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Abstract
The Chang’e-5 mission of China is planned to be launched 
in 2019 to the landing area near Mons Rümker located in 
Oceanus Procellarum. Aiming to generate a high-resolution 
and high-quality digital orthophoto map (DOM) of the planned 
landing area for supporting the mission and various scien-
tific analyses, this study developed a systematic and effective 
method for large-area seamless DOM production. The map-
ping results of the Chang’e-5 landing area using over 700 
Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle 
Camera (NAC) images are presented. The resultant seamless 
DOM has a resolution of 1.5 m, covers a large area of 20° in 
longitude and 4° in latitude, and is tied to SLDEM2015. The 
results demonstrate that the proposed method can reduce the 
geometric inconsistencies among the LROC NAC images to the 
subpixel level and the positional errors with respect to the 
reference digital elevation model to about one grid cell size.

Introduction
Mapping of the lunar surface using orbital imagery is one of 
the fundamental tasks of almost every lunar orbiter mission. 
Among the common mapping products, digital orthophoto 
maps (DOMs) are essential for measuring and characterizing 
lunar surface features. Thus, they are usually used as the base 
map for morphological and geological analysis (Wu et al. 
2014; Zhang et al. 2016; Yue et al. 2017). High-resolution and 
high-precision DOMs are particularly important for supporting 
lander and rover missions in terms of landing site analysis, 
safe landing, and surface operations.

China started the Lunar Exploration Program in 2004, 
which consists of orbital, soft lander/rover, and sample return 
missions (Ouyang et al. 2004). The first two phases were 
achieved by the Chang’e-1, Chang’e-2, and Chang’e-3 mis-
sions, and the third phase (i.e., sample return mission) will 
be realized by the Chang’e-5 mission in 2019. The Chang’e-5 
mission aims to return about 2 kg of lunar soil and rock 
samples. Its target area is near Mons Rümker located in Ocea-
nus Procellarum, which is a large area of lunar mare on the 
northwest region of the Moon (Gbtimes 2017). High-resolu-
tion and high-precision mapping of the landing area is critical 
to support overall mission planning and detailed analysis of 

potential sampling sites (Haase et al. 2012; Wu et al. 2014; 
Kokhanov et al. 2017).

So far, there are a number of lunar global orbital image 
mosaic maps available, such as Clementine global mosaic 
(100 m/pixel) (Robinson et al. 1999), Lunar Reconnaissance 
Orbiter Camera (LROC) Wide Angle Camera (WAC) globe mosaic 
(100 m/pixel) (Arizona State University [ASU] 2011; National 
Aeronautics and Space Administration [NASA] 2011; Wagner 
et al. 2015), Chang’e-1 CCD camera global mosaic (120 m/pix-
el) (Li et al. 2010), and Chang’e-2 CCD camera global mosaic (7 
m/pixel) (Data Publishing and Information Service System of 
China Lunar Exploration Project  2018; Li et al. 2015). How-
ever, these products are not sufficient for detailed landing site 
analysis due to their low resolutions.

The highest-resolution lunar orbital imagery is achieved by 
the LROC Narrow Angle Camera (NAC), and the images covered 
nearly the entire lunar surface at a resolution of 0.5–2.0 m. 
However, there are only a limited number of high-resolution 
featured mosaics (Klem et al. 2014) and digital elevation 
model (DEM) products (Tran et al. 2010; Burns et al. 2012) that 
have been released by the LROC team. The number of images 
used in most featured mosaics is from two to tens of NAC 
images. The largest LROC NAC mosaic at present is the LROC 
Northern Polar Mosaic (http://lroc.sese.asu.edu/images/giga-
pan; NASA/Goddard Space Flight Center/ASU 2014; Wagner et 
al. 2015, 2016), which contains 10 581 NAC images, covering 
an area from 60°N to the north pole at a resolution of 2 m. 
However, apparent geometric inconsistences of up to ~7 pix-
els were observed due to problems of the designed procedure 
(Archinal et al. 2015). Nevertheless, this product does not 
cover the Chang’e-5 planned landing area. The spatial cover-
age of publicly available high-resolution DOMs is very limited. 
Overall, it is highly desirable to develop effective techniques 
for large-area high-precision seamless DOM generation.

Photogrammetric processing of high-resolution orbital 
images for lunar surface mapping has been performed us-
ing different software systems or methods, such as the US 
Geological Survey (USGS) Integrated System for Imagers and 
Spectrometers (ISIS), SOCET SET, NASA Ames Stereo Pipeline 
(Moratto et al. 2010), and in-house–developed methods. Tran 
et al. (2010) and Burns et al. (2012) generated digital terrain 
models (DTMs) by LROC NAC stereo images with the SOCET SET 
software. The resultant DTMs have a typical spatial sampling 
of 2 m and a vertical precision of 1–2 m (Burns et al. 2012); 
the root mean square (RMS) residuals are typically ~0.25 
pixels for a pair of NAC stereo images and less than 1 pixel 
for multiple sets of stereo images (Tran et al. 2010). Klem et 
al. (2014) produced a controlled mosaic for LROC NAC images 
using the USGS ISIS software, and the seam precision for the 
mosaics was generally within 7–8 pixels. Lee et al. (2012) and 
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Archinal et al. (2015) used USGS ISIS to generate controlled po-
lar mosaics from LROC NAC images. The residuals were within 
1 pixel with a maximal error of ~7 pixels, and the horizontal 
accuracy of the mosaics was within 100 m with respect to the 
Lunar Orbiter Laser Altimeter (LOLA) data (Lee et al. 2012).

Wu et al. (2014) developed a combined block adjustment 
method to process Chang’e-2 stereo imagery and LOLA data of 
the Chang’e-3 landing area. The resultant DTM has an aver-
age elevation difference of 15.19 m and a standard deviation 
of 17.08 m compared to that of the LOLA DEM. Di et al. (2014) 
developed a self-calibration bundle adjustment method for 
Chang’e-2 stereo images to reduce the geopositioning inconsis-
tencies among the images of adjacent orbits from up to 20 pix-
els to a subpixel level. Kokhanov et al. (2017) used a self-devel-
oped photogrammetric method to obtain cartographic products 
of potential landing sites for the “Luna-25” mission from 11 
LROC NAC stereo pairs. The bundle adjustment results had pre-
cisions of 0.3 m and 1.0 m in the planar direction and 3.5 m in 
the vertical direction. Haase et al. (2012, 2014) produced a DTM 
and ortho-mosaic for the Apollo-17 landing site using LROC NAC 
stereo images. The LROC-adapted German Aerospace Center 
photogrammetric processing chain was used for stereo image 
processing, and the resultant DTM had a standard deviation of 
40 cm in elevational difference with the LOLA profiles.

As previously described, existing lunar mapping research 
is generally based on stereo images. However, the LROC NACs 
can only acquire stereo images from adjacent orbits using 
off-nadir slew in limited interested locations, and most of 
the time, the captured NAC images have nadir orientation. 
There are only a few NAC stereo pairs in the Chang’e-5 plan-
ning landing area because the nadir NAC images cannot be 
used to generate a high-resolution DOM mosaic using stereo 
photogrammetric methods. Furthermore, most of the existing 
studies have been focused on photogrammetric processing in-
volving several or tens of images. For large-area mapping, the 
geometric and radiometric inconsistencies are more severe 
and complicated. Therefore, it is necessary to develop a more 
effective method to produce high-precision DOM mosaics for 
large areas using nonstereo NAC images and a lunar control 
source of limited resolution.

This research aimed to develop a systematic and effec-
tive method for generating a seamless DOM for the planned 
Chang’e-5 landing area. In this work, we used a two-step strat-
egy. First, the study area was divided into several overlapped 
subareas, and a planar block adjustment with control points 
was applied to each subarea to lower the geometric deviations 
among the NAC images to the subpixel level at the same time 
of tying the NAC images to the reference SLDEM2015. Then a 
seamless DOM mosaic of each subarea was generated. Second, 
the thin plate spline (TPS) model (Wahba 1990) was applied 
to the subarea DOMs to remove the positional inconsistencies 
between the adjacent subarea DOMs and guarantee seamless 
DOM mosaicking throughout the whole research area. Using 
the proposed two-step method, a controlled seamless mosaic 
of the Chang’e-5 landing area was created with high geometric 
precision and with a resolution of 1.5 m.

Data
The planned landing area of Chang’e-5 mission was chosen 
to verify the proposed large-area DOM generation method. It 
locates near Mons Rümker within Oceanus Procellarum and 
covers an area of approximately 20° longitude × 4° latitude, or 
approximately 413.8 km × 121.4 km (Di et al. 2018). LROC NAC 
images were the data source used in this research. SLDEM2015, 
a combined product of LOLA laser altimetry and DEMs generat-
ed from the Japanese Selenological and Engineering Explorer 
(SELENE) terrain camera images (Barker et al. 2016), was used 
as reference DEM for ortho-rectification. Figure 1 shows the 
planned landing area of Chang’e-5 on the LROC WAC mosaic.

Figure 1. Planned landing area of Chang’e-5 marked as a 
rectangle on the LROC WAC mosaic.

LROC NAC Images
The LROC is a system of three cameras onboard the Lunar 
Reconnaissance Orbiter (LRO) that captures high-resolution 
monochromatic images and moderate-resolution multispectral 
images of the lunar surface. It consists of two NACs that are 
designed to provide 0.5–2.0 m/pixel monochromatic narrow-
angle line scan images and a WAC that provides images at a 
scale of 100 m/pixel in seven color bands over a 60-km swath 
(Robinson et al. 2010).

NAC Experimental Data Record images were downloaded 
from the NASA Planetary Data System (PDS) and preprocessed 
using the USGS ISIS software. SPICE kernels (NAIF 2014) were 
attached to each image using the “spiceinit” command, and 
radiometric corrections and removal of echo effects were 
realized by the “lronaccal” command and the “lronacecho” 
command, respectively (PDS 2014; Henriksen et al. 2016).
Until December 2017, the planned Chang’e-5 landing area is 
covered by about 2299 LROC NAC images. Considering the illu-
mination conditions, most of the chosen images have similar 
solar azimuth angles that are higher than 180° (afternoon im-
ages) and incidence angles between 40° and 80°. The planned 
landing area could not be completely covered with afternoon 
images, so small gaps were filled with one or two morning im-
ages. A total of 765 NAC images were involved in this research 
with a ground sample distance of mainly 1.5 m.

Control Source
SLDEM2015 was used as the control source for providing three-
dimensional control points in the block adjustment stage as 
well as providing topographic correction during DOM gen-
eration. This product is a lunar shape model generated by a 
combination of LOLA and SELENE data. This includes 43 200 
stereo-derived DEMs from SELENE Terrain Camera images and 
4.5 billion surface heights from LOLA (Barker et al. 2016). The 
resultant near-global lunar DEM has an effective resolution 
of approximately 60 m at the equator and a typical vertical 
accuracy of approximately 3–4 m. In addition, the LROC WAC 
mosaic (NASA 2011; Wagner et al. 2015) was used as a refer-
ence for grayscale balancing in the image mosaicking process.

Method for Large-Area Controlled DOM Generation
In this research, a two-stage method was used to generate a 
large-area controlled seamless DOM. Figure 2 is the flowchart 
showing the generation process of large-area seamless DOM. To 
guarantee both the processing efficiency and mapping preci-
sion, the large landing area was partitioned into 10 subareas 
and processed in parallel. Dividing the whole mapping area 
into some subareas is a common strategy when dealing with 
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large-area or global mapping, especially in the planetary map-
ping field (Gwinner et al. 2010, 2016; Preusker et al. 2017). 
Mapping with partitions is an engineering method for parallel 
processing and dealing with huge amounts of data. It is also a 
feasible way to improve the processing precision when the data 
are of different quality in different regions, which is very com-
mon with the planetary orbital images (Gwinner et al. 2016).

Figure 2. Flowchart of large-area high-resolution seamless 
DOM generation.

A planar block adjustment with control points was used 
in each subarea to ensure the relative consistency among the 
LROC NAC images and the absolute accuracy to the control 
source. The rational function model (RFM) of the image was 
refined during the block adjustment. Via the block adjust-
ment, geometric inconsistencies between adjacent LROC NAC 
images within each subarea can be effectively reduced. Subse-
quently, the DOM of each image was automatically generated, 
and the DOMs within each subarea were mosaicked together. 
Because of the resolution limitation of the reference source, 
some positional inconsistencies between the DOM mosaics of 
neighboring subareas remained. Therefore, a TPS model–based 
image registration was applied to the generated subarea DOM 
mosaics. To maintain the grayscale and contrast homogeneity, 
a histogram matching–based grayscale balancing method was 
applied to all the DOMs. Finally, a seamless DOM product of the 
entire planned landing area was generated via mosaicking.

It is worth mentioning that the contrast of the WAC mosaic 
is lower than most NAC images, which causes the NAC mo-
saic to appear a little grayish. Nevertheless, the WAC mosaic 
provides a very consistent source in a larger scale so that the 
produced mosaic has a good radiometric consistency, which 
can satisfy most of the applications at present. Color balanc-
ing for large-area mapping deserves future research.

Geometric Models of Orbital Imagery
The geometric model of the imagery is the mathematical basis 
for block adjustment as well as the image ortho-rectification. 
It builds the relationship between object-space coordinates 
and image-space coordinates.

The rigorous sensor model (RSM) of an image represents the 
imaging process by collinearity equations with interior ori-
entation (IO) parameters and exterior orientation (EO) param-
eters (Di et al. 2014; Henriksen et al. 2016; Liu et al. 2017). 
The generic geometric model of an image fits the relationship 
between the image and ground coordinates via mathematical 
functions, the parameters of which have no physical mean-
ing related to the imaging process. The most commonly used 
generic geometric model is the RFM. The RFM has the advan-
tages of high fitting precision, simple and uniform form, high 
calculation speed, and imaging sensor independence. It has 
already been widely accepted that the RFM can approximate 
the RSM at a precision of 1/100 pixel in image space (Liu et al. 
2016, 2017) such that it can be used to replace RSM without a 
loss of accuracy.

The RSM of the NAC imagery was constructed using the IO 
and EO parameters recorded in SPICE kernels (NAIF 2014). It 
can be generally described (Di et al. 2014) as
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where (x, y) are the focal plane image coordinates; f is the 
focal length; (X, Y, Z) and (Xs, Ys, Zs) represent the lunar-
surface-point coordinates and the position of optical center in 
the lunar body-fixed coordinate system (LBF), respectively; 
λ is a scale factor; Rib is the rotational matrix from the image 
space coordinate system to the spacecraft body coordinate 
system (BCS); Rbo is the rotational matrix from the BCS to 
the orbit coordinate system (OCS); Rol is the rotational matrix 
from the OCS to the LBF; and R is the combination of these 
three rotation matrices and can be constructed using the three 
EO angle parameters (ω, φ, κ) (Liu et al. 2017).

In principle, for linear array push-broom images, each line 
has a different set of EO parameters. Because the time interval 
of the orbit measurement is much longer than that of the line 
scanning, only a small portion of the image lines have EO pa-
rameters from direct measurements. To obtain the EO param-
eters of all image lines via interpolation, the EO parameters 
are usually interpolated with respect to the scan time t (Di et 
al. 2014). There are many methods for EO parameter interpola-
tion. The polynomial representation is a feasible choice and 
widely used. The third-order polynomial is chosen to model 
the EO parameters as shown in Equation 2:
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where a0, a1, …, f3 are the polynomial coefficients of the six EO 
parameters (Xs, Ys, Zs, ω, φ, κ).

The focal plane image coordinates (x, y) can be obtained by 
transforming from the image coordinates (row, sample) using 
IO parameters as follows:
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 xd = (sample – BORESIGHT_SAMPLE) · PIXEL_PITCH (3)

 r = xd (4)

 x = xd / (1 + k1 · r 2) (5)

where PIXEL_PITCH is the pixel size of the image, BORE-
SIGHT_SAMPLE is the principal point coordinate, xd is the 
distorted position (the measured position), r is the distance 
between the optical center and image point, k1 is the distor-
tion coefficient, and x is the corrected focal plane position 
in millimeters (mm). The IO parameters of the left and right 
cameras (NAC-L and NAC-R) can be found in the SPICE kernels 
of the LRO mission. The NAC cameras are line scanners (single-
line CCD); yd is unmeasured and probably unimportant, and 
thus y is assumed to be zero according to the LROC Instrument 
Kernel file (NAIF 2014; Liu et al. 2017).

The RFM is represented as the ratio of the polynomials 
shown in Equation 6 as follows:
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where (rn, cn) and (Xn, Yn, Zn) are the normalized image coor-
dinates and ground coordinates, respectively. The third-order 
polynomial Pi (i = 1, 2, 3, and 4) has a general form as follows:
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where a1, a2 … to a20 are the coefficients of the polynomial 
function Pi, named rational polynomial coefficients (RPCs).

The RFM of the LROC NAC imagery was established by least-
squares fitting with a large number of virtual control points 
generated by RSM of the image (Di et al. 2018). A series of grid 
points in a certain interval were created first in every image 
as the virtual control points in image space, after which the 
elevation in the object space was divided into several lay-
ers and the planar ground coordinates of the virtual control 
points in every layer were calculated using the RSM. Finally, 
the RPCs were derived using these virtual control points via 
least-squares fitting (Liu et al. 2017).

Subarea Planar Block Adjustment
The accuracy of the constructed RSM of LROC NAC imagery 
depends on the accuracy of the orbit and attitude of the LRO. 
Consequently, the fitted RFM also contains errors at the same 
level as that of the RSM. Benefiting from lunar gravity field data 
of the Gravity Recovery and Interior Laboratory mission, the 
LRO orbit determination obtained an accuracy of ~20 m. The 
accuracy was further improved to ~14 m after incorporating 
crossovers of LOLA data (Mazarico et al. 2012). The errors of 
the RSMs and RFMs of the images cause positional deviations of 
adjacent rectified images that should be reduced to a subpixel 
level to better support engineering and science applications.

Photogrammetric block adjustment is an effective means 
to improve the geopositioning accuracy of a geometric model 
(Gwinner et al. 2010; Wu and Liu 2017). Traditionally, three-
dimensional ground coordinates of the tie points are solved 
using stereo block adjustment. However, if the stereo conver-
gence angle is very small (e.g., <10°), the normal equations of 
the block adjustment will be ill-conditioned, and as a result, 
the calculated ground height will be abnormal. This is wide-
spread in our experiments because of the lack of coverage of 
stereo LROC NAC pairs.

The traditional DOM registration is also a widely used meth-
od to remove the geometric deviations between images with 
low convergence angles. This is usually accomplished with 
the help of high-precision control data. However, the lack 
of high-precision control data of the lunar surface limits the 
registration precision. It is hard to make the NAC DOMs geomet-
ric seamless by using the traditional registration method with 
control points from presently available DOM mosaics or DEMs.

To resolve the problem, a DEM-aided planar block ad-
justment was developed to refine the RFMs of the LROC NAC 
images. In order to ortho-rectify the LROC NAC images and 
support collaborative analysis of produced DOM mosaic and 
existing DEM in various science applications, the geometric 
models of the images should be corresponded to the reference 
DEM. Thus, in each subarea block adjustment, a few control 
points were manually selected using SLDEM2015 as the refer-
ence. The control points are mostly centers of small craters 
and are evenly distributed in the research area. The extracted 
feature points in every NAC image are matched automatically 
to obtain tie points. After that, the distribution of tie points is 
checked carefully to ensure that every overlapping area has 
evenly distributed points. If such a condition is not satisfied, 
manually selected tie points will be used. Most of the NAC im-
ages (750 out of 765 images used) were taken in the afternoon 
and have similar illumination conditions, and they can be 
automatically matched for tie point selection. A very small 
number of images (15) were taken in the morning and have se-
vere illumination differences with neighboring images taken 
in the afternoon, and manual selection is necessary to obtain 
tie points in these images. Image matching under different 
illumination condition is still a challenging issue. Recently, 
Wu et al. (2018) have done some related work in automatic 
matching of planetary images using illumination-invariant 
feature points. The issue is worth of further study to make the 
adjustment process more efficient.

The error equations of the block adjustment are shown in 
Equation 8. Compared to stereo block adjustment, planar block 
adjustment is a method that calculates only the tie point ground 
plane coordinates, while the elevation coordinates can be inter-
polated from a DEM. In the block adjustment, the affine transfor-
mation model in image space (Equation 8) is used to compen-
sate the systematic errors rather than recalculating the RPCs:

 

F e e sample e line x

F f f sample f line y
x

y

= + ⋅ + ⋅ −
= + ⋅ + ⋅ −

0 1 2

0 1 2  
(8)

where the image coordinates acquired by back-projecting the 
ground coordinates with the RFM (as shown in Equation 6) are 
represented by sample and line, while the measured image 
coordinates are shown as x and y; e0, e1, e2 are the affine trans-
formation parameters in the sample direction, and f0, f1, f2 are 
the affine transformation parameters in the line direction.

Because the error equations of planar block adjustment are 
nonlinear relative to the ground coordinates, a Taylor series 
expansion is used to linearize the error equations as shown in 
Equation 9. The unknowns to be solved include the tie point 
ground planar coordinates (lat, lon) and the affine transforma-
tion model parameters as shown in Equation 9. The elevation 
coordinates are interpolated from a DEM iteratively:
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The error equations for control points are shown in Equa-
tion 10, and only the affine transformation parameters need to 
be calculated for control points:

 

v
F
e

e
F
e

e
F
e

e l

v
F

f
f

F

f

x
x x x

x

y
y y

=
∂
∂

⋅ +
∂
∂

⋅ +
∂
∂

⋅ −

=
∂
∂

⋅ +
∂
∂

0
0

1
1

2
2

0
0

1

∆ ∆ ∆

∆ ⋅⋅ +
∂
∂

⋅ −∆ ∆f
F

f
f ly

y1
2

2
 

(10)

The error equations of each control point and tie point can 
be constructed using Equations 9 and 10. The unknown param-
eters can be calculated iteratively using the least-squares algo-
rithm until the termination condition of iteration is satisfied.

In this research, the planar block adjustment was con-
ducted in each subarea independently. Using the RPCs and the 
calculated affine transformation parameters, the NAC images 
were ortho-rectified with respect to SLDEM2015, through which 
the image distortions caused by topographic relief and the 
imprecision of the original EO parameters were simultaneous-
ly corrected. Finally, the subarea seamless DOM mosaic was 
produced using the individual DOMs within the subarea.

TPS-Based Large-Area Image Registration
The planar block adjustment can remove the geometric devia-
tions among images within each subarea, but inconsistencies 
remain among the subarea DOM mosaics because of the lim-
ited control precision. Therefore, registration between subarea 
mosaics is needed to eliminate the residual geometric incon-
sistencies. We propose a novel method of TPS model–based 
large-area image registration to seamlessly register the subarea 
DOMs while simultaneously maintaining mapping accuracy.

The TPS model is an effective technique for data interpo-
lation and smoothing and has been widely used in image 
alignment, shape matching, image warping, spatial data 
interpolation, and other circumstances that require the 
modeling of nonrigid deformation. As shown in Equation 11, 
the TPS model consists of an affine transformation model and 
a distance-related quantity that indicates that the impact of 
the control point on the interpolation point depends on the 
distance between them:
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where the quantity of control points are represented by m and 
rj is the Euclidean distance from the jth control point (xi, yi) to 
an arbitrary image point (x, y) as follows:
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where ψ is the radial-basis-function kernel
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and α0, α1, α2, and δj in Equation 12 are the coefficients that 
should be calculated by minimizing the weighted sum of the 
error measure E(f) (Equation 15) and roughness measure R(f) 
(Equation 16) (Di et al. 2018) as follows:

 min(E(f)+ λR(f)) (14)
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where λ represents a smoothing parameter that is required to 
be nonnegative. If λ = 0, there will be no smoothness con-
straint, and all the control points are exactly passed through 
when fitting the TPS model. Otherwise, if λ = +∞, the coef-
ficient δ becomes a zero vector, and the TPS model will turn 
into an affine transformation model (Shen et al. 2017). The 
variable λ was set to be zero in our experiment so that the 
registration precision can reach as high a level as possible for 
the control point pairs and the surrounding area. It is also a 
guarantee for the subsequent registration process to be imple-
mented simultaneously.

When registering the subarea DOMs with the TPS model, a 
subarea DOM in the central part of the whole area was used as 
the reference for neighboring DOMs. Then the registered DOMs 
become new references for subsequent subarea mosaics until 
all the subarea DOMs are registered.

For DOM registration, the TPS coefficients are calculated by 
the matched reference control points and auxiliary control 
points. The reference control points are the matched points 
between the target DOM and the reference DOM, while the 
auxiliary control points are on the opposite-side margin of 
the target DOM, which are introduced to constrain the geo-
metric error in the local area and avoid overcorrection of the 
DOM. For example, in Figure 3, the subarea DOM labeled “Left 
DOM” needs to be registered to the “Reference DOM,” so the 
reference control points were on the right margin of the “Left 
DOM,” shown as circles, while the auxiliary control points 
were marked as crosses and distributed on the left margin of 
the “Left DOM.” Consequently, when solving TPS coefficients, 
the reference control point coordinates of the target DOM were 
corrected with respect to the reference DOM. The coordinates 

Figure 3. Schematic diagram of the DOM registration process based on TPS model. The reference control points are marked as 
circles, and auxiliary control points are shown as crosses.
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of the auxiliary control point remain unchanged. Other coor-
dinates in the target DOM were smoothly transformed using 
the calculated TPS coefficients.

The whole registration process can be implemented simul-
taneously with all the control points matched in advance. To 
be specific, the homologous points between every two subarea 
DOMs are obtained first as reference or auxiliary control points. 
These control points will be unchanged during the whole reg-
istration process. Then the TPS model for every target DOM is es-
tablished in parallel with the achieved control points. Thus, the 
registration of every target DOM can be implemented indepen-
dently and simultaneously. Finally, the DOM mosaic of the entire 
landing area was generated in high geometric consistency.

Results and Analyses
Planar Block Adjustment Results
The whole planned Chang’e-5 landing area was partitioned into 
10 subareas in longitude. The subareas covered approximately 
3° in longitudinal direction with an overlap of 1°. The 10 subar-
eas from left to the right were named Parts 1 to 10. The quantity 
of LROC NAC images in every subarea is displayed in Table 1 

together with the control point and tie point numbers for the 
planar block adjustment. The borders of each subarea overlap-
ping on the selected NAC images are depicted in Figure 4.

The planar block adjustment was performed on the 10 
subareas separately, and the results are shown in Table 2. 
The unit of all the precision assessment results is one NAC 
image pixel, which is set to be 1.5 m in this research. The 
control point precision was evaluated in image space by the 
RMS errors between the back-projected coordinates and the 
measured-image coordinates. As shown in Table 2, the RMS 
errors for the control points are approximately 27 NAC image 
pixels on average, which is about one grid cell size of the 
SLDEM2015 in the research area, with the maximum error no 
more than two grid cell size, reflecting that the subarea DOMs 
are connected well to the SLDEM2015. As for the tie points, the 
RMS errors were also measured by the difference between 
the matched image coordinates and the back-projected image 
coordinates. The RMS errors of tie points, as shown in Tables 
1 and 2, are approximately one-half of an NAC image pixel in 
every part, which indicates that the geometric consistencies 
of NAC images in the subareas were effectively improved after 
planar block adjustment.

Figure 4. Footprints of all the selected LROC NAC images and the borders of the 10 subareas. Red and blue colors are used 
alternately for distinguishing the subarea borders. The yellow rectangle represents the planned landing area of Chang’e-5.

Table 1. Image numbers, control point, and tie point numbers in the ten subareas. 

Subarea ID Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7 Part 8 Part 9 Part 10

Image number 111 71 73 56 93 84 74 54 85 49

Control point number 8 10 11 10 9 11 11 8 9 8

Tie point number 46 386 39 279 49 005 47 174 48 243 48 253 51 425 35 485 41 601 31 148

Table 2. Control point and tie point precisions of the planar block adjustment in ten subareas. The unit is an NAC image pixel 
assumed to be 1.5 m. 

Subarea 
ID

RMS Errors of  
Control Points (Pixel)

Maximum Errors  
of Control Points (Pixel)

RMS Errors of  
Tie Point (Pixel)

Maximum Errors  
of Tie Point (Pixel)

x y xy x y xy x y xy x y xy

Part 1 13.10 19.41 23.42 1.71 38.42 38.46 0.33 0.48 0.58 0.33 −3.31 3.33
Part 2 19.18 21.75 29.00 27.49 −25.76 37.68 0.37 0.45 0.58 0.75 −2.84 2.93
Part 3 17.75 19.81 26.60 21.92 37.94 43.82 0.46 0.62 0.77 0.11 −2.83 2.83
Part 4 17.70 13.23 22.10 34.60 9.24 35.81 0.17 0.30 0.34 −0.33 1.43 1.47
Part 5 18.71 13.71 23.20 32.50 3.14 32.65 0.16 0.18 0.24 2.80 0.24 2.81
Part 6 17.08 13.04 21.49 17.07 −21.94 27.80 0.23 0.36 0.43 2.53 −0.26 2.54
Part 7 23.44 15.52 28.11 40.90 11.76 42.56 0.26 0.38 0.46 −1.85 1.10 2.15
Part 8 32.13 19.30 37.48 43.67 −35.92 56.54 0.41 0.43 0.59 −3.40 1.50 3.72
Part 9 36.41 8.10 37.30 40.78 −11.34 42.33 0.26 0.21 0.33 2.45 0.50 2.50
Part 10 19.37 15.39 24.74 36.83 −13.60 39.26 0.25 0.51 0.57 0.50 −2.75 2.80
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After planar block adjustment, the DOMs of the NAC im-
ages were automatically generated via ortho-rectification. The 
block adjustment results can also be assessed by the geometric 
deviations between these DOMs. Figure 5 displays three exam-
ples of the positional deviations of two neighboring NAC DOMs 
before and after block adjustment. The upper three subfigures 
show parts of the DOMs rectified using the original RFMs, while 
the lower three are the DOMs produced from the same images 
but with the block adjustment–refined RFMs. The three groups 
of examples come from Part 1 ((a) and (d)), Part 5 ((b) and (e)), 
and Part 10 ((c) and (f)), respectively. It can be seen that in 
subfigures (a), (b), and (c) that there exist up to 100-m geo-
metric deviations that are almost completely removed by the 
block adjustment as depicted in subfigures (e), (f), and (g).

Figure 6 compares the positional differences between 
NAC DOMs and SLDEM2015 before (subfigures (a), (b), and (c)) 
and after (subfigures (d), (e), and (f)) the planar block ad-
justment. The NAC DOMs in subfigures (a) and (d) are part of 
m1221740903r in Part 1, (b) and (e) are part of m1175809506l 
in Part 5, and (c) and (f) are part of m1145135367l in Part 
10. It can be seen that the geometric differences before block 
adjustment are about two grid sizes of the SLDEM. After block 
adjustment processing, these deviations are almost completed 
corrected with the manually selected control points.

Seamless DOM mosaics were generated for each subarea 
via the process of planar block adjustment, image ortho-
rectification, grayscale balancing, and final DOM mosaicking. 
The LROC WAC mosaic product was chosen as the reference for 
histogram matching–based grayscale balancing. Most of the 
time, the seam lines were automatically extracted. However, 

if two adjacent images had obvious illumination difference, 
the seam lines would need some manual editing to guarantee 
natural transition of the grayscale.

Overall Block Adjustment Evaluation
Although mapping with partitions is widely used when deal-
ing with a large amount of data or large-area mapping, there 
is little research on the evaluation of the attainable accuracy 
between the overall block adjustment and the subareas block 
adjustment. In this article, we gave a specific analysis on this 
issue using LROC NAC images in our study area.

The block adjustment using the same control points and tie 
points of the subarea blocks was performed with all the im-
ages involved in the subarea block adjustment, the results of 
which are shown in Table 3. It demonstrates that the RMS er-
rors of tie points can achieve subpixel-level accuracy in both 
subarea and overall block adjustment in our study case. But 
the maximum error of the tie points from the overall adjust-
ment is almost twice the maximum errors from the subarea 
block adjustment. This indicates that a partition can improve 
the quality of DOM and mosaicking products. Both RMS and 
maximum errors show that the precision at control points 
decreased remarkably. This may be partially due to the insuf-
ficient precision of control points selected from a lower-reso-
lution reference. To rectify the orbital images to the reference 
DEM for synergetic analysis of different data sets in further 
applications, the orbital images should be well coregistered 
to the reference DEM. In this perspective, the partition strategy 
for planar block adjustment is meaningful and effective.

(a) (b) (c)

(d) (e) (f)
Figure 5. The geometric consistency comparisons between two neighboring DOMs. The upper three subfigures are the DOMs 
generated using original RFMs, and the lower three are the DOMs rectified by the planar block adjustment refined RFMs. 
Subfigures (a) and (d) are part of m1221740903r and m1191136940l in Part 1, (b) and (e) are part of m1208769920r and 
m1175809506l in Part 5, and (c) and (f) are part of m181502892le and m1145135367l in Part 10.
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TPS-Based DOM Registration Results
Due to the limited resolution of the SLDEM2015 compared with 
the LROC NAC images, geometric inconsistencies still exist 
between the seamlessly mosaicked adjacent subarea DOMs. 
The upper two subfigures in Figure 7 show examples of the 
geometric inconsistencies between Part 1 and 2 as well as Part 
9 and 10 mosaicked DOMs, which were effectively reduced 
by the image registration process based on the TPS model as 
indicated in subfigures (c) and (d) in Figure 7. The registra-
tion was conducted subarea by subarea using the proce-
dure detailed in the section “TPS-Based Large-Area Image 
Registration.”A quantitative evaluation of the registration re-
sults can also be realized by measuring the differences of the 
check point pair coordinates between any two overlapping 
subarea DOM mosaics. Parts 1 and 2 are taken as examples. 
Ten evenly distributed check point pairs were automatically 
matched in the overlapping region, as shown in Figure 8.

The deviations of the check point coordinates in the latitu-
dinal and longitudinal directions are listed in Table 4. After 
the TPS-based registration, the planar deviations are reduced 
to about 1 pixel, and the largest difference is 2.69 m, which is 
no more than 2 pixels of the output DOM, reflecting a high-
precision registration.

Landing Area DOM and Potential Applications
After subarea planar block adjustment and TPS-based image 
registration of the subarea DOMs, a seamless DOM mosaic of 
the entire Chang’e-5 planned landing area was produced. The 
generated radiometrically homogeneous and geometrically 
seamless DOM mosaic is shown in Figure 9 (zoomed-out view). 
This final DOM mosaic has the image size of 224 721 columns 
and 44 945 rows with a ground sample distance of 1.5 m.

This high-resolution 10-gigapixel DOM has many potential 
applications for detailed morphological and geological stud-
ies. For example, using the high-resolution map, craters can 
be precisely measured to determine the age of surface units 
(Michael and Neukum 2010); small, particularly fresh craters 
(e.g., flat-bottomed, central-mound, and concentric craters) 
can be used to estimate the depth of the lunar regolith (Bart et 
al. 2011; Di et al. 2016); rocks/boulders on the ejecta of a cra-
ter can be identified and the spatial density used to estimate 
the formation time of the crater (Li et al. 2017); and so on. 
More important, distribution pattern analyses of crater rays, 
crater chains, and boulders are significant in helping identify 
source locations of the exposed features (e.g., rock and soil 
samples to be collected by the lander), which will directly 
contribute to the major scientific objective of the sample 
return mission.

(a) (b) (c)

(d) (e) (f)

Figure 6. The geometric differences between NAC DOMs and SLDEM2015 before (upper three) and after (lower three) the 
planar block adjustment. The NAC DOMs in subfigures (a) and (d) are part of m1221740903r in Part 1, (b) and (e) are part of 
m1175809506l in Part 5, and (c) and (f) are part of m1145135367l in Part 10.

Table 3. Image numbers, control point, and tie point numbers and control point and tie point precisions of the overall block 
adjustment using all the selected NAC images involved in the subarea block adjustment. The unit for precision assessment is an 
NAC image pixel assumed to be 1.5 m.

Image 
Number

Control 
Point 

number

Tie 
Point 

Number

RMS Errors of Control 
Points (Pixel)

Maximum Errors of 
Control Points (Pixel)

RMS Errors of  
Tie Point (Pixel)

Maximum Errors of  
Tie Point (Pixel)

x y xy x y xy x y xy x y xy

750 95 437 999 23.69 26.13 35.27 49.87 78.93 93.37 0.27 0.37 0.46 0.94 5.62 5.7
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(a)

(b)

(c)

(d)
Figure 7. The positional difference comparisons between 
two neighboring subarea DOMs before (upper two) and after 
(lower two) the image registration process based on the TPS 
model. Subfigures (a) and (c) are from the overlapping area 
of Parts 1 and 2, and (b) and (d) are from the overlapping 
area of Parts 9 and 10.

Figure 8. Check points (green circles) between Parts 1 and 2 
subarea DOM mosaics for precision evaluation of the TPS-based 
image registration. The red polygon is the border of Part 1, the 
blue polygon is the border of Part 2, and the yellow rectangle 
shows part of the planned landing area of Chang’e-5.

Table 4. TPS-based DOM registration precision between Part 1 
and Part 2 subarea DOM mosaics (1.5 m/pixel). “Lat Diff” and 
“Long Diff” represent the coordinate differences in latitude and 
longitude directions, respectively; “chk” represents check point.

Chk ID

Before DOM Registration (m) After DOM Registration (m)

Long 
Diff

Lat 
Diff

Planar 
Diff

Long 
Diff

Lat 
Diff

Planar 
Diff

chk1 4.69 −14.30 15.05 1.62 −1.26 2.05

chk2 15.72 −15.87 22.34 0.42 −0.61 0.74

chk3 −11.05 −21.96 24.58 0.96 −0.56 1.11

chk4 11.68 −16.57 20.27 −1.58 −2.17 2.69

chk5 −4.29 17.76 18.27 1.13 0.79 1.38

chk6 4.56 24.05 24.48 0.00 −1.20 1.20

chk7 −10.15 29.91 31.58 0.22 0.39 0.45

chk8 6.08 32.38 32.94 0.66 0.37 0.75

chk9 15.63 10.85 19.02 −0.37 1.26 1.32

chk10 6.08 −9.95 11.66 −0.78 0.42 0.88
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Conclusions
To solve the problems of large-area controlled seamless DOM 
production using LROC NAC images, a systematic method consist-
ing of two stages of data processing is developed in this study. 
First, the RFM-based planar block adjustment is used to improve 
the relative positional consistencies of the LROC NAC images to 
the subpixel level and at the same time tie the NAC images to the 
control source (SLDEM2015). Second, a TPS-based image registra-
tion is used to reduce the geometric inconsistencies between 
two neighboring subarea DOM mosaics and ensures final DOM 
being seamlessly mosaicked throughout the entire area.

A high-resolution seamless DOM mosaic is produced with 
the proposed two-stage method for the Chang’e-5 planned 
landing area using 765 NAC images. Consequently, the tie 
point RMS errors are all approximately one-half pixel, show-
ing satisfactory geometric consistencies among NAC images. 
The control point RMS errors were approximately one grid 
cell size of SLDEM2015, which means that the produced DOM 
has been registered to SLDEM2015 with high precision. After 
DOM registration with the TPS model, the planar precision is 
mostly smaller than one pixel in the output DOM. The resul-
tant DOM mosaic, covering 49°–69° west longitude and 41°–45° 
north latitude, has an image size of 224 721 columns × 44 945 
rows with a ground sample distance of 1.5 m. This high-
resolution DOM is of great importance for detailed morphologi-
cal and geological analysis of the Chang’e-5 landing area. The 
developed method is applicable to high-resolution mapping of 
other large areas on the lunar surface using LROC NAC images.
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