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Abstract—Chang’E-2 (CE-2) lunar orbiter is the second robotic
orbiter in the Chinese Lunar Exploration Program. The charge-
coupled-device (CCD) camera equipped on the CE-2 orbiter ac-
quired stereo images with a resolution of less than 10 m and global
coverage. High-precision topographic mapping with CE-2 CCD
stereo imagery is of great importance for scientific research, as
well as for the landing preparation and surface operation of the
incoming Chang’E-3 lunar rover. Uncertainties in both the interior
orientation (I0) model and exterior orientation (EOQ) parameters
of the CE-2 CCD camera can affect mapping accuracy. In this
paper, a self-calibration bundle adjustment method is proposed
to eliminate these effects by adding several parameters into the
I0 model and fitting EO parameters using a third-order poly-
nomial. The additional 10 parameters and the EO polynomial
coefficients are solved as unknowns along with ground points in
the adjustment process. A series of strategies is adopted to ensure
the robustness and reliability of the solution. Experimental results
using images from two adjacent tracks indicated that this method
effectively reduced the inconsistencies in the image space from ap-
proximately 20 pixels to subpixel. Topographic profiles generated
using unadjusted and adjusted CE-2 data were compared with
Lunar Orbiter Laser Altimeter data. These comparisons indicated
that the local topographies generated after bundle adjustments,
which reduced elevation differences by 9-10 m, were more consis-
tent with LOLA data.

Index Terms—Chang'E-2 stereo imagery, self-calibration bun-
dle adjustment (SCBA), topographic mapping.

I. INTRODUCTION

INCE the 1990s, a new series of lunar explorations have
S emerged, and spacecraft equipped with high-technology
scientific instruments have been successively launched. As the
most important and basic equipment for topographic and mor-
phological mapping, the optical cameras carried by these space-
craft acquired numerous high-resolution lunar images, such as
Clementine [1], SELENE [2], Chandrayaan-1 [3], and Lunar
Reconnaissance Orbiter (LRO) [4]. China also conducted its
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robotic lunar exploration program (Chinese Lunar Exploration
Program), which is commonly known as the Chang’E program.
This program has three phases, namely, orbital mission, soft
lander and rover, and automated sample return [5]. Change’E-1
(CE-1) and Chang’E-2 (CE-2) are the orbiters in phases I and II,
respectively.

The CE-1 orbiter was launched on October 24, 2007 with
a three-line-array push-broom charge-coupled-device (CCD)
camera and a laser altimeter (LAM) for acquiring global lunar
CCD images with a 120-m resolution and LAM data at 1400-m
along-track spacing, producing a global image mosaic of the
Moon [5], [6]. After the general survey by the CE-1 orbiter, the
CE-2 orbiter (launched on October 1, 2010) conducted a global
survey of the lunar surface with a higher resolution and more
detailed investigations on the certain regions of interest, such
as the preselected landing site of the Chang’E-3 (CE-3) lander
and rover [7]. As a follow-up orbiter of CE-1, CE-2 is similar
in design to CE-1 but has significant technical improvements
such as a high-resolution CCD camera that can capture images
with a resolution 17 times higher than those captured by CE-1.
A local image map of Sinus Iridum, the preselected landing
site of CE-3 lunar rover, which was produced using CE-2 CCD
images, was released on November 8, 2010 [8]. A global image
mosaic of the Moon with 7-m resolution was also released by
the State Administration for Science, Technology and Industry
for National Defense on February 6, 2012 [9].

Considering the systematic errors usually caused by orbit
position and orientation errors, unstable relationship of CCD
camera line arrays, and so on, adjusting the lunar orbital data
is necessary and critical to produce high-precision topographic
maps. Considerable effort has been exerted toward developing
adjustment methods for lunar and Mars imagery. A method for
adjusting the nominal camera pointing and spacecraft trajectory
data was used in the Clementine Ultraviolet/Visible multilook
angle images [10]. Haruyama et al. corrected the distortion
models of TC CCD detectors and attachment angles of TC
telescopes in SELENE mission to produce a lunar global digital
terrain model [11]. Radhadevi ef al. generated digital elevation
models (DEMs) and orthoimages from Chandrayaan-1 TMC
stereo triplets through various operations such as modeling
camera trajectory, sensor modeling, automatic tie point/check
point/lunar control point identification, block adjustment, im-
age matching, and stereo intersection [12]. ASU, DLR/TUB,
UA, USGS, OSU, and Ames adopted different software pack-
ages and methods to generate high-precision topographic
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products using LRO narrow-angle camera data by boresight
calibration, bundle adjustment (BA), and so on [13], [14].
Similar adjustment processing methods were also used in Mars
topographic mapping using the Mars Orbiter Camera, Mars
Orbiter Laser Altimeter, High-Resolution Stereo Camera, and
High-Resolution Imaging Science Experiment data [15]-[19].

With a gradual release of Chang’E (CE) data, many re-
searchers focus their attention on the geometric modeling and
adjustment processing of CE data. Wang adopted an equivalent
frame photo bundle adjustment method, which regards short-
time push-broom imaging as frame imaging, to perform close
fitting and adjustment calculation for CE-1 CCD images [20].
Peng et al. developed a rigorous sensor model of the CE-1
CCD camera, through which a high-precision DEM was au-
tomatically generated [21]. Based on the push-broom imaging
principle, Di et al. implemented a 3-D registration of the CE-
1 CCD images and LAM data [22]. Wu et al. presented a
combined adjustment method with both CE-1 CCD images and
LAM data [23]. Furthermore, Di ef al. improved the coregistra-
tion algorithm of LAM points and CCD images through LAM
crossover adjustment and image sensor model refinement [24].

For CE-2, no LAM data were acquired. Thus, CE-2 CCD
images are the only available data from the mission for topo-
graphic mapping. Since the CE-2 images cover the entire lunar
surface and have the highest resolution (7-m resolution) among
the global lunar image data sets at present, it is valuable and
critical to study the rigorous geometric modeling and high-
precision processing of CE-2 CCD images. CE-2 has different
characteristics from existing planetary or Earth observation
satellites in terms of orbit design, orbit determination uncer-
tainty, and imaging sensor configuration. So far, geometric
modeling and processing of CE-2 CCD images have not been
systematically investigated yet. In our previous work, a rigorous
geometric CE-2 CCD camera model was developed, and a
simple adjustment method was used to reduce the inconsis-
tencies between forward- and backward-looking images in one
track. DEM and digital orthophoto map (DOM) for partial
CE-2 CCD images were generated [25]. However, this method
did not consider orbit position and orientation errors and was
only applied to stereo imagery mapping in one track. It is
necessary to develop and publish a rigorous adjustment method
for multitrack CE-2 CCD image processing and mapping.

Unlike the CE-1 CCD camera implemented on an area
array CCD sensor [26], the two line arrays of the CE-2 CCD
camera [26]-[28] are separately assembled on a focal plane
to constitute a relatively unstable structure, which may cause
internal inconsistencies. Thus, the effect of the camera’s interior
relationship on mapping accuracy should not be neglected,
and previous adjustment methods used for CE-1 CCD images,
which only focus on the refinement of exterior orientation (EO)
parameters, are insufficient to be applied to CE-2 CCD images.
Furthermore, we determined through an extensive analysis of
the original telemetry data that the quality of CE-2 orbiter’s
attitude data (pointing data) cannot meet the requirements of
high-resolution topographic mapping (which would be elabo-
rated later). Thus, a new method that can adjust the interior ori-
entation (I0) model and EO parameters simultaneously without
the original attitude data is the focus of this paper.
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Fig. 1. CE-2 stereo camera imaging configuration.

In this paper, we present a self-calibration bundle adjustment
(SCBA) method (also called overall adjustment with additional
parameters) to refine the spatial relationship between the two
CCD camera line arrays and the EO parameters. First, a rigor-
ous geometric model (including the IO and EO models) of the
CE-2 CCD images is developed. Second, hundreds of tie points
evenly distributed in the overlapping area are selected and
used to generate the corresponding ground points as initial
adjustment values. Third, the IO model is modified by adding
several parameters, and the EO parameters are fitted using a
third-order polynomial; the additional parameters and polyno-
mial coefficients are incorporated into the BA equations as
unknowns along with the ground points. Finally, the DEM and
DOM at Sinus Iridum are generated using the refined 10 model
and EO parameters. The accuracy in image space is evaluated
by calculating residuals before and after adjustment; the accu-
racy in object space is verified by comparing the DEMs with
two Lunar Orbiter Laser Altimeter (LOLA) data tracks. The
adjustment results using a BA method without self-calibration
(traditional BA) are also listed for comparison purposes.

II. RIGOROUS GEOMETRIC MODEL OF CE-2 CCD IMAGES
A. Overview of CE-2 CCD Camera

As shown in Fig. 1, the CE-2 CCD stereo camera adopts a
stereo imaging solution with a single lens and two look angles
in the same track and a push-broom imaging mode with high-
sensitivity time-delay integration CCD [27]. It acquires images
at two different orbit heights: One is a 100 km x 100 km
circular orbit to provide high-resolution global image coverage
of the Moon for various scientific research studies, and the
other is a 100 km x 15 km elliptical orbit to provide more
detailed information for the CE-3 rover landing and surface
operation. Images acquired at these two orbit heights can reach
a resolution of around 7m and 1.5 m (at the perilune) [26].

The CE-2 CCD camera consists of two line arrays that are
separately fixed on the focal plane. The two arrays share the
same optical axis with a focal length of 144.3 mm. Each line
array has 6144 pixels. The primary technical parameters are
listed in Table I [26].
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TABLE 1
TECHNICAL PARAMETERS OF CE-2 CCD CAMERA
Orbit
Parameters [ km circular orbit | 100x15 km elliptical orbit
Image Swath >43 km >6 km
Spatial resolution <I0m <l.5m
Look angle Forward-looking +8°, backward-looking -17.2°
Focal Length 144.3mm
X (flight direction)
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Fig. 2. Focal plane of CE-2 CCD camera.

B. Interior Orientation (10)

1O refers to the transformation from the image space coor-
dinate system (ISCS) to their focal plane coordinate system
(FPCS) centered at the principal point of the image according
to the calibrated IO parameters of the camera. Fig. 2 shows the
focal plane structure of the CE-2 CCD camera; the X-axis of
the FPCS represents the flight direction and is perpendicular to
the two line arrays. According to the definition of FPCS, the 10
model of the CE-2 CCD camera can be derived using

x=x9— tan(f) - f
y =yo — (col — so) - pizsize (1)

where 6 represents the look angle, which is 8° for forward-
looking images and —17.2° for backward-looking images;
f denotes the focal length; col is the column number (image
coordinate) of an image point; s¢ is the CCD center, the value
of which is 3071.5; pixsize stands for the pixel size of the CCD
array, which is 10.1 um [28]; (o, yo) represents the principal
point position in the focal plane frame; and (x, y) are the focal
plane coordinates of forward- or backward-looking images.

C. Exterior Orientation (EO)

EO refers to the transformation between the FPCS and lunar
body-fixed coordinate system (LBF). The rigorous geometric
model can be represented as collinearity equations as either of
the following:

al(X — XS) + bl(Y — Y;) + Cl(Z — ZS)
z=—f
az(X — X))+ b3(Y = Yy) + e3(Z — Zs)

GQ(X — Xs) + bQ(Y — Y;) -+ CQ(Z — Zs)
y=—rf (2)
a3(X — X))+ 03(Y = Yy) +¢35(Z — Zs)

X — X, T T
Y-V, | = ARaRpoRin | ¥ | =R | vy | 3
Z_Zs _f _f
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Fig. 3. Orbit coordinate system definition.

where (z,y) are the focal plane coordinates of an image
point; f is the focal length; (X,Y,Z) and (Xs,Ys, Zs) are
the ground point and the perspective center position in LBF,
respectively; R;p, is the rotation matrix from the ISCS to the
spacecraft body coordinate system (BCS); Ry, is the rotation
matrix from the BCS to the orbit coordinate system (OCS); Ry
is the rotation matrix from the OCS to the LBF; )\ is a scale
factor; R represents the overall rotation matrix from the ISCS
to the LBF; and a;, b;, and ¢; (¢ = 1,2, 3) are the elements of
rotation matrix R.

The R;p matrix is also called the placement matrix, which
is a constant matrix that approximates to a unit matrix. Rpe
is calculated from the original attitude data. R is calculated
using the interpolated orbiter’s ephemeris data (including the
position and velocity of the spacecraft in the LBF) and atti-
tude data (including the three Euler angles from the BCS to
the OCS).

This paper only discusses the 100 km x 100 km circular
orbit. Fig. 3 shows the OCS, the origin of which is at the
spacecraft’s center of mass. The Z-axis of OCS points to the
Moon’s center of mass; its X-axis is in the orbital plane,
perpendicular to the Z-axis, and pointing forward, whereas
its Y-axis is perpendicular to the orbit [29]. Based on the
position vector (X, Yy, Z,) (Z-axis) and the velocity vector
(dz,dy,dz), the Z-, Y-, and X-axis vectors of the OCS in the
LBF can be determined as follows:

Zaxis = [Xs Vs Z]"
v=[de dy dz]"
Yaxis = Zaxis X V
Xaxis = Yaxis X Zaxis (4)
where X stands for the cross product of two vectors. Thus, Ry
is calculated using

Yaxis Zaxis
ool e ilP o)

— Xaxis
ROl - [ ‘Xaxis‘

Therefore, a rigorous geometric model is established to im-
plement the transformation between the focal plane coordinates
and the ground coordinates in the LBF.
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For push-broom sensors, each image scan line should have
a specific set of EO parameters (X, Yy, Zs, ¢, w, k), but the
acquisition frequency of the original telemetry (spacecraft po-
sitions and attitudes) is much lower than that of the image
scanning. Thus, we use a polynomial model to interpolate the
EO parameters for each scan line (as elaborated in Section III).
(Xs,Y5, Zs) can be directly interpolated using the ephemeris
in the LBF, and the three Euler angles (¢, w, k) from the BCS
to the OCS can be interpolated from the angles calculated from
matrix RoiRpo.

D. Space Intersection and Back Projection

The forward- and backward-looking images in one track or
the images from adjacent tracks can form stereo pairs for 3-D
topographic mapping. After a series of image processing (in-
cluding image stretching for enhancing image contrasts, scale-
invariant feature transform (SIFT) matching [30] for obtaining
tie points, random sample consensus (RANSAC) algorithm
[31] for eliminating gross errors, and dense matching for ob-
taining dense homologous points), 3-D ground points are calcu-
lated by space intersection. Subsequently, the DEM is generated
by interpolating the dense ground points. In this paper, a least
square solution using linearized collinearity equations based
on the rigorous sensor model is adopted to obtain the ground
points.

Given the 3-D ground points and the rigorous geometric
model, we can obtain the back-projected image points cor-
responding to the tie points for each image. Back-projection
residuals between the back-projected points and the tie points
are calculated to measure the consistency in image space. The
image space residual is an important indicator for the accuracy
of 10 and EO parameters.

Considering the various error sources, the accuracy of origi-
nal EO parameters derived from telemetry data is typically in-
adequate. Moreover, the calibrated IO parameters may slightly
change during orbit over time. Therefore, the calculated 3-D
ground positions are not accurate enough and are not consistent
between adjacent tracks. Achieving higher mapping accuracy
requires the adjustment of the EO and IO parameters to reduce
the errors, including systematic and random errors.

III. SELF-CALIBRATION BUNDLE ADJUSTMENT METHOD

Bundle adjustment methods are rigorous methods used to
solve EO parameters and 3-D ground points simultaneously
with high accuracy and consistency. Self-calibration is a com-
mon approach to compensate for systematic errors in IO pa-
rameters in BA. Systematic errors are usually modeled by
several additional parameters and considered as weighted ob-
servations to be solved together with other unknowns, thereby
self-detecting and eliminating the effect of these errors during
the adjustment process. Considering that systematic errors can
be conveniently expressed as functions of the image point
coordinates, a self-calibration method can be easily conducted
in the BA process with image coordinates as observations. Self-
calibration methods are mature for stereoscopic earth obser-
vation satellites such as ALOS (PRISM) and SPOT5 (HRS)

5435

CE-2 Stereo Initial EO
Images parameters

l ]

Fitting coefficients
of polynomials

l l

Space Intersection

]

Initial ground points

]

Self-calibration bundle adjustment model

l l l

Refined interior Refined EO Refined ground
orientation model parameters points

Pseudo
observations

Initial additional

Tie points
parameters p

Fig. 4. SCBA method framework for CE-2 CCD images.

[32]-[35]. However, they are multilens CCD cameras that
have different structures from CE-2’s single-lens CCD cam-
era. In addition, planetary exploration satellites such as CE-
2 CCD camera have the characteristics of low orbit and poor
orbit determination accuracy compared with Earth observation
satellites. Thus, self-calibration methods for Earth observation
satellites may not be completely suitable for CE-2 CCD images.

In this paper, according to the inconsistency between the two
line arrays of CE-2 CCD camera, several additional parame-
ters are introduced into the IO model to describe systematic
errors in image space. The original telemetry data are fitted
using a polynomial model. Selected telemetry data (with equal
intervals) are considered as pseudo-observations to stabilize the
SCBA. The adjustment simultaneously refines the IO model
with self-calibration parameters, the EO parameters, and the
ground points using the image tie points obtained through
image matching and the corresponding ground points derived
from space intersection and pseudo-observations. Fig. 4 shows
the SCBA method framework.

A. Modification on the 10 Model

The CE-2 CCD images used in this paper are the Level 2C
data with a 7-m resolution in planetary data system (PDS) for-
mat [36] released by the National Astronomical Observatories,
Chinese Academy of Sciences. These images were acquired
at the 100 km x 100 km circular orbit and preprocessed for
radiometric, geometric, and photometric corrections [37]. The
acquisition time and the gray values for each scan line can be
obtained from the PDS files. Hundreds of evenly distributed
tie points are automatically selected using SIFT matching and
RANSAC algorithm. Occasionally, a manual tie-point selection
may be necessary in certain featureless areas of the images.
Three-dimensional ground points and back-projection residuals
are calculated by space intersection and back projection. By
analyzing the back-projection residuals, we determined that the
CE-2 CCD image residuals are significantly larger than those of
CE-1 [18], which is likely because of the uncertain relationship
between the two CCD camera line arrays, aside from the EO
parameter errors.
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Therefore, we modified the IO model by adding four addi-
tional parameters for forward- and backward-looking images

¥ =(x —z_of fset)/x_scale
Y =(y —y_of fset)/y_scale (6)

where z_of fset and x_scale represent the translation and
rotation in the z-direction, respectively; similarly, y_of fset
and y_scale represent the translation and rotation in the
y-direction, respectively. The initial values are O for z_of fset
and y_of fset and 1 for x_scale and y_scale. These values
ensure that the real focal plane coordinate (2, y') is exactly the
theoretical coordinate (x,y) in an ideal situation. For a pair of
forward- and backward-looking stereo images, there are totally
eight self-calibration parameters.

B. Processing of EO Parameters

The original attitude data (the Euler angles from BCS to
OCS) were alternately received by two observation stations.
When we processed the attitude data, we found that sev-
eral hours of interruptions occur when neither of the stations
observed the orbiter. Attitude data during these interruption
periods are difficult to interpolate and estimate precisely. More-
over, we calculated the root-mean-square error (RMSE) of the
attitude data for the partial observable period. RMSEs for the
three Euler angles are 0.0124°, 0.0087°, and 0.0080°, which do
not meet the 0.01° accuracy requirement. Thus, we reset the
rotation angles to 0 as initial values in our adjustment method.

1) Polynomial Fitting of EO Parameters: Previous research
has shown that the change in the EO parameters of the orbiter
over short trajectories can be modeled using polynomials [16],
[19], [21]. In this paper, a third-order polynomial model, with
the image scan time ¢ as independent variable [as shown in
(7], is used to fit the curve of the EO parameters. Considering
that the three Euler angles (¢,w, ) from BCS to OCS are
calculated from ephemeris data (X, Y, Zs, dx, dy, dz) and the
Euler angles (¢,,w,, ko) from BCS to OCS, we opt to fit
the change of (y,, wo, ko) instead of (¢,w, k) to remove the
correlation in the adjustment computation

Xs(t) =ap + art + ast? + azt?
Y (t) =bo + byt + bat? + bst?
Zs(t) =co+ it + eot? + est?
©o(t) =do + dit + dot® + dst®
Wolt) =eg + ert + ext? 4 est?
) =

ot

where ag, a1, ... f3 are the polynomial coefficients of the six
EO parameters (X, Yy, Zs, o, Wo, Ko )-

It is easy to understand that fitting residuals of EO param-
eters can become larger as track length increases. Thus, when
adjustment is performed in a long track, EO parameters are first
divided into several segments and then fitted separately using
third-order polynomials to ensure fitting precision. Constraint
conditions of continuous first partial derivatives at the junction
of two adjacent polynomial curves are also added to the adjust-
ment model.

fo+ fit + fot> + f3t? (N
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2) Pseudo-Observation: Given that no ground control is
available during the adjustment, the coefficient matrix of the
observation equations is rank deficient. Thus, several lines
of original EO parameters at certain intervals are selected as
pseudo-observations to improve the stability of the observation
equations [19]. Given the original EO parameters and the
corresponding acquisition time, the observation equations of
pseudo-observations can be represented as

vx, = X{(t) — XL(1) = 05" (1) = @o(t)
vy =Y —Yall) = w0 — wnlt)
vz, =Z(t) — Zs(t) = k(1) — Ro(t)  (8)

where X0T(t), YOri(t), ..., kOM(t) are the original EO param-
eters at time ¢; X;(¢),Ys(¢),...,Ko(t) are the EO parameters
at time ¢ calculated from (7); and v, v, ..., v, are the corre-

sponding residuals.

Ko

C. SCBA Model

According to the general form of collinearity equation in (2)
and the modified IO model in (6), the SCBA model can be
represented as

v= —x_scale- f-X/Z +x_of fset

y= —y_scale-f-Y/Z +y_of fset 9)
where
X =a1(Xa— Xs)+b1(Ya—Ys)+c1(Za— Zs)
Y =as(Xa— Xs) +b2(Ya —Ys) + c2(Za — Zy)
7 :CL3(XA — XS> + bg(YA — }/S) =+ Cg(ZA — ZS>.

Using Taylor’s formula, the linearized observation equations
can be derived as

+ aajo domega, + 87:0 d kappa, + %dX
* %dY + 22 dz+ Jx_scale dv_scale
+ %;Cfstdx_offset + (z) —
vy = aa)gs dXs + ;TSdY + 975 aaj dvarphi,
+ g—XdX
+ %dY + ggdz + ﬁdy_swle
%dy_offset + (y) —v. (10)

The whole SCBA model can be then written in matrix form as

Vv =AX; +B1X;+C:X3—L;, Py

Veo =B2X32 —La, P
Vadgqa =C2X3 - L3, P3
VCurve :DX4 - L47 P4 (11)
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where the four equations are the observation equations of tie
points, pseudo-observations, additional parameters, and poly-
nomial constraints; X1, X o, X3, and X4 are the unknown
corrections of ground points, polynomial coefficients of the EO
parameters, additional parameters, and constraints of EO pa-
rameters (continuous first partial derivatives), respectively; Py,
P,, Pg, and P4 are the weights of corresponding equations;
A, B4, B,, Cq, C5, and D are coefficient matrices; and L1,
Lo, L3, and L4 are constant terms. We did not include absolute
control such as LOLA points because we want to exclusively
evaluate the potential of CE-2 imagery. The equations in (11)
can be combined to form the final SCBA equation in
V=AX-L. (12)
According to the least squares principle, the normal equation
can be presented as
ATPAX = ATPL (13)
where P is the weight diagonal matrix comprising Py, Po,
P3,and P4 in (11).
Finally, corrections can be calculated using
X = (ATPA) 1ATPL. (14)
The adjustment process should iterate until the change in
correction value X is less than the predefined thresholds.

D. Weight Determination

Previous research shows that introducing pseudo-observation
equations into adjustment process is an efficient treatment
method to adjust any participant contributions flexibly by
determining their weights [19], [23]. A reasonable selection
of weights facilitates the fast convergence of the solution.
Different weights are assigned to different observation types
according to our knowledge about their qualities. Weights are
assigned using (15) [19]

pi=1/o? (15)
where p; and o; are the weight and the standard deviation of the
1th observation type, respectively.

In this paper, the image tie point measurement standard devi-
ation is half a pixel, which is approximately 3.5 m. According to
the position error of orbit determination using Unified S-Band
system and Very-long Baseline Interferometry observation data,
the perspective center standard deviation (Xj,Ys, Zs) is set
as 100 m [38], and the pointing angle measurement standard
deviation is assumed to be 0.01° [39]. Weights are assigned to
these observation equations according to their a priori standard
deviations. EO polynomial parameter coefficients are adjusted
by iteratively solving their weighed observation equations.

As regards the observation equation of additional parameters,
a proper weight is determined from the empirical values. The
observation equation of EO polynomials is theoretically rigor-
ous with geometric meanings, thus requiring a relatively high
weight.
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To avoid the effect of potential errors in tie points, a robust
estimation strategy is used in weight determination of the tie
points. Since the gross errors in tie points have already been
eliminated by the RANSAC strategy, the Huber method is used
to mitigate the effect of some little errors [40]. The equivalent
weight in this method is determined using

o Dis |v;| < ko
pi{pi]ff, lvi| > ko (16)
where k is an empirical constant; o is the RMSE of observa-
tions; and v; and p; are the residual and weight for the ¢th
observation, respectively. The weight function is divided into
two groups, thereby maintaining the weights of normal points
while reducing the weights of doubtful points.

In our experiment, weights of different magnitudes around
the a priori weight for each parameter are tested. The results
show that the residuals in both image and object spaces are not
sensitive to moderate changes in weight magnitude.

E. Solution of Ill-Posed Equation

The normal equation of an observation equation can be
ill posed when the intersection angle of the stereo pairs is
extremely small or when correlations exist among unknown
parameters. In our experiment, intersection angles between
images in the same track and between adjacent tracks are
approximately 25.2° and 17.6°, respectively, which form a
relatively poor geometric configuration and result in an ill-
posed problem in the normal equation of the SCBA model.
Thus, we adopt the truncated singular value decomposition
(TSVD) method to ensure the stability of the solution. First,
singular value decomposition on the coefficient matrix ATPA
of the normal equation is performed using

U x § xV7T

mxm mxn nxn

A:

mxn

A7)

where U and V are numeric unitary matrices, the columns
of which are the singular vectors, and S is a diagonal matrix
containing the singular values.

We then found that the singular values on the S diagonal
show a step pattern (see Fig. 5). The left side of the “step” has
large singular values, which stands for the reliable part of the
model, whereas the right part with small singular values stands
for the unreliable part to be discarded.
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Fig. 6. Partial forward- and backward-looking lunar images (7-m resolution) of the No. 0580 and No. 0581 tracks taken by CE-2 CCD camera: (a) Forward-
looking image of No. 0580 track, (b) backward-looking image of No. 0580 track, (c) forward-looking image of No. 0581 track, and (d) backward-looking image
of No. 0581 track. Green and blue dots are intratrack tie points; yellow crosses are intertrack tie points. (e) Two selected tracks of LOLA data at Sinus Iridum used

for comparison overlaid on the CE-2 CCD image for comparison.

Previous works proved that the TSVD method is applicable
to this step-pattern distributed singular value [40], [41]. Thus,
the solution to the SCBA equations can be calculated using only
the ¢ largest values and their corresponding vectors

X=v - -S1.UT.ATPL

nxt txt mxt nx1

(t<m and t<n). (18)

IV. EXPERIMENTAL RESULTS

Two tracks (No. 0580 and No. 0581) of CE-2 CCD images
located at Sinus Iridum (the CE-3 lunar rover preselected
landing site) are used in the experiment. The images were
acquired on November 24, 2010 and have a resolution of 7 m.
Fig. 6 shows partial forward- and backward-looking images
(15000 rows, after grayscale stretching) of the No. 0580 and
No. 0581 tracks.

In our experiment, we used 6144 columns by 15 000 rows of
forward- and backward-looking images for both tracks. After
image stretching, evenly distributed tie points are automati-
cally selected by SIFT matching with RANSAC-based error
elimination. Tie points are of two types, i.e., intratrack points
(marked as green and cyan points in Fig. 6) and intertrack
points (marked as yellow crosses in Fig. 6). Intratrack points
are measured on forward- and backward-looking images from
the same track (twofold overlay), whereas intertrack points are
measured on forward- and backward-looking images from both
tracks (fourfold overlap).

A. Intratrack Adjustment

Initial ground points are calculated by space intersection
using forward- and backward-looking images in the same track.
The residuals in image space calculated by back projection

TABLE 1II
BACK-PROJECTION RESIDUALS BEFORE
AND AFTER INTRATRACK ADJUSTMENT

Track Look Colum direction Row Qirection
No angle (pixel) (pixel)

) i Average | RMSE | Average | RMSE
0580 F -5.13 0.46 0.00 0.00
Before B 5.13 0.46 0.00 0.00
Adjustment 0581 F -5.08 0.46 0.00 0.00
B 5.08 0.46 0.00 0.00
After 0580 F -0.04 0.44 0.00 0.00
Traditional B 0.04 0.44 0.00 0.00
Bundle 0581 F -0.07 0.44 0.00 0.00
Adjustment B 0.07 0.44 0.00 0.00
After 0580 F -0.02 0.43 0.00 0.00
Self-calibration B 0.02 0.43 0.00 0.00
Bundle F -0.01 0.42 0.00 0.00
Adjustment | 0981 B 0.01 0.42 0.00 0.00

2F” and “B” in column “Look angle” stand for Forward- and Backward-

looking respectively.

are shown in Table II, which shows that the back-projection
residuals in one track mainly exist in the column direction. Tie
points, initial ground points, initial additional parameters, and
pseudo-EO observations are then added to the SCBA equations
as observations. Table II shows the back-projection residuals
for the No. 0580 and No. 0581 tracks before and after self-
calibration adjustment. Table III lists the changes of the EO
parameters and ground points after adjustment. Additional IO
parameters are shown in Table IV. The comparison of adjust-
ment results using traditional method is also listed in Tables II
and III. The average of the residuals in the column direction is
reduced from more than 5 pixels to subpixel level using the tra-
ditional or the self-calibration method. However, by introducing
additional IO parameters, the consistency between forward- and
backward-looking images can be adjusted without evidently
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TABLE III TABLE VI
CHANGES IN EO PARAMETERS AND GROUND CHANGES IN EO PARAMETERS AND GROUND
POINTS AFTER INTRATRACK ADJUSTMENT POINTS AFTER INTERTRACK ADJUSTMENT
Change for EO Change onr ground Change for EO parameters Change for ground
Method Track parameters points Method Track points
No. | (Xy Ve, Z9) | (00, 00, ko) | X Y Z No. | (Xs, Yo Z) | (g0, wa700) | X Y z
(m) @) m) | (m) | (m) (m) @) (m) | (m [ (m)
Traditional 0580 31.77 1.20 9.76 15.03 583 Traditional 0580 48.98 2.01
Bundle Bundle 7.39 | 887 | 5.11
Adjustment 0581 30.03 1.07 9.52 | 13.74 | 5.17 Adjustment | 0581 54.17 1.92
Self-calibration
Bundle 0380 485 0.13 062 | 043 | 118 Self-calibration| 0580 47.07 1.43
Adjustment | 0581 5.31 0.16 0.62 | 0.63 | 1.31 Bundle 4.08 | 407 | 8.85
Adjustment | 0581 41.71 1.27
TABLE IV
ADDITIONAL IO PARAMETERS FOR INTRATRACK ADJUSTMENT
TABLE VII
TI:Ja:k ;?goll; x scale x offset y scale v offset ADDITIONAL IO PARAMETERS FOR INTERTRACK ADJUSTMENT
0580 F 0.99999999 | 0.00000052 | 1.00000198 | -0.00005366
B__| 100000018 | 0.00000397 | 0.99999780 | 0.00005000 Look angle | x_scale X_offset y_scale y_offset
0581 |—E—}1:00000000 }-0.00000004 1.00000622 | -0.00005201 F 0.99999963 | 0.00000471 | 1.00026279 | -0.00005342
B 1.00000018 | 0.00000406 | 0.99999414 | 0.00005120 B 0.99999762 | -0.00002736 | 0.99973929 | 0.00004101
TABLE V
BACK-PROJECTION RESIDUALS BEFORE ) )
AND AFTER INTERTRACK ADJUSTMENT C. Comparison With LOLA Data
Track | Look Column direction | Row direction To verify the terrain produced from CE-2 data, two tracks
I{i)c ar(l)gole (pixel) (pixel) of LOLA data are used for comparison. LOLA is a multibeam
- AVgrg{%e RévﬁE A;’gr;é%e R(?’[SSIE LAM onboard NASA’s LRO. LOLA has a five-spot sampling
Before 0580 B 9.60 061 T 1672 T 151 pattern that can produce five parallel profiles along the LRO’s
Adjustment [~ - E 933 039 | 1684 | 036 subspacecraft ground track. Profiles are separated by around
B 1.04 0.79 | 2099 | 1.42 10-12 m, and observations within each profile are 56 m apart
After F 0.06 043 | 002 | 024 from one other. The altimetric observations acquired by LOLA
Traditional 0380 B 0.03 0.42 0.07 0.65 : ; .
r]guﬁ:jolre'a : 05 o oo 1033 have been used to improve the lunar geodetic grid to around 10-
Adjustment | 9381 B 0.05 049 T 005 T 070 m radial and 100-m spatial accuracy values with respect to the
After 0550 F 0.04 036 | 001 | 0.13 Moon’s center of mass [43], [44].
Self-calibration B -0.03 0.40 0.02 0.59 In our experiment, the channel one data of two tracks lo-
Bundle 0581 F -0.06 037 | -001 | 030 cated at our experiment area (46.62° —50.13° N,29.04° —
Adjustment B 0.04 045 | 004 | 0.56 32.57° W) is used for comparison and is shown in Fig. 6(¢).

changing the terrain (ground points). Since EO parameters for
images in one track have a relatively good consistency, slight
changes of EO parameters in the self-calibration method are
supposed to be more reasonable than the large changes in the
traditional method.

B. Intertrack Adjustment

Similar computations are also performed using both intra-
track points and intertrack points for intertrack adjustment.
Back-projection residuals before and after adjustment are
shown in Table V. Changes in EO parameters and ground points
are shown in Table VI. For intertrack adjustment, additional IO
parameters for different tracks (see Table VII) are considered
the same. The self-calibration method slightly outperforms the
traditional method. DEMs generated using CE-2 data before
and after adjustment are shown in Fig. 7. As shown in Fig. 7, the
inconsistencies (e.g., artifacts in the intertrack overlapping area)
between two adjacent tracks are effectively eliminated using
the two adjustment methods, and the self-calibration method
slightly outperforms the traditional method.

Detailed information on the two LOLA tracks is listed in
Table VIII. After a simple translation, profiles are generated
using original and adjusted CE-2 data by interpolating with
the longitudes and latitudes of the selected LOLA tracks. The
LOLA and CE-2 profiles are visually compared in Fig. §;
two insets are included for detailed comparison. We calculated
the detailed statistics of the differences between the profiles
that covered the entire range of our experimental area, and
the results are listed in Table IX. From the experimental re-
sults, we can see that the terrain generated by CE-2 CCD
images is generally consistent with that of LOLA data re-
gardless of whether adjustment is performed. SCBA effec-
tively corrects fine-scale local terrain. After adjustment, the
elevation differences are reduced by 9-10 m. Overall, the
SCBA method shows a slight advantage over the traditional
BA method.

It is worth to note that we also tried a different set of
self-calibration parameters and found that the proposed eight-
parameter model [see (6)] can achieve the best precision with
stable solution. Less number of parameters would not be effec-
tive to reduce back-projection residuals; more parameters did
not provide better results than the eight parameters.
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Fig. 7. DEMs of CE-2 CCD images. (a) DEM generated using original CE-2
data. (b) DEM generated using CE-2 data after traditional BA. (c) DEM gener-
ated using CE-2 data after SCBA. (d) DOM overlaid on the DEM after SCBA.

TABLE VIII
TwoO TRACKS SELECTED FROM LOLA DATA AT SINUS IRIDUM

LOLA Data | Orbit No. Start Time End Time Point Number

2009-11-29T | 2009-11-29T
Track 1 1957 1 1821:56.6537 | 18:23:12.0112 1822

2011-11-09T | 2011-11-09T
Track2 | 10994\ 1.46.19.8307 | 10:47:33.9737 2071

5001 —— LOLA Track1 ||
~— CE-2 Original
oF ——CE-2BA ||
—— CE-2 SCBA
-500
E
= -1000
2
g
o 1500+
]
-2000
-2500+
3000 ~ r . . |
47 475 48 485 49 495 50
Latitude (°)
1000+ ——— LOLA Track2
~——— CE-2 Original
500~ ——— CE-2BA
ok —— CE-2 SCBA
E -500-
§
% -1000-
b
<
w 1500
-2000+
-25001
-3000 L L

47 475 48 485 49 49.5 50
Latitude (°)

Fig. 8. Profile comparison of two LOLA tracks. “CE-2 Original,” “CE-2 BA,”
and “CE-2 SCBA” represent the profiles before adjustment, after traditional
method, and after self-calibration method, respectively.

TABLE IX
STATISTICS OF PROFILE COMPARISONS BETWEEN LOLA AND CE-2 DATA

After After
Track Statistics Before Traditional | Self-calibration
No. (m) Adjustment Bundle Bundle
Adjustment Adjustment
Mean 53.07 32.47 31.74
Track 1 Maximum 179.56 90.40 83.96
StdDev 19.92 10.77 9.14
Mean 85.32 30.24 28.73
Track 2 Maximum 162.76 113.05 94.68
StdDev 23.44 14.99 14.01

V. CONCLUSION AND DISCUSSION

The rigorous geometric model of CE-2 CCD images has
been developed in this paper. After analyzing the cause of
inconsistencies between images of different-looking angles in
one track and between adjacent tracks, a self-calibration bundle
adjustment method is proposed by introducing additional 10
parameters to the traditional bundle adjustment model. A series
of strategies is used to enhance the stability of adjustment
equation, including pseudo-observation selection from EO
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parameters, a reasonable weight determination strategy, and the
TSVD method for ill-posed equation solutions. Experiments
were performed with two tracks of CE-2 CCD images located
at Sinus Iridum, and the results showed that the SCBA method
was effective in eliminating the inconsistencies of CE-2 CCD
images by reducing the image residuals from more than 20
pixels to subpixel level. The accuracy in object space was also
verified by comparing the ground points with two tracks of
LOLA data. The differences between CE-2 data and LOLA
data were reduced by 9-10 m after adjustment. Experimental
results also indicated that the SCBA method had a certain
advantage over the traditional BA method in terms of the
precision improvement in both the image and object spaces.

The proposed SCBA method and the developed geomet-
ric processing and mapping procedure are valuable for high-
precision lunar topographic mapping using CE-2 images, and
the 3-D topographic products can be used for various fine-scale
scientific investigations, as well as for the landing preparation
and surface operation of the incoming Chang'E-3 lunar rover.
In further research, ground control data (e.g., LAM points) will
be incorporated into the BA model for stricter constraint and
absolute orientation. More images from other sites will be also
used to verify the effectiveness of the SCBA method.
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