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Abstract An accurate determination of the landing trajectory of Giies8 (CE-3)
is significant for verifying orbital control strategy, optizing orbital planning, accu-
rately determining the landing site of CE-3 and analyzirgdbkological background
of the landing site. Due to complexities involved in the laydrocess, there are some
differences between the planned trajectory and the achjattory of CE-3. The land-
ing camera on CE-3 recorded a sequence of the landing preitessfrequency of 10
frames per second. These images recorded by the landingaamhigh-resolution
images of the lunar surface are utilized to calculate th&ipaf the probe, so as to
reconstruct its precise trajectory. This paper proposegule method of trajectory
reconstruction by Single Image Space Resection to makeadatbstudy of the hov-
ering stage at a height of 100 m above the lunar surface. Aisabyf the data shows
that the closer CE-3 came to the lunar surface, the highesptagal resolution of im-
ages that were acquired became, and the more accuratelpiilzerital and vertical
position of CE-3 could be determined. The horizontal andic&raccuracies were
7.09m and 4.27 m respectively during the hovering stage aighhof 100.02m. The
reconstructed trajectory can reflect the change in CE-3#ipa during the powered
descent process. A slight movement in CE-3 during the hogestiage is also clearly
demonstrated. These results will provide a basis for aisabforbit control strategy,
and it will be conducive to adjustment and optimization dbibcontrol strategy in
follow-up missions.
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1 INTRODUCTION

The Chang’e-3 (CE-3) Lunar Probe successfully landed imtréhwestern part of Mare Imbrium
at 13:11 on 2013 December 14 (UTC), making China the thirshttguo achieve a soft landing on
the Moon (Ip et al. 2014). The flight procedure of CE-3 inclddeur stages: launching from the
Earth, transferring from the Earth to the Moon, orbitinguard the Moon and powered descent. The
powered descent stage was essential for soft-landing arksraanew development in lunar probes
that are part of the CE program. Soft-landing on the Moorthiced new requirements for accuracy
of orbit planning and the Guidance, Navigation and Contystem in the lunar probe.
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Fig.1 Schematic diagram of the CE-3 powered descent process.

In order to implement a safe soft-landing, planning in thevp®d descent stage and imple-
menting a trajectory control strategy for the soft-landstage are crucial (Wang et al. 2007; Zhang
& Duan 2013). According to the plan for the orbit, CE-3 in thengred descent stage uses a
1500~7500 N variable propulsion unit for autonomous navigationtml, which includes stages
of major deceleration, rapid adjustment, approach, hogeobstacle avoidance and low-speed de-
scent (Fig. 1). The whole process lasts about 720 s.

For determining the trajectory, the Global Positioningt8ys (GPS) (Chang 2010) has tradi-
tionally been used in ground measurements, as well as a catiyi of GPS and telemetry (Gui
et al. 2003). However, due to the short time required forilagdn a lunar or planetary surface, as
well as its long distance from Earth and the complexitiesivied in calculating position, it is diffi-
cult to obtain a precise trajectory for a probe. Methodsenity being used to calculate the landing
trajectory are based on the orbital elements before descehengine settings during powered de-
scent; the method of radio measurement is also used. Thimtpsites of Mars probes, such as the
Viking lander (Yoder & Standish 1997), Pathfinder (Folknieaile1997), the Exploration Rover mis-
sion (Li et al. 2005) and Phoenix lander (Edwards et al. 20d@)fe successfully calculated using
radio observations. Li et al. (2010) resolved the trajgctaken by Chang’e-1 (CE-1) during its
controlled impact on the lunar surface using radio rangimd) \éery Long Baseline Interferometry
(VLBI) tracking delay to calculate the position of the spamdt. Cao et al. (2010) determined the
impact site of CE-1 by combining the Unified S-band (USB) egstvith VLBI data in its short-arc
orbit. Li et al. (2010) measured the impact site of CE-1 usififth-degree polynomial, USB ranging
data, VLBI delay data and VLBI delay rate data. However, duthé difficulty in accurately estab-
lishing a dynamic model for the trajectory in the controliegbact process, the radio measurement
method can only obtain a positional accuracy of kilometBgsutilizing the image data captured
by the CCD camera during the controlled impact together thighpublished global image data and
terrain data of the Moon, Liu et al. (2012) measured the sif@npact craters observed during the
nearly 1500 km flight path. Also, by measuring the time of fligher these craters, they calculated
the tangential velocity of the CE-1 probe with respect tdtimar reference sphere under lunar grav-
itation, and determined the coordinates of the impact sitthe Moon. However, the accuracy of the
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impact site coordinates was influenced by discontinuoug@sand poor horizontal accuracy in the
base map. Shang & Palmer (2011) analyzed the geometrireddietween changing positions in
two-dimensional images and three-dimensional positibaswere recorded when the lunar probe
was descending. A sequence of two-dimensional images wasaed using continuously chang-
ing filters and then the three-dimensional position of thabprcould be solved, but this process was
limited to analyzing analog data. Therefore, the presargfd methods for calculating the trajectory
are not suitable for accurately reconstructing the trajgonf CE-3's soft-landing.

During the powered descent process of CE-3, 4672 imagesoaptared by the landing camera
at a rate of 10 frames per second (fps), among which 3760 isnagperded details about the pro-
cess of CE-3's soft-landing. There was a correspondingioelship between lunar surface features
and pixels in images, which satisfied the photogrammettimearity equation (Wang & Xu 2010).
Therefore, this equation could be used to match featuregbatween high-resolution archive im-
ages and landing camera images. Then the exterior orienteliéments of the landing camera im-
ages could be calculated by Single Image Space Resecti8R)HIVang & Xu 2010), a method that
calculates the image’s exterior orientation elementsgugiree or more non-collinear feature points
in the image according to the photogrammetric collineagtjyation. Finally, the trajectory of the
soft-landing could be reconstructed.

A method to find the position of the probe based on image damtiaffected by the lunar
gravitational field, kinetic model or other factors. It is evnmethod to obtain a highly precise tra-
jectory of the soft-landing. Additionally, based on thetrigequency of acquisition in the sequence
of images from the landing camera, a slight movement duhiegbft-landing process can be clearly
reconstructed. This is, however, difficult to clearly derstoate by orbital control systems and radio
observations. These results will provide a basis for amalykorbit control strategy, and will be
conducive to adjustment and optimization of orbit conttrdtegy in follow-up missions.

In Section 2, the methods used in reconstructing CE-3'slaafting trajectory by using images
taken by the landing camera are studied. In Section 3, ‘a@idaf the algorithm and accuracy of
the result are analyzed. Finally, Section 4 demonstratesdtight movement of CE-3 during the
process of the hovering stage.

2 METHOD FOR RECONSTRUCTING THE SOFT-LANDING TRAJECTORY

The landing camera is one of four payloads on the CE-3 lamtdermounted on the bottom of the
probe with an optical axis that is fixed in a direction patatethe direction of flight, which means
that the landing camera can adjust its attitude with resjoettte probe during the process of soft-
landing and capture images of the lunar surface. The maiionpeaince parameters of the landing
camera are shown in Table 1.

The method of reconstructing the CE-3 soft-landing trajgcby images from the landing cam-
era is proposed in Figure 2. Based on image coordinates tifreepoints and the corresponding

Table1 Performance Parameters of the Landing Camera on CE-3

Name Performance Parameter
Wavelength range (nm) 429777

Field of view () 45.3x45.3

Focal length (mm) 8.5

Effective number of pixels 10241024

Pixel size on focal planeym) 6.7

Automatic exposure time (ms) B0

Frame rate (fps) 10

Quantized value (bit) 8
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Fig.2 Technical flowchart for the process of reconstructing thelsading trajectory by
images taken with the landing camera.
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Fig.3 A schematic diagram of coordinates of matching featuretpaised by SISR.

lunar fixed coordinates for points of the same feature onuharlsurface, the position of the cam-
era’s focus is calculated by SISR, and then the trajectoth@frobe is reconstructed. The spatial
distribution of feature points, accuracy of image matctdang position accuracy of coordinates for
feature points on the lunar surface are crucial for pre@seutation of the probe’s trajectory. Exact
matching and positioning of feature points in images fromlénding camera need high-resolution
images of the lunar surface. The Ground Research and Afiplicaystem (GRAS) that is part of
the China Lunar Exploration Program has produced a map ddittting site in Mare Imbrium taken
with CE-2 CCD stereo camera images that have a resolutiorbaif 1Based on this map, the land-
ing site of CE-3 was successfully located at (-19.5124.1196) by image matching with images
from the landing camera that have a matching error-of bixels (Wang et al. 2014). It can be
clearly seen that the exact matching and positioning areaett by images from the landing cam-
era and high-resolution images of the lunar surface, whiokiige reliable results for calculating the
position of the probe and reconstructing the soft-landiagettory.
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When the coordinates of matching feature points in landemera images are obtained, the
position of CE-3 can be calculated by SISR (Fig. 3). The baéithe space resection process
is the collinearity equation. It can be calculated based amwlhnearity equation by using co-
ordinates of at least three points on the lunar surface,tddm X 4, Y4, Z4), B(X5,Y5s, ZB)
andC(X¢, Yo, Z¢), and their corresponding image coordinates, identified(as, v, ), b(zs, yp)
andc(z., y.) respectively. According to the collinearity equation, theerior orientation elements
X, Ys, Zs, p,w, k can be calculated. For this study, B, C' are the lunar fixed coordinates of fea-
ture points,a, b, ¢ are the corresponding image coordinates in landing cameaigds, X, Y, Z;
andy, w, ~ are respectively the position parameters and attitudesarglCE-3 when the images are
captured.

The basic mathematical definition used by SISR can be wigtseshown in Equation (1) (Wang
& Xu 2010).

x:—fal(X Xs)-i—bl(y Ys)+cai(Z —Zs)
az(X — Xg) + b3(Y = Ys) + c3(Z — Zs) (1)

_ _faz(X Xs) +b2(Y = Ys) + c2(Z — Zs)

4 as(X — Xs5) + b3(Y — Ys) +¢3(Z — Zs)

Equation (1) is the collinearity equation. It can be linead as follows according to the Taylor
decomposition of the first derivative.

ox ox ox ox ox ox
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inwhich (z) and(y) are the function approximations obtained by initial valabsxterior orientation
elementsy is the focal length of the landing camea; b;, ¢; (i = 1,2, 3) are the elements of a3
orthogonal rotation matrix generated byw, x; dXg, dYs, ..., dk are the correction to exterior
orientation elements ang}is, cen % are derivatives of the collinearity equation which représe
the coefficient of exterior orientation elements. Then,egher equation for each feature point can
be written as follows:

Um:—ax AXs + SedVs + 7 dZs+%d + 2 o+ Pt (1) 0
X Vs oz D Ow o @)
5)y 5)y 5)y dy dy oy

%= o dXS+aY dYs—i-aZ dZS+8 de +8 dw wt oo dm-i—()

For each lunar feature point, two equations can be set bydragrdinates and corresponding
lunar fixed coordinates like in Equation (1). If there aresthfeature points in an image taken by
the landing camera, the correction to six exterior oriéotaelements can be calculated with six
equations. In order to improve accuracy in the calculatmonre than four feature points can be
chosen in the image from the landing camera, and the optiora¢ction to exterior orientation
elements can be calculated based on the principle of Leasir8g Adjustment. Additionally, a
method of successive approximation is used in this papexuseconly the first degree term in the
Taylor decomposition is chosen for the coefficient in Equraij2) and the correction to unknown
parameters is inaccurate. lterative computation shouldadoeed out until the change in value is
smaller than a threshold. The calculated position of the@emd attitude parameters can be obtained
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as follows:
Xg=Xg0+dXg1 +dXgo + ...

Ys =Ys0 +dYs1 + dYs2 + ...
Zs=Zso+dZs1 +dZsa+ ...
(,0:(,00+d(p1 +d<,02+...
w = wo + dwi + dws + ...
K= Ko+ dr1 + drs + ...

; (4)

in which X 59, Yso, . . ., ko are the initial values of the position of the probe and alitparameters.
dXs1,dXgso,...,dk1,dks, ... arethe correction to unknown parameters after each iverinally,
the complete soft-landing trajectory can be reconstrubtethe calculated positions of the probe
corresponding to each image from the landing camera.

For assessing the accuracy, the mean square error of thiedacaimera’s focus based on the
Least Squares Adjustment will be used as the criterion ttuat@ accuracy in the position of the
probe when SISR converges. It can reflect the internal acgwiaunknown parameters. The equa-
tion used for the calculation is as follows:

m; = moy/ Qi ,
VTV]
= + 5
o 2n—6" ()

in which @;; are the diagonal elements of the correlation coefficientimyathich is the inverse
matrix of normal equation coefficient matrix formed by thet@ derivative of exterior orientation
elementsm, is the mean square error of unit weighitsis the residual vector of image coordinates
for feature points after adjustment is applieds the number of feature points.

3 METHOD FOR VALIDATING THE RECONSTRUCTION OF THE SOFT-LANDING
TRAJECTORY

3.1 Experimental Data

Some landing camera images were selected from 3760 imageden to apply the method used
for validation. They were used to carry out image matchintp\@imap composed of images with a
resolution of 1.5m from CE-2 and calculate the position of&By SISR. The result could reflect
the overall trend in the CE-3 soft-landing trajectory. A¢ theginning of the soft-landing process,
the sampling interval was set to be 5s as the criterion facsielg images because the fps of the
landing camera was 10 and the height of CE-3 reduced grgddafing the major deceleration
and rapid adjustment stages. The numbers of selected imaggsd from 50 to 1800. It should be
emphasized that the first 49 images (NoNo. 49) were not used here because their image quality
was not good enough to perform image matching. With a coatiswescent in orbit height, the
probe’s motion became irregular so that images from thatechmera could no longer be selected
with a sampling interval of 5s. The selection criterion waaimy based on whether the feature
points could be accurately identified in the image. Accaydim the above criterion, 55 landing
camera images were selected to include in the calculation.

Feature points were selected manually during image majchimey should be typical lunar sur-
face features, such as visible centers of craters, rocks@od. There should be a feature point near
each corner of the image from the landing camera to avoid ehimaf error caused by overstretching
during image matching. On the other hand, feature pointaldhme evenly spatially distributed and
the number of feature points should be larger than three &olL#ast Squares Adjustment could
be used to calculate exterior orientation elements of ttegan(Fig. 4). The lunar fixed coordinates
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of feature points and corresponding image coordinates eavbtained from the CE-2 image and
landing camera images respectively after image matching.

When SISR was applied, the initial values of attitude anglese set as QX s andYs were set
as the average values &f andY’; Zgs was set ag’ x my, in which f was the focal length of the
landing camera angh, was the average height of CE-3 during the soft-landing. Tdresergence
conditions werel X s, dYs, dZs < 1 mm.

3.2 TheResults of Reconstructing the Soft-Landing Trajectory

The lunar fixed coordinates of CE-3 corresponding to the Eeted images from the landing camera
were calculated after image matching and SISR was applieglsdft-landing trajectory is illustrated
in Figure 5 by transforming the lunar fixed coordinates iatiitlde and longitude.

As mentioned in Section 2, the spatial distribution of feafoints, accuracy of image matching
and accuracy of lunar position estimates from feature pa@nt crucial for SISR. In this paper, the
feature points are evenly spatially distributed among iesag have good geometry. On the other
hand, the position of corresponding lunar points was obthbry examining a map of images with a
resolution of 1.5 m acquired by CE-2 (Ren et al. 2014). Troeeit can be concluded that the error
in calculation mainly comes from errors in the image matghirocess.

According to Equation (5), the mean square error of the ppais&tion wast® x 10~¢ in latitude
and 0.0056 in longitude at a height of 9.8 km by Least Squares Adjustnaétetr convergence of
space resection (Fig. 5(a) and (b)), corresponding to abiotal accuracy of 168.81 m. Horizontal
accuracy was improved with a reduced height because thalspegolution of images from the
landing camera and matching accuracy of images were imgraVaen the probe’s height reduced
to 3km, the spatial resolution of the landing image was 2.5 the horizontal accuracy was
117.57m. CE-3 moved from the major deceleration stage toapiel adjustment stage. When the
height reduced to 2.4 km, the spatial resolution of the lagdinage was 1.9 m and the horizontal
accuracy was 37.64m. The probe moved from the rapid adjustetaege to the approach stage.
When the probe’s height reduced to 100.02 m, the spatialu&sio of the landing image was 0.09m
and the horizontal accuracy was 7.09 m. Furthermore, thedrdal accuracy was 0.26 m when CE-
3 was at a height of 23.3 m above the landing site and the $peg@ution of the landing image was
0.02m.

Vertical accuracy demonstrated the same characterigtigs3(b)). It was 58.10, 20.30, 16.80,
1.20 and 0.17 m at the corresponding heights of the probesisd above.

It should be noted that the calculated accuracy mentionedeavas affected by accuracy of the
unknown parameters coming from random errors such as thehingterror, the measurement error
of image coordinates and so on. The lunar fixed coordinatéssatiire points were regarded as con-
stants without position errors during calculation of unkmgarameters because this paper focuses
on the soft-landing trajectory of CE-3 relative to the lusarface. Internal accuracy improved with
higher matching accuracy. If position errors of featurengoare considered, Equation (3) can be
rewritten as follows:

ox ox ox ox ox ox

Vg — 8—XUX - a—YUY - a—sz = 8—XSdXS + 8—YSdYS + 8—ZSdZS+
%dgo—i- %dw + %dﬁ—i- () —
Oy Ow Ok ©6)
Dy Dy oy Oy Jdy dy 7
U T BX X T gy Y T 977 T gxg s T gy WS T gggddsT
oy oy y
—Zd —d —d —
2.t et 5. K+ (y) -y
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(®)

Fig.4 A diagram that illustrates the result from matching image RR00 that was taken with the
landing camera with an image from CE-2.
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Fig.5 The reconstructed trajectory of CE-3 in the powered dessewfe. This figure illustrates
the reconstructed trajectory in they plane (ground-track) and in the-z plane (east-west and
height), which includes error bars for all calculated pwior convenience of display, error bars are
magnified 10 times in Fig. 5(a) and 1000 times in Fig. 5(b). fidrege indicated by the red circle in
this figure is the CE-3 hovering stage, in which the motion Bf&is small and reconstruction of
the trajectory by the landing camera is important for orhdlgsis. This aspect is discussed in detalil
in Sect. 4.
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Fig.6 A diagram illustrating the map of the sub-satellite poiatk during the powered descent of
CE-3.

in which vy, vy andvz are corrections to lunar fixed coordinates for feature [goiAppropriate
weighting is needed to reflect the influence of uncertainpoisitions of feature points on calculation
results if these corrections must be considered duringitzlon. The CE-2 image map used in this
paper can achieve an absolute horizontal accuracy wittimi,Gnd vertical accuracy within 20 m
(Ren et al. 2014). These position errors would cause a mawigeviation of 100 m for unknown
parameters according to the propagation of error (Tao @0&I9). This deviation is systematic and
cannot be eliminated by the method mentioned in this papareder, it does not affect the overall
trend of reconstructing the trajectory so it is not consddrere. For calculation of absolute position,
this deviation cannot be ignored.

3.3 Data Comparison and Analysis

A map of the sub-satellite point track (Fig. 6) is illustrditen the map compiled by images with
a resolution of 1.5m that shows the latitude and longitud€Bf3’s moving trajectory. The red
pentagram indicates the landing site of CE-3.

Figure 6(a) shows the sub-satellite point track of CE-3mythe process of soft-landing. The
sub-satellite points move progressively closer to theitagdite and gradually become denser be-
cause the horizontal velocity of CE-3 became slower. Thaltegre consistent with the actual
situation of the CE-3 soft-landing. Figure 6(b) is a partigw of the sub-satellite point track near
the area of the landing site, in which the number is the fraoumtof each landing camera image. It
can be clearly seen that the probe adjusted its positionrtbtha south after frame 3092 to achieve
a safe landing.

A comparison between the height of CE-3 calculated in thjgepand ranging data obtained
by a laser rangefinder carried on the probe during the sofiiig was also performed to verify the
reasonableness of calculated results. The laser rangefindewo beams which worked at heights
of 30 km~4 km and under 4 km respectively. Its ranging accuracy was0Ehe sampling interval
of ranging data used in this paper was 8s. In the comparisenranging data were interpolated
according to the times the images were acquired. On the btret, CE-3’s height was calculated
by the distance between the probe and center of mass for tloe Mmd the altitude of the sub-
satellite point obtained by the digital elevation model cdifd Imbrium with a resolution of 1.5m.
This result is illustrated in Figure 7.
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Fig. 7 The difference between calculated height of CE-3 and randata by the laser rangefinder.

Figure 7(a) shows the consistency of height estimates amging data corresponding to the
55 selected images from the landing camera. The overalll toéthe two results is to have better
consistency with reduced orbital height. Figure 7(b) tates the difference between them. The
difference is reduced from a maximum of 300 m to 2 m. It alsoalesirates that the results for height
were consistent with measured ranging data when the hefgheqrobe descended. Figure 7(c)
illustrates the ratio of difference in height between the walues divided by the calculated height.
It can be seen that the difference in height appears to beonawdth an average ratio of 2.14%
compared to the calculated height. The main reasons fopttaaomenon are as follows:
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(1) There is calculation error caused by SISR. As mention&giction 3.2, the vertical accuracy of
CE-3 calculated by SISR improved with reduced height. Winenprobe’s height was 9.8 km
with a vertical accuracy of 58.10 m, the maximum differencleeight was 366 m compared with
ranging data. The difference reduced to 2.29 m at a heigh3.@fr with a vertical accuracy of
0.17m.

(2) The ranging data were different from the sub-satell@igght because of CE-3’s attitude relative
to the lunar surface, although its ranging accuracy was 0Amthe beginning of the soft-
landing, the direction of the laser rangefinder was not pedjpeilar to the lunar surface and had
an angle of aboutSwith respect to the normal direction of the lunar surfaceaftnet al. 2014),
so there was a difference of several hundred meters betWweeariging results and sub-satellite
height. With a reduced orbit height, the ranging directicadgally became perpendicular to the
lunar surface and ranging results were consistent withithesatellite height and the calculation
results in this paper. On the other hand, there was an errtireininterpolated ranging data
because the sampling interval of ranging data was 8 s ancetbeity of the probe was too fast
when the orbit height was over 3km. This could cause an efrtans of meters compared to
the actual height of the CE-3 probe, leading to a differerete/ben the two sets of height data
which was in the range derived by error analysis.

On the other hand, it could be seen from Figure 7 that the hefdPE-3 descended from 15 km
to 3km in 514 s during the major deceleration process. Silpilthe height descended from 3 km
to 2.4km in 24 s during rapid adjustment and from 2.4km to 10620 s during the approach
stage. However, according to the plan during the powerecetiésthe amount of time for the probe
to reach the target height of each stage was 450, 20 and 18pext&vely. The results of this paper
are crucially important for orbit optimization and adjustnt of orbit control strategy.

In summary, the positions of the sub-satellite point traatt height calculation results obtained
by images from the landing camera were reasonable. Thi®apprcan be used in precise recon-
struction of the trajectory.

4 PRECISE RECONSTRUCTION OF THE TRAJECTORY IN THE HOVERING STAGE

When CE-3 descended to a height of about 100 m, the probecentes hovering stage in which
thrust from the main engine was adjusted to 2500 N to mairtteénhovering state. The probe
detected craters or rocks on the lunar surface with diamédeger than 1 m by an optical imaging
sensor designed to carry out obstacle avoidance and sedatd ganding site. It can be clearly seen
in images from the landing camera that the probe adjust@ad&ion somewhat during this process.
Because the time taken by this stage was just 25 s, it wasutifficfind the probe’s slight movement
by the Measurement and Control System or by radio obsenstldnder these circumstances, the
method for reconstructing the trajectory mentioned in fa@iper can be used to obtain the trajectory
of CE-3. Images from the landing camera frame 3050 to fran7d 3Which lasted about 13 s, were
used here for calculating the probe’s trajectory. Becawseglap of images taken by the landing
camera was high enough at a height of 100 m, image matchingebatframe 3050 and the map
of images from CE-2 was first applied to obtain feature poamd then subsequent images were
matched with frame 3050. This method could reduce the infle@f matching error on calculation
results to ensure accuracy in the reconstructed trajeckbeyresults are shown in Figure 8.

Figure 8 illustrates the trajectory of CE-3 before and dfterhovering stage (marked by the red
circle in Fig. 5), which also includes error bars calculdbgdEquation (5). The average horizontal
accuracy was 7.65m during this stage. The correspondinggeerertical accuracy was 4.86 m.
When the probe stayed at a height of about 100.02m, it coulskba that the probe entered the
hovering segment at frame 3116 (13:10:19 on 2013 Decemb@iT@)) with a horizontal accuracy
of 7.09 m and a vertical accuracy of 4.27 m. During the hoggsiage, the probe moved a maximum
of about 6 m in the north-south direction and 6 m in the eastt@dizection to avoid obstacles. After
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CE-3 Longitude Trajectory in Hovering Stage
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Fig.8 Reconstruction of the trajectory in the hovering stage.

CE-3 managed to avoid obstacles in the landing trajectbsstarted the slow descent stage and
successfully landed on the lunar surface.

The results are consistent with the situation presentedniagés taken by the landing camera
and the overall design scheme of the hovering stage. Heameeyéthod mentioned in this paper can
be used to reconstruct the actual trajectory in the hovestage and demonstrate CE-3's movement
in detail.

5 CONCLUSIONS

In this paper, the space resection method is used to reachstie trajectory during CE-3’s soft-
landing by using images taken with the landing camera andmahanages with resolution 1.5m
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taken by CE-2. The precise trajectory of the hovering stageleight of about 100 m was recon-
structed in detail. It can be concluded that the probe’sdomitial and vertical accuracy improved with
the reduced orbit height and improved spatial resolutiothéimages. For the hovering stage at a
height of about 100.02 m (frame 3116), CE-3’s horizontalaacy reached 7.09 m while the vertical
accuracy was up to 4.27 m. Slight changes emerged when thtasding trajectory of CE-3 was
reconstructed. The results are consistent with the sitmgiresented by images from the landing
camera and the overall plan of the hovering stage. Furtherntioe results can be used for anal-
ysis of orbital control strategy, optimization of futurener missions and planning orbital control
adjustments.

In future work, automatic feature recognition and matchatgprithms will be utilized. More
images and more sampling points will be used in an automatexeps for deriving a more accurate
soft-landing trajectory.
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