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Aiming at the recognition and location of noncooperative spacecraft, this paper presents a monocular vision pose measurement
method based on solar triangle structure. First of all, an autonomous recognition algorithm of feature structure based on sliding
window Hough transformation (SWHT) and inscribed circle of a triangle is proposed, and the image coordinates of feature points
on the triangle can be obtained relying on this algorithm, combined with the P4P algorithm and the structure of spacecraft,
calculating the relative pose of target expressed by rotation and translation matrix. The whole algorithm can be loaded into the
prewritten onboard program, which will get the autocomplete feature structure extraction and relative pose measurement without
human intervention, and this method does not need to mount any markers on the target. Then compare the measured values with
the accurate value of the laser tracker, so that a conclusion can be drawn that the maximum position error is lower than 5% and the
rotation error is lower than 4%, which meets the requirements of noncooperative spacecraft’s pose measurement for observations,

tracking, and docking in the final rendezvous phase.

1. Introduction

In the on-orbit servicing tasks, it is usually required to
know the target position and orientation information of the
spacecrafts. Most of these spacecrafts are noncooperative;
they lost contact with the ground and have no artificial sign
for auxiliary measurement mounted on the structure [1].
For such spacecrafts, only their nature surface features can
be used for relative pose measurement. The measurement
error and measurement difficulty are much larger than the
cooperative targets [2].

In recent years, more and more attentions were paid to the
pose measurement of noncooperative spacecraft, due to its
high values and good application prospect. Xu et al. proposed
an algorithm to measure the position and orientation of a
noncooperative spacecraft with the solar panel triangle as the
recognition object. In this algorithm, human-interaction is
applied to provide the characteristic information of object
[3]. A method for pose measurement of noncooperative
spacecraft based on rectangular structure was presented by
Miao et al. [4]. This method chose a huge size structure as

the target feature. With the approach distance being close,
this method will be invalidated because the target is out of
the camera’s view. Terui et al. developed a pose measurement
algorithm using stereo-vision [5], which needs to know
the three-dimensional model of the target. Another pose
measurement method based on human-interaction appeared
in Du et al’s article [6]; two cameras were used in this
article to prevent cameras malfunction. Gao et al. proposed
a measurement method of incomplete rectangle [7], which
cannot get the position of the target. In article of Lichter
and Dubowsky, a method to estimate the target state, shape,
and parameters was presented [8]; data from multiple visual
sensors at different distance was needed in this article.

In conclusion, although there are lots of overall researches
for the relative position and orientation measurement of
noncooperative spacecraft at present, studies specifically for
spacecraft feature recognition are limited [9]. The existing
feature recognition mostly needs human being’s remote
control, and its autonomy and real-time are not high, as well
as the fact that the measurement results are affected by the
transmission delay and the transmission reliability. In order
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FIGURE I: Pinhole camera model.

to get the relative position and orientation of noncooperative
spacecraft at close range rendezvous phase, a method based
on single camera is proposed to calculate the relative pose of a
noncooperative spacecraft that relied on a solar panel triangle
structure in this paper.

2. Relative Pose Measurement

2.1. Coordinates Systems in Vision System. Four measure-
ment coordinate systems are involved in the noncooperative
spacecraft pose measurement system: the space coordinate
system is O,(X,,Y,,Z,), the camera coordinate system is
O.(X,, Y., Z.), the image coordinate system is U,(U,V),
and the world coordinate system is O,,(X,,,Y,,Z,,). As the
camera is mounted on the chaser fixedly, there is no relative
motion between the chaser and the camera. In this paper, only
the relative pose relationship between the space coordinate
system and the camera coordinate system is considered.

2.2. Pose Measurement. The mapping relationship between
the space coordinates and the image coordinates of the feature
points can be determined by the pinhole camera model [10].
As is shown in Figure 1, all of the light passes through the
optical center; that is, the object point, the image point, and
the optical center are collinear.

Based on pinhole camera model, the feature point trans-
formation between image coordinate U, (u,v) and camera
coordinate Q,(x,, ¥,, z.) can be described as

u fo 0 u, 0 e
z.|v|=|0 f, v, O ;/C , @
1 0 0 10 lc

where f, and f, are the equivalent focal length in direction
of axes u and v. [u,, v,] stand for the center of image plane.

The rigid relationship of the feature point between the
space coordinate Q,(x,, ¥,,2,) and the camera coordinate
Q.(x, ¥,»z.) can be given by

Q.=RQ, +T. (2)

Formula (2) can be expressed with homogeneous coordi-
nate as follows:

xC xO
Vel _[R T |
zZ. _[OT 1] z, |’ (3)
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. . . T
where R = [r; 1, r3]isrotation matrixand T = [t; ¢, t;]
is the translation vector.
Substituting (3) into (1), we can obtain the equation

u fu 0 u, 0 R T °
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Note A = z; its practical significance is the projection
of distance between the optical center and the object point
in optical axis direction. It is assumed that four points in
the target space are coplanar; then A, = Ay = Ao = Ap.
Define plane ABCD as Z, = 0, so the space coordinates of
the feature point are Q;(x;, ;,0), i = A, B,C, D; then (4) can
be simplified as follows:

U; fu 00 Xi
Avil=10 f, 0|[r r, T]|» |, i=ABCD,

1 0 01 1
(5)

where (u;,v;), (x;, ¥;), i = A, B,C, D, are known quantities,
f.» f, are the intrinsic parameters of camera, which can be
computed by calibration, and R, T are quantities to be solved.

As ry = r; X r,, problem boils down to solving r,, r,, T. Note

fu 0 0
H-= [ 0 fvo] [r, r, T];then we have
001
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1 1 hy, hsy hys | |1 (6)

i=A,BC,D.
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FIGURE 2: Line in Cartesian space mapping to parameter space.

Eight homogenous linear equations can be provided by
four groups of corresponding points in (6); then H can be
determined solely. As r,"r, = 0, |r,| = |r,|, 7;, 5, T can be
solved according to (5), and then r; can be solved as well.
Those problems that are to solve the pose matrix of target
according to space coordinates and image coordinates of four
coplanar points are called P4P problem.

3. Triangle Recognition

3.1. Recognition Principle. Assuming the structure and size
of the spacecraft are known, based on last chapter, before
calculating the relative pose between the spacecraft and the
camera, we need to get the image coordinates of four coplanar
feature points. The solar panels triangle is a typical part that
connects the main body of spacecraft and the solar panels.
The obtaining of triangle’s inscribed circle and vertexes image
coordinates, introduced below, uses the triangle recognition
algorithm that is based on SWHT.

Regarding the basic idea of Hough transform: based on
the duality between point and line, any point on line in image
space (x, y) can be mapped toa sine curve p = x cos 9+ y sin 0
in parameter space. The slope 0 and intercept p of all points on
a straight line under the original coordinate system stay the
same; which can be described as all curves gathering into the
same point (0, p) in parameter space, as is shown in Figure 2.
Thus, the length of the line in Cartesian coordinate system
is equal to the number of the curves that gather to the same
point in polar coordinate system.

Regarding the basic characteristic of triangle: any triangle
ABC only has one inscribed circle, and the distances between
the center O and three sides are equal (see Figure 3). Based
on this characteristic, choose a small window sliding in
the image, setting the center of the window as the origin
of Cartesian coordinate system; when the center of sliding
window overlaps with the center of inscribed circle center,
three peak points appear in parameter space; the absolute
values |p| are equal; the values 0 are different.

3.2. Detection Result. In this paper, the image processing
model and triangle feature detection system are built with

FIGURE 3: Triangle and its inscribed circle.

TABLE 1: Pose coordinate information.

Center of sliding ~ Vertexes of the Linear equation of triangle’s
window triangle three sides
L ,p:
A(0-4,201.2) x —41343.0y +2055=0

0(320.6, 355.8)
B(514.1,198.7)

C(403.3,713.5)

L,p:x+157.8y-08=0
L ,p:x~5569y+02=0

MATLAB. The size of the original image is 640x512; choose a
300 x 300 size window to slide on the image; when the center
get to the coordinate (239.058, 178.560), ideal triangle feature
can be extracted. The detection result shows in Figure 4.

The pose information is displayed in Table 1.

3.3. Pose Estimation. Regarding the constraint relationship
as mentioned in Section 2.1: For the detected triangle, its
vertexes’ position on the target spacecraft as well as the size of
its sides are known, and then the inscribed circle center can
be calculated based on the known vertexes; those four feature
points are coplanar.

In the target spacecraft coordinate system, take the trian-
gle plane as Z = 0; then the three vertexes” space coordinate
are A(xy, ¥1,0), B(xy, ¥,,0), C(x3, ¥5,0); the corresponding
side lengths are BC = a, AB = ¢, and AC = b, so the inscribed
circle center coordinate is O((ax; + bx, + cx3)/(a + b + ¢),
(ay, +by,+cy;)/(a+b+c),0). Combining with the above four
feature points’ image coordinates, relative pose relationship
can be obtained.

4. Experiment Study

4.1. Experiment Facilities. In order to verify the effectiveness
and feasibility of the measurement method, a noncooperative
spacecraft autonomous measurement system with a well-
founded experimental platform was built, whose purpose is
to simulate the relative position and orientation measurement
process. The experimental platform includes CMOS camera,
target spacecraft, calibration checkerboard, Laser tracker,
onboard computer A, and computer B, as is shown in
Figure 5.

CMOS camera uses the photonfocus camera of DS1-D1312
series, with a resolution of 1312 x 1082 and an image size of
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FIGURE 4: Experimental result.

FIGURE 5: Pose measurement experimental platform.

640x512, and its data interface is cameraLink base. The target
spacecraft chooses the Change-2 satellite model (scale 1:30),
which weighs 1.3 kg; its size parameters are 680 mm (length)
x 220 mm (high) x 125 mm. The main body structure is a
55mm X 66 mm X 70 mm size cube. As the spacecraft used
in this paper is a model, a percentage of the distance can be
equivalent to 0~1 m in the close range, which fits to the reality;
Leica-AT901B acts as the laser tracker, the measurement
radius of AT901B is 80m, its accuracy is 0.06 ram, and
measurement distance in this paper is about 4 m; Computer
A is replaced by PC, mainly to preside over image processing
and calculating; Computer B is the matching computer of
Leica, which is in charge of measuring the coordinates of

feature points. The relationships between different modules
are as described in Figure 6.

4.2. Experiment Process. Two experiments were conducted
in order to verify the accuracy of the algorithm; one is to
get the calculated value by using the method of this paper;
another is to measure the accurate value by laser tracker.
In the first experiment, we mounted the camera onto a
tripod and calibrated the camera then extracted the feature
points of solar panel triangle by using the algorithm in
this paper, so the relative pose between camera coordinate
system and spacecraft coordinate system can be calculated by
P4P algorithm. In the second experiment, we acquired the
relative pose between checkerboard and camera by camera
calibration and then measured the relative pose between
checkerboard and tracker with Leica, so that the relative pose
between the camera and Leica can be solved. Then the world
coordinates of feature points with Leica were measured,
so that the relative pose between camera and target can
be calculated, which can be considered as accurate values.
The whole measurement experiment process is as shown in
Figure 7.

4.3. Results and Discussion. The experiment results are as
shown in Table 2.

As illustrated in Table 2, the maximum error of rotation
angles is lower than 4% and maximum error of transla-
tion parameters is lower than 5%, which indicated that
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TABLE 2: Errors of pose parameters.

Parameters o (deg.) B (deg.) y (deg.) t, (mm) t, (mm) t, (mm)

Accuracy value 2.154 1.997 -0.112 -170.391 —-41.308 700.230

Calculated value 2.072 2.072 -0.118 —-163.111 —39.938 691.800

Error —-0.082 0.075 0.004 7.280 1.37 -8.43

Error ratio 3.81% 3.76% 3.28% 4.27% 3.32% 1.20%

the measurement method is effective. As we change the posi-
tion and rotation of the spacecraft and repeat the experiments
above, errors keep being stable.

5. Conclusions

In order to measure the pose of a noncooperative spacecraft,
a method based on SWHT and attribute of triangle and its
inscribed circle is presented. The method, combined with
the P4P algorithm and camera calibration technology, relies
on a solar panel triangle structure on the target spacecraft.
Comparing the calculated values with the accuracy values,
it validates that the method proposed in this paper is
effective and feasible. The application of this method may be
extended to recognize triangle structure in other areas, such
as the recognition of triangle road sign. The P4P algorithm
mentioned in this paper can also be used to solve the pose
measurement of noncooperative spacecraft given any four
coplanar feature points.

Although the difference between measured values and
accurate values is very small, error still exists because of image
feature extraction, P4P algorithm, and camera calibration,
and so forth. Further studies will be focused on improving
algorithm as well as improving experimental facilities to
decrease experiment error. In addition, more studies will be
carried out for other possible feature structures, such as the
oval docking ring.
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