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Abstract

Topographic information is of fundamental importance for various scientific investigations in lunar and planetary exploration.
To provide high-precision, seamless mapping capability, it is critical to co-register image and altimetry data, the two major data sources
for topographic modeling. This paper presents a method for co-registration of Chang’E-1 (CE-1) stereo images and laser altimeter
(LAM) data with crossover adjustment and refinement of the image sensor model. The crossover adjustment is tested in a larger area
(0–60�N, 50–0�W); the image refinement and co-registration with LAM data are tested in an area (46.2–50.0�N, 31.8–28.8�W) within
the larger area. Experimental results demonstrate that this co-registration reduces the mean differences of inconsistency from more than
200 m to just 3.21 m in the Z direction of object space. In image space, the mean errors of homologous points both in the column and row
directions are reduced to below 0.1 pixel. This indicates that the proposed crossover adjustment of LAM data and refinement of the CE-1
stereo image model can effectively improve co-registration of the two data sets.
� 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Image sensors and laser altimeters are frequently used in
orbital missions to provide geological and morphological
data for planetary exploration. From stereo images
acquired by image sensors, 3D topographic information
(particularly the Digital Elevation Model or DEM) can
be derived using stereo photogrammetric technique (Kirk
et al., 2002, 2008; Li et al., 2008; Scholten et al., 2005).
On the other hand, a laser altimeter measures the distance
from the orbiter to the planetary surface, directly providing
highly precise topographic information. These two types of
instruments are usually carried onboard the same satellite
to provide both geological and topographic information
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in the same mission. In Apollo 15–17 missions, high resolu-
tion regional maps were created from camera stereo images
with the laser altimeter data as constraints in the joint
processing (Light, 1972a,b). The Clementine spacecraft
acquired about 1.8 million digital images of the moon
and 72548 LIDAR points from 284 of its revolutions
(Nozette et al., 1994; Smith et al., 1997); both the image
and altimeter data were used in improving the global lunar
topographic model and resulted in The Unified Lunar
Control Network 2005 (Archinal et al., 2006a,b). Recently
used image sensors and laser altimeters include the Mars
Orbiter Camera (MOC) and Mars Orbiter Laser Altimeter
(MOLA) in Mars Global Surveyor (MGS) mission (Albee
et al., 1998), the CCD camera and laser altimeter (LAM) in
China’s Chang’E-1 (CE-1) lunar exploration mission
(Zheng et al., 2008), the Terrain Camera (TC) and Laser
Altimeter (LALT) in Japan’s SELENE (Kaguya) lunar
mission (Haruyama et al., 2008; Araki et al., 2009) and
the Lunar Reconnaissance Orbiter Camera (LROC) and
rved.
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Lunar Orbiter Laser Altimeter (LOLA) in NASA’s Lunar
Reconnaissance Orbiter (LRO) mission (Chin et al., 2007).

Orbital imagery and laser altimeter data have been ana-
lyzed together for various scientific investigations on Mars.
High Resolution Imaging Science Experiment (HiRISE)
DEMs generated by USGS and University of Arizona
using the method of Kirk et al. (2008) are registered to
MOLA. These DEMs have been used in various studies,
e.g., layered deposits, fluvial landforms, sedimentary rock,
and sulfates on Mars (Lewis et al., 2008; Okubo et al.,
2008; Roach et al., 2009; Weitz et al., 2010). Sakimoto
et al. (1999) used MOLA and MOC images to examine
the regional and local variations in the relief, slopes, verti-
cal roughness, and relative elevations of the Medusae
Fossae Formation on Mars. MDIMs (Viking orbital image
mosaics) were used with features shifted to line up with the
MOLA data to investigate the origins of Wrinkle ridges
(Golombek et al., 2001). MOC images were aligned to
MOLA profiles by matching topographic features to ana-
lyze Mars Exploration Rover (MER) landing sites to verify
that the landing sites met the topography and slope
requirements of the landing system (Anderson et al.,
2003). Dickson registered MOC images with interpolated
MOLA data to analyze the distribution, morphology, local
topographic setting, orientation, elevation, and slopes of
Martian gullies in the 30–45�S latitude band (Dickson
et al., 2007). These co-registration efforts are generally per-
formed using the MOLA data that were crossover adjusted
(Neumann et al., 2001), that is, the co-registrations were
totally separate from the crossover adjustment. It is worth
to note that this is not the only possible approach for the
co-registration. The adjustment and co-registration of
LAM data and imagery could be done in a simultaneous
solution. This will be discussed in greater detail in the con-
clusions and discussion section.

In general, due to orbit uncertainties, discrepancies
always exist between image and LAM data covering the
same area even if they are from the same spacecraft. It is
critical to co-register these two types of data sets to provide
high-precision seamless mapping products of a planet sur-
face in order to support scientific investigation of planetary
topography and surface features. For the establishment of
new 3D control points on Mars, an automated registration
technique was developed for MOLA track registration in
MOC and Viking images based on the visible edges of sur-
face features such as impact craters and small mountains
(Kim et al., 2000). MOLA data was employed as control
information in the photogrammetric bundle adjustment
of High Resolution Stereo Camera (HRSC) images (Ebner
et al., 2004; Spiegel et al., 2003). A process of co-registra-
tion of digital terrain models was performed to co-align
multiple MOLA, HRSC and High Resolution Imaging
Science Experiment (HiRISE) data sets using a 3D sur-
face-matching technique (Lin et al., 2010). MOC imagery
and MOLA data were co-registered through a combined
method of adjustment for Mars topographic mapping
applications (Yoon and Shan, 2005). A similar combined-
adjustment model has been applied to integrate CE-1 imag-
ery and laser altimeter data for consistent and precise lunar
topographic mapping (Wu et al., 2011).

In our previous research, we established a rigorous pho-
togrammetric model for CE-1 CCD imagery and developed
a multi-level method for image matching for automatic
generation of high-precision DEMs from stereo images
(Peng et al., 2010). A method based on a 3D rigid-transfor-
mation model was also developed for co-registration of
lunar DEM from CE-1 stereo images to LAM data
(Di et al., 2010).

Crossover analysis of laser altimeter data has been
widely used in satellite altimetry for space observations to
help improve orbit determination and derive a more precise
DEM. In Apollo 15–17 systems, the altimetry data was too
sparse to allow crossover adjustment, but the altimeter
measurements were used as constraints for joint analysis
of the image data from Metric, Panoramic, and Star cam-
eras to determine the precise coordinates on the lunar sur-
face, taking advantage of the constraints imposed by the
instruments being on a single spacecraft with a single tra-
jectory and pointing history (Light, 1972a). During the
course of the NEAR Laser Rangefinder (NLR) investiga-
tion of 433 Eros, over 16,000,000 altimetric points were
acquired. 3800,000 crossovers were analyzed and an adjust-
ment of four cycles per asteroid revolution reduced the
RMS residuals from 82.7 to 17.9 m, after excluding grossly
mislocated data (Zuber et al., 2000; Neumann, 2001).
Crossover adjustment of MOLA data also has been per-
formed for topographic modeling and mapping of Mars
with improved accuracy (Neumann et al., 2001). LOLA-
derived crossover data in five-beam have been adjusted
and used to generate a high resolution global lunar DEM
(Mazarico et al., 2010; Smith et al., 2010). As there is no
crossover analysis done or reported for CE-1 LAM data,
we want to investigate the crossover adjustment issue of
CE-1 so that to generate more precise LAM data or
DEM, and then generate more precise control information
for the integration with CE-1 imagery. In this study, the co-
registration of CE-1 CCD images and LAM data is
improved by incorporating crossover adjustment of LAM
data and refinement of the CCD image sensor model.
Refinement of the image sensor model is realized by adding
attitude angle bias corrections through a least-squares
adjustment. With the crossover adjustment of LAM data
and the refinement of the CCD image sensor model, consis-
tency between the refined DEM from stereo imagery and
LAM points is improved by comparison with the previous
results (Di et al., 2010). The DEM derived from CCD
images is registered to LAM data through surface match-
ing with a 3D rigid transformation model. Consequently,
the exterior orientation parameters (EOPs) of the images,
which describe the camera center positions and the image
attitudes, are adjusted. Then the co-registration of images
and LAM points is completed using these adjusted EOPs.
The co-registration result is evaluated both in object space
and image space.
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Fig. 1. CE-1 stereo camera imaging configuration.
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2. Data

2.1. CE-1 stereo images

The CE-1 CCD camera is a three-line, push-broom cam-
era that is implemented on an area-array CCD sensor
(1024 � 1024 pixels). The actual imaging area is 1024 rows
by 512 columns. The focal length of the CCD camera is
23.33 mm. While imaging, it uses only the 11th, 512th
and 1013th rows to simultaneously generate the forward-,
nadir- and backward-looking images in the flight direction
(Fig. 1) (Li et al., 2010). The convergence angle between the
adjacent views is 16.7�. At a 200-km altitude, the image
spatial resolution is 120 m and the swath width is about
60 km. Fig. 2 shows the forward-, nadir-, and backward-
looking images (46.2–50.0�N, 31.8–28.8�W) used in this
study.

2.2. CE-1 laser altimeter data

The laser altimeter of CE-1 fires one narrow (1064 nm
wavelength) pulse of light of per second to the lunar
Fig. 2. (a) Forward-, (b) nadir-, (c) backward-looking
surface. One ground track consists of along-track foot-
prints �200 m in diameter spaced about 1.4 km apart.
The distance measuring scope is about 200 ± 25 kilometers
and, in aircraft tests, the ranging accuracy is about 5 m
(Ping et al., 2009). During operation of CE-1 from Novem-
ber 28, 2007 to December 4, 2008, the laser altimeter
acquired 1400 orbital profiles with about 9.12 million alti-
metric points (Li et al., 2010). Fig. 3 shows LAM points
and the crossovers (red points) within the image study area,
where the number of crossovers is only nine. In this study,
to make an efficient adjustment for the LAM data with
crossovers, we choose a larger area (0–60�N, 50–0�W)
where there are 399,629 LAM points and 3107 crossovers
for detailed analysis and extract the adjusted LAM points
in the image study area (Figs. 2 and 3) to test our co-regis-
tration with the CCD images. Fig. 4 shows the distribution
of crossovers in the larger area (0–60�N, 50–0�W).
3. Methods

3.1. Framework for co-registration of stereo imagery and

LAM data

The co-registration of stereo imagery with LAM data is
achieved by 3D surface registration resulting in improve-
ment of both the precision of the DEM generated from
CCD images and the DEM from LAM points. The overall
framework of the co-registration is shown in Fig. 5. It is
worth to note that the adjustments to altimetry and imag-
ery are not required to be consistent in this process.

The EOPs of each image line are calculated by interpo-
lation from the initial EOPs derived from trajectory data.
An attitude angle bias correction is made to refine the
image sensor model. Then a DEM is generated automati-
cally from stereo images using the refined sensor model.
For the LAM points, crossover adjustment is performed
images in a local area (46.2–50.0�N, 31.8–28.8�W).
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Fig. 3. LAM points and crossovers (red dots) within the image study area (46.2–50.0�N, 31.8–28.8�W). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The distribution of crossovers in the area (0–60�N, 50–0�W) for crossover adjustment test.
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Fig. 5. Framework for co-registration of stereo imagery and LAM.
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to reduce any difference at the intersections of different
tracks and, subsequently, improve orbital determination
and derive more precise DEM.

After the improvement of the two sets of data, an Itera-
tive Closest Point (ICP) algorithm (Besl and McKay, 1992)
is employed for 3D surface registration. Then the improved
DEM from stereo images is generated from the co-registra-
tion and the improved EOPs of the CCD images.

3.2. Image sensor model refinement and DEM generation

3.2.1. Rigorous geometric modeling of CE-1 stereo CCD

imagery

The rigorous geometric modeling process includes inte-
rior orientation and exterior orientation. Interior orienta-
tion transforms the image coordinates (columns and
rows) to their focal-plane coordinates centered at the prin-
cipal point of the image according to the calibrated camera
interior-orientation parameters (Peng et al., 2010). Exterior
orientation uses EOPs to transform the focal-plane coordi-
nates into 3D coordinates in the lunar body-fixed frame
(LBF). Combining interior orientation and exterior orien-
tation, the rigorous sensor model of CE-1 CCD imagery
can be represented as the following collinearity equation:

X � X s

Y � Y s

Z � Zs

2
64

3
75 ¼ k � R �

x

y

�f

2
64

3
75 ð1Þ

where (x,y) are focal-plane coordinates of an image point; f

is the focal length; k is the scale factor; (X,Y,Z) are the cor-
responding 3D coordinates in the LBF; R is the rotation
matrix determined by three Euler angles u, x, j; and
(Xs,Ys,Zs) are the camera center position in LBF.
(Xs, Ys, Zs, u, x, j) are called EOPs. For push-broom sen-
sors, each image line has a specific set of EOPs.

The original telemetry EOPs of CE-1 were collected at a
frequency of 1 Hz, which is much lower than the CCD
camera scanning frequency. Therefore, interpolation of
telemetry EOPs is necessary to obtain the EOPs for each
scan line. In this study, a Lagrange interpolating polyno-
mial is used to fit a curve exactly through the known origi-
nal telemetry data. Through this interpolation, the EOPs of
each image line of forward-, nadir-, backward-looking
images are obtained. Consequently, the rigorous sensor
models are established for the images.

3.2.2. Refinement of the image sensor model

Based on the rigorous geometric model, the 3D coordi-
nates of a ground point in LBF can be calculated by space
intersection from the image coordinates of homologous
points in stereo images, and the image coordinates can be
calculated from 3D coordinates by back-projection. Ide-
ally, using the 3D coordinates from space intersection,
the back-projected image position should be the same as
the measured image points that are used in space intersec-
tion. However, due to orbital uncertainties, the back-
projected image points are different from the measured
point. These differences are called back-projection residu-
als. Through statistical analysis of the back-projection
residuals, some systematic errors in the rigorous model
were found. To reduce these errors and refine the sensor
model, an attitude angle bias correction method was used
to refine the EOPs.

First, Eq. (1) is re-written as follows:

u2

ju2j
¼ R � u1

ju1j
ð2Þ

where

u1 ¼ ½x y � f �T

ju1j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ ð�f Þ2

q

u2 ¼ ½X � X s Y � Y s Z � Zs�T

ju2j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX � X sÞ2 þ ðY � Y Þ2 þ ðZ � ZsÞ2

q

Then the partial derivatives oR/ou, oR/ox, oR/oj in the
form of a 3 � 3 matrix are obtained.

The observation equation for solving attitude angle
biases can be represented as Eq. (3) (Yuan and Yu, 2008):

v ¼ A � x� L ð3Þ

where

A ¼ @R
@u
� u01

@R
@x
� u01

@R
@j
� u01

� �

L ¼ �R � u01 þ u02

x ¼ ½du0 dx0 dj0�T

u01 ¼
u1

Du1

u02 ¼
u2

Du2

Given the initial values of the attitude angle biases as
du = 0, dx = 0 and dj = 0, rotation matrix R is calculated
by u + du, x + dx, j + dj. In each iteration, the correc-
tion values are added to the constant residuals as:
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du duþ du0

dx dxþ dx0

dj djþ dj0
ð4Þ

The iteration stops when the correction values are less
than a pre-defined tolerance level. As a result, the attitude
angle biases are determined.

In our experiments, this sensor model refinement is gen-
erally effective for image segments with a few thousand
lines. Since each CE-1 orbit has around 36,000 scan lines,
the image of the entire orbit should be split into a dozen
segments and the refinement should be performed sepa-
rately for each segment.

With the refined EOPs, a DEM is automatically gener-
ated through stereo image matching, 3D point calculation
by space intersection, and Kriging interpolation.
3.3. Crossover adjustment of LAM data

3.3.1. Crossover difference calculation

Altimetric crossovers are the intersection locations of
two distinct ground tracks at separate times. At a cross-
over, the height of the same location is given twice, gener-
ally by observations from an ascending ground track and a
descending ground track (Fig. 6). The crossover difference
is the deviation between the two altimeter heights, or
ranges, at the crossover point. The two crossing passes pro-
vide independent measurements at the same location while
at different times.

As shown in Fig. 6, because generally there are no direct
observations at crossover locations, these two altimetry
ranges along their respective ground tracks are interpo-
lated. The difference between the two interpolations for
each track is stored as the crossover difference. The calcu-
lated differences are also called crossover residuals in the
subsequent adjustment.

We developed a crossover calculation program and
extracted more than 1.38 million crossovers from 1395
ground tracks covering the entire lunar surface after elim-
inating outliers of orbits and points. Owing to the rotation
Fig. 6. Altimetric crossover and crossover difference.
of the moon, crossovers occur at all latitudes. Since the
CE-1 probe had a polar circular orbit with a orbit inclina-
tion of 88.2�, the track of the sub-spacecraft points was
basically parallel with the longitude in low latitudes. There-
fore, the crossovers were denser at high latitudes than at
middle or low latitudes. For detailed analysis and to test
our co-registration with the corresponding images in this
study, we choose an area (0–60�N, 50–0�W) having 2593
crossovers of which the differences are lower than 300 m
after eliminating the outliers.
3.3.2. Crossover processing procedure

The procedure for crossover processing is as follows:

Step 1: Pre-processing of LAM points including reading
the LAM points from .pds files and eliminating outliers
in the data.
Step 2: Calculation of crossovers and crossover differ-
ences. Because there are generally no direct observations
at the locations of crossovers, these two altimetry ranges
along their respective ground tracks are interpolated by
fitting a quasi-hermite spline (Akima, 1970) with the
three nearest points on each side of the crossover point.
The calculated crossover differences are stored with the
time information on the two crossing passes at the
crossover.
Step 3: Adjustment of crossover residuals using a
method to be described in Section 3.3.3.
Step 4: Adjustment of the original LAM points based on
the results of Step 3.
3.3.3. Least-squares adjustment of crossover differences

We adopt the least-squares method (Neumann et al.,
2001) in the crossover adjustment. Letting h(t) and h(t0)
be the heights at the crossover, the crossover residual is
defined as:

dðt; t0Þ ¼ hðtÞ � hðt0Þ ð5Þ

where t and t0 are time tags of the two crossing trajectories.
To minimize any discrepancy between the two height

values, we assign each crossover two artificial adjustments,
f(t), f(t0) in the residual vector Dd.

DdðtÞ ¼ þdðt; t0Þ þ f ðtÞ � f ðt0Þ
Ddðt0Þ ¼ �dðt; t0Þ � f ðtÞ þ f ðt0Þ

ð6Þ

At time t0, Dd(t0) has the opposite sign with Dd(t).
The value of the adjustment at the ith crossover in the

jth profile is modeled by a time-dependent polynomial:

f ðtÞ ¼ p0 þ p1t þ � � � þ pntn ¼ Gipj ð7Þ

where t is a normalized time at the crossover,
Gi ¼ ½ 1 t � � � tn �; and pj ¼ ½ p0 p1 � � � pn �

T .
For each profile, there is an unknown pj matrix with

(n + 1) coefficients. Eq. (6) has 2(n + 1) unknown coeffi-
cients to be solved at each crossover. Matrix G is composed
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Fig. 8. Histograms of altimetric residuals at crossovers (a) before and (b)
after adjustment.

Table 1
Back-projection residuals of rigorous geometric model.

Image Direction Mean (pixel) RMS (pixel)

Forward-looking Sample �1.51 0.13
Line 0.00 0.01

Nadir-looking Sample 0.06 0.21
Line 0.00 0.28

Backward-looking Sample 1.45 0.16
Line 0.00 0.01

Table 2
Values of attitude angle bias.

Image u (�) x (�) j (�)

Forward-looking �0.0219 �0.0426 0.0223
Nadir-looking 0.0084 �0.0010 �0.0068
Backward-looking 0.0457 0.0311 �0.0010

Table 3
Back-projection residuals of rigorous geometric model after attitude angle
bias correction.

Image Direction Mean (pixel) RMS (pixel)

Forward-looking Sample �0.00 0.13
Line 0.00 0.01

Nadir-looking Sample �0.00 0.20
Line 0.00 0.02

Backward-looking Sample �0.00 0.15
Line 0.00 0.01
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of the crossing time t. For all crossovers, this leads to a
very sparse system of equations.

Because each intersection between one track and cross-
ing tracks can be used, and the number of intersections
increases as the number of cyclic motion increases, there
will be a sufficient number of observations to solve Eq.
(6). On the other hand, since the values in matrix G are very
similar, the adjustment solution of parameters p can be sin-
gular. We set the initial values of p to be zero and calculate
the final p by iteration using an inverse covariance
matrixC�1

pp to constrain the iteration so as to avoid singular-
ity. The solution at the (k + 1)th iteration is obtained from
(Tarantola and Valette, 1982):
Fig. 7. Stereo DEM (DEM generated from stereo images) after attitude
angle constant residuals correction and translation of matching points.
pkþ1 ¼ pk þ ðGT Gþ C�1
pp Þ
�1ðGT Dd � C�1

pp pkÞ ð8Þ

The residual Dd is calculated from Eq. (6) with pk at the
kth iteration. With the coefficients p, the altimetric observa-
tions for each profile can be adjusted with the same model.
For each altimetric point, the time value t is substituted
into Eq. (7) to get the adjusted value f(t). Thus:

�hðtÞ ¼ hðtÞo þ f ðtÞ ð9Þ
where �hðtÞ is the corrected altimetric value, and h(t)o is the
original altimetric value.

3.4. Co-registration of stereo images and LAM data

3.4.1. Surface matching

The co-registration of CE-1 CCD stereo imagery with
LAM points is realized by surface matching of the stereo-
image-derived DEM and the LAM data. Any inconsistency
between the DEM and the LAM data can be modeled by a
rigid transformation with rotation and translation param-
eters. Here the ICP algorithm was used to register the
DEM points to the LAM points. Letting R and t be the
rotation and translation parameters, the ICP algorithm
selects the closest points as the correspondences and re-cal-
culates the rotation and translation parameters (R, t) to
minimize the following equation in each iteration:

F ¼ min
R;t

XNm

i¼1

XNd

j¼1

kmi � ðRdj þ tÞk2 ð10Þ

where mi are the coordinates of the LAM points, and dj are
the ground coordinates of the DEM points.
Table 4
The range distribution of crossover residuals before and after adjustment.

Crossover residuals (m) >100 50–100 30–50 10–30 0–10

Before adjustment 9.99% 20.32% 19.09% 30.24% 20.36%
After adjustment 1.27% 4.17% 7.98% 32.66% 53.91%



Fig. 9. LAM DEMs (a) before and (b) after a 2-order polynomial adjustment of crossovers. (The smaller red rectangle indicates the image study area and
the larger red rectangle indicates the area with significant improvement after crossover adjustment.) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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In order to stabilize the ICP solution, a LAM DEM is
generated from the LAM point cloud by Kriging interpola-
tion. Meanwhile, the image-derived DEM is resampled to
the resolution of the LAM-based DEM. With the same res-
olution, the matching of the two surfaces is more reliable
and easy to converge. With the resultant parameters R

and t from the ICP surface matching, the image-derived
Fig. 10. The LAM DEM (a) before and (b) after adjustment in the image
study area (46.2–50.0�N, 31.8–28.8�W).
DEM and the EOPs can be adjusted (using the same rigid
transformation) so that the subsequent photogrammetric
measurement from the stereo images will be of higher accu-
racy, i.e., more consistent with the LAM data.
3.4.2. Projecting LAM points onto stereo images

Another method for registering LAM points with CCD
images is to project the LAM points onto the images
through collinearity equations. If the CCD images and
the LAM data are perfectly consistent, the projected posi-
tions on the forward-, nadir- and backward-looking images
will be homologous points. Differences between the pro-
jected points and the actual homologous points reflect the
co-registration errors between the two data sets.

Since the EOPs of each image scan line vary, the best
scan line (for each LAM point) must be found so that its
EOPs can be used to project the LAM point onto the
image. A binary search strategy is used to reduce the search
window (starting line TS and ending line TE) and,
gradually, to find the best scan line, T. Taking a forward-
looking image as an example, the calculation steps are as
follows.
Table 5
Statistics of co-registration accuracy in object space.

DX (m) DY (m) DZ (m)

Before Mean �190.2659 108.2504 247.3891
RMS 322.8284 300.7789 304.3133

Model 1 Mean �20.2392 19.5115 7.5519
RMS 326.4527 280.4098 307.5330

Model 2 Mean �13.8980 17.4028 3.5156
RMS 327.2450 278.6708 309.5054

Model 3 Mean �19.2249 20.6958 7.2495
RMS 325.3201 281.2153 307.8692

Model 4 Mean �12.8833 18.5870 3.2124
RMS 326.1014 279.4928 309.8375



Table 6
Statistics of co-registration accuracy in image space.

Forward-looking (pixel) Backward-looking (pixel)

Column Row Column Row

Before Mean 1.6885 1.1703 �1.2554 �1.4672
RMS 0.4099 0.6700 0.4434 0.6590

Model 1 Mean 1.6050 0.4077 �1.3194 �0.6692
RMS 0.4327 0.6088 0.4624 0.6258

Model 2 Mean 1.6053 0.3923 �1.3193 �0.6538
RMS 0.4262 0.6105 0.4572 0.6338

Model 3 Mean 0.0485 0.0765 0.0696 �0.0255
RMS 0.4405 0.6188 0.4381 0.6352

Model 4 Mean 0.0518 0.0408 0.0724 0.0128
RMS 0.4403 0.6344 0.4390 0.6335
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Step 1. The initial search window is set to be
T ð0ÞS ¼ 1; T ð0ÞE ¼ N ; T ð0Þ ¼ RoundððN þ 1Þ=2Þ, where N is
the number of lines.
Step 2. The x coordinate in the forward-looking image is
calculated using collinearity Eq. (11) and the EOPs of
T(0):
x ¼ �f
a1ðX � X iÞ þ b1ðY � Y iÞ þ c1ðZ � ZiÞ
a3ðX � X iÞ þ b3ðY � Y iÞ þ c3ðZ � ZiÞ

ð11Þ
Fig. 11. Stereo DEM and LAM point cloud (a)
If dx = x � xforward < 0, set T ð1ÞS ¼ T ð0ÞS ; T ð1ÞE ¼ T ð0Þ

otherwise set T ð1ÞS ¼ T ð0Þ; T ð1ÞE ¼ T ð0ÞE : Calculate T ð1Þ ¼
RoundððT ð1ÞS þ T ð1ÞE Þ=2Þ, iterate until jT ðiÞS � T ðiÞE j is less
than a threshold (e.g., 10 lines).
Step 3. Calculate the projected x values of the LAM
point using the EOPs of each scan line in the window
from T ðiÞS to T ðiÞE and compare with the ideal value xfor-

ward. Take the line with the minimum absolute value of
dx as the best line Tmin.
Step 4. Project the LAM points using the EOPs of Tmin;
repeat the process for all LAM points.
4. Experimental results

4.1. Results of refinement of the imagery sensor model

The Sinus Iridum (Latin for “Bay of Rainbows”) area of
the lunar surface (centered at 46�N, 30�W) is one of the
pre-selected landing sites for the upcoming Chang’E-3
lunar rover. In this experiment, 1001 rows of the for-
ward-, nadir-, backward-looking CCD images of orbit
No. 0562 in this area were used (see Fig. 2). The matched
before and (b) after co-registration.
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feature points and points from back-projection of the 3D
points calculated by space intersection were compared.
Statistics on the residuals of 15,908 matched points in
image space are listed in Table 1. The mean residuals are
quite large (>1 pixel). The attitude angle bias values were
determined through a least-squares solution using the
matched points. They are listed in Table 2. After attitude
angle bias correction, statistics on the residuals were calcu-
lated (see Table 3). Comparing Tables 1 and 3, it is obvious
that refinement of the image sensor model effectively
reduced the back-projection residuals and improved the
accuracy of the rigorous geometric model. The automati-
cally generated DEM is shown in Fig. 7.

As mentioned in Section 3.3.2, the attitude angle bias
model is effective for CE-1 image with a few thousand lines.
We also tested the method using longer strips of images
Fig. 12. Planar distribution of LAM points on the nadir-looking image
(reference image).
(e.g., over 10,000 rows) and found that the attitude angle
biases are not constant anymore. This indicates that for
long strip of CE-1 imagery or an entire orbit more compli-
cated model (e.g., polynomials) may be used for the refine-
ment. It will be investigated in the future.
4.2. Results of LAM point adjustment

Crossover adjustment was applied for 399,629 LAM
points in the local area (0–60�N, 50–0�W). Without adjust-
ment, the root-mean-square (RMS) residual of the original
crossover was 62.1 m; RMS was reduced to 36.8 m after
adjustment with a second-order polynomial for each pro-
file. We choose a second-order polynomial based on the
comparative tests with four different models in our previ-
ous research (Hu et al., 2011). Fig. 8 shows the histograms
of the crossover residuals before and after adjustment.
Table 4 lists the range distribution of crossover residuals
before and after adjustment. From Table 4, it can be seen
that 98.7% of the crossover residuals are less than 100 m
with most of them being less than 30 m after adjustment.
Only about 50% were less than 30 m before adjustment.
Thus it is apparent that the adjustment significantly
reduced the crossover residuals.

Fig. 9 displays DEMs of 10 km resolution before and
after adjustment. Improvement of the DEM is obvious,
as there are fewer artifacts in the DEM after adjustment.
In particular, the quality of the DEM in the larger red rect-
angles demonstrates significant improvements after the
adjustment. Overall, the DEM after the crossover adjust-
ment is more consistent and has fewer artifacts, indicating
the adjustment method is effective. The adjusted LAM
points were also extracted for co-registration in the area
(46.2–50.0�N, 31.8–28.8�W) (the smaller red rectangle in
Fig. 9). The DEMs before and after adjustment are shown
in Fig. 10, where it can be observed that the number of arti-
facts has been reduced.
4.3. Co-registration results

To test our co-registration method, we used CE-1 stereo
images with 1001 scan lines and 654 LAM points both cov-
ering a local area (46.2–50.0�N, 31.8–28.8�W). In order to
have a comprehensive evaluation of the effects of crossover
adjustment and image sensor model refinement, the co-
registration was processed in four combined data models
as follows:

Model 1: CCD images without refinement and LAM
points without crossover adjustment.
Model 2: CCD images without refinement but LAM
points with crossover adjustment.
Model 3: CCD images with refinement but LAM points
without crossover adjustment.
Model 4: CCD images with refinement and LAM points
with crossover adjustment.
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Table 5 lists the numerical co-registration results in
object space using the four models, and Table 6 lists the
corresponding results in image space. From these statistics,
it can be seen that all the co-registration models have sig-
nificantly reduced the inconsistency.

In object space after the co-registration, even if there is no
refinement for CCD images and adjustment for LAM points
in Model 1 the mean differences have been reduced from
�190.27 m, 108.25 m, 247.39 m to �20.24 m, 19.51 m,
Fig. 13. LAM points overlaid on CCD stereo images before and after co-regist
before co-registration; (d) forward- (e) nadir- and (f) backward-looking image
7.55 m in the three dimensions, respectively. Compared with
the results from Model 1, Model 2 shows more consistency in
object space, with the mean differences having been reduced
to�13.90 m, 17.40 m, 3.52 m. This means that the crossover
adjustment is effective in improving the LAM quality and,
subsequently, provides a better data reference for the co-
registration with CCD images. However, it is not sensitive
enough to reduce the discrepancy in image space, for the
statistical results of Model 1 and Model 2 are very similar.
ration in Area 1. (a) Forward-, (b) nadir- and (c) backward-looking image
after co-registration.



Fig. 14. LAM points overlaid on CCD stereo images before and after co-registration in Area 2. (a) Forward-, (b) nadir- and (c) backward-looking image
before co-registration; (d) forward- (e) nadir- and (f) backward-looking image.
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In contrast to the results of Model 2, Model 3 does not
demonstrate any advantages in object space. It does, how-
ever, show more effectiveness in image space. The mean dif-
ferences of homologous points in forward-looking images
(comparing with nadir-looking images) have been reduced
from 1.6050 pixels to 0.0485 pixel in the column direction
and from 0.4077 pixel to 0.0765 pixel in the row direction.
The same trend appears in the backward-looking images,
which have been reduced from �1.3194 pixels to 0.0696
pixel in the column direction and from �0.6692 pixel to
�0.0255 pixel in the row direction.

Model 4 integrates the advantages of Model 2 and
Model 3, and is a little better than each of them. The results
show improvement both in object space and image space.
Fig. 11(a) shows the elevation difference between the
DEM from CCD images and LAM points before co-regis-
tration; it clearly displays the inconsistency between the
two data sets. Fig. 11(b) shows the 3D view after the co-
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registration of Model 4. Apparently, the distances between
LAM points and the CCD DEM have been reduced, which
shows the potential of such method in reducing the incon-
sistency between the two data sets.

Fig. 12 shows a planar view of LAM points overlaid on
the nadir-looking image that is the reference image in this
experiment. To see the effects clearly, the detailed distribu-
tion of points in two smaller areas are shown in Fig. 13
(Area 1) and Fig. 14 (Area 2). As can be seen, homologous
points in (d)–(f) of these two figures have better consistency
than the correspondences (a)–(c) for both areas. For exam-
ple, the discrepancy of some points is very clear in
Fig. 13(a)–(c). Point 110 in the forward-looking image
has a 5-pixel mis-registration within the nadir-looking
image, and one of 4 pixels in the backward-looking image,
which means the difference between the forward- and back-
ward-looking images is as large as 9 pixels. These inconsis-
tencies have been significantly reduced after co-registration
with Model 4 as can be seen in Fig. 13(d)–(f).

5. Conclusions and discussion

In this study, the co-registration algorithm of LAM
points and CCD images described in our previous paper
(Di et al., 2010) has been improved through crossover
adjustment and image sensor model refinement. As laser
altimeter provides distance measurements at a much higher
level of accuracy than stereo images, the LAM points are
used as control data in the co-registration process. Cross-
over adjustment reduced the inconsistencies of different
LAM profiles and yielded more accurate and consistent
control data; subsequently, the CCD images registered to
the LAM points with better accuracy. Refinement of the
image sensor model adjusts the EOPs by estimation and
correction of attitude angle biases. The EOPs in the three
looking images (forward, nadir and backward) have been
refined so that the DEM generated from the adjusted
CCD images is of higher precision. This also improved
the co-registration results.

The experimental results have demonstrated that, based
on the new method, the mean co-registration error can be
reduced from about 1.5 pixels to a sub-pixel level in image
space while in object space the mean errors were reduced
from over 300 m to less than 20 m in the X and Y direc-
tions, and to less than 8 m in the Z direction. Model 4,
especially, reduced the inconsistency from more than
200 m to 3.21 m in the Z direction in object space, and
reduced the mean errors in image space to below 0.1 pixel.
Overall, the results are very promising. As crossover
adjustment mainly adjusts the LAM points in the Z direc-
tion, its contribution to the improvement of co-registration
is mainly in object space; meanwhile the contribution of the
refinement of the image sensor model is mainly in image
space. The integration of crossover adjustment and image
sensor model refinement effectively improved co-registra-
tion of CE-1 CCD imagery and LAM data both in object
space and image space.
For long image strips of CE-1, we believe that the point-
ing biases change over time, so the attitude angle residuals
are not a constant but a time-dependent function. An
extended refinement model will be investigated for process-
ing of an entire orbit of CE-1 imagery. For large area cov-
ering multiple orbits of images, the sensor model
refinement will be performed by joint processing of the
adjacent orbits using the internal constraints from the over-
lapping image areas or external constraints from LAM
data.

In our future research, the crossover adjustment will be
extended to a global solution using all the crossovers of all
latitudes. For the global solution, the adjustment model in
this paper will probably be extended or modified with more
comprehensive considerations about the error sources from
the orbits and distance measurements.

There has been different approaches to the adjustment
and co-registration of LAM and image data. In this
research, the adjustment of the LAM crossovers and the
refinement of the stereo images are independent of each
other. This leads to a global processing for the co-registra-
tion and there is no need for the considerations of the
weights of different observations that would be required
if the adjustments of LAM and image data were processed
simultaneously. In essence, all the crossover-adjusted LAM
points in the stereo imaging area provide a global terrain
constraint for the DEM generated from CCD images.

As the density of crossovers is low in low latitude area,
the results of local crossover analysis will be limited. To
tackle this problem in our future research, we will use the
stereo DEM to strengthen the crossover analysis by using
the DEM as a bridge between the altimetry profiles, thus
adding constraints among these profiles. One approach to
using this added information might be a simultaneous anal-
ysis of the altimetry and images from all orbits with consis-
tent EOPs. In this simultaneous adjustment, the LAM
crossover adjustment and image model refinement are
solved together using various constraints from the terrain
and orbits. The image and LAM data are naturally co-reg-
istered through this simultaneous adjustment. A simpler
approach might be to iterate the process in this paper,
i.e., reconcile the stereo DEM with the altimetry as well
as possible and then use the stereo DEM to improve the
registration of the altimetry profiles, and then reregister
the stereo DEM again.
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