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Research of Attitude Measuring System Using Single Camera
for Non-cooperative Spacecraft
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Abstract: In this paper, the attitude measuring system using single camera for the non-cooperative
spacecraft is researched. The basic principle of attitude measuring theory is deeply studied, and also the
advantages and disadvantages of traditional attitude measuring method, which is based on cooperative
target and double camera, are listed for comparison. The mathematical model of the perspective camera is
established with the matching points. The attitude is measured by the method of Epipolar Geometry. It is
proved that, the theory of attitude measuring system is available according to the experimental results. It
puts forward a new research approach for the guidance system to indentify the target attitude automatically.
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cooperative and non-cooperative target™?. The former

0 Introduction . : e i .
class is realized by artificial points, the target’s image

Among all kinds of key technologies to precisely
capture a target in outer space, the guidance mode
based on material analysis and attitude measuring
system is gradually becoming the research focus in the
development of precisely guided weapon. This system
mainly deals with typical targets with long distance,
such as satellite, cloud stone and so on. In order to
achieve precise capture to targets in outer space, it is
an absolutely necessary step to identify the attitude
information of the target.

Based on the relationship between the measuring
system and the target, the process and the primary
methods are divided into two classes, used in
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library, 3d model, communication with the target and
so on. This method is simple, maturity and reliable.
But it’s limited by the application range. The last
method does without the information from the target.
It mainly includes four kinds of measuring system,
such as Satellite Navigation System, microwave radar
system, lidar system and optical imager system. And
the optical imager system has the attention of
researchers because of its advantages of cost, skill and
volume.

With the development of the computer vision,
non-cooperative measuring system is promoted. For
example, Canadian NFAS vision system replaces the
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method of 3d model with two cameras’
reconstructiont™. Although realizing non-cooperative
measure, the system has an obviously limitation, such
as short work distance, short base line, large work flat
and so on. To overcome this problem, this paper
introduces a new measuring method by dealing with
the Image sequence gained from a single camera.

1 Matching Algorithm

The most commonly used matching algorithm is SIFT.
For it is difficult to directly acquire the information of
the SIFT with small target, we need to deal it with the
method of pixel contrasting. And it can shorten the
time of SIFT with the method of up sampling when
the target is large.

The SIFT algorithm operates in four steps to detect
and describe local features, or key points, in an image:

1) Scale-space extrema detectiont!

The SIFT algorithm begins by identifying the
locations of candidate key points as the local maxima
and minima of a difference-of-Gaussian pyramid that
approximates the second-order derivatives of the
image's scale space.

2) Key point localization and filtering™

After candidate key points are identified, their
locations in scale space are interpolated to sub-unit
accuracy. The interpolated key points, which is
potential instability, are rejected with low contrast or a
high edge response-computed based on the ratio of
principal curvatures.

3) Orientation assignment'

The key points that survive filtering are assigned
one or more canonical orientations based on the
dominant directions of the local scale-space gradients.
After orientation assignment, each key point's
descriptor can be computed relative to the key point's
location, scale and orientation to provide invariance to
these transformations.

4) Descriptor computation!”

Finally, a descriptor is computed for each key point
by partitioning the scale-space region around the key
point into a grid, computing a histogram of local
gradient directions within each grid square, and
concatenating those histograms into a vector. To
provide invariance to illumination change, each

descriptor vector is normalized to unit length, and
reduced the influence of large gradient values, and
then renormalized.

2 Wrong Match Pairs Elimination

The epipolar geometry is the intrinsic projective
geometry between two views. It is independent of
scene structure, and only depends on the cameras’
internal parameters and relative pose. It is in nature the
geometry of the intersection of the image planes with
the pencil of planes having the baseline as axis(the
baseline is the line joining the camera centres). This
geometry is usually motivated by considering the
search for corresponding points in matching.
2.1 Fundamental Matrix
The fundamental matrix F encapsulates this intrinsic
geometry. It is the algebraic representation of epipolar
geometry. Suppose a point X in 3-space, which is
shown in Figure 1, is imaged in two views, at x in the
first, and x’ in the second. The two cameras are
indicated by their centers C and C'. The camera
centers, 3-space point X, and its images x and X’ lie in
a common plane. The image point x back-projects to a
ray in 3-space defined by the first camera centre, C
and x. This ray is imaged as a line I’ in the second view.
The 3-space point X which projects to x must lie on
this ray'®.
I'=Fx 1)

The line I'in the second view is obtained by joining

X' to the epipole ¢'.

xI'=0 (2)
And according to formula (1) and (2) we can get:
X TFx=0 (3)

We can compute the fundamental matrix F by the
method of RANSAC, 8-point algorithm, algebraic
minimization algorithm and so on®!.

Fig.1 Epipolar geometry
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2.2 RANSAC Assume that the 3-space coordinate’s center point is

The following steps is repeated for N samples, which
is determined adaptively by the number of points!®.

1) Select a random sample of 8 correspondences and
compute the fundamental matrix F by the method of 8
point algorithm.

2) Calculate the distance d for each putative
correspondence.

3) Compute the number of inliers consistent with F
by the number of correspondences for which d<<dy
pixels.

The F is chosen with the largest number of inliers.
And the inliers are the correct matching points™*.

3 Attitude Measurement

The most commonly used imaging model concerning
machine vision technology is fluoroscopy camera
model. It meets the following projection equation:
x=PX (4)
During the above formula, P is a 3 X 4
homogeneous matrix. In Euclidean reconstruction, P
can be expressed as:

P=KR'[II] (5)
f s u
During the above formula, K=|0 af v | ,
00 1
hh h, 0 Y
R=|n, I, Iy|, t=| . K is the inner
r31 r-32 r33 t3

orientation elements of a camera, f is the focal length,
a is the aspect ratio, s is the distortion factor, [u v] is
the image principal point. Usually, s=0, a=1, and the
image principal point is also close to the image
geometric center. R and t are respectively the rotation
matrix and translation matrix relatively to the 3-space
coordinate.

Assume the matrix P"=P"(PP")*, and based on
the formula (4), The image point x'* projected by the
point P*x is on the line I in the second image. We can
get:

I'=e"- x"=(P'C)(P'P 'x) (6)
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in coincidence to the camera principal point in the first

image. The two homogeneous matrixes can be
expressed as:

P=KR[I| 0] (7)

P'=K'R'[I] (8)

c’ 9
N ®

P‘{K_l} (10)

Substitute formula (7), (8), (9), (10) into formula (6),
we can get:
F=P'C(P'P")=[P'Clx PP =K' T[t]xRK * (11)
Assume the essential matrix E=[t]xR, we can get:

E=K'FK (12)
0-10

Suppose that matrix W=|1 0 0| and the SVD of
001

E is U diag(1,1,0)V, we gain two possible
factorizations as follows:

t==4U(0, 0, 1)'=us (13)
R=UWV' (14)
R=UW'V' (15)

Substitute formula(11). (13). (14). (15) and a pair
of matching points into formula(3), we can choose the
correct matrix R.

4 Experiment and Results

4.1 Image Generation and Camera Calibration

In simulation testing, we get image sequences by
camera model and satellite model created by 3ds max
which is shown in Figure 2.

Combined with Zhang’s classic calibration
algorithm®?, we get the inner matrix (see Table 1)
based on the LM optimized method™! and the
calibration plate which is shown in Figure 3.

3782903 O 13925
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Fig.2 Satellite model

Table 1 Camera and satellite model parameters

Camera model

Satellite model

Focus: 5m
Resolute: 2786 X 2085

Length: 6.5m
Width: 6.5m
Height: 8.0m

Fig.3 Calibration plate
4.2 Point Extraction and Matching
We use the SIFT and RANSAC method to match the
satellite in two images, which is shown in Figure.4

(up). And the enlarge image is in Figure 4 (left-down).
By using of the method of 8 point algorithm, which is
drawn in Figure 3(right-down), we can get the
fundamental matrix.

4.3 Attitude Measurement

Revolving the satellite by pitching angle, and
moving the satellite to approach the camera from 5km
to 150 km, we can get the test results which are shown
in Table 2.

Revolving the satellite by rolling angle, and moving
the satellite to approach the camera from 5km to
150km, we can get the test results which are shown in
Table 3.

Ly
o
|

Fig.4 Matching results
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Table 2 Pitching angle errors of the test results

Angle Distance Pixels Match Pairs Results Error
174 mrad 150 km 125 15 249 mrad 75 mrad
174 mrad 50 km 1238 9 27 mrad 147 mrad
174 mrad 40km 2125 10 75 mrad 99 mrad
174 mrad 30km 7330 15 78 mrad 96 mrad
174 mrad 20km 11672 14 207 mrad 33mrad
174 mrad 10km 31894 44 127 mrad 47 mrad
174 mrad 5km 201892 57 167 mrad 7 mrad

Table 3 Rolling angle errors of the test results

Angle Distance Pixels Match Pairs Results Error
174 mrad 150 km 153 14 243 mrad 69 mrad
174 mrad 50km 2081 8 290 mrad 116 mrad
174 mrad 40km 3950 11 202 mrad 28 mrad
174 mrad 30km 5760 32 200 mrad 26 mrad
174 mrad 20km 10447 34 188 mrad 14 mrad
174 mrad 10km 39286 87 198 mrad 24 mrad
174 mrad 5km 148320 210 134 mrad 40 mrad

Experimental results with less than 200 pixels and
150 km clearly demonstrate the validity of small target
detection. And the match pairs show that the method is
efficient to feature point extraction. From table 2 and
table 3, we can see, the contrastive simulation on the
error is carried to show the accuracy of the attitude
estimation. Due to the method of pixel contrasting, the
errors of the angle in the distance of 150 km are less
comparing to errors with short distance. The angle
errors come down with the distance turning short in
the whole.
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