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Abstract The establishment of a lunar control network is one of the core tasks in
selenodesy, in which defining an absolute control point on the Moon is the most im-
portant step. However, up to now, the number of absolute control points has been very
sparse. These absolute control points have mainly been lunar laser ranging retrore-
flectors, whose geographical location can be observed by observations on Earth and
also identified in high resolution lunar satellite images. The Chang’e-3 (CE-3) probe
successfully landed on the Moon, and its geographical location has been monitored
by an observing station on Earth. Since its positional accuracy is expected to reach the
meter level, the CE-3 landing site can become a new high precision absolute control
point. We use a sequence of images taken from the landing camera, as well as satellite
images taken by CE-1 and CE-2, to identify the location of the CE-3 lander. With its
geographical location known, the CE-3 landing site can be established as a new abso-
lute control point, which will effectively expand the current area of the lunar absolute
control network by 22%, and can greatly facilitate future research in the field of lunar
surveying and mapping, as well as selenodesy.
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1 INTRODUCTION

Selenodesy is one of the main tasks involved in exploration of the Moon, which has three goals: the
first is to choose a defined lunar coordinate system and establish a lunar control network; the second
is the determination of the geometrical and physical parameters used in selenodesy; and the third is
to calculate the lunar gravity field (Chen et al. 2005). Among these three goals, the establishment
of a unified lunar control network is of great significance. The establishment of the lunar control
network forms an important basis for the accurate calculation of coordinates of points on the Moon,
as well as high precision surveying and mapping. Since the first scientific observations of the Moon
began, a variety of lunar control networks have been established, such as the Apollo control network
on the near side of the Moon, ULCN 1994, CLCN 1997 and ULCN 2005 (Davies et al. 1987, 1994;
Eliason et al. 1999; Archinal 2006).
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The accuracy that comes from applying a control network is closely related to the quantity, dis-
tribution and quality of the control points that are used to establish the control network. Because it is
not easy to reach the Moon, it is hard to obtain high precision lunar control points, and consequently
the area that can be managed with a high precision control network is small. The locations used
to establish high precision control points are mainly lunar laser ranging retroreflectors (LRRRs).
Through identifying their locations on lunar satellite images, as well as continuous observations of
LRRRs from Earth, the positions of LRRRs can be refined, which makes it possible to define a high
precision control point. At present, there are five absolute control points with the highest precision in
position, which respectively are three LRRRs that were left by Apollo missions and two LRRRs that
were mounted on the surface of lunar rovers Lunokhod 1 and Lunokhod 2 launched by the former
Soviet Union. Their positions have already been identified in satellite images with 0.5 m resolu-
tion from the Lunar Reconnaissance Orbiter (LRO) mission, and high precision positions at a meter
level were achieved through lunar laser ranging (LLR; Davies & Colvin 2000; Murphy et al. 2011;
Williams et al. 2006; Williams et al. 2008). Aided by the relationship between the locations of the
LRRRs and lunar modules (LMs), the position of the LMs can be calculated to an accuracy of 30 m
(Davies & Colvin 2000). Xia et al. (2012) confirmed the position of the five LRRRs and LMs with
original images from the Chang’e-1 (CE-1), Chang’e-2 (CE-2) and LRO satellites, which greatly
advanced the establishment of the Chang’e (CE) image control network.

At Coordinated Universal Time (abbreviated UTC) 2013-12-14 T13:11:18, the Chang’e-3 (CE-
3) probe successfully landed on the surface of the Moon, with the goal of performing a one-year
science exploration mission (Ip et al. 2014). At the same time, continuous observations of the lander
from Earth were also carried out. Through refining those accumulated location data, the position
accuracy of the CE-3 lander will be improved. The CE-3 lander is a permanent artificial landmark
on the Moon. By refining measurements of its geographical position through constant observation
from Earth, where the positional accuracy can reach within 10 m by radio positioning (Cao et al.
2014), the CE-3 lander will likely become a new control point that has the highest precision.

A lunar control point that can be easily applied should not only contain a geographic location,
but also needs a position that can be determined in existing satellite images. Consequently, this
study seeks to identify the position of CE-3’s lander in satellite images, and build a lunar control
point by adding its geographic location. After refinement of the geographic coordinates from the
control point, this point can be used to set up a new lunar control network in combination with other
high precision control points.

In general, information provided by the control point on a remote sensing image consists of the
image and its attribute data. The attribute data mainly include two components: (1) the geological
location and auxiliary information about the control point, such as the coordinate system and the
ellipsoid parameters; (2) an image of the control point and its associated auxiliary information, such
as the width, height and resolution of the image. In this paper, we will use a sequence of images taken
by the landing camera (LCAM), in combination with images from the CE-1 and CE-2 satellites to
identify the location of the CE-3 lander in the images and determine its geographical location as well
as other attribute data.

Section 2 gives an introduction to data used in this study. Section 3 describes the method and
results for each step in identifying the location of the CE-3 lander in the existing satellite images, as
well as their positional uncertainty in images. Section 4 discusses the lander’s geographic location
on the Moon and its uncertainty. Section 5 presents our conclusions and future prospects.

2 DATA

Three types of data were employed in this study: (1) Images from the LCAM on CE-3; (2) images
with a resolution of 1.5 m and images with a resolution of 7 m from CE-2; (3) images with a
resolution of 120 m from CE-1.
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2.1 Images from the Landing Camera

The images obtained by the LCAM were utilized to determine the position of the lander in existing
satellite images. The LCAM is one of the optical payloads on the CE-3 lander, which has the main
task of acquiring optical images around the landing area (Tan et al. 2014). Those images can be used
to study the topography or geology of the Moon’s surface around the landing site, and provide a
reference for the selection of subsequent targets for scientific exploration using the rover. The key
parameters describing the camera are listed in Table 1.

Table 1 Key Performance Indicators of the LCAM Image
Sequence

Parameter Value
Imaging distance 2 km∼4 m
FOV (◦) 45.3×45.3
Focal length (mm) 8.5
Frame size 1024×1024
CCD pixel size (µm) 6.7

Table 2 Auxiliary Information about the Sequence of
Images Taken with LCAM

ID Time Height Spatial Resolution
(UTC) (m) (mm pixel−1)

1 2013.12.14T13:09:55 200 158
2 2013.12.14T13:10:00 165 130
3 2013.12.14T13:10:15 105 83
4 2013.12.14T13:10:20 100 79
5 2013.12.14T13:10:45 80 63
6 2013.12.14T13:10:50 60 47
7 2013.12.14T13:10:53 50 39
8 2013.12.14T13:10:56 40 32
9 2013.12.14T13:10:59 30 24
10 2013.12.14T13:11:06 20 16
11 2013.12.14T13:11:09 15 12
12 2013.12.14T13:11:12 12 9
13 2013.12.14T13:11:12 10 8
14 2013.12.14T13:11:13 7.5 6
15 2013.12.14T13:11:15 5 4

The camera can capture a total of approximately 4600 scenes at a speed of 10 scenes per second,
when the distance from the LCAM to the Moon’s surface ranges from about 2 km to 4 m (Liu et al.
2014). When approaching the surface, the resolution of images becomes higher and the imaging
area becomes smaller. In order to accurately determine the position of the CE-3 lander, we chose 15
images from various independent stages of the landing process, which guarantee overlaps between
adjacent images, to generate a sequence of images taken by LCAM (Table 2). This method can
greatly enhance computational efficiency by reducing redundancy in the data.

In the LCAM image sequence, images that were acquired earlier have a larger surface coverage
but the spatial resolution is lower. By contrast, images that were acquired later have a smaller surface
coverage and higher spatial resolution. Thus, it is difficult to directly match the last image in the
image sequence with the satellite images, due to its narrow spatial coverage. In order to complete
the images registration between satellite images from CE-1 and CE-2 and images taken by LCAM,
the images taken earlier in the sequence that have larger coverage should be applied. We use the
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following steps in the image matching to accurately determine the position of the lander in satellite
images. Firstly, the position of the lander in the last image in the sequence was obtained. Secondly,
the images in the sequence were matched with each other and a conversion was established. Finally,
an accurate position of the lander in the first image of the sequence was calculated.

2.2 Satellite Images

The global maps of the Moon compiled by CE-1 and CE-2 satellite images have resolutions of 120 m
and 7 m respectively. In addition, images acquired when the CE-2 satellite descended to 15 km have a
resolution higher than 1.5 m in the area around the CE-3 landing site. We selected published images
of the landing site, and some detailed information about the selected satellite images is shown in
Table 3.

Table 3 Orbit Number, Spatial Resolution and Acquisition Date of CE-1
and CE-2 Satellite Images in the Area around the CE-3 Landing Site

Satellite Orbit Number Resolution Date
CE-1 553 (forward/nadir/backward) 120 m 2007–12–25

CE-2 236 (forward/backward) 1.5 m 2010–10–27
570 (forward/backward) 7 m 2010–11–23

3 IMAGE RECOGNITION OF THE LANDER

The procedure of image recognition is to determine the row and column coordinates of the lander on
CE-1 and CE-2 satellite images, and the main workflow is shown in Figure 1.

Fig. 1 The workflow of image recognition and precise positioning.

3.1 Image Matching in the LCAM Image Sequence

Certain characteristics of the LCAM image sequence make image matching difficult, such as varying
resolutions in the images and different degrees of image deformation. Among various image match-
ing algorithms, Scale Invariant Feature Transform (SIFT) (Lowe 1999, 2004) is recognized as the
most useful technique to solve the above mentioned problems.

SIFT was originally proposed by Lowe (1999), which was designed to detect and describe local
features in an image. The SIFT feature descriptor is invariant with respect to uniform scaling and
orientation, and partially invariant with respect to affine distortion and changes in illumination. It
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has been wildly applied in various fields, such as object recognition, image registration and video
tracking.

According to Lowe (2004), the major stages in the SIFT algorithm involve:

(1) Scale-space extrema detection. A scale space is generated and used to calculate the Difference
of Gaussians (DoG), and then the values of local extrema points are detected in images through
DoG.

(2) Keypoint localization. The location and scale of keypoints are accurately determined.
Keypoints with low contrast or which are located at the edge will be rejected to improve ef-
ficiency and enhance the robustness of the algorithm.

(3) Orientation assignment. The gradient magnitudes and orientations for a small region around
each keypoint are calculated. In addition, the most prominent orientation is identified and as-
signed as the orientation of the keypoint, which ensures that rotation invariance is satisfied.

(4) Keypoint descriptor. A vector of 128 values is created as a fingerprint to identify a keypoint.

Using the algorithm described above, SIFT features can be obtained from an input image, and
then SIFT feature matching is done through a Euclidean-distance based nearest neighbor approach.
To increase robustness, matches are rejected for those keypoints for which the ratio of the nearest
neighbor distance to the second nearest neighbor distance is greater than 0.8.

In order to obtain a sufficient number of feature points for calculating the conversion between
images in a sequence, we use an image matching algorithm that integrates the SIFT detector with
the Harris corner detector (Harris & Stephens 1988), which is described below. Firstly, SIFT feature
keypoints are detected in the original images. Secondly, the SIFT feature matching algorithm is
used to obtain the initial sparse same point pairs, and the geometric transformation between images
is calculated. Subsequently, the Harris corner detector is utilized to extract corner points, and the
Normalized Cross Correlation algorithm, depending on the result of SIFT feature matching, is used
to find the same points. Finally, least square matching (LSM) is used to obtain the matching results
at the subpixel level.

3.2 Building the Transformation between Images in the Sequence

After obtaining the corresponding points between images in the sequence with the image matching
algorithm, the parameters describing the transformation between adjacent images can be calculated,
which can facilitate transferring the position of the lander in the sequence of images. Currently,
the Thin-Plate-Spline (TPS; Bookstein 1989) transformation is widely used as a non-rigid transfor-
mation model in image registration. A smooth surface will be searched with the smallest bending
through all the control points, which contains a global affine transformation and a weighted local
nonlinear term (Chen et al. 2013). Compared with the affine transformation model and the polyno-
mial model, the TPS model achieves a better transformation that can be applied to remote sensing
and medical images, but requires a larger number of control points (Du et al. 2008). Fortunately, this
is not a problem in our case since an adequate number of control points can be acquired from our
image matching algorithm. The basic form of a TPS transformation is (Chen et al. 2013)

x′ = a0 + a1x + a2y +
N∑

i=1

Fir
2
i ln r2

i , (1)

y′ = b0 + b1x + b2y +
N∑

i=1

Gir
2
i ln r2

i , (2)

where r2
i = (x − xi)2 + (y − yi)2 and xi, yi are the coordinates of a control point, and N is the

number of control points. Note that the first three terms on the right side of the above equations rep-
resent an affine transformation (a0, a1, a2, b0, b1, b2 are the affine transformation parameters), and
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the fourth term represents the Radial Basis Function in the nonlinear transformation. The calcula-
tion of the transformation between images via TPS is comprised of two steps. First, 2 × (N + 3)
TPS transformation parameters are calculated according to the coordinates of the control points.
Secondly, according to the coordinates of input points, transformed coordinates will be calculated
by TPS.

3.3 Image Recognition of the Lander

Following the above steps, the location of the lander in the first image of the sequence of images can
be confirmed. We can subsequently determine the position of the lander in the satellite image. The
identification and the positioning of a control point on the original image are helpful for convenient
and effective applications in subsequent research. The principle behind identifying the CE-3 lander
in images taken with the CE-1 or CE-2 satellites is to first determine its position on the image with
highest spatial resolution, and then apply that information to images with lower resolution. The basic
procedure is as follows: (1) the CE-2 image with a resolution of 1.5 m is resampled to the resolution
of the first image in the sequence of images taken by LCAM; (2) geometric correction is applied to
the resampled image with the first image of LCAM; (3) the position of the lander on the resampled
image and on the CE-2 image with a resolution of 1.5 m resolution is determined; (4) Use the same
approach in step 3 to determine the position on the CE-2 image with a resolution of 7 m and the
CE-1 image with a resolution of 120 m.

3.4 The Result of Image Recognition and Discussion

3.4.1 Image matching between images in the sequence

In order to calculate the position of the lander in the image sequence, adequate numbers of corre-
sponding points should be guaranteed for accurate image matching. In our study, the SIFT detector
was combined with the Harris corner detector to extract feature points. The corresponding points
between adjacent images were obtained by feature matching and LSM matching. The accuracy of
corresponding matching points could reach the subpixel level, and the number of points in each pair
of images ranged from 200 to 600. The number of points in each pair of images is listed in Table 4.
Because the overlapping area between the last two images was small and the image quality was bad
due to distortion from gases escaping from the engine on the spacecraft during the descent stage of
the lander, the number of corresponding points was relatively few, but can still be used to calculate
parameters in the next section. Meanwhile, the distribution of corresponding points was uniform
in adjacent images and covered the whole overlapping area of each pair of images, which ensured
accuracy in the subsequent analysis (Fig. 2).

Table 4 Number of corresponding Points for Each Pair of Images in the Sequence of LCAM Images

Pair of images N01–N02 N02–N03 N03–N04 N04–N05 N05–N06 N06–N07 N07–N08
Number of points 510 192 267 334 501 560 561
Pair of images N08–N09 N09–N10 N10–N11 N11–N12 N12–N13 N13–N14 N14–N15
Number of points 378 673 512 546 261 26 95

Notes: N01, N02 and N15 represent the first, second, and 15th image in the sequence of images, respectively. N01–
N02 indicates the processing using the first and second images, and the others can be referenced in the same manner.
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Fig. 2 The distribution of corresponding points in two adjacent images (using the pair of images
N06–N07 as an illustration). The left figure is the sixth image in the sequence and the right one is
the seventh. The area outlined in red indicates the overlapping region between the two images and
the red marks show the locations of the corresponding points, which are uniformly distributed in
both images.

Table 5 Accuracy of the Image Transformation for Each Pair of Images from LCAM (unit: pixel)

N01–N02 N02–N03 N03–N04 N04–N05 N05–N06 N06–N07 N07–N08
Max 0.99 0.97 0.97 1 1 0.99 1
Min 0.01 0.03 0.01 0 0.01 0.03 0
Avg. 0.41 0.38 0.3 0.37 0.46 0.44 0.43
Std. 0.23 0.23 0.19 0.24 0.23 0.23 0.23

N08–N09 N09–N10 N10–N11 N11–N12 N12–N13 N13–N14 N14–N15
Max 1 1 0.98 1 1 0.06 0.98
Min 0.03 0.01 0.01 0.01 0.04 0 0
Avg. 0.53 0.49 0.43 0.35 0.48 0.02 0.31
Std. 0.24 0.24 0.22 0.21 0.23 0.01 0.27

3.4.2 The transformation in the sequence of images

We used the TPS model to establish the transformation between images with the corresponding
points described in the previous section. In the sequence of images, images that were acquired earlier
became the target images and the images that were acquired later were the source image. Parameters
describing the transformation from the source image to the target image were calculated1. We car-
ried out a series of experiments with different numbers of control points N , and compared those
transformation results. We found that at least fifty control points per image were sufficient to give
reliable results, so we used this many points to calculate the TPS parameters of each pair of adjacent
images. The remaining corresponding points were used for validation. For each validation point, the
deviation between the coordinates calculated by TPS and those derived from image matching was
calculated to test the accuracy of the transformation model (Table 5).

As shown in Table 5, the maximum difference between the result of the TPS calculation and the
result of image matching was within one pixel, and the average difference was about half a pixel.

1 Detailed information about transformation parameters is available on http://www.raa-journal.org/docs/Supp/201412
wangff.pdf.
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Fig. 3 The result of image transformation using the TPS model. From left to right: The image that
was acquired later which is defined as the original image, the rectified version of the original image
and an image that was acquired earlier which is defined as the reference image. There are some
invalid data in the rectified image because the surface coverage of the original image is smaller than
that of the reference image.

This demonstrates the reliability of the TPS transformation model. One example of the TPS model
output is shown in Figure 3. The image that was acquired later in the image sequence is defined
as the original image and the image that was acquired earlier is defined as the reference image. As
can be seen from Figure 3, the rectified image matches well with the reference image via visual
inspection.

3.4.3 Image recognition

With the acquired transformation, the position of the lander on each image in the sequence could then
be calculated. Based on the position observed in the last image in the sequence that has the highest
spatial resolution, the position of the lander in the earlier images could be gradually calculated. We
determined the position in the last image that was taken by the LCAM by considering the relationship
between the camera and the lander.

Table 6 lists the position of the lander in each image. The position of the CE-3 lander in the first
image of the sequence is (row, column) = (142.4 pixels, 552.9 pixels).

We then matched the first LCAM sequence image with images taken by the CE-2 satellite that
have a resolution of 1.5 m after geometric correction using the Georeferencing module available in
ArcGIS software (ESRI 2011), and obtained the position of the lander in the CE-2 image. Following
the same procedure, the positions of the lander on images taken by the CE-2 satellite with a resolution
of 7 m and images taken by CE-1 with a resolution of 120 m were also calculated.

Figure 4 shows a schematic diagram of the lander on images taken with the CE-1 and CE-2
satellites. Detailed information about the position is listed in Table 7.

Our results showed that the error in position of the lander in both satellite images was within one
pixel, which demonstrates that the pixel coordinates obtained by our approach using images from
the CE-1 and CE-2 satellites are precise. Assessing the accuracy of the result for each step is shown
as follows:

(1) First, the accuracy of image matching for the sequence of LCAM images reached the subpixel
level, and using these corresponding points we can establish the transformation between images
by the TPS model. As shown in Table 5, the average difference was about half a pixel, and the
root mean square error was less than 0.3 pixel. According to the theory of error accumulation,



A New Lunar Absolute Control Point 1551

Table 6 Pixel Coordinates of the Lander in Each Image of the Image Sequence

Image ID Column Row Image ID Column Row
15 878.1 453.8 7 558.6 522.9
14 687.3 495.9 6 541.2 528.2
13 632.8 508.7 5 540.5 538.9
12 609.8 515.2 4 613.6 510.5
11 590.5 520.1 3 619.6 677.9
10 574.1 525.2 2 551.2 265.0
9 562.6 526.1 1 552.9 142.4
8 561.6 526.3

Table 7 Pixel Coordinates of the CE-3 Lander in CE-1/CE-2 Satellite Images

Image Forward Backward Nadir
Image type Orbit Number Row Column Row Column Row Column
CE-2 1.5 m 236 37003.0 4801.5 43421.5 4796.0 – –
CE-2 7 m 570 9085.0 1969.5 9256.5 1986.5 – –
CE-1 120 m 553 29153.5 215.5 30131.5 215.5 29642.5 214.5

the uncertainty in the first image of the LCAM sequence should be

σ =
√

σ2
1 + σ2

2 + · · ·+ σ2
14

=
√

(0.23× 158 mm)2 + (0.23× 130 mm)2 + · · ·+ (0.27× 6 mm)2 = 0.058 m , (3)

which is about 0.4 pixel of the first image in the LCAM sequence.
(2) In the determination of the position in CE-1/CE-2 satellite images, the identification procedure

was based on the transformation from high to low resolution images. Because the resolution of
CE-2 1.5 m, 7 m and CE-1 120 m images varied, we manually selected the control points and
estimated the accuracy in position conservatively using the maximum uncertainty here. It was
obvious that the maximum uncertainty in each transformation was 0.5 pixel in the low resolution
images. Therefore, the uncertainty in the CE-2 1.5 m image was calculated to be 0.058 m +
1.5 m/2 = 0.8 m (about 0.5 pixel in the CE-2 1.5 m image). The uncertainty in the CE-2 7 m
image was 0.8 m + 7 m/2 = 4.3 m (about 0.6 pixel in the CE-2 7 m image), and the uncertainty in
the CE-1 120 m image was 4.3 m + 120 m/2 = 64.3 m (about 0.5 pixel in the CE-1 120 m image).
In summary, the accuracy of the lander’s pixel coordinates in CE-1 or CE-2 satellite images was
within 1 pixel.

In addition, after the successful landing of CE-3 on the surface of the Moon, the Narrow Angle
Camera (NAC) on the LRO mission captured the lander with 1.5 m resolution at UTC 2013–12–25
T03:52:49. With the aid of ArcGIS software, we geometrically corrected the NAC image with a CE-
2 1.5 m resolution image, and found that the difference in the pixel coordinates of the lander’s center
in the corrected NAC image and those in our study was within 1 pixel of the CE-2 1.5 m resolution
image. This confirms that the position of the CE-3 lander on the satellite image determined by our
approach is correct and accurate.

4 IDENTIFICATION OF THE LANDER’S LUNAR GEOGRAPHIC LOCATION

Position measurement techniques of lunar points made from Earth mainly include LLR, radio
positioning and photogrammetry (Ouyang 2005). LLR has been recognized as the most precise
one at the current time (Faller & Wampler 1970; Ouyang 2005), followed by radio positioning.
Photogrammetry is the most effective way to increase the density of control points in an existing
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(a) (b)

(c) (d)

Fig. 4 The intersections of the blue lines indicate the position of the lander in the (a) CE-3 LCAM
image; (b) CE-2 image with a resolution of 1.5 m; (c) CE-2 image with a resolution of 7 m; (d) CE-1
image with a resolution of 120 m.

lunar control network. The geographic location of the CE-3 lander can be obtained by two methods:
radio positioning and photogrammetry.

The radio positioning method has played an important role in the measurement of positions
of space probes. In the Chinese Lunar Exploration Project, the Unified S-Band (USB) and Very
Long Baseline Interferometry (VLBI) have been successfully used in combination for precise orbit
determination. The VLBI network has achieved a tracking accuracy of better than 5 ns in the CE-2
mission (Li et al. 2012). The orbit determination of the CE-3 lander is mainly done by the Chinese
deep space monitoring station and the VLBI network. The measurements of the lander’s range and
velocity were carried out by the Chinese deep space network, in which the ranging accuracy is
about 2 ∼ 3 m and precision of the speed measurement can reach 0.5 mm s−1 (Cao et al. 2013;
Chang et al. 2014). After the successful landing of the CE-3 lander, the VLBI center sent the landing
trajectory and location of the lander to the Beijing Aerospace Control Center (BACC), and BACC
finally released the landing location as (19.5102◦ W, 44.1205◦ N, –2636.6 m) (Chang et al. 2014),
for which the accuracy in position is at the level of 100 m (Cao et al. 2013).
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Table 8 The Results of Different Geographic Locations for the CE-3 Lander

Geodetic coordinate Deviation value
Longitude Latitude Altitude Plane dev. Elevation dev.

This paper –19.5124◦ E 44.1196◦N –2638.5m – –
BACC –19.5102◦ E 44.1205◦N –2636.6 m 55 m 1.9 m
NASA ∗ –19.5116◦ E 44.1214◦N –2640 m 57 m 1.5 m

Notes: ∗ The NASA result comes from http://www.nasa.gov/content/nasa-images-of-change-3-landing-site.

Meanwhile, we calculated the geodetic coordinates of the lander with the photogrammetry
method based on the satellite images. Aided by an accurate geometric correction from the first im-
age in the sequence taken by LCAM and the base map with geodetic information, we determined
the geodetic coordinates of the lander. The base map used in this paper was the CE-2 orthoimage
map that was produced from CE-2 images that have a resolution of 1.5 m by the photogrammetry
technique. The orthoimage map is based on the result from applying a global adjustment with five
absolute control points. The photogrammetry data can achieve a relative planar accuracy within 2
pixels, an absolute planar accuracy within 100 m and an elevation accuracy within 20 m (Ren et al.
2014). The coordinates of the lander in the Moon Fixed Coordinate System (Mean Earth/Polar Axis
Coordinate System) was calculated to be (19.5124◦W, 44.1196◦N, –2638.5m). It should be noted
that uncertainty in the geodetic coordinates includes two parts: (1) systematic uncertainty associated
with the absolute geodetic coordinates of the base map; (2) statistical uncertainty associated with the
determination of the landing site in the base map. For the systematic uncertainty, it depends on the
accuracy of the base map and can be represented by the absolute planar accuracy (within 100 m) and
the elevation accuracy (within 20 m). In terms of the statistical uncertainty, we selected 30 control
points to implement the geometric correction and the root mean square error of the control points
was 0.46 pixel (about 0.7 m). Compared with the systematic uncertainty, the statistical uncertainty is
fairly small. Thus, the uncertainty in position was considered to have a planar accuracy within 100
m and elevation accuracy within 20 m.

Moreover, the Lunar Reconnaissance Orbiter Camera (LROC), which was developed by an
American scientific team from the National Aeronautics and Space Administration (NASA), de-
termined the position of the CE-3 lander by using 1.5 m resolution images captured by NAC.
Comparisons between our result, the BACC value and the NASA value are shown in Table 8.

The deviation in plane distance between the value released by BACC and our result is about
55 m. The reasons for the deviation in location can be attributed to either the accuracy of radio mea-
surement or the accuracy of the map used in this paper. In addition, the plane deviation determined
by the LROC is 57 m and 1.5 m in elevation. The difference in geodetic coordinates is mainly caused
by the different maps that are used, which means that one pixel can have the same pixel location on
two maps, but their geodetic coordinates will be different. Generally speaking, by comparing with
other published results, the accuracy of a geographical position achieved by the photogrammetry
method is within 100 m. This demonstrates that our calculation results are feasible and could be
utilized in future applications.

5 CONCLUSIONS AND FUTURE PROSPECTS

In this study, we employed images from the LCAM, as well as images from the CE-1 and CE-2
satellites, to identify the location of the CE-3 lander. With the geographical location, we established
the landing site of CE-3 as a new absolute control point. The control point could be clearly identi-
fied in existing satellite images and its geodetic coordinates were determined with high accuracy in
absolute position. Comprehensive information about the control point can be found in Table 9.

Moreover, the study confirmed the position of the CE-3 lander in different images with various
spatial resolutions, such as the 1.5 m resolution CE-2 image, 7 m resolution CE-2 image and 120 m
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Table 9 Information about the Lunar Control Point that uses the CE-3 Lander

Element Description
Images of the control point Images of the control point with resolutions of 1.5, 7, and

120 m are shown in Figure 4;

Auxiliary information about the image
The pixel coordinates on the CE-1 and CE-2 satellite images
are listed in Table 7;
The accuracy of pixel coordinates for the control point is
within one pixel;
The detailed information about the CE-1 and CE-2 satellite im-
ages is shown in Table 3;

Geodetic coordinates
19.5124◦ W, 44.1196◦ N, –2638.5 m (photogrammetry)
19.5102◦ W, 44.1205◦ N, –2636.6 m (radio positioning)

Auxiliary attribute information
Coordinate system Moon Fixed Coordinate System
Reference spheroid A sphere with a radius of 1 737 400 m
Accuracy The absolute plane positioning accuracy is within 100 m and

the height positioning accuracy is within 20 m.

Fig. 5 The distribution of absolute control points on the Moon with high accuracy in position as
determined by observations from Earth.

resolution CE-1 image. This satisfies the requirements of establishing a control network from remote
sensing images with different resolutions.

In addition, the positioning result in this paper shows that the positioning method based on
a sequence of images taken by the LCAM is feasible, which may be significant for acting as a
reference in future exploration missions.

Although the accuracy of absolute geodetic coordinates calculated from this control point cannot
achieve the highest accuracy at present, improvement in accuracy is still possible. With the accumu-
lation of more observation data taken from Earth, the absolute position of the the CE-3 lander will
become more precise in the future. The techniques that can be used to improve the precision of a
control point include the radio positioning method such as the combination of VLBI and USB. The
precision of control points can reach several meters (Cao et al. 2014; Liu et al. 2009). To use this
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Table 10 Lunar Absolute Control Points with High Accuracy in Geographic Location as Determined
from Earth Observations

ID Thumbnail
Longitude Latitude Radius

Measurement method
(◦ E) (◦ N) (m)

LGCP-A11 23.47293 0.67337 1735472 LLR

LGCP-A14 –17.4788 –3.64421 1736335 LLR

LGCP-A15 3.62837 26.13333 1735476 LLR

LGCP-L17 –35.00796 38.31516 1734929 LLR

LGCP-L21 30.92201 25.83223 1734638 LLR

LGCP-CE3 –19.5124 44.1196 1734761.5 photogrammetry
(this paper) –19.5102 44.1205 1734763.4 radio positioning

Notes: LGCP-A11, LGCP-A14, LGCP-A15, LGCP-L17 and LGCP-L21 represent the locations of five laser
reflection prisms, for which the geographic coordinates came from Davies & Colvin (2000) and Murphy et al.
(2011). Except for LGCP-L17, which was calculated based on the Moon ephemeris DE421, all the other points
were calculated based on the ephemeris DE403. The thumbnails show accurate locations of the control points
in CE-2 7 m resolution images, which come from Xia et al. (2012) except for LGCP-CE3.

absolute control point, the absolute geographic coordinates of control points can be updated if higher
precision coordinates are obtained.

The principle of establishing a geodetic control network on Earth requires setting up the network
level by level and sequentially establishing control. The first level of the control network is estab-
lished based on the set of sparsely distributed but most accurate control points, and the low level
control networks will be established step by step. The principle can also be applied to the Moon.
After being confirmed as a new absolute lunar control point, the landing site of the CE-3 lander will
become an absolute control point in the northernmost corner (as shown in Table 10 and Fig. 5).

This will effectively expand the current control area of the high precision lunar control network.
The control area will increase from 1 230 000 square kilometers to 1 500 000 square kilometers,
representing an increase of 22%. By integrating with existing high resolution satellite images, a new
unified global high precision control network can be established via the photogrammetry technique,
in order to increase the density of points in the control network. This unified control network can not
only provide an effective control method for surveying and mapping, but can also be treated as the
basis for future research on the shape and movement of the whole Moon.
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