogue for the rovéconstructed a sensor suitéth a field spectrometer and used it

to gatherreflectancedatawhere water ice might be presatithe prospective analogue site on
Mauna Keal then analyzed the data for similarity against publicly availedflerencedata to
determine the \ality of the site amnanalogueWhile | wasnot able to confirm the presence of
water ice, thenalysisshowshigh levels of similarity with anorthositic simulants aflollo

returned samplesndicating that the site is a valid geologic analogue for the lunar surface.
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1. INTRODUCTION

A significant focudn currentlunar research is the search for watath surface exposed
water icehaving beemetectedn thelunar South Pole regiorfki et al., 2018) While past
observations have relied on data from remote sensing missions, a rover located on the lunar
surfacewould be able t@xplore andneasure the terrain directly and thprsvidemore robust
data.The cevelopment of m autonomousunarroverwith the capability to search for water ice
and map its distributiomust include extensive operational testiagdalthoughmuch of this
testing can be conducted ussigwulatedand laboratorgnvironmentshigherfidelity
performanceests of the rover hardwe and softwareill need tobe conducteich anoutdoor
field site(Flynn et al., 2021)Forthe most accurate testing as to how the rover will respend
situ, thechoserfield site should qualify as geologicanalogue for the lunar surfaces well as
experiencescattered distribution of water ic&s the team currently developing an-ice
prospecting rover at the University of Hawai
Pl anetol ogy (HIGP) is |l ocated in the Hawaii an
be much more conveniefdr testingthan existing analogues locdtelsewhere; for example, one
sitethathas already been used to conduct lunar spectral ressdocated irHoluhraun
Iceland, which would be a logistically complex and expensive undertaking for a small research
team(Gwizd et al., 2023)Fittingly,s i t es i n Hawai ‘i amdBaten been usec
analoguesn the pastlue to theivolcanicterrain includinglocations on the Big Islanithat were
used for NASAanalogue field testingperationgSanders et al., 2011; Ten Kate et al., 2013;
Yingst et al., 2015)For this project, | developed an experiment campaiglidate one of
these sites as a lunar surface analogue that can beousstthace-prospecting rover s

exploration strategyThe campaigeonsistof a datagathering methodnd subsequent analysis,



with the formermased on theharacterization of possible water tbatwas previously conducted
in the lunar polar regionsith remote sensinLi et al., 2018) bututilizing directreflectance
measurementskenwith a field spectrometer insteathe selectiorof the prospective field sites
was based on previous terrain characterization studies conducted by the Pacific International
Space Center for Exploration Systems (PISCEi8) Energy Dispersive »Ray Fluorescence

(EDXRF) (Romo et al., 2021)

2. METHODS

2.1.Sensor Suit®evelopment

Ther over’ s search for water i @meanarwsehsortheut i | i ze
FieldSpec4 Standafides from Analytical Spectral Devices (ASDhis instruments avisible
and neainfrared(VNIR) spectrometer that imeantfor use both iralaboratory environment

and outdoors, with a spectral range from-2500 nm and spectral resolution of 5 rfiig(irel).

ASDx. )

FieldSpec4

Figure 1: Field VNIR Spectrometein Laboratory Setting

To validate the field site specifically for the rovmrerationsl designed a sensor suite around
the same spectrometer to gather the ftata the field.To supplement the reflectance d&tam
the spectrometel incorporatel two additional sensoiato thesensorsuite:a GT-U7 Global

Positioning System (GPS) + Patch Antenna and é6@Y MPU6050 Inertial Measurement



Unit, or accelerometdiMU). Together thessensorgprovide continuous position, rotation,
acceleration, and temperature measurements throutjifeentirety oflata acquisitionPower

and data for both sensors are relayed between them and the operational compuot&rdaina

_E= GPSPatch g
—W Antenna | N

UNO Rev3 Microcontroller Board={gure?2).

Arduino UNO -
Rev3

f

IMU Breakout
Board

Figure 2: 3D-Printed Sensor Box Housing the IMU, GPS, and Arduino

Designing the fully integrated sensor suite required further incorporation of spectrometer
accessories, as well as consideration for how to increase measurement consistency and ease of
operability while out in the fieldWhile thesensorswill ultimatelybe integrated into the rover
body for either remoteontrolled or autonomous data collectiarthe performanceests, for the
field testing covered by this report, thegitewasdesignedo be worn, carried, and manually
operated by a human data collecidnis configuratiormakes use ahe field backpackrovided
by ASDalong with the spectrometexhich issimilarin structureto a hiking backpacknd has

designated features that securely housénteumentbody, a rechargeable field battery, and a



spare battery, and can also suspeslihg board in front of the operator to hold the laptop while

taking measurements.

To obtain the most accurate measurements possible, the fiber optic spectrometer cable must
be held at a consistent angle to and distance from eachwdniggesamping, and must also be
regularly pointed at ®hite Reference panel to 1ealibrate the instrument for any changes in
environmental ligh{FieldSpec 4 User Manug2016) To minimizethefatigue anchumanerror
caused bynanually holding the cable above each tariggésigned d S e n s o to bescaraefl f ”
by the operator in addition to the field backpack. This $talffis all of the sensor apertures at
consistent positions and angles relativedtheach other and the target point, agbact as a
hiking aid to the operatoflhe staff is constructed from a PVC pipe approximatekyedim
length and 1.25 inches in diametgpecifications which werehoserno providea comfortable
height and grigor the operatarA 3D-printed blockshaped housing sits on the top of the pipe
with a press fitgee Figure2 andFigure3). This housing maintains a radially symmetrical
silhouette while protecting the Arduino, IMU, and GPS printed circuit bdasds exposure to
the environmentThe GPS patch antennaeimbeddedvithin the top face of the housing in the
centerto achievemaximum line of sightvith the nearesEPS satellites anttherefore reduce the
time needed to calculagevalid locationThepower and data cabfer the sensorsonnectgo
the Arduino directlyon the-Y face of the sensor ban one enéndto the laptop computem

the other.

On the lower end of the staff is a mount which holds the fiber optic catiie ASD pistol
grip accessorgt a constant-degree angle to the staff (90 degsto the ground surfacejhe

spectrometefiber optic cable in bare fiber configuratibas a 25legree field of viewWFOV)



and therefore an approximate 1:2 ratio of the target diameter to the distance from the sample

(Figure4). Additionally, for proper white reference calibration, the target diameter must be no
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Houses Arduino, +7
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& spectrometer, battery.
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Not Shown:
Horizontal arm extension
to hold mount away from
staff body

Figure 3: Sensor Suite Diagram lllustrating Positions of Components Either on the Sensor Staff or
Within the Spectrometer Backpack

greaterthan the diameter of the white reference panel ubeel Spectralopanelacquired for

the roveris a squaré inches in diametesothis constraintresulted in a mount height of
approximatelyl2 inchedrom the bottom of the staff.dravoid interference with the target
diameter, thenountsits at the end a horizontal armpositioningthe fiberoptic cable aperture
approximately7 cm away from the staff bodfhe arm attaches to the main staff with an easily
adjustable clamp, allowing the mouwight to be changed if desired, and the entire arm to be
removed for storage or transportatidnsecond staff constructed from a slighsijmallerin-
diameter PVC pipe hofthe white reference panelladtha constantverticaldistance in

between the fiber optic cable and the target surface, and also at a constegte#)angle

(perpendicular) to the cable aperture, providing stability during calibréigare5s).
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ves power

spectrometer recei
and transmits data to the computer via a dedicabedessconnection, the sensor cable and fiber

As the
optic cable are the only two physical connections between the backpack amairilstaff (an

optional trigger button cable can be connected to the spectraacesssory podnd held



anywhere that is comfortable for the operator to reachf suhot necessary for operatjoihe
fiber optic cable is the shorter and more fragile of the two requoedectionsand thus is the
limiting factor for how far the operator can safely stand from the target measu(seetigure
6). The white reference staff is completely separate and so can be handled by a second team

member with no limitations on distance.

Figure 6: Sensor Suite Worn by Human Operator

Throughouthe developmentf the Sensor Suite design, | conducted various brief functional
testson t he University o fThebeaestaprovided feedbatk@amtioedsuge a mp u
performance and operabiljtgs well asserification of and familiarity with the requirements and
procedures necessary for successful data colle@ioangeshat weremade to thesensor suite

design as a result of the campus tests include:

- Integraton of and subsequéseparabn from a bevameter (terramechanic sensor).



- Iteraionsonthe 3Dprinted Sensor Boand pistol grip moundesigrs, including the

addition of the horizontal arm.
- Addition ofaPVC end cover to the Sensor Stadfse

- Adjustments tahe mounteight and distance away from the stadtly.

Creation of the separate White Reference Staff.

2.2.Field SiteSelection and Access

The andidatdield sites forteicepr ospect i ng r ovweretheserf ut ur e f i
beforehandrom the results ofesearclstudies conductely thePacific International Space
Center for Exploration SysteniBISCES, whichsampled and characterized the composition of
terrainsamples r om mul t i p | do determire svhidloftherd eontairihe most
chemicaly similar basaltto lunar sampleslhefield sites also needdto be capable of reaching
temperatures low enoudbr water iceto formonthe groungda condition which can only occur

i n Hawai [ at s uf Two ofithe RISCES sitds met this additenvalh t i1 on s .
requirementlue to their locations on volcanic slopBsf uhaiwahineon Mauna Kea

(19°45" 33" N, 1 5SEASoR Mairia'Lof)1 9a°n3d6 "HLI1 " N,,wHich5° 29" 15
areboth siteson the Big Islandhat have been used as planetary analogues in thEpiasin et

al., 2021; Romo et al., 2021)nfortunately, acess to the HEEAS site was endangeredthe

fall of 2022following the eruption oMauna LoaThe 2022 Eruption of Mauna Lpa023) As a

result, this project includesharacteriation of thePud u h a i wigedadnen e

The Pu’ uh ai iwlachtediwest of thel Mawng Kea Visitor Information Station
(VIS) and has elevations of approximately 920QHe true summit of Mauna Kesdts at an

elevation ofL3803 f) (Figure 7).The aredalls within the Mauna Kea Forest Reserve and is



therefore under the jurisdictionbfh e Hawai [ Department of Natur
(DLNR) Division of Forestry and WildliféDOFW). Anyone seeking to conduct scientific

researclwithin the reservenust request and obtain a research permit from DOFW in advance.

The permit for this project was granted in March 202Bwing the datayathering trip to occur

April 7-9, 2023.

Pu'uhaiwahine: 19°45'33"N,
155°27'22"W (Mauna Kea)

. O gg T
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Figure 7: Analogue Field Site Location

2.3. Data Acquisition

Within the permit area, we aimed to measure areas that were most like the lunar terrain and
also hadhe potential tdorm spots of frostWe searched for broad areas with a generally rocky
texture little to no organic materialandslopedow enough tdeaccesghle by a roverWithin
thoselocatiors, we used different strategies to choose individual spots to meissaitarge
openareabetween two cinder conese took samples at approximately regular intervals, first
following a spiral pattern out from a central starting spot, then switching to a more linear path
while maintaininga similar gridof targetsThe goalof this strategy was tgetrelativecoverage

of theentirelocationand capture variations within(geeFigure8 a) andFigure9). Then nside



one of the cinder congwefollowed a more ad hoc strategy, choosspgts to sample by
searching for unique features, such as variations in particle size, color, and (e¢kigure9
andFigurel10). We also looked for spothat werdikely to spend more time in shad@amdthus
be more likely tcharbor frost, such as under overhanging rocks or betwweerocks leaning
against each otheFigurell). In a few spots, we dug down just enough to relwatr layers of
the terrain which were different golor and/or texture than the surface layeg(rel2). The

distribution of the spots sampled in this location is visiblEigure8 b).
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Figure 9: Operatorsonduct white reference calibration befeemping a spot with strong variations in
color in the location between two cinder cones

Figure 10: Lighter and Darker Red rocks
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Figure 12: Samplespots which were dug up to measure lovegers ofterrain.

For each measuremetttg operatopositionedthe Sensor Staff such that the pistol grip pointed

the fiber optic cable straight down at the target. Then a second operator placed the white
reference staff such that the white reference panel was suspended between the fiber optic cable
and the targdithese positions are visible kigure9). On the operating computemanthe

Optimization and White Reference operatianthin the ASD softwaraintil | could verify that

the spectumon the display showed a stable reflectance signal of approximatelyigude13).

12



Changes in cloud cover or other disruptions during this process could necessitate repeating one
or both operations several tim&mnce a satisfactory white reference signal was achieved, the
second operator removed the panel out from underneath the cable by either rotating the second
staff or removing it completely, moving carefully so as not to bump the sensor and disrupt the
signal Figurel4). The operator waited a few seconds for the spectral signal to stabilize, then

finally saved the measurement, saving at least two files for redundaigoyg15). The detailed

stepby-step procedure followed for all data isTiable2 in the Appendix.
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Figure 13: White Reference measurements taken in the field: Bad quality (L), Calibrated (R).

Over three days at the field site, we identified samples indeneralocations:(1) by a trail
near the pwerstation, (2)in an open areadiweentwo cindercones, (3)nside a cinder cone

and (4)on the outsidelgpe of the cinder conéspots at these locations are labeled with the

prefixes* P S,

restricted to sampling in daylight hours due to using the sun apeatrometelight source, we
avoided sampling within the hours immediately before and after localwlben the sun would

be most directly overhead. Instead, we conducted sampling sessiongdtiieemorning just

Spiral,
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after dawn or in the evening just before dusk, when the position of the sun would result in greater

phase angles and consequently greater levels of refled@adc@astro & Li, 2023)
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Figure 14: Positions of théield operatos, Sensor Staff, and White Reference Sdafing a field
measurement
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Figure 15: Spectral measurements taken in the field: Unstable (L), Stable (R).

Local temperatures were also coaéthese times of dagampling in the morning gave as

greater chance of encounteriingst that might have formed overnight befdreould be melted

or evaporated by the suns .Hr@ this reasorsome spots that we identifietiringthe evening

sessionss likely to get more shadow were revisitedftiiwing morning in hopes that any

presence of water or ice would be more apparent when comparing the measuagaiaats

each otherln total,48 unigue spots wesampled, and 25 of those were sampled a second time

during a morning session, resulting in 73 distinct sampling instances @ir&ividually saved

measurements each.
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2.4.Data Analysis

The datagathered irthis campaign was processed and analyzed asgognbination of
ASD-provided software, Microsoft Excel, and original Python c&@eh spectral measurement
saved is storelly the spectrometem the operational laptop as endividual.asdfile, which is a
binary formatthat isstandard to ASD spectrometers and only readable by ASD software
Consequently, all processing steps between savirgptwralfiles and exporting the data as
text files must beompletedusingthe ASD processing softwaréiewSpec PrqViewSpec Pro
User Manuaj 2008) The flowchart inFigurel7 illustrates these steps for an example syt

threeindividual files.

File 2.asd

ViewSpec Pro

v

Filter Out View > M Process > " —
Bad Quality M Statistics > M
Excessively Noisy Craph.Deta Median [5GIL Export

Sensor Offset at
Splice Points

e

Unusable
Files

dl

Process > ]

Splice Correction

Figure 17: Spectrometer Fil®rocessing Flowchart

The first stepn processinghe field datds to import all of thespectrometerasdfiles into
ViewSpecProand use thentegratedgraphing tool to perform an initial filter of the individual
spectra by visually inspecting thedny files which were of bad quality or excessively noisy
were marked as unusable and discarded. Such files included those that were saved accidentally,

those that contained unstable signals due tem@dsurement human error or changing

16



conditions, and those with atmospheric noise levels so high that they masked any underlying
signal Once allunusabledata files areliscardedthe remaining spectra are individually
inspectedor offsets at known splice points and corrected if neces$arytype oferror is a

result of thestructure of VNIR spectrometershigh usethree separate detectdoscover the full
VNIR wavelength range and so are prone to offsets avdlrelengthsvherethe midrange
detectoroverlags each of the othe(EieldSpec 4 User Manua2016) Everyspectrunfound to
have thisissuwas corrected using ViewSpec Pro
corrected file with a slightly different extensiaagd.scd. After all of the files for the same
unique sampling instant are check#te.asdor .asd.scdiles are combined into a single file

with ViewSpec Pro’s St at i signalafte groopoof spectraimiac h
file with the extensionmd Combining the files this way can reduce the impact of errors or noise
presenin the individual measurements, amdoreduces the total number of data files to
processUsing the Median calculation rather than the Mean can reduce the iompidoet

combined signabf outlier values in the filesf anyare presenfThe final step in processing the
data files is converting thefrom the binary ASDformatinto ASCII text fileswith ViewSpec

Pr o’ s ASCI IThistopepation tonvertmsy Lasd.scpoand.mdfiles tothe much more
common.txt formatand offersseveralconfiguration optionssuch asettingthedata format
(relative Reflectance is the stand&wdthese measuremehtscludingheader information, and

specifying thefield separatar

Analysis of the processed filasasdone using pythonodein a JupyterNotebook
framework This codaemports all of the text files into a pandas DataFrame, wieiakily hold
the large amount of reflectance ddtee toall of the spectrometer files sivag the same

wavelength range and valuéilse dataframe format useseshared idexfor wavelengthand

17
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storeeach file’” s refl ect anWhdefilesanvithiercessiie amoantseofe par a't

noise(such as the one displayedrigure19 a)) were &eady discardedhe remaining field data
is still affected by atmospheric noise andst underg@noise eliminatiorprocessThis is a
standard practice spectroscopyhich discards the reflectance valaesundthe wavelength
bands known to receive noise from atmospheric moisti4@0 nm, 1800 nm, and 1900 nim.
first plotted all of the spectra and verifiecgththehighest levels of noiseccurred around these
bandg(seeFigurel8 andFigure19b)), and thereliminatedthe rows in the dataframe
corresponding tthe wavelengthfl3501460]and[1790:1960],which are the band boundaries
commonlyused by noise handling functions in spectral analysis toolld&®asnson &
MacArthur, 2011)1 also eliminated the last 100 roesrresponding t§2400.:2500] which were
consistently noisy across all files as wethenre-plotted all of the spectra to verify successful

deletion(Figure19c)).

Analogue Field Spectra: Location (3) Crater Bed Spot #11, Mixture of Brown Soil & Black Gravel, Morning

Reflectance

1250 1500 1750 2000 250 2500
Wavelength

Figure 18: Plot of singlespectrumwith atmospheric water noise at 14@® and 190G m.
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Figure 19: Analogue Field Data: a) Excessivelyisy spectrum (Unusable), Rl field spectra, cll
field spectra withatmospheriovaterbandsremoved.

Because each spectral signal is a reflection of the geologic makeup of the measured target,
comparing one spectrum to another gives an indication of the geologic similarity between those
two targets. To quantify thmilarity, we calculate the Pearson correlation coefficient between
pairs of spectra, which results in a value frdnto 1(Bakeev & Chimenti, 2013; Henschel et al.,
2020; Henschel & van der Spoel, 2020; Imai et al., 2082pefficient of 1 indicates a positive

linear relationship between the twariables meaning that the spectral signals have the same
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shape and therefore the targatan be assumed t@mve the same compositidhmaller

correlation coefficients correspond to less similarity, with values of 0 and below indicating no
similarity between the spectrihe pandas package has a builfunction(corr()) which

calculates the pairwise Pearson correlation of the columns in a datafndmeturna

correlation matrixIn this matrix each of the dataframe variabledistedas both a row and a
column, such that the value at the intersection o €eow, column) pair is the correlation
coefficient between those two variablesr acorrelation matrix of spectral datdasualizationas

a heatmaprovides an intuitivélustration ofthe similarity distribution with either end of the
chosercolor bar corresponding to the extremes of no similarity and perfect egaalityall

other values falling along the gradient between thEme heatmaps for this project were

generated using the seaborn package.

Determining the analogue field site’s geol og
field data be compared to reference data representing the expected composition of the lunar

regolith. For this reference data, we selected spectra of bothsiomalants and returned lunar

samples, all of which are publicly availabletie RELAB Spectral Databa¢ililliken, 2020)

and USGS Spectral Library Versior{Kokaly et al., 2017planetary science databas€ke

files were chosen based on current knowledge of the lunar South Pole environment, which is
locatedin thesouthern highlandanddominated by anorthosi{&awronska et al., 2020; Spudis

et al., 2008; Wilhelms et al., 197@Qonsequently, the files used include highland samples from

the Apollo 14 and 16 missions, highland simulaatgjanorthositic simulants. We also included

some marand basaltisimulants and samples from other Apollo missions for compariXos.

to their having originated from multiple sources, these &itegainedvarious wavelength ranges,

so the data in each file had to be matched to the standard spectrometer wavelength values upon
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being imported into the dataframe format. Once the shared wavelengthmatighes that of the

field data dataframe, the two can be combined into a single dataframe, and a correlation matrix
generated for all of the data files. From this robust matrix, | extracted the segomaiging

unique pairs of théeld data files and the reference data files, creatisigisanatrix and
corresponding heatmap for the field data compared with the simulants, and anctiaitrsub

and heatmap for the field data comgzhwvith the returned samplé&he flowchart inFigure20

illustrates the steps in the codeedto generate the different correlation coefficient heatmaps.
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Figure 20: Data Analysis Flowchart.

3. RESULTS

Analysis of the data gathered during this field campaign resulted in three heatmaps
visualizingthe correlatiorcoefficientsbetween pairs of spectra as described in the section.above
Lighter coloedcellsindicate less similarity and darker colors indicate higher similarity, as
shown by the color bar next to each figuEgpanded descriptions of each sample file are listed
next to their figure labels imablel in AppendixA. The correlation matrix for the analogue field

data is shown ifrigure21. This matrix illustrates the geologic similarity within the field site, as
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it is composed of the correlatiaoefficients between each pair of sample spdtsker shades

dominate the figure, indicating a high amount of geologic similarity among the samples,

Correlation Matrix: Analogue Field Test Measurements
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Figure 21: Correlationmatrix: AnalogueField Samples

with a few lightercolored rows and columns sticking out as dissimilar outliers. Although it is
clear that there is variation among all of the field spectra, we can conclude from this initial

overview that the field site is generally geologically consistent.
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The submatrix with the correlations between the field data and the simulants is shown in
Figure22. This matrix has multiple rows and columns dominated by very light colors, indicating
a strong dissimilaritamong those files. The lightest rows correspond to multiple highland
simulants- which we had expected to have a higher correlation with the field samadewell
as a couple of the mare simulants. The rows with the darkest shades and thereforeghe highe
similarity correspond to the anorthositic simulants, followed by the basaltic simulants.
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Figure 22: Correlation matrix: Analogue Samples and Lunar Simulants

The submatrix with the correlations between the field data and the returned lunar sasnple

shown inFigure23. While this matrix shows multiple columns and a few rows with very light

23



colors resulting from very low levels of similarity, the majority of the correlation values indicate

strong similarity, especially with the Apollo 16 highland and Apollo 11 mare samples.

Correlation Matrix: Analog vs. Library SAMPLES ONLY
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Figure 23: Correlation of Analogue Samples and Lunar Samples
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4. DISCUSSION

Thesensor suite and daaa@quisitionmethod described in this repevere successfully used
to collect reflectance data from the field sa#houghit did not goentirelyas planned. The
biggest issue that we had during the dgthering trip was that we were unableddiect
measurements of water ibecause we did not encounter aviyile selecting target3 his was
likely due to a few different facterthat affected the ground temperature of the field site and
prevented it from dropping low enough to form frost: the datéiseofrip were in early April,
when the seasonal temperature was already on théhespermitimited us to the ~9206-
elevationresearch zoneavhile higher areas on Mauna Kea still had snow on the ground; and the
use of the sun as our light source limited us to daytime measurements, rather than being able to
take advantage dlie cooler temperaturesernight Consequently, we were not able to validate
the mission requirement for the field site to be capable of experiencing scattered ice distribution

nor could wederive any feedback on our ability to detect water ice in the spectral data.

However, we were able to use the data analysis method with the gathectdidata to
investigate the validity of the field site as a geologic analogue for the lunar séithoeigh
measurements of South Pole regatitmplesio not yet exist, the geolggs expected to be
similar to that of samples returned by the Apollo missisnsve usethat publicly available
reflectance data as our ground truth for comparison. Weuatsreflectance data of various
lunar simulants which emulaparticularproperties of lunar regolittComparison othe field
datato this reference data resulted in a variety of correlation coefficients, as $égare22
andFigure23. For the simulant data, the greatest factor that appeared to infepeuteal
similarity was not highland vs. mare or anorthosite vs. basakpectedout rather particle size:

the rows with the lightest colors and therefore lowest correlation coeffieightsnost of the
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field spots all correspond to the simulants with the smallest sizes (< 750 um). Conversely, the
rows for thesimulants with particle sizes up to 162000 pmare much darker, with high

correlation coefficients in the 0.4M95 range. We can conclude from this pattern that the field

site is more analogous lunar regolitithat iscomposed of larger particlds. the returned
samplesdheatmapthevisible vertical stripepattern indicates that most of the Apollo samples are
highly correlated with each others they produced very similar correlation coefficients with

each field sampla/Ve can see that certain field samples have very low correlation with the

Apollo samples, but the majority of the field spots produced very high correlation coefficients
instead again in the range of 0.70 and abaeenreaching as high as 0.99. Notably, the

returned samples with which the field site had the lowest similarities wet@dHeom Apollo

12 and Apollo 15, while the samples from Apollo 11, 14, and 16 all prodiroddrsy high

correlation coefficientsegardless of theparticle size Another interestingote is that the field

spots with consistently highest correlation coefficients across both the simulants and the returned
samplesverethose where the surface layer was dug up to access and measure the lower layers of
soil. With the vast majority of the field data showing strong similarity to the majority of the
reference data especially to the returned samplewe can conclude that the analogue field site

is aufficiently geologicallysimilar tothe lunar surfacto validate itas a lunar surface analogue.

We also wanted to confirm that the geology of the analogue field site is relatively consistent,
such that its similarity to the lunar surface is not limited to specific locations but rather extends
throughout the are®y looking at the heatmap for the field datdFigure21, we can see that the
majority of the correlation coefficients adarkly shaded with values 6f60 and above,
indicating that they are mostly very similar in composition. As an additional check, we

investigated whether any relationship exists between the distance separating two spots and their
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correlation coefficient. For this check, | used the GPS locationréedadedor eachsampleto

calculate the geographical distance between each pair of spots. | then imported these distances to

t he

dat a

anal ysi s

code and

l inked each

pai

field data correlation matrix. Finally created a scatterplot of all of the (distance, correlation

coefficient) pairs, as seenkigure24. It is immediatelyapparent from the scatterplot that no
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Figure 24: GeographicaDistance vs. Correlation Coefficient scatter plot among Analogue Field Site

stronglinear relationship exists between geographical distance and spectral similarity, although

Samples

the two denseoint clusters in the top left of the plot suggest timany pairs of spots with highly

similar spectral signals are located relatively close to each othediSthbution of the
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scatterploalso showshat the majority of the correlation coefficiefigd in the top section

(around0.60and abovg confirming the high levels of similarity among the sample spots.

5. CONCLUSION

For this project, | devel oped an experi men
as a lunar surface analogue that can be used to test@miees pect i ng rover's
strategy. | designed and built a hur@erated sensor suite to us@é&ther VNIR reflectance
data of the field site terrain, and completed my first-gathering triggo Mauna Kean April
2023. | then used the campaign data analysis flow to process and analyze all of the field data,
comparing it againgiround truth lunareference data. Theference data consisted of
reflectance data from various lunar simulants and returned samples from the Apollo missions. To
compare the spectral signatures from the field site to that of the referendegeatarated three
heatmapse ach vi suali zing a different correlatio
itself, the fielddatas corr el ation matrix with the |l unar
matrix with the returned sampléRhe results illustrated ime heatmaps and discussed in the
previous sectiomdicate that the vast majority of the field data shows a strong similarity to the
majority of the reference data, especially to the returned sanapiéshat the spectral
characteristics in the field data are relatively consistent throughout the entire figfcite.
these results, we can conclude that the analogue field site is sufficiently geologically similar to

the lunar surface to validate it as a lunar surface analogue.

Besides having sufficient geologic similarity to the expected Itegolith however to
gualify as a useful planetary analogpecificallyfor theice-prospectingrovérs f ut ur e
performance testghe field site must alsmeet the second requirement, which ibawe terrain

that is capable of forming scattered distribution ofetectable water icéinfortunately, the team
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did not locate any instances of water ice within the permitted researciwvhdeeelecting

samping targetsso we were unable validate this second requirement, nor were we able to use
and evaluate our analysis procedures to detect water ice in the specti@bdatqjuently, a key

goal of the next datgathering trip to Mauna Kea will be to locate and measure instances of
water ice, which is why the permit submitted to the DLNR DOFWafeecond trip requests an
expansion to the previous research zone (see map in Appendirénew proposed area would
include the land imndiately alongside the road, where we could expect to find giled up

after it has been plowed off of the road well as a larger, more open area with shallow slopes
where the rover would have space to maneuverndmch is located at a higher elevation and

thus improves our chances of encounteringAcilitionally, the dataset from this report will be

able to be used as hididelity reference datar ground truth for the analogue site, increasing the
likelihood that we will be able to detect the addgresence of ice in the relevant specther
improvements for future field trips include a switch to an active light source for the spectrometer
rather than relying on sunlight, which would both minimize effects from changing environmental
light conditions and give us the ability to conductasiweements at nighénd using the rover
mounted configuration of the sensor suite, so that human operational errors are reduced and we

)

can test the performance of t heyalgaithresr ' s pat h

Despitenot getting to use it to detect the presence of water ice at the field site, this
experiment campaign succeeded in gathering and analyatagrom the prospective analogue
field site as intended.hereforewe can conclude that it & effective method for taking
spectral measurements of a desired field sgmparing them to selected referencexgatd
using the level of similarity between thémvalidate the field site as a planetary analogue for the

mission.
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Appendix A

Table 1 Analogue Field and Reference Library Data Name Codes and Descriptions

LABEL DESCRIPTION

Analogue Field Data

"PSxxx" Location (1) Power Station

PS Setup Setup Area

PS 01 BasaltShade Spot #01, Basalt, Shade under rock
PS 02 TopSoil Spot #02, Soil LayersTop

PS 02 MidLight Spot #02, Soil LayersMiddle, Light-colored
PS 02 BottomDark Spot #02, Soil LayersBottom, Darkcolored
PS 04 PyroxRock Spot #04 Rock, Pyroxene Xenolith
'Spiralxxx* Location (2) Between Two Cinder Cones
Spiral 02_AM Spot #02, Spiral Pattern, Morning
Spiral 03_AM Spot #03, Spiral Pattern, Morning
Spiral 04_AM Spot #04, Spiral Pattern, Morning
Spiral 05_AM Spot #05, Spiral Pattern, Morning
Spiral 06_AM Spot #06, SpirdPattern, Morning
Spiral 07_AM Spot #07, Spiral Pattern, Morning
Spiral 08_AM Spot #08, Spiral Pattern, Morning
Spiral 09_AM Spot #09, Spiral Pattern, Morning
Spiral 10_AM Spot #10, Spiral Pattern, Morning
Spiral 11_AM Spot #11, Spiral Pattern, Morning
Spiral 12_AM Spot #12, Spiral Pattern, Morning
Spiral 01_PM Spot #01, Spiral Pattern, Dusk
Spiral 02_PM Spot #02, Spiral Pattern, Dusk
Spiral 03_PM Spot #03, Spiral Pattern, Dusk
Spiral 04_PM Spot #04, Spiral Pattern, Dusk
Spiral 05_PM Spot #05 Spiral Pattern, Dusk
Spiral 06_PM Spot #06, Spiral Pattern, Dusk
Spiral 07_PM Spot #07, Spiral Pattern, Dusk
Spiral 08_PM Spot #08, Spiral Pattern, Dusk
Spiral 09_PM Spot #09, Spiral Pattern, Dusk
Spiral 10_PM Spot #10, Spiral Pattern, Dusk
Spiral 11_PM Spot #11, Spiral Pattern, Dusk
Spiral 12_PM Spot #12, Spiral Pattern, Dusk
Spiral 13 Spot #13, Grid Pattern

Spiral 14 Spot #14, Grid Pattern

Spiral 15 Spot #15, Grid Pattern

Spiral 16 Spot #16, Grid Pattern

Spiral 17 Spot #17, GridPattern

Spiral 18 Spot #18, Grid Pattern
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Spiral 19 Spot #19, Grid Pattern
Spiral 20 Spot #20, Grid Pattern
Spiral 21 Spot #21, Grid Pattern
Spiral 22 Spot #22, Grid Pattern
Spiral 23 Spot #23, Grid Pattern
Spiral 24 Spot #24, Grid Pattern
'Craterxxx’ Location (3) Crater Bed

Crater 01 TwoBigRocks

Spot #01, Between Two Big Rocks

Crater 02

Spot #02

Crater 03 BigRockShade

Spot #03, Under Big Rock, Shaded

Crater 04 BigRockNear

Spot #04, Near Big Rock, Open Area

Crater 05RockOverhang

Spot #05, Under a Rock Overhang

Crater 06

Spot #06

Crater 07 FnMxdClose_AM

Spot #07, Fine Sand, Mixed Brown/Black, Similar nearby to original #07,
Morning

Crater 08 FnBkClose_AM

Spot #08, Fine Sand, Black, Nearby location to original #08, Morning

Crater 09 FineBwSoil_AM

Spot #09, Fine Brown Soil Dug from Under Top Gravel, Morning

Crater 10 BkDugGr_AM

Spot #10, Very Black Gravel Dug from Under Brown Soil, Morning

Crater 11 Mxd_AM

Spot #11, Mixture of Brown Soil & Black Gravel (#10#11), Morning

Crater 14 DampShade_AM

Spot #14, Damp Soil Under Rock Overhang, Morning

Crater 15 DryNear_AM

Spot #15, Dry Soil of Similar Color Near #14 Damp Soil, Morning

Crater 07 FineMxd_PM

Spot #07, Fine Sand, Mixed Brown/Black, Dusk

Crater 08 FineBk_PM

Spot #08, Fine Sand, Black, Dusk

Crater 09 FineBwSoil_PM

Spot #09, Fine Brown Soil Dug from Under Top Gravel, Dusk

Crater 10 BkDugGr_PM

Spot #10, Very Black Gravel Dug from Under Brown Soil, Dusk

Crater 11 Mxd_PM

Spot #11, Mixture of Brown Soil &lack Gravel (#10 & #11), Dusk

Crater 14 DampShade_PM

Spot #14, Damp Soil Under Rock Overhang, Dusk

Crater 15 DryNear_PM

Spot #15, Dry Soil of Similar Color Near #14 Damp Soil, Dusk

Crater 12 RedLight

Spot #12, Red Rock 1, Lighter

Crater 13 RedDark

Spot #13, Red Rock 2, Darker

Crater 16 TopMxdGravel

Spot #16, Upper Layer, Mixed Gravel

Crater 17 BtmFnBwSoil

Spot #17, Bottom Layer, Brown Fine Soil

'Slopexxx’

Location (4) Crater Side

Slope 19 MidFnGravel

Spot #19, Middle Layer, Finer Gravel

Slope 20 BtmFnYBwSoil

Spot #20, Bottom Layer, Fine Soil, Lighblored (Yellow/Brown)

Slope 18 TopMxdGravel

Spot #18, Top Layer, Top Mixed Gravel

Reference Library Data

Sim5 H 6106u

Simulant #5, Highland,-Q06um

Sim4 H 106180u

Simulant #4 Highland, 106180um

Sim3 H 180750u

Simulant #3 Highland, 18350um

Sim1 H 61000u

Simulant #1, Highland,<A000um

Sim12 M 106180u

Simulant #12, Mare, 10680um

Sim11 M 180750u

Simulant #11, Mare, 18850um

Sim10 M G1000u

Simulant #10, Mare})-1000um
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Sim30 Ba 61000u

Simulant #30, Basaltic,-0000um

Sim26 Ba 6500u

Simulant #26, Basaltic,-800um

Sim31 An G1000u

Simulant #31, Anorthositic,-Q000um

Sim17 An G2000u

Simulant #17, Anorthositic,-Q000um

Apl6 H G10u

Apollo 16 Sample, Highland,Q0um

Apl6 H G20u

Apollo 16 Sample, Highland,-20m

Apl6 H 1620u

Apollo 16 Sample, Highland, 3P0Om

Apl6 H 2G45u

Apollo 16 Sample, Highland, 285m

Apl6 H 4590u

Apollo 16 Sample, Highland, 480m

Apl6 H 150250u

Apollo 16 Sample, Highland, 15260um

Ap16 H 256500u

Apollo 16 Sample, Highland, 25800um

Ap16 H 5061000u

Apollo 16 Sample, Highland, 560000um

Ap14 H SurfaceSoil

Apollo 14 Sample, Highland, Surface Saoll

Ap17 Soil Apollo 17 Sample, Soil
Apl5 Basalt Apollo 15 Sample, Basalt
Apll M 0-45u Apollo 11 Sample, Mare,-85um

Apll M 4575u

Apollo 11 Sample, Mare, 435um

Apll M 75125u

Apollo 11 Sample, Mare, 7525um

Apll M 125250u

Apollo 11 Sample, Mare, 12850um

Apl2 M RimSoil

Apollo 12 Sample, MareCrater Rim Soil
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Appendix B

Step

Table 2 Data Gathering Procedure

Description

SETUP

1) Power On
Spectrometer

2) Connect Laptop
3) Launch Spectrometer

Software
4) Power On Sensors

5) Launch Sensor
Software

Connect chargefield battery to the spectrometer and flip the Power
Switch to ON. The spectrometer must warm up for a minimum of 20
minutes to stabilize its readings.

Connectthe operatiahl apt op t o t he \wirelesss r ur
network to enable data transmission.

Start the RS3 High Contrast program and confirm network connectio

Connect the combined power and data cable ff@Arduino UNO to
the laptop. Verify power to the IMU and GPS vialwrard LEDs. The
GPS can take up to 20 minutes to calibrate its position after establist
line-of-sight.

Start Data Streamer in Excel, connect to the appropriate COM Port, .
verify that sensor data is streaming.

SPECTRAL MEASUREMENT

6) Configure Spectra
Save Settings

7) Clean White Referenc
8) Position Optics

9) Position White
Reference

10) Optimization

11) White Reference
Calibration

12) Remove White
Reference Panel

13) Wait for Stabilization
14) Save Spectra

Set the save folder and naming options in the RS3 Control settings.

Clean the white reference paméth compressed aif needed

Place the sensor staff on the ground such that the spectrometer fibel
cable points directly down at the target. The field operator should ori
the staff andheir own body such that neither blocks sunlight to the
target.

Place the white reference staff on the ground such that the panel is i
between the fiber optic cable and the target, with the center of the pe
centered under the cable aperture.

Press the 'Opt' button in RS3 to perfddptimization and Dark Current
measurements. Repeat if necessary.

Press the 'WR' button in RS3 to perform calibration. Condippropriate
spectrunonthe onscreen display before proceeding. Repeat multiple
times if necessary.

Carefully rotate the panel out from underneathgibectrometer aperture
without disturbing either the sensor staff or the target.

Allow the display to stabilize to a constant spectrum for the target.

Set a new file save name if desired and saultiple consecutive spectre
allowing a couple of seconds between each.
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Appendix C: Mauna Kea Field Test 1 DOFW Research Report

DOFW Permit for Access, Collecting, and Research — Report

Granted to: Christian Andersen (UH Hilo), Krystal Arroyvo-Flores (UH Manoa), Paclo Espejo {UH Manoa), Hao
Wang (UH Manoa), Frances Zhu (UH Manoa)

For: To quantify the presence of ice (frost) in the soil and to characterize the physical properties of the soil.
Location:  Mauna Kea Forest Reserve

Period: March 10, 2023 — April 30, 2023 {Request filed February 16, 2023)

Report:

The research conducted under this permit was completed Apnl 7-9, 2023, in the Pu uhaiwahine valley on Mauna
Kea The research team used a portable Visible and Near-Infrared (VNIR) spectrometer to collect spectral
measurements and a portable bevameter to collect sinkage data from various sample sites throughout the field site.
These measurements were used to characterize the terrain and its physical properties, and to evaluate its likeness to
the terrain of the lunar South Pole.

Sampling was conducted around Pu’ubaiwahine at four distinct areas, identified as Location (1) Power Station,
Location (2) Between Two Cinder Cones, Location (3) Crater Bed, and Location (4) Crater Slope (see attached map).
Individual spots in each area were selected according to either a physical sampling pattern (ie. following a spiral or
grid) or based on visual cues (e.g. color, particle size. suspected composition) to capture representative samples of the
terrain. Measurements were taken either in the early moming or early evening to increase the likelihood of
encountering frost due to lower temperatures, and some areas were sampled a second time to colleet reflection data
under different lighting conditions.

Analysis of the data gathered at the location was conducted mainly with python, with pre-processing of the spectral
measurements conducted using ViewSpec Pro, which is a software application provided by the spectrometer
manufacturer, Analytical Spectral Devices, Inc. The sinkage measurements collected with the bevameter were used
to create pressure vs. sinkage datasets which could then be used to evaluate the accuracy of environmental simulations.
The spectral measurements collected with the spectrometer were used to create datasets of relative reflectance
according to location, which were then used to evaluate spectral consistency within the field site as well as similarity
of the field site to existing lunar data (based on reflectance measurements of lunar samples and lunar simulants
downloaded from public databases). Unfortunately, the team encountered no frost in the soil and so was unable to
perform any analysis related to the presence of iee.

A paper on the analysis of the spectral measurements will be presented at the 2023 AIAA ASCEND conference in
Las Vegas, Nevada, and will be provided to DOFW after publication. The spectral data collected will be published on
GitHub with public access, accompanied by the photos of sampling sites and location information. The data and code

will be available on GitHub at https:/github.com/frankiezoo/hawail_moon_analogue.
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Appendix D: Areas Included in Permit Request for Field Trip 2

Reference Map
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