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Abstract—Laser altimeters are capable of achieving fine
mapping of the permanently shadowed regions (PSRs) of the Moon,
which can provide fundamental topographic data for planetary
missions. However, various factors can cause uncertainty in the
geolocation of laser spots, which in turn causes terrain artifacts.
In this article, we present an iterative self-constrained adjustment
method to reduce the uncertainty of laser spot positioning.
First, grid search was conducted for each altimetric profile
from the lunar orbiter laser altimeter (LOLA), to minimize
the weighted root-mean-square error (RMSE), constrained by
the other altimetric profiles. Second, the updated profiles were
iteratively adjusted until the adjustment value for the plane
position converged. In addition, statistics from the standardized
de-trended slope and residual were created to eliminate outliers,
which were indeed some pseudo-topographic observations. In
order to validate the results, the deviation of the elevation by
projecting the adjusted laser profiles onto the improved LOLA
digital elevation model (DEM) were calculated. The mean absolute
error between the two is 0.25 m and the RMSE is 0.46 m. For the
local terrain features with large differences, high resolution optical
images were used for visual interpretation. The analysis shows
that the obtained results appear to be more reasonable. Finally,
using the corrected LOLA altimetric data, we made a new DEM
of the PSRs within 89°S of the lunar south pole, which can provide
a refined and reliable topographic dataset for follow-up research.

Index Terms—Laser altimetry, lunar orbiter laser altimeter
(LOLA), permanently shadowed regions (PSRs), topographic
mapping.

I. INTRODUCTION

DUE to the tiny inclination of the Moon’s rotation axis, di-
rect sunlight hardly ever reaches some areas of the Moon’s
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polar regions, which are called permanently shadowed regions
(PSRs). Exploration missions and research in recent decades
have indicated the possible existence of ice water and volatile
substances in the PSRs of the Moon [1], [2], [3], [4], owing to
the extreme illumination conditions and low temperatures. These
volatile substances could be valuable resources for future lunar
missions. Densely distributed in the PSRs of the Moon, craters
are always interesting because they not only act as natural “cold
traps” for volatiles but also improve our understanding lunar
evolution through the study of their geology and morphology.
Scholars have focused on several typical lunar craters, such as
the Shackleton crater, where it was found that the floor and rim
are older than interior walls [5]. The Shoemaker, Cabeus, and
Faustini craters, the rims of the Shackleton crater, and the nearby
connecting ridge have all been studied in detail as potential lunar
landing sites [6], [7], [8], [9]. Although the specific landing
sites of individual exploration missions critically depends on
the scientific goals and the engineering conditions, there is no
doubt that PSRs are attractive for future lunar missions. Future
missions such as the Chang’E missions (CE-6, 7, and 8), NASA’s
Volatiles Investigating Polar Exploration Rover [10], Luna-25,
Luna-27, and the Lunar Prospecting Rover [11], [12], [13] intend
to investigate the sources of water and volatile substances in the
lunar south pole. Furthermore, the National Aeronautics and
Space Administration (NASA) of the U.S., the China Lunar
Exploration Program, and several other deep space exploration
organizations are planning on building a lunar scientific research
station for astronaut access, while also conducting collaborative
research [14], [15]. The lunar south pole, and especially the
PSRs, with their significant scientific value, has been attracting
a lot of research interest.

Topography is fundamental and crucial information for in-situ
exploration since it provides a reference for exploration mission
planning and decision-making [16], [18], [19]. Instead of passive
imaging using the Sun as the light source, laser imaging allows
the mapping of the PSRs without being dependent on a light
source. Consequently, lunar orbiters have almost always been
equipped with laser altimeters for topographic mapping and
ground control [20], [21], [22], [23]. In the 1970s, the Apollo
11 lunar exploration project of the U.S. took the lead in using
an altimeter to carry out lunar ranging [24]. Since then, the use
of laser altimeters in the lunar missions of various countries
has allowed significant measurements of the lunar surface to be

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-3272-7848
https://orcid.org/0000-0002-5941-0763
https://orcid.org/0000-0002-1045-3797
mailto:huanxie@tongji.edu.cn
mailto:huanxie@tongji.edu.cn
mailto:1451186lxs@tongji.edu.cn
mailto:yusheng_xu@tongji.edu.cn
mailto:89_yezhen@tongji.edu.cn
mailto:liusjtj@tongji.edu.cn
mailto:1931990@tongji.edu.cn
mailto:libinbin@tongji.edu.cn
mailto:libinbin@tongji.edu.cn
mailto:smxj_xq@tongji.edu.cn
mailto:1933665@tongji.edu.cn
mailto:xhtong@tongji.edu.cn
mailto:xhtong@tongji.edu.cn


XIE et al.: USING LASER ALTIMETRY TO FINELY MAP THE PSR OF THE LUNAR SOUTH POLE 9797

made and different data products have been derived. In 1994,
the Clementine Laser Altimeter was used to map the height of
mountains, impact craters, and other terrain on the Moon [20].
In 2007, the CE-1 laser altimeter (LAM) of China collected
lunar surface measurements and used them as elevation control
points to generate a lunar digital elevation model (DEM) with the
image data [25]. In the same year, the Japan Aerospace Explo-
ration Agency launched the SELENE orbiting mission with the
Laser Altimeter instrument on board and derived a topographic
map of the whole of the Moon [21]. In 2008, India launched
the Chandrayaan-1 lunar probe, which was equipped with the
Lunar Laser Ranging Instrument, with the aim of measuring the
topography and improving the lunar gravity field model [26],
[27]. In 2009, the Lunar Orbiter Laser Altimeter (LOLA) on the
Lunar Reconnaissance Orbiter (LRO) began operating with a
ranging accuracy of 1 m and a precision of 10 cm, and derived a
topographic dataset with the highest resolution and accuracy to
date [23], [28]. Although laser ranging has the advantage of high
precision, the geolocation calibration is particularly important
for altimeters because of the uncertainty arising from the quality
of the orbital reconstruction and the pointing accuracy, as well
as other unexpected factors such as the thermal distortions of
LOLA and largely suspending tracking of Kaguya [29], [30],
[31], [32]. These uncertainties and errors can also be mapped
directly into the high-resolution topographic products as artifacts
distributed consistently within the ground tracks.

To reduce the impact of the above factors and improve the
quality of topographic data, crossover analysis is one of the
most effective approaches. The difference in the crossovers
intersected by the ascending and descending altimetric profiles
is generally caused by geolocation error, regardless of physical
deformation. Constraint equations have been used to minimize
the differences of the intersections, to improve the pointing
bias of the Mars Orbiter Laser Altimeter [33]. This method
has been subsequently applied to lunar altimetric data such as
LOLA and CE-1 LAM data [31], [34], [35]. With high-quality
topographic data now being available, adjusting the profiles to
best fit the reference terrain data is more applicable and is a
stronger geometric constraint to correct the bias and improve
the quality of the original data [36], [37], [38]. However, most
planets have few topographic datasets as prior base maps in
deep space exploration missions. Barker et al. [38] improved the
LOLA DEM (LDEM) in an innovative self-constrained method
using a reduced LDEM as the base map, greatly improving the
quality of LOLA altimetry data without auxiliary data. However,
when adjusting the altimetric profiles of each batch, the reduced
LDEM was generated with all the remaining points, which is
redundant to some extent for areas far away from the profiles,
as only reference terrain data nearby the target profiles were
informative. Furthermore, although Barker divided the laser
profiles into batches by randomly selecting, to some extent, it
avoided the aggregated distribution of target profiles, however,
it hardly ensured that some cases occurred in which the altimeter
profiles in some batches are closely distributed, resulting in the
inaccuracy of the reduced LDEM as reference terrain because
of remaining extremely sparse points.

Therefore, in this article, we propose an improved iterative
self-constrained adjustment method. This method no longer
requires a prior topographic dataset, but uses the densely dis-
tributed points themselves as constraints to eliminate the ge-
olocation errors, as well as minimize the redundancy in the
calculation process. Using the proposed method, all the LOLA
profiles within 89° of the lunar south pole were adjusted, and
the inconsistency of the adjustment values of the profiles at the
boundaries was analyzed in the block processing.

II. DESCRIPTION OF THE STUDY AREA AND

EXPERIMENTAL DATA

The study area covers the region 89°–90°S of the lunar
south pole. In this area, the terrain undulates greatly, with the
elevation span ranging from approximately −2.9 to 2 km, and
the average slope about 12.69° (with the standard deviation of
8.79°). There are many impact craters in this area, one of the
most well-recognized is the Shackleton crater, with a diameter
of approximate 20 km and a depth of more than 4 km. In addition,
the de Gerlache and Shoemaker craters with a larger diameter
are distributed close to the 89°S latitude. Meanwhile, the PSRs
are mostly distributed inside the craters, 15 of which have an
area of more than 1 km2 [39]. Although the light conditions
inside the craters are extremely poor, studies have shown that
there can be almost continuous light at the rims of the craters and
the connecting ridges, so that these areas may become potential
landing sites for future lunar missions.

The LOLA instrument provides the highest-precision lunar
altimeter data so far, and it still works in orbit collecting a large
number of lunar surface signal points, providing fundamental
datasets for current research. The orbital characteristics of the
LRO make the ground tracks in the polar regions much denser
than those in the low–middle latitudes [40], [41]. The laser
pulse repetition frequency of the LOLA instrument is 28 Hz,
and each pulse is divided into five beams through a diffractive
optic element [28]. Theoretically, 140 spots can be generated
on the surface of the Moon per second, ensuring high-density
measurement in the polar regions. To date, the LOLA instrument
has collected more than 6.9 billion lunar surface observations, of
which more than 11 million are distributed within 89°–90°S of
the lunar south pole. The measurements are dense enough in the
polar regions to allow the proposed self-constrained adjustment
process to work.

This study was aimed at generating more refined DEMs and
correcting the geolocation error of the raw measurements in the
LOLA Reduced Data Record (RDR) products, which result in
the topographic artifacts of the OLDEM in the Gridded Data
Record products. The OLDEM data product is shown in Fig. 1,
where it can be seen that numerous topographic artifacts exist,
due to the geolocation errors of the laser spot positioning.

III. METHOD

Due to the lack of external high-precision auxiliary data,
a self-constrained adjustment based on laser spots method is
proposed in this article, which makes full use of the dense
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Fig. 1. (a) Close-up shaded relief image of the old LDEM (OLDEM, made
from the raw LOLA profiles) in south pole stereographic projection. It can
be seen that artifacts are distributed consistently within the ground tracks. (b)
Topographic profile along the artifact line [black line in (a)]. The profile is
extremely rugged and rough, and is not a portrayal of the real terrain.

Fig. 2. Flowchart of self-constrained adjustment.

laser spots and treats the closest spots around each profile as
the “reference topography”. The individual profiles are then
adjusted uniformly within the range of the preset area to make the
profiles best fit the reference topography. This process of specific
implementation is illustrated in Fig. 2. The adjustment process
for the individual LOLA profiles includes three main parts:

1) generating the reference terrain dataset;
2) adjusting the plane position of the target profile to achieve

the best fit with the reference terrain; and
3) determining the best fit position and adjusting the elevation

values of the target profile.

A. Generating Reference Terrain Dataset

Before performing an adjustment of each individual altimetry
profile, a dataset of laser spots to use as a reference terrain

Fig. 3. Range of the reference terrain dataset.

needs to be determined. In fact, since each profile is distributed
within a certain range, it is not necessary to use all the remaining
laser data as the reference terrain data. Instead, the range of the
reference terrain data is determined according to the distribution
range of the target profile.

Firstly, the range depends on the size of the search neigh-
borhood used to interpolate the elevation values at the target
profile. As depicted in Fig. 3, for each laser spot on the target
profile, we need search all nearby laser spots within a radius
of 100 m, so the reference data set of the entire target profile
must include such a range (green box). In addition, considering
that the plane position of each profile will change in the process
of adjustment, the range of reference data need to be expanded
again to ensure that all spots can be searched within the set area
after profile adjustment (yellow box). The laser spots segmented
by the above range are used as the reference terrain dataset for
the target profile.

Instead of using the laser spots within the searchable range of
the current position of the profile (green box), the entire dataset
is used to build the k-d tree (yellow box). The purpose of this
is that wherever the position of the target profile is adjusted,
the constructed k-d tree which covers the points in the entire
area can directly help to conduct the nearest neighbor search,
rather than using the nearby points to reconstruct a k-d tree when
the position changes, which greatly improve computational
efficiency.

Local reference datasets are adaptively generated as each
altimetry profile is adjusted, which reduces data redundancy
compared to generating a global reduced LDEM. Moreover,
when using the reduced LDEM as the reference terrain data,
it is necessary to first interpolate to achieve rasterization, and
then resample the elevation values at the position of the target
profile, which introduces a two-step error. However, using the
laser spots as the reference terrain data, the elevation values at
the target profile can be directly interpolated.



XIE et al.: USING LASER ALTIMETRY TO FINELY MAP THE PSR OF THE LUNAR SOUTH POLE 9799

B. Iterative Adjustment

In this process, considering the footprint size and the range
of the field of view of the LOLA instrument, the maximum
range of plane location adjustment in the cross- and along-profile
directions is set to 50 m. The target profile is adjusted by a step of
2.5 m in both directions, and then a set of elevations is calculated
by inverse distance weighted interpolation according to the k
nearest points at each plane location (k = 10 in this study).
Note that the step length of the adjustment in the cross- and
along-profile directions needs to be transformed into increments
in the x-y directions in the south pole stereographic projection
system. The weighted root-mean-square error (RMSE) is used
as a metric to evaluate the fit with the reference topography. We
adopt the Huber function [41] as the weight function, which
determines the weight by calculating the distribution of the
elevation residuals. When the residual of an individual spot is
within the set threshold, its weight is set to 1, and when it exceeds
the set threshold, the weight is set to the reciprocal of the residual.
The threshold commonly is set twice the standard deviations of
the residuals. In this way, the impact of outliers on the terrain
fitting criterion can be effectively reduced. Therefore, each time
the laser profile is adjusted, a weighted RMSE value can be
calculated. Until the entire preset area is searched, we select the
plane position corresponding to the minimum weighted RMSE
as the final position.

Fig. 4 depicts how self-constrained adjustment is applied to
an individual profile. The colored profiles are the states of the
target profile when adjusted to three different plane positions.
In Fig. 4(b), A, B, and C correspond to the elevation residual
distributions of the laser spots of the adjusted laser profile at
three different positions in (a), respectively. It is apparent that the
target profile is most consistent with the reference topography
when adjusted to the position of the red profile (B).

As the reference topography used in this study was a part
of the points to be adjusted, which means that it had errors,
the best fitting x-y position after the process of adjustment was
unlikely to be exactly found, but instead approached. Therefore,
after adjusting and updating all the profiles, multiple iterations
were conducted until the adjustment value of the x-y position of
each profile converged. In general, after four to six rounds of
iterations, the plane position adjustment values of the profiles
tended to 0. After finishing the iterations, each profile was
adjusted to the position that best fitted the topography, which
meant that the geolocation bias of the laser profiles was reduced
to the greatest extent.

In order to amplify the abrupt features, a detrended slope map
was computed as the difference between the actual slope of each
pixel and median slope of all the pixels within a certain width
window, because the detailed information in the terrain can be
highlighted by the detrended topography [43]. The detrended
slope map was standardized by the local roughness, aiming
to make sure that the large pixel values are due to outliers
rather than natural terrain changes [38]. The local roughness
was calculated as the median slope at the window size scale
[44]. Finally, two statistics for the standardized detrended slope
corresponding to each point and for the residuals after the last

Fig. 4. Topographic residual distribution of an individual profile adjusted to
a certain position. (a) Gray points are reference points adjacent to the profile
projected on the x-y plane. The colored points are the spatial distribution
corresponding to the three geographic locations (distinguished by color) to which
the profile is adjusted. Each point on the profile has an error bar representing
the 10 times residuals from the reference topography. (b) Residual distribution
plot corresponding to (a).

iteration were constructed to detect and remove the outliers by
quantiles.

IV. RESULTS AND DISCUSSION

A. Results After Iterative Adjustment and Outlier Removal

To depict the experimental results in detail, we take the area
within the yellow box in Fig. 5 as an example. In this area, the
elevation span is from−2870 to 1350 m. It covers about a quarter
of the Shackleton crater, whose dataset consists of 2140 LOLA
profiles. These profiles were adjusted by the above method one
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Fig. 5. Relief image of the study area. The base map is the LDEM, and the
brown area depicts the extent of the PSRs. The red triangles represent potential
landing sites proposed in previous studies [7], [8], [9].

Fig. 6. Results of each round of iterative adjustment. The number in the
abscissa represents the iteration times, and the ordinate represents the adjusted
value. This value was recorded in the x-y directions in south polar stereographic
projection.

by one, and after five iterations, the planar position of almost
every profile converged, as shown in Fig. 6.

After this, the standardized detrended slope and the residuals
of the last iteration were used to construct the two statistics s1
and s2. For s1, the points outside two sides with the quantiles
of 0.1% and 99.9% were removed; for s2, we first computed the
three times median absolute deviation as a criterion to pick the
points with large residuals, and then removed the points outside
the two sides with the quantiles of 0.1% and 99.9%. In total,
the process yielded about 3700 outliers out of over 1.01 million
points in this tile.

The DEM in this study is created using the tool “Generic
Mapping Tools” as same as OLDEM. Fig. 7 shows the close-up

Fig. 7. Close-up shaded relief image of part of the Shackleton crater. (a)
OLDEM. (b) and (c) PLDEM derived from the processed LOLA spots before
and after outlier removal, respectively. The red circles in (b) represent several
pseudo-features caused by outliers.

shaded relief image of part of the Shackleton crater. Before the
processing, there were many artifacts in the OLDEM, which
can obscure the real terrain details. After applying the proposed
algorithm to the raw LOLA profiles, the geolocation error of the
laser spots was reduced so that the many artifacts in the processed
DEM (PLDEM, made from the processed LOLA profiles) were
removed.

The removal of artifacts is not only an optimization of the
visual effect but, more importantly, is a correction of the terrain
data, which is confirmed in Figs. 8 and 9. In Fig. 8, we resampled
the topographic profiles from the OLDEM and the PLDEM
derived from the processed profiles along random artifacts,
respectively. By comparison, it is found that the difference in
elevation reaches several tens of meters in the steep areas, such
as the pit wall. Likewise, differences in the elevation affect dif-
ferences in the slope. As shown in Fig. 9, the slope map obtained
from the OLDEM has obvious linear distribution artifacts, and
the slope changes of the adjacent artifacts are very abnormal. In
contrast, these phenomena do not exist in the new slope map.

Finally, the proposed method was used to process the altimet-
ric profiles in this area and a topographic map was derived, as
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Fig. 8. Profiles resampled from the OLDEM and PLDEM.

Fig. 9. Terrain slope maps (a) before and (b) after processing.

shown in Fig. 10. Clearly, the many terrain artifacts have been
successfully removed.

B. Verification of the Results

The correctness of the results was verified through comparing
the results obtained in this study with the new LDEM (NLDEM)
of site 01 (the area within the blue box in fig. 5) released
by Barker et al. [38] (available at https://pgda.gsfc.nasa.gov/
products/78), for which the vast majority of the streaky arti-
facts have been removed. First, the mean absolute error (MAE)
and RMSE were calculated by comparing the corrected LOLA
points with the NLDEM. Second, the topographic profiles were
resampled from the OLDEM, NLDEM, and PLDEM obtained
in this study to compare the differences. The results are shown
in Figs. 11 and 12.

Fig. 10. Topographic maps from (a) the OLDEM and (b) the PLDEM.

Fig. 11. Deviation of the adjusted LOLA points and the NLDEM.

https://pgda.gsfc.nasa.gov/products/78
https://pgda.gsfc.nasa.gov/products/78
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Fig. 12. Topographic profiles illustrating the consistency of the three DEMs.
(a) Two topographical profiles P1 and P2 and their positions on the OLDEM. (b)
Top two are the partial enlarged views of P1 and the bottom two are the partial
enlarged views of P2.

After iterative adjustment, the LOLA points of the results
obtained in this study were projected to the NLDEM. We sam-
pled the elevation values at the location of each point from the
NLDEM and computed the deviation of the elevation between
the adjusted points and the sample dataset. The MAE is 0.25 m
and the RMSE is 0.46 m. It can therefore be concluded that the
adjusted points of the results obtained in this study are in good
agreement with the NLDEM.

The topographic profiles which cross the ridge near to the
Shackleton crater were resampled from the three DEMs, as
shown in Fig. 11. The topographic profiles from PLDEM differ
significantly from the OLDEM; however, this difference is rea-
sonable because they maintain a close fit with the topographic
profiles of the NLDEM.

C. Detailed Analysis of Different Terrain Features

As the deviation of a minority of the adjusted points and the
NLDEM reaches up to several meters, as shown in Fig. 11,
several distinct features from the NLDEM and the PLDEM were
analyzed in detail.

The LROC NAC images and the LROC NAC DEM
(NACDEM) generation from stereo pairs over the lunar south
pole (available on https://astropedia.astrogeology.usgs.gov/
download/Moon/LRO/MOON_LRO_NAC_DEM_89S210E_

4mp.tif) were used as the auxiliary data because they have a
higher resolution of 0.5–2.0 m and 4.0 m, which can effectively
help us to visually distinguish the authenticity of some of
the features. Fig. 13 shows that three sites (A, B, and C)
show different characteristics in (a) the NLDEM and (b) the
PLDEM. By projecting the points removed by the proposed
algorithm (represented by the red circles) in the NLDEM and
the geo-registered LROC NAC image shown in Fig. 13(e),
it can be seen that the main reason for the difference can
be attributed to the fact that some points in these areas are
regarded as outliers during the processing of the proposed
algorithm, so that some actual holes and protrusions do not
exist in the PLDEM. By a visual comparison with (c) the
NACDEM and (d) LROC NAC images, we did not find such
features corresponding to the positions of these laser spots.
Meanwhile, the topographic profiles across these features were
generated to illustrate the differences, as shown in Fig. 13(f).
While the topographic profiles sampled from the PLDEM are
in close agreement with the topographic profiles sampled from
the OLDEM and the NACDEM, it is obvious that the PLDEM
trends are more consistent with the OLDEM and the NACDEM
topographic where there are significant differences. As for site
C, the protrusion appears to be more of a pseudo-feature, as it
is distributed on the relatively smooth inner wall of the crater
and does not match the general trend of the terrain, which
can be proved by the topographic profile of the NACDEM.
Furtherly, we simulated the lighting conditions at this moment
of the observation time of the LROC NAC image, and rendered
NLDEM and PLDEM for a clearer visual inspection of the
three sites shown in Fig. 13(g). The results are consistent with
the above analysis.

D. Block Processing

We divided all the RDR data in the study area into 18 blocks.
As individual profiles could be truncated into different blocks,
this would mean that the adjustment results among the different
blocks for one profile may be different. In order to reduce the
inconsistency as much as possible, we considered the division of
the regions in detail. Specifically, the small topographic features
with large fluctuations were divided into the same block as much
as possible. As for features with a large spatial size, partial in-
tegrity within separate blocks was required. The implementation
result of the specific block scheme is shown in Fig. 14. The
purpose was to avoid misjudging the real features with large
fluctuations as outliers during the adjustment process.

In the process of iterative adjustment, an entire altimetric
profile could be divided into different blocks and adjusted with
reference to different terrain. In theory, the adjustment values
should be very close. However, due to the uncertainty of other
factors and the difference in the reference terrain, the adjustment
of different parts of the same laser altimetric profile can be
different.

A and B in Fig. 15(a) are the PLDEMs generated from the
laser data processed with the proposed method. The size of the
overlapping area between A and B is 1 km × 12 km, and a total
of 1036 profiles are found within the overlapping area. Since the

https://astropedia.astrogeology.usgs.gov/download/Moon/LRO/MOON_LRO_NAC_DEM_89S210E_4mp.tif
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Fig. 13. Illustration of the different ground features in (a) the NLDEM and (b) the PLDEM obtained in this study, where the elevation deviation reaches
approximately 10 m. There are two obvious holes for sites A and B and a protrusion for site C in the NLDEM, which are not seen in the PLDEM. (c) Geo-registered
pair of LROC NAC images tm146155065re_cal and tm146155065le_cal. (d) NACDEM generation from LROC stereo pairs with the resolution of 4 m. The points
removed by the proposed algorithm (represented by the red circles) were projected to the geo-registered LROC NAC image shown as (e). The topographic profiles
across these features were generated to illustrate the differences as shown in (f). (g) Lighting renderings of NLDEM (left) and PLDEM (mid) compared to LROC
NAC image (right).

reference topographic data are inconsistent, when the common
altimetric profiles are adjusted iteratively with self-constrained
adjustment in the different blocks, the final adjustment result
will have a slight deviation. In Fig. 15(b), the adjustment values
of the common profiles are presented. It can be found that the
adjustment values of most of the profiles in the x-y directions
are basically the same, and only a few profiles show differences.
The panel in Fig. 15(c) shows the distribution of the laser profile
data in the overlapping area, and the color bar represents the
deviation of the adjustment values of the profiles in A and B. The
laser profiles with a large deviation are distributed at the edge of
the overlapping area, which indicates that the difference in the
adjustment results is mainly caused by the uneven distribution

of the laser profiles in A and B. In view of this problem,
after adjusting all the laser profiles, for the profiles those were
divided into different blocks in the overlapping area with large
differences in the results in the overlapping area, we chose the
result of the area with a larger distribution range for the laser
profile of the track as the final adjustment result. This was done
because, for the large span of the public laser profile, the number
of points involved in the geometric constraint is greater.

Through the above processing strategy, the possible inconsis-
tency in the overlapping area was minimized, ensuring that no
seams would appear when the terrain data were spliced, and the
terrain features at the splicing would be perfectly matched, to
ensure completeness and consistency (Fig. 16).
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Fig. 14. Data blocks covering 89°–90°S, with the OLDEM as the base map.
The boxes in different colors represent different regions, and each region is
divided into several blocks. Pairwise overlaps between blocks are used to verify
the consistency of the results.

Fig. 15. Statistics for the adjustment values of the public laser profile in the
overlapping area.

Fig. 16. Shaded relief image of the overlapping region.

Fig. 17. Distribution map for the five independent PSRs.

TABLE I
DETAILS OF THE REGIONS AND DATA VOLUMES

Five independent PSRs, as shown in Fig. 17 and listed in
Table I, were selected to compare the PLDEM obtained in this
study with the NLDEM, to verify the validity of the results. The
DEM of difference (DoD) maps show the deviation of the two
(see Fig. 18). In general, the deviation is random, and most of the
differences are within 1 m. The deviation of a few pixels reaches
several meters, which is mainly due to the different processing
strategies for the outliers, as per the previous analysis.

In the PSRs, the overall consistency between the PLDEM and
the NLDEM is still high. Through the statistics of the DoD map,
it can be seen from the distribution histograms (see Fig. 19) that
there are only a few pixels with an elevation difference of more
than 2 m, and most of the deviations are at the decimeter level.
At the same time, the MAE and RMSE in the five regions were
calculated to quantitatively characterize the overall consistency.
The specific results are listed in Table II.

It can be seen from Table II that the results for PSR01 and
PSR05 are slightly worse than those for the other three regions.
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Fig. 18. DoD maps between the PLDEM and the NLDEM.

Fig. 19. Histograms of deviation.

TABLE II
STATISTICS OF THE DEVIATION OF THE NLDEM AND PLDEM

Fig. 20. Topographic map of the PSRs within 89° of the lunar south pole. The
left is the OLDEM product, and the right is the PLDEM product generated from
the LOLA laser profiles processed by the proposed algorithm.

The main reason for this is that there are more different topo-
graphic features in these two regions, which has an impact on
the quantitative metrics. On the whole, the PLDEM obtained
in this study can be considered as reliable, and the existing
differences will need further research or quantitative verification
and analysis, with the assistance of higher-precision data.

Finally, the LOLA laser data within 89°S of the lunar south
pole were all processed to finally regenerate the DEM dataset.
According to the distribution range of the PSRs, a topographic
map was generated. As shown in Fig. 20, the left image is based
on the OLDEM product released by NASA, and the right image
is from the PLDEM generated from the LOLA altimetric profiles
processed by the algorithm proposed in this article. It can be
seen that the quality of the topographic map has been greatly
improved.

V. CONCLUSION

In this article, we have introduced an iterative self-constrained
adjustment method to eliminate the geolocation errors of laser
spots. Owing to the dense distribution of the LOLA points,
strong geometric constraints were constructed between the
points themselves, without relying on external high-precision
terrain data.

In order to construct the constraints, the elevation at the target
point location needed to be calculated from the reference terrain
data and then compared with the real measurement value. Com-
pared to using a “reduced LDEM,” the strategy of directly using
the adjacent points as the reference terrain data has some advan-
tages. The former strategy requires interpolation to first generate
the DEM, and then the elevation values are resampled, while the
latter strategy involves direct interpolation of the elevation value
of the target position, reducing the additional error introduced
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in the calculation process. In addition, the track-by-track adjust-
ment is more reliable than batch adjustment because it ensures
that there will always be sufficient real observation data near
the target to be adjusted as the reference terrain, avoiding the
errors in the reference terrain due to the concentrated distribution
of batch data. Finally, for the adjustment of each profile, only
adjacent local points need to be used instead of generating global
terrain, which reduces the computational redundancy.

The weighted RMSE was used as the objective function,
and the Huber function as the weight function was used to
reduce the interference of outliers on the results. Iterations were
performed until the adjusted value of the position converged
toward 0, to ensure that each laser profile was correctly adjusted
to the position that best fitted the terrain. After this, the stan-
dardized detrended slope and the elevation residuals of the last
iteration were used to construct statistics to filter out some of
the outliers that would cause abnormal protrusions or holes in
the DEM.

Furthermore, we compared the processed points and the
PLDEM obtained in this study with the NLDEM released by
NASA, and the results showed that the two are in good agree-
ment. Especially in the areas where there is a great difference
with the OLDEM, the results obtained in this study are consis-
tent with the NLDEM. However, when compared with LROC
NAC images and the NACDEM for some differences between
NLDEM and the PLDEM, it seems that the results obtained
in this study are more reasonable. Finally, a PLDEM dataset
covering the 89°S latitude was produced by block processing.
We generated the topography of the PSRs within 89° of the lunar
south polar derived by the processed and original laser altimetric
profiles of LOLA.

Overall, the iterative self-constrained adjustment proposed in
this article can greatly improve the quality of the topography
measurements. The improvement was illustrated by processing
the altimetric profiles into topographic maps with the many
artifacts removed. We analyzed the results by quantitative com-
parison with NLDEM and visual inspection assisted with LROC
images, however, did not estimate the uncertainty as Barker et al.
did, which was enlightening for our future work. In addition, we
will carry out follow-up studies based on the results of this study,
such as an analysis of the lighting conditions in future work. At
the same time, we will attempt to apply the proposed method to
the processing of laser altimetry data from subsequent planetary
exploration missions.
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