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Abstract: High-accuracy 3D image positioning is considered as the foundation of lunar topographic mapping. This study
simulated the influence on image positioning from errors and correlations of Chang’e-1 optical sensor orientation elements, and
established the rigorous block adjustment model suitable for lunar optical remote sensing images. The errors and area limits
caused by the lunar curvature were avoided in this model established under the Selenocentric Orthogonal Coordinate System
(SOCS), the accidental errors of exterior line elements were reduced by orbit fitting and interpolation, the polynomial orders of
systematic errors in satellite orbits were decreased with their expression in the flying coordinate system moving and rotating
with satellites, and the reliability of exterior orientation solution was enhanced under the condition of sparse and low accuracy
control points by appending constraint of orbit and attitude parameters. Finally, 60 scenes of Clementine images near the south
pole of the Moon were utilized in 10 strips with the area of around 195000km? and ULCN2005 GCPs as the experimental data,
and a series of helpful results was achieved on image positioning of the Moon.

Key words: rigorous model, image orientation, lunar mapping, error simulation

CLC number: P236 Document code: A

Citation format: Zhang J X, Deng K Z,Cheng C Q, Yan Q, Ning X G and Guo J. 2010. Study on high-accuracy orientation with lunar remote

ERFHR

sensing imagery. Journal of Remote Sensing. 14(3): 423—436

1 INTRODUCTION

The Moon is the nearest planet of the Earth, and lunar explo-
ration has been a hot research field all around the world. Topog-
raphic mapping on the Moon is the primary task of Chang’e-1
(CE-1) satellite, which was launched in 2007 as China’s first
lunar exploration satellite. Based on optical remote sensing
images as the major data source at present, image matching and
high-accuracy image positioning are vital for lunar topographic
mapping.

With the topographic shapes and figures, the lunar topog-
raphic mapping based on optical image is quite different from
that of the Earth. The remote sensing images on earth are
mostly adopted as the default data source in the current com-
mercial remote sensing image processing software, which is not
convenient and suitable to process lunar images because of the
utilization of the parameters of the Earth in the system. Though
Wang (2008a; 2008b) has analyzed the photogrammetry accu-
racy of CE-1 optical sensor and aero-triangulation of images
with 1/4 orbit long flight strips, the research on lunar image
orientation still remains limited in China.
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2 COLLINEAR EQUATION OF OPTICAL IMAGERY
IN SOCS

For aerial photogrammetry in a small range, the object coor-
dinate system is often established on tangent sphere orthogonal
coordinate system of the Earth (Moon) or the corresponding
orthogonal coordinate system at a basis of the projected plane.
Due to the influence of the Earth (Moon) curvature, the values
and even the signs of exterior orientation elements will change
with the increasing length of flight strips, when photogram-
metry is processed in the tangent sphere rectangular coordinate
system. Therefore, it is a common approach to divide the flight
strip into subsections and adjust the seriatim (Wang et al.,
2008a; Wang, 1979). The ellipsoidal surface, when projected to
a plane, will result in distortion, and the projective distortion on
the Moon will be more remarkable than that on the Earth be cause
of its shorter radius. Taking testing data as an example in this
study, the distance from the edge of image to the tangent plane
or projected plane will be more than 25km even if the origin is
set at the center of these images for the tangent sphere rectan-
gular coordinate system or the projective center. Transforma-
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tion between different coordinate systems can be reduced in the
geocentric coordinate system for multi-source data processing,
which is suitable for combining processing of large-area images.
Image positioning of spaceborne photos on earth has been
transferred into the geocentric coordinate system gradually. The
orientation model of the linear array sensor image can be
formed as follows (Kratky, 1989; Yuan, 2003):

X X =X
0 |=aM7H Y -y, (1)
—f Z-27

Where (x,y) is the coordinate in the image coordinate system,
f is the focus of the camera, (X, Ys, Zs), (X, Y, Z) are coordinates
of the sensor center and the ground object point in the geocen-
tric coordinate system respectively, M expresses the rotation
matrix of satellite attitudes and orbit parameters.

Similar to triangulation of remote sensing imagery in the
geocentric orthogonal coordinate system, positioning of the
Moon remote sensing imagery will be implemented in the sele-
nocentric orthogonal coordinate system. And the similar orien-
tation model will be adopted. Set

M = ROE R, Rcb =[my],1j=1,2,3. m; expresses elements
in matrix M.
Where RoE , Rp? and RCb denote the transformations from

the orbit coordinate system to the selenocentric orthogonal coor-
dinate system, from the body coordinate system to the orbit coor-
dinate system, from the sensor coordinate system to the body
coordinate system, respectively, which are the functions of satel-
lite state vectors, attitudes and mounting angles of the sensor.
Testing data for block adjustment will be area array CCD
sensor images in this study; after changing [x, 0, —f]" at the left

T

of Eqg. (1) into [X—xo, Y-Yo, —f]', collinear equations will be

shown as follows:

—f mll(x - Xs) + le(Y _Ys)+ m31(z _Zs)
Mig(X = Xg) +Mag(Y —Ys) + Mg3(Z - Zs)
—f mlz(x - Xs)+ m22(Y _Ys) + m32(z _Zs)
My3(X = Xg) +Moz(Y —Ys) + Msz(Z — Zs)

X=Xy =
)

Y=Y =

Because the transformation matrix from the selenocentric
orthogonal coordinate system to the geocentric orthogonal co-
ordinate system is the function of satellite state vectors, its ac-
curacy will be fined gradually during the adjustment process.
The transformation matrix from the sensor coordinate system to
the body coordinate system is acquired from calibration pa-
rameters when the camera is calibrated. It is usually accurate
and highly correlated with exterior orientation parameters;
therefore, its effect on imagery positioning can be decreased by
correcting the orientation parameters. Thereby, the interior,
exterior orientation parameters and coordinate of the object on
the moon surface can be selected as adjustment unknowns, and
the normal forms of linearized error equations will be (Wang,
1979):

Vy = (X) — X+ f1AX + foAYs + f13AZg +
fiuho + fisAp + figAx + fi7AF +
figAXg — f1AX — TpAY — f13AZ

Vy = (V) -y + fuAXg + foAYs + fp3AZ, + S
fosAw + TosAp + frgAi + To7AT +
fo9AYg — To1AX — T AY — f53AZ

where f;;(i=1,2, j=1,2,...,8) denotes coefficients of error equa-
tions after linearization, (x) and (y) express image coordinate
computing values of point on the ground according to orienta-
tion parameters, x and y are coordinate measurement values of
point on image, AX;, AYs, AZs, Aw, A and Ak express correc-
tions of exterior orientation parameters, AXx, and Ay, express
corrections of interior orientation parameters, AX, AY and AZ
denote corrections of point on the ground.

3 THE SIMULATION OF LINEAR ARRAY IMAGE
ORIENTATION ERRORS OF CHANG’E-1

For the influence factor complication of image orientation
errors, all of the errors can not be considered at the same time
in the rigorous model. Positioning errors caused by one factor
without being considered can be compensated by correcting its
other correlated parameters in the model. Meanwhile, if the
correlated parameters exist in the error equations, new error
influence factors will be brought to reduce the stability and
reliability of computation due to the incomplete correlations
between unknowns. Consequently, the problems are required to
be considered in the lunar image positioning model including
the correlation removal of rigorous model (Zhang, 2004) and
the largest errors limit of the correlated orientation parameters
leading to the residuals after compensation negligible relative to
the required precision of positioning. In this study, errors and
correlations of orientation parameters influencing the position-
ing will be simulated aiming at CE-1 optical sensor.

For CE-1, the optical sensor is a three-line CCD camera in
the tangent sphere coordinate system taking a point on the lunar
surface corresponding to a linear array image center as the ori-
gin, the direction of linear array as X axis, and the flight direc-
tion as Y axis. The terrain of the Moon can be simulated by the
sine and circularity function as follows:

{z =dH xsin(2aX /Tt)+RG - X% =Ry, @

Y=0

Where Ry denotes radius of the Moon, and X expresses the
coordinate of ground point in the linear array direction.

Lunar sphere parameters are adopted as foundation in this
function, and the sinuous curve is overlapped with a swing of
3km as the simulated terrain. The model can express different
elevations at different locations in the range of the image. The
shape of the terrain is shown in Fig. 1.

Parameters of the CE-1 optical sensor are shown as follow:
focus =23.33mm, its focal plane CCD area array is 1024x1024
pixels; left-middle-right three lines are selected to form the front-
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Fig. 1 Simulative terrain

nadir-back-viewing linear array, the angle of sight between
linear arrays is 17° degree, intercepted line contains 512 pixels,
and the size of a pixel is 14um. The orbit is near-pole orbit with
a designed height of 200km. (Wang et al, 2008a).

When emulating the errors of direct positioning of CE-1

In the simulation of compensation residual correlation, atti-
tudes and focal points are adopted as unknown parameters and
other orientation parameter values with errors as accurately
known data; two control points on both sides of the linear image
are used to calculate corrections of unknowns by Eq. (3). Then,
adjusted parameters and unadjusted parameters with errors are
used as orientation data for forward intersection. Fig. 4 shows
the errors of one line image result in direction of array dX,
flight direction of satellite dY and height direction dZ curves.
The horizontal axis X is ground point coordinates correspond-
ing to one line image.

Due to the stability of satellite platform and parallel projec-
tion of images between different lines, the errors of orientation
elements of images lines are similar near the control points and
containing control points. Though direct positioning and residu-
als after compensation is different because of the influences
from different terrains, the rule is the same, and the similar results

Nadir view

Backward view

Ve
satellite image, satellite project center X, Ysand Z; values add i / /I
300m as errors respectively, interior elements X, Yo, and fo val- i /_f
ues add 0.05mm as errors respectively, and satellite attitudes o, / ';’
@ and «values add 0.1° as errors. Based on Eq. (2) and Eq. (3), o f v
the simulated terrain, CE-1 optical sensor parameters and desi- /
gned orbit and parameters, CE-1 three-linear sensor nadir and Sinulation / ~ 'f o
backward images are adopted to emulate stereo positioning terrain
errors. Orientation parameters without errors are used to imag-
ing, and orientation parameters with errors and the simulated
images for forward intersection and stereo positioning. The
simulated photograph state is shown in Fig.2. The resulted errors
in the direction of array dX, flight direction of satellite dY and
height direction dZ curves are showed in Fig. 3. The horizontal
axis X refers to ground point coordinates corresponding to one
line image.
It can be concluded from the figure that errors of the image
direct positioning are large and nearly linear to the position of
pixels in the linear array, and also consistent with the variation
of terrain. Fig. 2 Simulative photogrammetry
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Fig. 3 Simulation of positioning errors
(a) X axis direction; (b) Y axis direction; (c) Z axis direction
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Fig. 4 Simulation of residual positioning errors corrected by correlative parameters
(a) X axis direction; (b) Y axis direction; (c) Z axis direction

will exist when control points are on both sides of different
image lines. The results of emulation show that with control or
adjustment, if the precision of satellite position is in 300m, the
precision of interior orientation elements can be smaller than
0.05mm, and the maximum of residuals after compensation in
three axes is smaller than 15m when attitudes and focal points
are used as unknowns while others are regarded true during the
positioning, which is acceptable relative to the precision of
control points and the image resolution of CE-1.

4 CORRECTION MODEL FOR ORBIT

In this study, the correction model of sensor position is
based on the flight coordinate system, the accidental errors of
surveying ephemeris data are corrected with fitting of orbit
parameters and interpolation of the satellite state vector, and
systematic errors of the orbit are reduced with ground control
points.

4.1 The fitting of the orbit shape and interpolation of
satellite position

The aim of fitting and interpolation of orbit shape is to remove
accidental errors of satellite, and make the initial position value
of the same orbit to be systematic. The auxillary data of image
supply discrete satellite position vectors in non-inertia coordi-
nate system, and the orbit shape can be fitted according to these
positions. Due to the influence of rotation, it is required to
transform from Moon-fixed SOCS(MFSOCS), that is non-
inertia SOCS, to inertia SOCS. The angle between non-inertia
and inertia SOCS of the i ephemeris is supposed as 6, the
position of satellite between these two coordinate systems is

[Xi Vi Zi] =Rs@[Xi Yir Zil' ®)

[Xir Yir Zir] is the coordinate of MFSOCS , while [X; Y3 Zi]
is the coordinate of inertia SOCS.

In the inertia coordinate system, the relation ship between six
orbit parameters a, e, |, Q, w, f and three-dimension coordinate
system is:

X =r(cos£cosu —sin 2sinu; cosi)
Y;; = r(sin£cosu + cos£2sinu; cosi)
Z;, =rsiny;sini

(6)

B a(l—ez)

where: r = ,
1+ecos f

U =w+ fi

Based on Eq. (5) and Eq. (6), if several satellite positions
and corresponding time are provided, orbit parameters in inertia
selenocentric orthogonal coordinate system can be fitted by
least squares, and positions and velocity vectors of any time can
be interpolated according to these orbit parameters.

4.2 Flight coordinate system and orbit correction
model

In the flight coordinate system, the direction of axis X is the
vector direction of satellite velocity, axis Y is perpendicular to
the plane composed of the position and velocity vectors, and
axis Z is determined by the right-hand rule. O;-X;Y;Z; and
0,-X,Y,Z, are shown in Fig. 5 as an example. The mathematic
expression of three axes of this coordinate system is:

Xy =[(X)x. (X )y . (X) 1=V OV )
Yy =[0%)x (Vv . (W)z1= PO xV O [P xV @)
Zy =[(Z)x: 2oy (Z)z]= X, <Yy

Where, P(t;) and V(t;) are the position and velocity vectors

(7

in the selenocentric orthogonal coordinate system.

Consequently, when the position of satellite is in MFSOCS,
the rotation matrix from flight coordinate system to MFSOCS
is:

(Xv)x (YV)X (ZV)X
RV E= (XV)Y (YV)Y (ZV)Y (8)
(XV)Z (YV)Z (ZV)Z

Fig.5 System errors of orbit
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The linear function or low order polynomial in three axes of
the flight coordinate system is adopted in the orbit correction
model.

AXy =ag +agt +---
AYy =bg +bt +--- 9)
AZy =Cy+Cit+---
a;, bj and ¢; (i=0,1..., n) are coefficients of polynomial, and t is
the relative time of imaging time.

Though the orbit of satellite in selenocentric orthogonal coor-
dinate system is required to be expressed by high-order poly-
nomial in a short time, the orbit of satellite in a certain time is
relatively stable and the error of orbit is obviously systematic.
Because the flight coordinate system moves and rotates with
satellite in orbit, the variation of orbit error in the flight coordi-
nate system is slow. For example, the synchro-system error of
orbit control clock is the main factor of orbit error (Giannone,
2006), and the projections of orbit error into Selenocentric Coor-
dinate System are varying curves, however, it shows a constant
in X direction of the flight coordinate. It is shown in Fig. 5 that
correction vectors O;S; and O,S, on different station positions
0O, and O, show similar sizes and directions in flight coordi-
nates O;-X;1Y1Z; and O,-X,Y»Z,. The error curve is more simple
or lower in varying frequency, the order of polynomial is lower
and the numbers of orientation parameters is less when poly-
nomial fitting, thus the reliability of parameter solving could be
improved under the conditions of less control points and low
accuracy.

5 THE RIGOROUS ORIENTATION MODEL OF
SPACEBORNE AREA ARRAY IMAGE

5.1 The coefficients of coordinate increments of station
positions in flight coordinate system

In Eq. (3), the coefficients of error equations f;y, fi, fi3, f21,
fy, and fy3 are corresponding to unknown parameters of satellite
positions in the selenocentric orthogonal coordinate system. It
is required to convert Eq. (3) into an error formula including
orbit correction model parameters in the flight coordinate sys-
tem. Because the data sources of adjustment are Clementine
optical area CCD sensor images, two kinds of error equations
exist according to different selection of unknowns.

If a set of correction unknowns of exterior elements exist in
every scene, the error equation is
Vy = (X) = X+ f01AXys + Foo1AWys + fep1AZys +

fluAo+ fisAp + figAx + AT +

f1gAXg — f11AX — fpAY — f13AZ 10
Vy =(Y) = ¥+ fagoAXys + froaAXys + feooAXys + (o)

fosAw + TosAp + TogAx + Tr7AT +

fogAyg — To1AX — o AY — f5AZ

In the above equation, the increment unknowns of satellite po-
sitions are expressed by Eq. (9).

If a set of same orbit correction model parameters are used
in all scenes with the same orbit section and a set of attitude
increments as unknowns are adopted in every scene, the error
equation is

n n n
Ve = () =X+ D faigay + D foigby + D feinGi +
i-0 i=0 i=0

leAXO — flle - fleY — f13AZ
n n n
Vy = (V) =Y+ D faindi + D fuiohi + D foioCi +
i=0 i=0 i=0
f24Aa)+ fzsAQJ"r fZGAK+ f27Af +
fngyO - fz]_AX — fzzAY - f23AZ

(11)

In the two equations above, fu;, fyij and fg; (i=0, 1, ...; j=1, 2) are
coefficients of error equation corresponding to orbit correction
model parameters in flight coordinate system. (x) and (y) are
values calculated from initial values, and x and y are meas-
ured values of image points.

It can be found from the definition of the flight coordinate
system that the coordinate transform between flight coordinate
system and selenocentric orthogonal coordinate system is:

T T
[Xs Ys Zs] :[Xso Ys0 Zso] +
RVE[AXys AYys AZys ]T (12)

Therefore, the relationship between coefficients of unknowns
of correction model parameters in flight coordinate system in
Eqg. (11) and coefficients of error equation in selenocentric
orthogonal coordinate system is shown as follow:

T ; ; T
[fai foi T ] =RTE[futt ft' o] (13)

5.2 The rigorous model of spaceborne area array
CCD images

Because the precision of the lunar control network
ULCN2005 is described from several hundreds to 3 km, the
precision of the backward resection might be reduced by con-
trol points of low precision and numerical insufficiency. Theo-
ries and experiments show that the result error is very large if
control points are only used in calculating exterior orientation
elements. For Clementine images providing orbit information
of imaging time and photographed approximate vertically,
orbit and attitude parameters and its correction model parame-
ters can be served as observed values or virtual observed values
in error equations in order to improve stability and reliability of
unknown parameters solving. In this experiment, interpolation
satellite position coordinates from fitting orbit are served as
initial values, and the weight is calculated as the precision in 3
km. 0 is taken as the initial value in all attitudes, and the weight
is calculated as the precision of 1°, which is the same as
ULCN2005 calculation (Brent et al., 2006).

When Eg. (10) is adopted as basal error equation, the adjust-
ment model is:
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V, =By Xy + B X +BaXa+ B X - Ly.P,

Vy = EXy —Ly...Px

V| = EX, +B Xy -L...A. (14)
Vp= EX 4 —La..Pa

V| = EX| -L..P

When Eq. (11) is adopted as basal error equation, the ad-
justment model is:

VX = BX XX + BaXa+BAXA+ B|X| - LX"'PX

Vy = EXy —Ly..Py
V, = EX, ~L,.P, (15
Vp = EX 5 —Lp..Pa
V, = EX, - L,..P,

In Eq. (14) and Eqg. (15), V is the correction vector of the
observed data. Eq. (11)—Eq. (15) stand for error equations of

observed values of the image point coordinate, measured values
of the control points, observed values of the satellite position or
the virtual observed values of its correction model parameters,
observed values of attitudes, and measured values of interior
elements respectively. B stands for the coefficient matrix, X
stands for increment unknowns, and their suffix X, L, A, | and a
indicate the coefficients or increment unknowns associated with
coordinates of ground points, satellite orbits, attitudes, interior
elements, orbit correction model parameters respectively. L
stands for constants of error equation and P stands for the
weight matrix.

6 EXPERIMENTS

In this study, 60 views of Clementine images in 10 strips
are adopted as the data source, ranging from 68.5° S to 54.5° S,
from 106.5° W to 171.0° W of the meridian with an area of
about 195000km? near south pole of the Moon (Fig. 6). The
optical sensor CCD matrix is 384x288, with the focal length
f;=0.09 m, and the general resolving power of the test images
is about 450m. The control point networks of the Moon mainly
include: ULCN1994, CLCN1997, ULCN2004, LOLCN2004
and ULCN2005. ULCN2005 is the highest one with the accu-
racy ranging 100—3000 m. ULCN2005 includes 272931
GCPs (Brent et al., 2006), within which 1261 GCPs have been
surveyed in the Clementine images. Based on these GCPs and
newly surveyed points, 400 ground point coordinates are con-
tained in the testing images, of which 350 points are taken as
control points and 50 points as check points (the black points
in Fig. 6) evenly distributed in the area covered by images.
Since the studied area is located in the South Pole area, the
weight of control points has been computed based on its accu-
racy of 800 m.

Two different methods for orbit correction models have
been utilized in this study, that is, each view of image has one
set of independent constant correction parameters for orbit,
each strip has one set of linear correction parameters for orbit
(with the error Eq. (10) and Eq. (11) adopted separately). The
lunar ground control points have also been processed with two
methods as true values and observed value separately for adjust-

ment. The interior orientation parameters have been taken as
unknowns for all tests. The coordinate values of control points
and check points are able to be obtained on the basis of cor-
rected orientation parameters after adjustment. Compared with
known values of these points, the statistic chart of mean square
error My, My, Mz in X, Y, Z axis directions and Myyz (Table 1)
is able to be achieved.

Two other tests have been carried out for comparison.

(1) Only the constant parameters of orbit correction model is
taken as adjustment unknown parameters, the correction con-
stant adopted separately is the increment unknown of SOCS and
flight coordinate, and the MSE of check points are: My=730 m,
My=835 m, Mz=4960 m; My=694 m, My=732 m, Mz=4422 m. It
is shown that the accuracy of orbit system correction carried out
in the flight coordinate is higher than that in SOCS.

(2) On the basis of TM projection coordinate in commercial
software ERDAS LPS, the test of bundle adjustment (6 unknown
parameters per scene) has been carried out, the accuracy of
check points from different combinations is lower and the MSE
difference between control points and check points is larger
than the results in Table 1. It is shown that both the accuracy
and reliability of bundle adjustment are improved in SOCS.

Having obtained high-accuracy orientation parameters, it is
easy to acquire DOM and DEM data from the image matching
processes. DEM and DOM images from the 3™ party software
are shown in Fig. 7, and the processes include image matching,
DEM extracting according to matching points and orientation
parameters, orthorectification, mosaic, etc. TM projection is
adopted in DOM and DEM making.

106.5°W 171.0°W

Fig. 6 Image covering and check points distribution

Table1 Testing accuracy from Clementine image orientation

GCPs as true value GCPs as observed value

Test ways

RMS MSE_GCP/m | MSE_CP/m | MSE_GCP/m | MSE_CP/m
imaE;gT]as Mxz=1355 | Mxyz=1389 | Myyz=929 Myz=1192
one set of Mx=209 Mx=220 Mx=131 Mx=213

orbit My=237 My=234 My=133 My=263
parameters Mz=1318 Mz=1351 Mz=910 Mz=1142
Eachstrip | Myy,=1381 Mxyz=1424 Mxyz=951 Mxyz=1203
has one set | My=207 My=202 My=121 My=217

of orbit My=214 My=253 My=136 My=256

parameters Mz=1349 M;=1387 Mz=933 Mz=1156
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Fig. 7 Mosaic map for DEM and DOM

7 CONCLUSIONS

The following conclusions might be reached based on this
study:

(1) The lunar curvature is not required to be taken into account
when bundle adjustment is carried out in the Selenocentric Co-
ordinate System, and the orbit segmentation is able to fit the
combined adjustment between lunar images and other observa-
tion data.

(2) For Chang’e-1 images, if the accuracy of orbit surveying,
or after adjustment, could reach 300m, the maximum position-
ing error would be less than 15m after the compensation of
other orientation parameters.

(3) Due to the low accuracy, lunar control points can be
taken into the error equation as weighted observed value and
unknowns parameters to improve the accuracy of image orien-
tation.

(4) The accuracy of orbit and attitude surveying on the
Moon is much lower than that on the Earth, and the reliability
of orientation parameters is able to be enhanced if the orbit and
attitude data are taken as weighted observed value during adjust-
ment computation with control points of lower accuracy and
numerical deficiency.

(5) Instead of one bunch of modification parameters per scene,
the same modification parameters are adopted in the flight coor-
dinate for strip images, thus reducing the number of orientation
parameters and the correlation of parameters, but the difference
of orientation accuracy is smaller. It is significant for CE-1 linear
array image with combined adjustment model in a large area of
the Moon.

Since topographic mapping on the Moon based on remote

sensing images has been taken as one important task in the next
five-year plan of the State Bureau of Surveying and Mapping
(RCMSD, 2008), the research on high accuracy lunar topog-
raphic mapping is significantly important to the Moon explora-
tion.
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