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evolved. Craters on the Trojans can also be used to understand
The geology of almost all solid solar system bodies is relative ages based on any differences in crater spatial densities,

affected in a large part by impact craters. These craters form agmdel absolute ages based on dynam!c impact models, and
cavities into target surfaces with initial conditions well Other morphologic cross-body investigations. .
characterized from decades of observational, laboratory, The T“?Ja” asterqu, co-orbiting the Sun with Jupiter, form
computer, and theoretical observations. Modtions from a population of bodies that heretofore have been uno.bserve.d at
expected initial conditions can be used to infer information fanges close enough to resolve them as geologic bodies.
about unique formation conditions such as target body NASA s Lucy mission will be the rstto Study Sevel’al TYOjanS
characteristics andr how the craters were modid since  up-close(Levison et al.2021). Two of the top-level science
their formation. Such studies are critical to understanding thegoals of Lucy include understanding these bddiesater
properties of the near-surface of solar system bodies and theipopulations across a wide range of crater diaméassiming
geologic history. the bodies are cratered; Marchi e28123. Understanding how
Additionally, the population of impact craters can be used, in well images taken with Lucyg highest resolution camera can
conjunction with applicable scaling laws, to understand the be used to reproduce a known crater population is critical for
population of impactors that formed the craters. Hypervelocity ynderstanding potential biases or limitations for imaging
impact craters always have cavities larger than the impactorginknown crater populations. Additionally, understanding how
that formed them, and so the smallest observable craters cajage subsampling and deconvolution could potentially help to
yield mformgtlon abogt even smalle_r, u_nopservabl_e ImIOaCtorS'accurately recover craters that are not otherwise resolvable is
Understanding the s&ﬁeque_ncy_ Q|strlbutlon of Impactors important for understanding whether even smaller impact
throughout the solar system is critical for understandilds ; :
as far-ranging as present-day impact hazards at Earth t§ raters can b_e reliably studied. :
modeling how the solar system itself formed and dynamically Toward this goal, Lucg Long Range Reconnaissance
Imager (L'LORRI; Weaver et al2023 was used to image

Original content from thi . b d under the ¢ Earths Moon during Earth Gravity Assist(EGA1), described
lgina; comtent from this work may be used undet the tems 4, section2, Images taken with ILORRI were used to identify

of the Creative Commons Attribution 4.0 licendeny further . . . .
distribution of this work must maintain attribution to the aufand the title lunar impact craters, described in Sectiorin Section4, the

of the work, journal citation and DOI. methods used to analyze the crater populations are described,
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Figure 1. A wide section of the Moon, with the LROC-WAC morphologic mosaic as the basemap. Overlaid are the four diff@BfIlimages that were used in
this test. Images are not photometrically corrected, so the lunar phase function and topographic shading are readily visible; images weth StEdtchaa! clips

of both the darkest and lightest pixels for this display. fite image in the sequen¢epper lef} is saturated over the western region, and the second image is
saturated over Copernicus crater, sindedRRI was not designed to image objects as bright as the Moon at 1 au. The lunar terminator was at approich&tely
during imaging, so only approximately 20% of tfieal image of the sequence could be used.

and the results are presented in Sechio8ection6 discusses  cast by craters ar@Vilcox et al. 2005 Ostrach et al2011;

the implications of this work. Richardson et ak022).
2. Imaging and Image Processing 2.2. Selected Lunar Images for Analysis
2.1. Lunar Images Acquired byllORRI For this test, we selected one representative image from the

first, second, fourth, and seventh drift pointings. While the eighth,

Approximately 6 hr after Lucg closest approach to Earth on  pinth “and tenth captured some area to the southeast that were not
2022 October 16, Lucy was pointed toward the center of thej, the seventh, it was fairly little terrain by area and would not

lunar disk and an imaging sequence commenced: 400 imagessect the overall test, so they were omitted. Sjadly, the

were taken in 10 clusters, which were separated only by smalky|ioying L'LORRI images were used: lor_0719213468_02520,
temporal gapgwe refer to each cluster of images ‘asift o 0719213573 02522, lor_0719213783_02526, and lor_0719-
pointings). Within each cluster of 40 images, 20 images had 2 512099 02532, The longer string of numbers in each corre-
ms exposure times and 20 images had 5 ms exposure timegonds o the mission-elapsed tiMET), indicating approxi-
The spacecraft remained pointed dixad R.A/decl. in space  mately 10.5 minutes elapsed between first and last image
while the Moon moved through it. Tligst image acquired was  seq,” so the illumination and geometric considerations are
centered approximately at lunar coordingtes$’N, —5°E), practically identical throughout the sequence; this waseehy

and the final was acquired with center coordinates at ot gpserving any noticeable differences from image to image
approximately(—30°N, +30°E). The lunar terminator at the (¢ incidence angle, emission angle, phase angle, pixe).scale
time of imaging was at approximatelyl0°E, so large parts of

later images in the sequence were in shafeigure 1).

The nominal ground pixel scale of the images is approxi-
mately 1.25 kmpix', and the 1024 1024 pix detector
produced images that span approximateRy/>485° across the Deconvolution is most effective when the image and point-
Moon. The camera field of view, in conjunction with the spread functiofPSH are at least Nyquist sampled. With a
pointing geometry, means the images covered solar incidenceneasured size of about 2.7 nativd ORRI pixels’ FWHM
angles  50°, with areas nedr~ 50° andi ~ 90° unsuitable (Weaver et al2023 Figure2), the L LORRI PSF is marginally
for robust crater detection due to how short or long the shadowsNyquist sampled. Thérst step of our process was to combine

2.3. Producing a Subsampled and Point-spread-function-
deconvolved Image Stack
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Figure 2. Shortly after the main lunar observations were taken, th®RRI boresight was offset from the Moon to capture images of a neartfiektafrom which

we constructed a well-sampled PSF that could be used to deconvolvé@RRI lunar images. This PSF is displayed here, in the top row, in three different formats:
with native pixels, with double-sampled pixels as was used in the deconvdlitiot), and with quadruple-sampled pix€lgx”). Each image is centered on the
pixel with maximum intensity, is displayed on a linear scale from 0 to the maximum value, and covers the same physical area ¢adhpt&Libom Weaver et al.
2023. The bottom row shows one image from one of the drift pointings and the procésS&RRI image made from a combination of it and other images taken in
the same cluster.

several dithered images, which was done for Weaver et al(based on increasing citation rates and Usagea valuable
(2023, to increase our understanding of the PSF to the half-research tool in astronomy since the advent of digital imagers
pixel level (~5.4 subsampled pixels' FWHMThis improved with well-understood responses: When correctly applied,
knowledge of the PSF improves the effectiveness of thedeconvolution can recover real structural information in an
deconvolution we will apply to the images. image that can be exceedingly fiifilt to access by other
With the PSF subsampled by 2, we must similarly subsamplemethodologies. For example, researchers on the Deep Impact
the images. However, we did not deconvolve any single imagemission successfully implemented deconvolution to recover
but an aligned, subsampled stac!smﬂrce images. Therefore, our eg| structure at comet Hartley 2 afterflaw in prelaunch
second step was to subsample images we would use, by a factQijipration led to an inability to accurately focus the space-
of 2, and our third step was to align and stack those subsample%rrmcts high-resolution instrumere.g., Lindler et al2013. In
images. Purposely dithered images by exactly one-half pixel Cayr lunar test, deconvolution of the well-sampled @RRI

simply be interlaced to generate a well-sampled image. Since?mage stack was done with the Lu®ichardson algorithm

purposeful dithering was not doie this imaging test, image . : .
combination was done with the Fourier-based algorithm of Lauerﬁzghv?l{glszrg?gj I?rl;l](%é?s?@itwvc:sh ZI‘Z Z aussterzn%gaevrillt;giﬁ ?[Le

(1999. This method effectively ietlaces a set of potentially . : )
nonoptimally dithered images to generate a summed image with Belgaarztcl)i%t)mir'::?l\ﬁji:;rtﬁgl?ulassfcltﬁrggﬁcgsgtkcgtgrl.s
finer pixel scale without introduciraglditional blurring. Alignin . '

P ol d. AA1aning (Robbins et al2017).

the images is accomplished by meag) relative offsets within .

each image based on the centroids of bright, compact features, so ' Summary, the overall method presented in L4889
it does not require any a priori knowledge of pointing or any Was used to produce what we refer tdcessetimages for
minimum pointiry stability. the _remamder of thls work, m_contrast withativé images.

The fourth step was to perform the deconvolution. Their process begins by creating a subsampled PSF, and then
Deconvolution can amplify random noise, and it can introduce Subsampling and stacking nativeLDRRI images so a single
artifacts(typically ringing at the edges of sharp, high-amplitude stack is subsampled the same way as the PSF. The stack is then
features in the imagehat can be confused with real source deconvolved with the ILORRI PSF. For this work, that
structure. Spefically, for our purposes, such ringing can bear a process was performed for each batch of 10 drift pointings
striking resemblance to poorly resolved impact craters.using 16 images in the stacking process for each drift pointing.
However, deconvolution has been increasingly recognizedThe drift pointings we used correspond to first, second,
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fourth, and seventh drift pointings to directly compare against S.J.R.s method of crater measurement is to trace the rims in

craters mapped on the nativd DRRI images. ArcMap software. In other analysis software, both circles and
From this process, one might assume that the effects okllipses ardit to the rim traces. Multiple, unconstrained circle-

L'LORRI s elongated PSF could be removed. If the PSF werefitting algorithms are used, and the result that agrees best

not as severe as it is, this assumption might be true. Howeveramong the different methods and with the ellifiés saved.

the signficantly elongated nature of the PSF effectively results Ellipses arefit to the rim traces using a maximum-likelihood

in zeros that cannot be recovered: There are values of 0 in thapproach(Szpak et al.2015. Robbins (2019 goes into

Fourier domain, which are zones where the power at distinctsignificantly more detail about tH#ting process.

spatial frequencies is nulled out. This represents a loss of

information because of the PSF, and that loss cannot be

recovered by any deconvolution algorithm of which we know.

Ergo, even in the deconvolved images, the elongated PSF is The analysis was done using two primary methods.fifee

4. Analysis Methods

readily apparent in its effects on small features. was to use the standard technique of a -fiequency
distribution (SFD), using both the cumulativCSFD and
2.4. Seleno-regitation relative (RSFD display methods. Spdually, the SFRpr

method described in Robbins et #2018 was used; the

ESRIs ArcMap software, common in planetary geologic Appendix illustrates agreement with more classic binned
mapping, can take a raster image and through the use of manughethods. SFB,r represents each impact crater diameter as a
control points warp the image to a cartographic system,probability distributior(e.g., a Gaussian, with a mean diameter
exporting the result with embedded geographic datg., @  at the measured diameter and a Gaussian width based on
GeoTIFFfile). ArcMap was used on the native and processed repeatability experimentand sums those probability distribu-
L'LORRI images. Approximately 60 control points were tjons to yield afinal empirical distribution functio(SFDzpp).
manually created for each image, and a third-order polynomialThis probability distribution is in contrast with classic methods
wasfit to the distribution. The control points were made using that represent an impact crater as having a single, figpeci
to the Lunar Reconnaissance Orbiter Canselide-Angle  diameter(which is, itself, the function probability distribu-
CamergLROC-WAC) 100 m pix * basemap as the coordinate tion). SFD:pr calculates uncertainty envelopes using a boot-
system(Robinson et al2010. Care was taken along the image strap-with-replacement algorithm that takes into account the
edges and corners, or the terminator when edges or cornergntire data set rather than just uncertainties at any given
were in |unar night. The reéitation was done independently ~ diameter bin, so the uncertainties are not comparable between
for each image using bicubic interpolation, andfthal results  this and the classid/? Poisson uncertainties. In the limit of
for each image agreed with others to within approximately 1the probability distribution for each crater being function,
L’LORRI pixel. While this will produce some blurring as any SFD= SFD-pe.
map projection would, visual inspection of corners of one  SFD.,s were constructed for crater populations observed
image relative to the interior of another showed no obvious within the mapping described in Secti@®2 The SFRpes

blurring effects. were then compared against the existing Rob@ifi$9 impact
crater database that was augmented witlidenmce measure-
3. Crater Identification and Post-hoc Selection ments for each crater. That database is complete for craters

) 1-2 km and larger, and it has generally stood up to scrutiny,
3.1. Regions of Interest especially for larger impacts. It is those larger impactskm)

Regions of each of the four main images were masked tothat are needed here since, with a natieQRRI pixel scale

eliminate saturation and solar incidence that was either too higtof 1.25 km, even on the processed images we would not expect

or too low. A consistent cutoff betweer25.2 and+8.7° E to identify a complete sampling of craters smaller thérkm

was used to bracket the regions of interest; this longitude rangé4 native pixely

Corresponds approximate|y to incidence ang|e3 between 55 The second analysis method was to examine each individual

and 89. crater idenfication and compare with the Robbi3019

database. The purpose was to quantify true posi(iVves),

false positiveqFP9, and false negative@N9); that is, real

craters positively iderfted, not-craters that were iddrgd as
Thefirst author(S.J.R) performed the majority of the crater craters, and real craters that were not itiedti One purpose of

identification and measurement, analyzing all images noted inthis analysis was to determine if the SFD analysis produced the

the previous sectio(Figure1). To blind the data gathering to  correct SFD shapgelative to ground trudhbecause it allowed

try to eliminate remembering the scene from one image to thedentification and measurement of smaller craters, or if it

next, to the extent practical for this exercise, we did not identify brought out false features that happened to follow a familiar

craters on more than one image per day. Additionally, anySFD. This cratercrater comparison also allows a direct

craters previously idetiited were hidden so that idefitations comparison of crater diameters to determine if there is any

could be as independent as possible. Features werdigtbtti broadening effect to larger diameters.

small sizes independent of an a priori minimum pixel diameter, To conduct this second analysis, features ifiedtion the

where the criterion was simply that the analyst be reasonablyL.’LORRI images must be matched to those in the Robbins

confident the feature is a real impact crater. Craters fomhti (2019 database. To match, a mfidd DBSCAN cluster

by an analyst on multiple images with overlapping regions analysis was rur(Ester et al.1996 Robbins et al.2014.

were combined so that there were two data sets per analyst tDBSCAN has a primary cluster variable calletr@achability

study: craters from native images, and craters from processegarametet,where one feature must be close enough to another

images. feature to be considered members of the same cluster. The

3.2. Crater Idenfication and Measurement
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Figure 3. Crater match tolerance betweeh QRRI and ground-truth craters. The horizontal axis is the maximum of the two cluster parameters used to match craters
between the catalogs, since these parameters were (g@@echain text In automatic matching of craters between the different catalogs, clustering parameters were
very small to begin with and then increased in order to match the best-matching féstu(a3 Results from circle-basdids, and(B) results for ellipse-basdids to

crater rims. These show that more features were found with the processed images th@hatativee is higher in both graphthat more features are matched with

tighter tolerances in all cases, and that more features were matched with tighter tolerances when usiingnitiggse<es than circlét diametergi.e., there is better
agreement between ellipse minor axes and ground-truth diajneters

modified version includes two reachability parameters, oneof latitude for our region of interest. Due to the sfigaint
based on crater location scaled by diameter and the other basedpographic shading near the terminator, we selected longitude
on the similarity of the diameters. For this work, to ensure the pands that were 20wide and then contracted te5° wide:

best matches were madest, we used a sliding scale of 25°_15°W (j ~ 55°-65°), 15°-5°W (i ~ 65°—75°), + 5°E (i ~
reachability, from 0.001 for both parameters up to 1.0. By 1.0, 75°_85°), and 58.7°E (i ~ 85°-8%").

the crater diameters could be up to 50% different, and locations \we found that smaller craters appear elongated in the
offset by a full crater diameter, which is extremely generous for| '| ORR] images, which is consistent with the intrinsic shape
this exercise. Figur@ shows a graph of reachability versus o the PSF (Weaver et al.2023. Since S.J.Rs crater

!'Illumtbetr ofthc:attﬁrs mat_(ihe(:fus;ng circle a['dh ‘3“'@? identification method automatically includes both circle and
flustrating that the majority of features are matched with very ellipsefits, we performed the above two analyses twice, once

small reachability tolerances. If reachability were further using crater diameters from cirdiés and once using minor

restricted, the number of FNs would increase; the reverse is .
also true. axes from ellipsdits.

The second analysis was conducted for the entire mapped E'n(?:clfy' to tméakte con:parlsqns tt)et\]:wlelen the nuhmerous gcria{)hhs
region as well as longitude bands to try to determine if there@"d dlfferent data Sets easier fo follow, we nhave used the

was any dependence with solar incidence. Longitude bands arf!lowing color scheme in our graphs: For analys{SED), the

a reasonable proxy for solar incidence due to the Mpon dround-truth data are yellow, nativeLIORRI data lighter blue,
inclination and topography: the terminator was at approxi- ahd processed LORRI data pink; for analysis @ratercrater
mately 10.2E for the northernmost regions and F&8or the comparisong TPs are green, FPs are blue, and FNs are red,
southernmost regions during imaging, which was linear enoughwhile native LLORRI data are darker shades and processed
that longitude scales with solar incidence almost independent.’LORRI are lighter shades.
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Figure 9. Similar to Figure8, including the method of data binning. In this version, the TP, FN, and FP have been interleaved, but they still remain separated by native
L'LORRI (first and third column=or processed’lLORRI (second and fourth columpgnd they are separated by cirfitediametergfirst two columnsand ellipse-

fit minor axeglast two columnk In this version, rows indicate solar incidence range, where the top row covers lighting during the Lucy encosréf-e85°, up

to i ~ 85°-89° in the bottom row. The purpose of tHigure is to determine if and how the TP, FN, and FP rates vary based on Sun angle.

6. Synthesis and Discussion Results from the SFD analysis using cir€lis indicated
eliable crater statistics could be gathered for cratéf pix,

hile results for ellipse-basefits were slightly worse at

11 pix. Our proposed scenario of crater completeness and

This study set out to answer the question of whether creatin
a deconvolved, well-sampletat least Nyquist-sampled, or
>2 pix across the P§Fmage from planetary data could : .
decrease the minimum diameter to which craters can be reliabipro@dening(Figure 6) suggests that the real completeness
detected and measured, and to determine how well images frorf'9Nt be a few pixels larger than these minima. The primary

L’LORRI can be used to produce a crater population in generaldifférence between the circle and ellipse SFDs was that the
This test was performed for LusyL’LORRI image data of circle-based diameters show a very strong broadening effect to

Earths Moon, representing the only chance in the mission to [arger diameters due to the PSF, supported by the analysis in
compare a Lucy-detected crater population with a craterFigure7, which mimics the lunar SFD. When using the minor
database constructed from sfigantly better, independent axes of ellipsdits, crater sizes are rep_rodqced_more _fa|thfuIIy
data from NASA and other space-agency assets. Results werglative to ground truth, but broadening is still an issue for
analyzed using primarily two different methods. craters several pixels across, and larger crater diameters are
One complicating factor in this analysis is that theQRRI suppressed by a few percent. We conclude from this that both
PSF is bimodal, approximately represented by an ellipsoid,crater diameters and ellipse minor axes will be useful for Lucy
which is oversampled by thé LORRI camera. Indications that ~ crater measurement, where ellipses can be more informative for
this could present a factor for data interpretation came fromsmaller craters and diameters for larger. The exact transition
examination of small craters on the images themselves, wherwill depend on the application, but, based on Figré is
craters 10 pix across were noticeably elongatéelg., probably~15 native pixels when emission angles are néar 0
Figure 5). In an attempt to mitigate this issue, or better It should be noted that the Lucy encounters are currently being
understand its effects, the analyses were conducted for botkesigned under the assumption that featgsBs“resolution
crater diameters from circlés to the rim traces and for minor elements can be resolved and accurately measured, where 1
axes from ellipséits to those same rim traces. “resolution elemeht= 3 native LLORRI pixels. Ergo, this

10
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conservative cutoff in mission planning to meet Lggyrimary lunar terrain observed by’LORRI was approximately all

science goals aligns well with reliability results from this study. maria fori < 75°, and the observed terrain was approximately
While the SFD is indicative of the overall population, it is all highlands fori > 75°. Whether the terrain type affects

more informative to look at the crater-to-crater matched resultsrecoverability of real features could not be studied in this test

from Section5.2 because of the broadening from smaller to and remains an open question.

larger diameters. The incidence-angle-independent analysis The results of this work and analyses indicate that reliable

suggests that Lucy imaging should be able to det@% of impact crater statistics and measurements should be recover-
impact craters 11 pix; however, based on Figurewe will be able for Lucy targets within the5 resolution elementg>15
unable to accurately measure the diameters of thddepix native pixely encounter planning. However, at smaller
diameter craters. We found that the circle versus elfitsdo incidence angles, caution will be needed in interpreting features
not change this detectability analysis in any sigant way, in the processed images to try to mitigate processing artifacts

though more craters were matched more accurately to thdrom being interpreted as impact craters. F_urther, any attempts
ground-truth database when using the minor axes rather tha#f analyze craters 5 resolution elements will need to be met
diameters(Figure 3). Regardless, we also found that the with signiicant caution, where their diameters will likely
processing of LLORRI images tended to improve recovery of apPpear larger than they really are, and their detectability will
the ground-truth craters by up todor craters with diameters ~ diminish ‘sharply 34 resolution element¢10-11 native

~4 pix and improve them by-+10% for craters with real L'LORRI pixelg even under favorable lighting and viewing
diameters~8-25 pix. This has the effect of getting the same 980metries. Additional viewing geometry effects, such as
detectability rate for native’LORRI images but down by emission angle, will also need to be evaluated as the mission

. : ; . : rogresses, since this lunar imaging test did not study them.
approximately one sdq®) diameter bin. However, it again must prox ' : .
be emphasized that, while we have improved detectability, we// 1€ this work was spefically done in support of the Lucy
mission, the basidindings should be applicable to other

have not _|mproved crater r_neasurement accuracy on theS acecrafflybys, though it will vary based on each camera
processed images, and so while we can see more small crate{)%tics and, spegically, their PSFs

and we might derive SFDs that match an expected production ' ' '

function to ~11 pix, it is likely that we will have only
accurately measured features as smadtHs pix across.

The above paragraph results are independent of solar
incidence angle. As one would expect given past Wafikcox The authors acknowledge funding from NASALucy
2005; Ostrach et aR011; Richardson et aR022 and general mission. The authors acknowledge two anonymous reviewers
knowledge in the geologic community, the detectability of Whose feedback improved this work.
craters fell off sigrficantly for Sun angles 65°. Given the
nature offlyby missions, this could sigitantly affect the .
surface area over which Lucy can provide reliable impact crater Appendix

statistics. Additionally, for incidence angleg%®, the results For those who prefer interpreting the more classic unbinned
indicate that the FP rate of detection was nearly 50% in some;ymulative and binned relative SFD&rvidson et al.1978,
diameter bins based on the processed images, but less than halle include two additionalfigures in this Appendix as
this rate based on native images. This raises the cautionargjternatives to Figuré. Thefirst, Figurel0, shows 1978-only
issue of whether we will fackcratering by deconvolutich,  versions; Figurdl shows both versions on top of each other
where the ringing effect endemic to deconvolution might and demonstrates that they agree well. The CSFDs are a basic
produce FPs in areas of images with higher Sun. This ishistogram, while the RSFDs in the bottomgoanels are binned in
partially mitigated by the observation that reliable recovery 2'/8 multiplicative bing(finer fidelity than 2/?). Error bars are
(>80% can be done for the = 65°—75° range for craters  Poisson-based\/2. As can be seen, the displayand

16 pixels across. A possible complicating factor is that the interpretations-are the same regardless of graphing technique.
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