Mo et al.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-023-00884-8

Chinese Journal of Mechanical Engineering
(2023) 36:63

. . l‘)
Spacecraft Pose Estimation Based
on Different Camera Models

updates
Lidong Mo ®, Naiming Qi* and Zhenging Zhao?

Abstract

Spacecraft pose estimation is an important technology to maintain or change the spacecraft orientation in space. For
spacecraft pose estimation, when two spacecraft are relatively distant, the depth information of the space point is less
than that of the measuring distance, so the camera model can be seen as a weak perspective projection model. In this
paper, a spacecraft pose estimation algorithm based on four symmetrical points of the spacecraft outline is proposed.
The analytical solution of the spacecraft pose is obtained by solving the weak perspective projection model, which
can satisfy the requirements of the measurement model when the measurement distance is long. The optimal solu-
tion is obtained from the weak perspective projection model to the perspective projection model, which can meet
the measurement requirements when the measuring distance is small. The simulation results show that the proposed

algorithm can obtain better results, even though the noise is large.
Keywords Spacecraft pose estimation, Weak perspective projection, Optimal solution

1 Introduction

With the development of space technology, an increas-
ing number of space missions involve the relative posi-
tion measurement of two spacecraft [1-4], such as
space assembly, space satellite repair, fuel injection, sat-
ellite capture and tracking, and space interception. The
measurement of the spacecraft’s relative position is very
important to maintain or change the spacecraft orienta-
tion in space to complete a space mission.

For relative position measurement, vision has some
advantages in terms of weight, volume, power consump-
tion, and equipment cost [5—8]. In the smart-OLEV mis-
sion [9, 10], the SMART-1 platform uses stereo cameras
and lighting equipment to provide better measurement
data within 5 m, but pointing data are only provided at
a long distance. The Argon vision system is divided into
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long-distance and short-range vision sensors [11, 12],
which select different field-of-view sensors for different
distances. The natural image feature recognition system
developed by the Johnson Space Center USES generates
a 3D model of the target under test to calculate the rela-
tive pose [13, 14]. Its measurement accuracy is propor-
tional to the relative distance. The measurement system
requires to measure the relative pose information of two
spacecraft at different distances for the control system
or other systems, and the relative distance of the space-
craft varies significantly, reaching more than 20 times.
Therefore, spacecraft pose estimation has the following
characteristics.

(1) When the two spacecraft are relatively distant, the
depth information of the feature points on the target
spacecraft and the distance between the feature points
are less than the relative distance between the two
spacecraft.

(2) Because the focal length of the camera is fixed, the
accuracy of the feature point extraction decreases with
an increase in the relative distance between the two
spacecraft.
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Figure 1 Target spacecraft and camera coordinate system

Based on the reasons above, when the two spacecraft
are far apart, the pose measurement accuracy will be
reduced. At present, two main algorithms are used for
pose estimation.

(1) Cooperative space measurement. The first is an
analytical algorithm based on the perspective projec-
tion camera model, such as perspective-n-point [15-17]
and direct linear transformation [18-20]. Using these
algorithms, the pose of spacecraft can be solved directly.
However, the accuracy of the spacecraft pose obtained
using the analytical algorithm is unsatisfactory. and opti-
mization algorithms based on nonlinear camera mod-
els, such as Gauss—Newton, Levenberg—Marqurdt, and
orthogonal iteration algorithms [21-23]. These algo-
rithms require a good initial solution for optimization.
Therefore, we aim to obtain high-precision analytical
solutions using analytical algorithms. (2) Based on non-
cooperative space measurement, the transformation of
the pose is calculated by using pattern matching and 3D
point cloud technology [24-28].

In this study, a spacecraft pose estimation algorithm
based on the target geometric constraints of the space-
craft outline is proposed. To reduce the influence of dis-
tance on measurement accuracy, this study simplifies the
camera measurement model. The simulation results show
that the proposed algorithm has an image feature error of
0.1 pixel to 1 pixel from 1 m to 20 m.

2 Pose Estimation Algorithm
Spacecraft pose estimation is based on the relationship
between the target spacecraft points and the correspond-
ing image points. The relative pose of the target space-
craft coordinate system and camera coordinate system is
calculated by using the multipoint correspondence rela-
tionship (Figure 1).

The mapping relations between the target spacecraft
point and the image point can be described by two math-
ematical mappings: 1) rigid transformation and 2) camera
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model. In the former, the space points in the space coor-
dinate system and camera coordinate system follow a
rigid body transformation, namely, rotation and trans-
lation transformations. Because the camera is installed
on the tracker spacecraft, the relative pose relationship
between the tracker spacecraft and the target spacecraft
can be described by the pose relationship between the
target spacecraft and the camera coordinate system. In
the latter, the relationship between 3D space points in the
camera coordinates and the projection 2D image points
on the camera image plane is considered.

2.1 Algorithm Model

To construct the spacecraft pose estimation algorithm
model, four coplanar symmetry points are used to cal-
culate the spacecraft pose. The target spacecraft coor-
dinate system is O -xyz. There are four points for P3,
i=1,---,4. The four points in the target spacecraft
coordinates are

a —a Cc
p=10|, Ps=|0 |, Py=|b]|,
d d d
» (1)
P = fz ,

where a, b, ¢, d are known values and the relationship
between P} and the points in the camera coordinate sys-
tem P¥ is given by

P; =RP;+ T, ()
where
1 11 *12 713 lx
Ryvs=|] | =|rarars|, Txai=|L|,
K r31 732 133 t
(3)

where I is the first row of the rotation matrix of R3ys3, J is
the second row, and K is the third row.

2.2 Camera Model

The fixed-focus-lens camera model can be simplified
to a single-lens model. According to the optics princi-
ple, space points P{(x{, 55, z{), image points p;(u;, v;),
and the camera origin O, are located on the same line.
Therefore, the camera model is called the pinhole cam-
era model, which is also known as the perspective pro-
jection model.
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where fis the camera focal distance. The spacecraft pose
estimation model is

wizi | f IPLz Ix
vizi [f | = ]Pl.s + 4. (5)
Zic KPI. t,
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zi =t;, i=12734. (10)

Simplified perspective projection refers to the projec-
tion on a plane parallel to the imaging plane through the
origin of the target spacecraft. Therefore, it ignores the
depth of the target spacecraft point relative to the origin
of the target spacecraft. When the two spacecraft are rel-
atively distant, the neglect error is insignificant. From Eq.
(8), we have

Form Eq. (2), we can obtain the relationship between z{ (ug — u1) vy — 1) (uz + ug — up — uy)
and Z;: k= 2af ke = 2af ks = 2bf ’
£=t(1+e), &=KP/t,. 6 k=7 V“Z;fvz ) s — (”zzji_f””, ke = (sz;f”),
Finally, we have (11)
%tz(l + 1) %tz(l + &9) %tz(l + e3) L}itz(l + &4)
%tz(l +é€1) ;thz(l + &) jTatz(l +€3) l/fitz(l + €4)
t,(14+¢e1) t;(14+e) t,(A+e3) t,(1+e¢4)
—ary1 +driz ariy + drig crin + brig + driz —cr11 + brig +dri3
= | —ary1 +dryz ars1 + draz croy + brog + drag —cro1 + brog + dras (7)
—ars1 + drsz ars1 + drsz cr31 + brsz + drsz —cr31 + brsz + drs3
Ly
Iz

According to the symmetry properties of points, we
have

ri =kitz, [ ro =ksty, [ i3 =kst; —t:/d, ®)
ro1 = koty, | o2 = katy, | ro3 = ket — ty/d,

where

ky = (M2(1+82)2—M1(1+51)),

af
ky = (V2(1+82)2;;1(1+81))’

ka — (u3(1tes)tus(1+eq)—us(1t+er)—ur (1+e€1))
3 = 2b ’

Ky — albes)tvy(eg) vy (hey)—v) (1) 9)
4 = 2bf ’

ks = (M2(1+62)2;ru1(1+€1))’

ke = (V2(1+82)2;}/1(1+81))'

2.3 Simplified Model

When the two spacecraft are relatively distant, the accu-
racy of the image feature extraction is low, and the depth
information of the feature points to the target spacecraft
can be ignored. The camera model can be approximated
by a simplified perspective projection model [29-31].
Consequently, we obtain

where k; can be calculated by image points. Equation (7)
contains nine variables and six equations. Thus, it cannot
be solved directly. The rotation matrix R has the follow-
ing constraints:

2 2 2
mtrtrz=1

2 2 2

rop+ryp +ryp =1,

2 2 2
rs+ryptrz =1,

ri1r21 + riaray + ri3ra3 =0,

r317ra1 + r3pran + razraz =0,
r117r31 + riarsa + ri3r3z = 0.

From the first, third, and sixth equations of Eq. (12), we
can obtain

(rara1 — riarm)? — (rfy + iy + 131 +13,) +1=0.
(13)
From Egs. (8) and (13), we obtain

(kiks — koka)?ty — (ki + k3 + k3 + k)2 +1=0.
(14)
Eq. (14) is a quartic equation. Therefore, the number of
roots is four. Two negative roots are removed according
to the relationship between roots and coefficients, and
two positive roots meet the following conditions:
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ki + k3
Condition1:¢% < — L3 15
OREHION 51 = (ks — koka)? =
k2 + k2
Condition 2 : tZ2 > 2t X (16)

2= (kiks — kokg)?’

Condition 2 can only be satisfied when the rotation angle
is greater than 60°; therefore, the result of applying Con-
dition 1 is selected.

Rotation matrix R can be described by four quaternion

parameters (4o, 41, 42, 43):

G+ - -4 2qng+4a390)  2(q193 — 9290)
R=| 2qq—q3q90) @ — a1+ —a3 2293+ q190)
2q193 + q290)  2(q293 — 0190) 45 — 43 — 43 + 43
(17)
Assumed that
1
B = = (r3s2 — (r12r31 — r11732))
2
1 , , (18)
= i(kllty — kskot; — kikaty) = 2q19>.
Form Eq. (14), we obtain
2, 2 1
qi +q; = 5(1 + r11),
1
2 2_ L /o YY)
191 — 49 5 (1 4r11) 4%, (19)
q1712 + qars1 = 2q4(q5 — q7),
qar12 + qirs1 = 2q3(q5 — q7).
As a result, we have
1 2 2
7=y 1+ kit, — V(1 + kit,)? — 482,
»="L
2q1 ’
o= q2ks + q1ky
= Ty,
2045 — q7) 2%
_ qiks + qoko (20
2(q5 — 47)
L
b = iwlu +e1) + ua(1 + £2)) — dri3,
Lz
ty = ?(Vl(l +e1) + va(l + &2)) — drs3,
t;
by = — (1 (14 e1) + ua(1 + &2)) — dris,
2f
‘, (21)
ty = g(‘/l(l +e1) +va(l + &2)) — drss.
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2.4 Optimization Algorithm

The accuracy of spacecraft pose estimation based on sim-
plified perspective projection is poor. Therefore, an itera-
tive optimal algorithm was constructed to improve the
solution accuracy. The optimal algorithm for improving
the accuracy of spacecraft pose estimation is shown in

Figure 2.
In the Talgorithm, R = [Ii J K ]T and
T . K i j
V= s K=-——0 J=IxK,
'] IK”]]

; 1 1 1 i j j
J-1 . t=dit, t,=~ttd.
AN TR A A

3 Experimental Section

The simulation experiment parameters were set as fol-
lows. The focal distance of the camera was 12 mm. The
pixel size was 7.4 pm X 7.4 pm. The rotation matrix and
the translation vector were [¢, 6, {¥] = [30°, 30°, 30°]
and T =[0.5¢, 0.5t;, ;] (m), respectively, where
t; = 1 — 20. The four points in the target spacecraft coor-
dinates were

) (2} B} 3]
Pi=|0]|, Ps=| 0 |, Py=|40|, P,=| 40 |.
75 75 75 75

Simulation experiments verified the proposed algo-
rithm in the following three aspects: 1) The optimization
algorithm was analyzed without noise. 2) The relation-
ship between the estimation accuracy and distance was
analyzed with a mean value of 0 and a standard deviation
of 0.1 pixel Gaussian noise. 3) The relationship between
the estimation accuracy and distance was analyzed with
a mean value of 0 and a standard deviation of 1 pixel
Gaussian noise.

The simulation results are shown in Figures 3 and 4.
The spacecraft pose estimation error is large, based on
the simplified perspective projection, and the optimiza-
tion algorithm based on the camera model effectively
reduces the measurement error. After 10 iterations, the
attitude errors are less than 0.42°, and the position errors
are less than 4 mm.

Figures 5 and 6 show the estimation accuracy with
a mean value of 0 and a standard deviation of 0.1 pixel
noise. When ¢, is 10 m, the attitude error is less than
0.36°, and the position error is less than 19.5 mm. When
t, is 20 m, the attitude error is less than 0.65°, and the
position error is less than 117 mm. The maximum pose
error occurs when ¢, = 1 m. This is mainly because the
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Figure 2 Optimal algorithm to improve the accuracy of spacecraft pose estimation
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Figure 3 Attitude accuracy analysis using optimization

initial relative position accuracy is low based on the sim-
plified perspective projection model.

Figures 7 and 8 show the estimation accuracy with a
mean value of 0 and a standard deviation of 1 pixel noise.
When t, is 10 m, the attitude errors are less than 3°, and
the position errors are less than 0.35 m. When £, is 20
m, the attitude errors are less than 7.5°, and the position
errors are less than 1 m.

Error of reative Position (mm)

-200 -

250 r c c c r c c c
1 2 3 4 5 6 7 8 9 10

lterations

Figure 4 Position accuracy analysis using optimization

4 Conclusions

To meet the requirements of pose estimation accuracy
for spacecraft relative distance change from far to near,
we propose a model based on two different camera
models. In this model, the initial value of the spacecraft
pose is calculated by a simplified perspective projec-
tion model, and the results are further optimized by the
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Figure 5 Attitude accuracy analysis with 0 mean and 0.1 pixel

standard deviation noise

80 3 3

20

Error of reative Position (mm)
n
S
7

10 12 14 16 18 20
tz(m)

Figure 6 Position accuracy analysis with 0 mean and 0.1 pixel

standard deviation noise

Error of reative attitude (°)

10 12 14 16 18 20
tz(m)

Figure 7 Attitude accuracy analysis with 0 mean and 1 pixel

standard deviation noise

Page 6 of 7

1000 : r T r T T . . .
tx '
800({ =+—o=-- ty N
—
600
E 400
5
£ 200F
7
o
o
) of
2
3
2 2001~
s
S -400
w
600~
-800 4
v
1000 : : : : : : : : :
0 2 4 6 8 10 12 14 16 18 20

tz(m)

Figure 8 Position accuracy analysis with 0 mean and 1 pixel
standard deviation noise

perspective projection model. The simulation results
show that the errors of pose estimation are less than 0.8°
and 117 mm when the image points have 0 mean and 0.1
pixel standard deviation. Further, the errors of pose esti-
mation are less than 7.5° and 1 m when the image points
have 0 mean and 1 pixel standard deviation. The estima-
tion accuracy can satisfy the requirements of spacecraft
missions.
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