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ABSTRACT Pose (position and attitude) measurement of a space non-cooperative target is very important
for on-orbital servicing tasks, including malfunctioning target repairing, space debris removal, and so on.
However, such targets are generally non-cooperative, i.e., no markers are mounted on it and there is no prior
knowledge. Therefore, the identification and measurement of a non-cooperative target is very challenging.
In this paper, we propose an efficient method to recognize the natural objects with circular or near-circular
shapes on the target, reducing the computation load and improving accuracy. First, the geometry properties
of a practical non-cooperative target are analyzed. A stereo vision system is correspondingly designed to
measure the relative pose of the target. Second, the error sources and time-consuming factors of the traditional
method are analyzed. Then, a solution concept is proposed. Third, the efficient method is detailed to solve the
geometry equation and determine the pose information, reducing the calculation complexity and increasing
the accuracy. The image pre-processing and target detecting algorithms are realized on FPGAs, further
accelerating the calculation speed. Finally, we develop an experiment system and verify the proposed method
through practical experiments. The experiment system is composed of satellite mockup, binocular camera,
and high precision laser tracker. The experiment results show that the proposed method has high accuracy

and efficiency.

INDEX TERMS
servicing, FPGAs.

I. INTRODUCTION

With the continuous exploration of space technology, a large
number of man-made objects are constantly being launched
into space, resulting in an increase of space debris, including
abandoned satellites, rocket bodies, and other un-controlled
objects. The space debris not only occupies the valuable orbit
resources, but also seriously affects operational satellites.
According to the ESA forecast, if there are no effective
measures to remove space debris, by 2030 or so, there will
be a 3.7% probability of collision. That is to say, every
25 normal satellites will have one potential collision with
the uncontrolled object. Therefore, protecting valuable and
limited orbit resources becomes broad consensus in the inter-
national community [1], [2].

Non-cooperative targets, pose measurement, stereo vision system, on-orbital

Recently, the on-orbital servicing technology based on
space robots is proposed to capture and remove the space
debris [3], [4]. The target recognition and pose measurement
are the keys to space debris disposal [5]. According to the
orbital dynamics, a space un-controlled object is generally
in a tumbling state. Moreover, there is not any measurement
marker or handle mounted on the target. That is to say, such
targets are non-cooperative and tumbling. Therefore, it is very
challenging to recognize and measure them.

Identification and measurement of non-cooperation target
is a worldwide problem, which has attracted lots of attentions
from engineers and scholars. ESA(European Space Agency)
designed a geostationary orbit restorer to capture abandoned
satellites in orbit [6]. The laser ranging and active vision
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measures were used. Thienel et al. [7] proposed a nonlin-
ear approach to estimate the spacecraft attitude for the ser-
vice of the Hubble Space Telescope and conducted tracking
control under the auspices of NASA. But it needed more
priori knowledge. Du er al. [8] proposed a pose measure-
ment method for large un-controlled satellites in orbit using
collaborative cameras. But the geometry was assumed to be
known. Zhang et al. [9] proposed a pose measurement method
without the use of cooperative cursors, but assuming that
the shape and geometry of the identified target were known.
Inaba et al. [10] proposed a method for on-orbit identifica-
tion and capture of non-cooperative targets, but assuming
that the shape, size and quality of the target were known.
Lichter and Dubowsky [11] proposed a method of estimat-
ing the target state, geometry, and model parameters, but
this method required a number of three-dimensional visual
sensors in different directions for the target shooting, caus-
ing high cost and operational burden to the space task.
Jasiobedski et al. [12] proposed a stereo—vision-camera-
based vision system that allows pose measurement and track-
ing in the proximity of satellites. Terui ef al. [13] also studied
the use of stereo vision to estimate the motion of the failed
satellite. Gao et al. [14] proposed an algorithm for measuring
the unknown position and attitude of unknown dimensions
using a monocular camera and a laser range finder, but there
was also a problem that the monocular camera cannot obtain
a large-sized target image at close range. NASA designed a
capture mechanism for non-cooperative target orbit engines,
and presented a complex non-cooperative target recognition
algorithm based on multi-sensor data fusion [15], [16]. This
method could be affected by transmission delay and transmis-
sion reliability, when the delay was large, the entire system
would be unstable. The United States carried out the FREND
project mainly for non-cooperative spacecraft to perform cap-
ture, derailment and other operations [17], [18]. It used three
hand-eye cameras as the pose measurement system [19].
There also have been some achievements in the measure-
ment of non-cooperative tumbling targets. Li et al. [20]
proposed a relative attitude estimation method based on par-
allel binocular non-cooperative spacecraft, which achieved
the attitude measurement of satellite triangular support.
Zhang et al. [21] proposed a new method for relative attitude
and position estimation of tumbling spacecraft. This method
could release the assumption that the main frame of the
traditional algorithm coincides with its LVLH frame. The
equation of the eccentric orbital motion was used to describe
the position dynamics. The relative quaternion, the relative
position and velocity, the subrographic deviation, and the
principal angular velocity and inertia ratio could be estimated
by the extended kalman filter. Sun et al. [22] studied the
relative position and attitude tracking method in the case
of model uncertainties and external disturbances when non-
cooperative spacecraft were returned. Considering the diffi-
culty of aligning the propeller in the process of tracking the
spacecraft, a comprehensive robust adaptive controller with
6DOF relative motion was designed. The gradient uncertainty
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of the tracker was estimated by the gradient adaptive method.
Lyapunov theory was used to prove that the error of the
closed loop system was asymptotically converted to zero.
Tweddle [23] proposed a new method to solve simultaneous
localization and mapping problems by estimating the position
of the target, the method used an incremental smoothing and
mapping system to examining unknown non-cooperative tar-
gets that revolve around any axis in the space, direction, line
speed, angular velocity, centroid, spindle and inertia ratio.
However, this method was too computationally intensive and
was not suitable for the study of real-time capture system
for space robots. Dong et al. [24] used the extended kalman
filter to develop a real-time attitude and motion estimation
method for non-cooperative targets. The optical flow algo-
rithm tracked the feature points of the target and improved
the image processing speed. The scheme was implemented
the attitude and motion estimation of dynamic target by a
single camera. Kaiser et al. [25] proposed an optimization
algorithm for the integration of inertial sensors and vision
sensors for pose measurement, and successfully realized the
pose measurement and motion prediction for four quadro-
tor MAV. Dong et al. [26] also developed a motion-based
controller that performs automatic capture of non-cooperative
targets. In order to accurately estimate the movement of
the target, the camera vision measurement and the kalman
filter combination method ensure the accuracy of target state
prediction.

In this paper, we focus on measuring the geometrical
shape and pose of the non-cooperative target to determine
the appropriate capture position for the space robot. In order
to solve the problem of large computational complexity and
low accuracy, an efficient solution for solving the pose of
natural objects with circular or near-circular shape is deduced
in detail. The eigenvalues and eigenvectors of the oblique
cone are analyzed from the essence of space circle imaging.
Aiming at the space non-cooperative target, the accurate pose
information is obtained by binocular collaborative measure-
ment. The validity of the algorithm is verified by experiments.

The remainder of this paper is organized as follows.
A stereo-vision-based pose measurement system is designed
in Section II. The traditional pose calculation method is intro-
duced in Section III and then an efficient solving concept
with high accuracy is proposed. In Section IV, the detailed
solution method based on stereo-vision collaborative mea-
surement is proposed. The parallel computing idea for image
pre-processing of pose measurement is realized on FPGAs.
In Section V, an experimental system of binocular stereo-
scopic vision is established and the validity of the method
is verified through experiments. The last section presents the
summary and conclusions.

Il. DESIGN OF A NON-COOPERATIVE MEASUREMENT
SYSTEM BASED ON STEREO VISION

A. NON-COOPERATIVE SATELLITE MODEL

The non-cooperative target that we want to be serviced is
assumed to be a malfunctioned satellite, named Xinnuo-2.
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The satellite has two solar wings, which are mounted on
the +Y and —Y panels respectively, and two large antennas
on the +X and —X panels. When the Xinnuo-2 satellite
reaches the GEO orbit successfully, some accidents hap-
pened, as shown in Fig. 1, and some mechanical parts have
not been unfolded, such as:

_____y Unfolded communication
antenna(-X )

—» Unfolded solar swing(+Y )

"

Folded solar swing(-Y )

Unfolded communication antenna(+X )

FIGURE 1. The malfunctioned Xinnuo-2 satellite to be repaired.

(i) The +Y solar wing fails to be unfolded;
(ii)) The +X communication antenna fails to be unfolded;
(iii) The —X communication antenna fails to be unfolded.
To ensure the normal operation of the communication
satellite, theses unfold mechanical parts must be repaired.
The following sections will provide a solution for on-orbit
services.

B. DESIGN OF THE STEREO VISION SYSTEM

In order to carry out pose measurement for non-cooperative
target, a binocular stereo vision system is designed. As shown
in Fig. 2, since the launch vehicle interface ring and apogee
engine nozzle are mounted on nearly all the GEO satellites,
so it is a good choice to take them as the recognition objects.

Capturing
Surface

2 Left-Camera

Binocular Hand-eye
Camera

Xinnuo-2 Satellite

FIGURE 2. The feature recognition based on stereo vision system.

As we can see, the apogee engine nozzle has circular or
near-circular shapes. A circular shape is an ideal choice due
to the following properties:

(i) A circle can be defined with only three parameters
(i.e. x0, Yo, ¥), and its perspective projection in any
arbitrary orientation is a standard ellipse;

(ii) A circle has a better visual positioning accuracys;

(iii) The complete boundary or an arc of a projected circular
feature can be used for pose estimation without know-
ing the exact point correspondence.
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Here, by taking the natural circular features on the target as
the recognized objects, we propose a binocular stereo-vision-
based method to estimate the surface normal of the capturing
plane and the center position of the circle. The definition of
each coordinate system is shown in Fig. 3, where:

Right Camera2

Obital Coordinate X
Oy .
- Right-Arm

Arrest

i surface
! "

2

Non-cooperative
Target

Dual-Arm
Space Robot

FIGURE 3. The schematic diagram of stereo vision measurement system.

Oot — XotYorZo 1s the orbital coordinate system of the
space target; it is used as the global reference frame for the
dynamic modeling; its origin is the centroid of the target,
x-axis is the flying direction and z-axis points to the center
of the earth;

Opc — XpeYoeZves Opt — XpeYpiZp: are the geometry refer-
ence frames of space robot base and non-cooperative target,
respectively;

Op — X1 YLZp, Or — XRrYRZR are the left and right cam-
era coordinate system, whose origin is the optical center of
corresponding camera;

Ow — XwYwZw is the world frame, it is used as the
capturing reference frame.

Y,

World
Coodinate
0, X Area 3

W

FIGURE 4. Observation range of binocular stereo vision system.

As shown in Fig. 4, area 1 is the three-dimensional imaging
region and the two cameras can observe the target; area 2 is
the camera half dead zone, only one camera can be observed;
area 3 is the camera dead zone, the two cameras cannot
observe the target.
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According to stereoscopic knowledge, we can get the coor-
dinate of the critical point 0p:

b cos ap sin g

X
p ! sin (o] + o)
Yo, = Ye, €))]
by cos? oy
2o

sin (o] + o)

It means that the effective measurement area is a pyramidal
frustum, among them, the vertex point is 0p, and the two
generatrice are /1 and [, respectively.

In the effective area, the two cameras simultaneously
observe the target and extract the same feature point P.
Assuming that the three-dimensional coordinates of the
point P is (X, Y, Z), the image coordinates of the left and
right cameras imaging plane are p; (u;, v;) and p, (ur, vy),
respectively. p; and p, are the image in the world space,
as shown in Fig. 5.

A P(X.Y.Z)

FIGURE 5. The schematic diagram of binocular 3-D reconstruction.

Assuming that the homogeneous transformation matrix
of the left camera coordinate system relative to the world
coordinate system O,, — X,,Y,Z,, is 't w» the left and right
camera’s image coordinate system are set to O; — X;Y;Z;
and O, — X, Y,Z,, respectively; the corresponding effective
focal length are f; and f;, respectively; the coordinates of the
target point P in the left and right camera coordinate systems
are (xy, i, z7) and (x,, yr, zr), respectively. According to the
perspective projection transformation model, we can obtain:

X; T 0 07w
si|Yi|=10 fi Offwm 2
1] o o 1|z
'x, ] [/ 0 07[x
ss{ Y| =10 f O yr 3)
1] o o 1]]z

The homogeneous transformation matrix "7'; between the
left camera coordinate system O; — X;Y;Z; and the right
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camera coordinate system O, — X, Y, Z, can be expressed as:

Xy X] X

Vr T, yi|_ "R "t Vi

zr 2 o' 1 ]|z

1 1 1
moor2 r3 k| [x
my 12 3 iy I

= A “)

r31 ra 3 I Vo]
0 0 0 L1

Among them, "Ry, "t; are the left and right camera attitude
transformation matrix and translation vector, respectively.

Simultaneous (2), (3) and (4), the coordinates of the target
point P can be introduced by

X
X=7Z—
fi
Y;
Y=7Z—
fi

7 — ﬁ (fth - Xrtz)
Xr (r3iXi+rnYi+firs3) —fr (ruXi+ri2Yi+fir3)
5
Equation (5) is the expression of the three-dimensional
reconstruction of the non-cooperative target.

C. A SYSTEM CONCEPT OF NON-COOPERATIVE TARGET
CAPTURING BY USING DUAL-ARM SPACE ROBOT

As shown in Fig. 6, the process of on-orbit service to the
non-cooperative target includes: launch phase, orbital tran-
sition phase, tracking and approaching, the contact colli-
sion, and the stable control of the compounded system after
capturing, etc.

In view of the characteristics of the non-cooperative target,
the dual-arm coordination method is used to capture the
target, among them, a challenge work we need to solve is how
to calculate the pose of the non-cooperative target, only in this
way, and the arms can catch the target in the “coordinated”
way. The main work in this article is that we proposed a new
accuracy and efficiency pose measurement method for the
non-cooperative target.

IIl. RELATIVE POSE MEASUREMENT FRAME
AND ERROR ANALYSIS
A. ALGORITHM FLOWCHART
It’s well known to all that stereo vision camera has sub-
pixel accuracy limitation. The camera’s unavoidable hard-
ware error comes from the camera’s mechanical structure and
optical devices. To mitigate this limitation, we can improve
the resolution and anti-interference ability of the camera. As a
result, the manufacturing cost of the camera will become very
high. In fact, the hardware error of an industrial camera is usu-
ally a pixel, which has little impact on our research. In order
to reduce the overall error, we can use the effective calibration
algorithm and visual measurement method to make up.

The algorithm flowchart of stereo vision-based pose
measurement method is shown in Fig. 7. The whole pose
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The solid-apogee
motor to be fired

GEO

2: Long-distance
approach

0: Launch
into orbit

Non-Cooperative

/ Target

3: Final
approaching
and docking

4: On orbit

. Tomb track
maintenance

FIGURE 6. The flow chart of dual-arm space robot in orbit service.

Left Image Right Image
| | -
A 4 |

§ Image filtering Image filtering |

‘ Sobel edge detection ‘ :

3 ‘ Sobel edge detection ‘

Image

Quadrilateral fitting | Recognition

HEllipse Feature Recognition‘ ‘ Ellipse Feature Recognition “
,,,,,,,,,,,,,,,, e

,,,,,,,,,,,,,,,

Quadrilateral fitting

v
Solve the circle normal vector and the
center position

i Pose
| Calculation

Estimate the pose of the circle
based on the least squares method

FIGURE 7. The algorithm flowchart of pose measurement based on stereo
vision.

measurement process is mainly consisting of two parts: image
recognition (i.e. image filtering, edge detection and ellipse
recognition in 2D image plane) and pose calculation (normal
vector and center position of the circular feature).

Because the key of this study is the final approaching
and docking, the influence of the sun, earth and orbits
on the visual measurement of the non-cooperative target
is very small. In view of the complexity of the space
environment, in the process of extracting ellipse, to elim-
inate some of the scattered noise caused by the peak of
the spikes, the original image should be preprocessed by
median filtering. Then the sobel operator is used to detect
the elliptical contours of the space circle imaging. After that,
we obtain the sub-pixel coordinates of the contour points
by using the polynomial fitting method. Finally, the least
square elliptic fitting method is used to fit these points into
ellipses.
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B. TRADITIONAL SOLVING METHOD AND

ITS DISADVANTAGES

As shown in Fig. 8, E is the imaging ellipse plane of the target
circle plane E, the four endpoints of an ellipse on the imaging
plane are &', ¢/, p’ and ¢/, the corresponding four endpoints on
the target plane are B, C, P and Q. The surface surrounded by
red lines is called the largest viewing surface LAA(Largest
Apex Angle).

) N
? G,‘l

R0

B < LAA Surface

ACEVINCETI VI P
‘< 2 2 .
o

O Gt
E

VP(W,,‘ .0.7/)

BO,av, ,af

FIGURE 8. The schematic diagram of traditional monocular imaging.

According to Chen’s [34] and Xu’s [35] method of binoc-
ular measurement the pose of natural objects with circu-
lar or near-circular shape, when the optical axis of the camera
coincides with the z’-axis, a new camera coordinate sys-
tem is formed. Since the circle and the camera center are
unchanged, then the largest observation surface of LAA is
also unchanged.

Assuming that the radius of the circle is R,, it is easy to
get the position vector of the circular center according to the
spatial geometry:

0, = (ox, oy,oz)T

Rgvb/

0,

0, = (ox, —0y, OZ)T

The normal vector of the circle is:
_ PO xBC
" |PQ x BC|

B A M
@R+

ny = (ny, —ny, ng)"

ni = (ne,ny,n)"

From the expression of 7, we can see that the traditional
analytic method in solving the attitude of the circular surface
has nothing to do with radius, which can be directly obtained
by the matching of normal vector.

From (6) and (7), let k = [, r, the position vector of the
circle can be expressed as:

%p,, = [0, £AxR,, ByR,]" ®)
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where

According to binocular calibration results, the position
vector of the circular surface unified into the left camera
coordinate system can be expressed as:

“pey = Tte +Re DR,

©)
“po, =DIR,

where D, = [0, A, Bk]T, Rf) and R! are the measurement
radius of the left and right cameras, respectively.
Since ”p., = ’'p,,, (9) can be simplified as:

__Cr Rf) — Cr
(D —RD,]| Ko | =, (10)

o
For the solution of (10), the least squares method can be
used, thus:
/ -1
= (cre)ler e, an
o
where C = [Dl — C’RC,D,].
Substituting (11) into (6) and (7), the radius and position
vectors of the circular surface can be obtained by:

R+ R’

o = 2—2 7 £ (12)
o, +or

0, = % (13)

For traditional analytical method, substituting (11) into (6),
we can get the pose of natural objects with circular shape.
Xu [35] proposed a closed-form analytical method to estimate
the pose of the circle’s center, shown as Fig. 9. The method
decomposed the pose measurement problem into two parts:
the surface normal of the circular shape; based on the esti-
mated normal vector, the center position vector of the circle

is then calculated.
New Long_axis and
| Short_axis Endpoint
Coordinates

(P.0.4.c)

Ellipse Feature Recognition (uo,vo,a(,,b(,e)

% Pixel coordinates

Long_axis and Short_axis
Endpoint Coordinates

(p.b.q.c) The normal vector
Physical Coordinates PQxBC

(plﬂblﬁql’cl) 1 ‘PQXBC‘
Standard Coordinates The center position

(ﬁl’lgl’ql’zl) T

0 =
LAA Plane parameter LIS ! (0“0"’0")
acquisition
v e (”c;‘, + "c;,;) b= (”uq x qu)

| Ug, tug, | | Ug, X Ug, |

New Coodinate (x‘,y',z‘) }

FIGURE 9. The detailed process of traditional solving method.

From the above derivation, it can be seen that the traditional
method is complex in the conversion process of the new and
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old coordinate system, and it is also the most time-consuming
part of the whole algorithm. The ellipse is obtained by fitting
the ellipse with the least squares method. These parameters
themselves have some errors. The four vertices of the ellipse
are further found from the five parameters, which can com-
plete description of the ellipse. Then the pose solution is
obtained according to the four vertices. In the calculation
process, the error will be further amplified. In order to do
quantitative analyses of the calculation time, here, we take
100 sets of elliptical parameters to do pose calculation exper-
iment. The average computation time is 0.042s. According
to the statistics, the new and old coordinate transformation
process costs 43.98% of the total time. There is a big room
for improvement.

C. SOLVING CONCEPT WITH HIGH ACCURACY

The traditional method is not efficient: 1) the coordinate
system conversion process takes too long; 2) and the five
parameters describing the ellipse are described as four ver-
tex coordinates; 3) the process error occurres. To improve
the accuracy and speed up the pose calculation process,
a new efficient solving concept is presented. As shown
in Fig. 10, it can be simplified as four steps: firstly, con-
vert the ellipse pixel plane to the camera coordinate system
through A matrix; secondly, convert the abovementioned
system to the standard cut plane through P matrix; thirdly,
convert the above cut plane to the standard -circular
cross-sections through @ matrix; finally, we can get the
pose of the circular shape through the norm vector and
eigenvalue.

‘Ellipse Feature Recognition‘ (y>vy-a,b,0)

The normal vector

=[nnr]n

|\,

y /(xr2)=0
Normalized camera
coordinate system ‘

* () S ) o & Eigen

U (x“’y"z")70 \ Vector
‘ Standard space cut plane P\

f(x:,,y:,z:.):O ‘ 51532
0o

‘ Circular Cross-sections

A=(a,b,c.d,e,f)

FIGURE 10. The detailed process of the new solving method.

The advantage of the new efficient method is that it directly
uses the five independent parameters of the ellipse to do
a complete spatial conic coordinate transformation, which
reduces the process error. Moreover, the number of matrix
conversions is reduced. The main conversion is solving
A matrix, and the eigenvalues and eigenvectors of A matrix
are mainly used in Q matrix and P Matrix, respectively.
In addition, since the most time-consuming process of the
whole pose measurement is actually an elliptical feature
extraction, to speed up the image pre-processing and image
recognition process, an FPGA-based parallel processing
algorithm is proposed. The detail calculation process will
describe in the next chapter.
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IV. EFFICIENT SOLVING METHOD

A. IDEA OF STEREO VISION COLLABORATIVE
MEASUREMENT

In terms of the pose measurement for space on-cooperative
target mainly includes binocular vision, multi-vision and
structural-light combination form. In view of the complexity
of the space environment and the movement characteristics
of the measurement target, binocular stereo vision is simple
and reliable, low cost as well as flexible applications, etc.
It is widely used in space measurement, industrial production
and other fields. Conventional visual measurement needs to
calculate the depth information by matching the adjacent
frames. As long as the analytical operation of the space
target can be obtained, the pose information can be then
solved, which overcomes the shortcomings of the traditional
method. Fig. 11 shows the three-dimensional visual measure-
ment method for the space non-cooperative target. The rela-
tive relationship between the reference frame to left-camera
coordinate system is®: T ref ; the relative relationship between
the two camera frame is “ T ,; and the relative relationship
between the reference frame to right-camera coordinate sys-
tem % T . Therefore, the pose measurement problem can
be equivalent to find the coupling relationship between the
target ellipse in the left and right camera coordinate system.

Target Star

O

Left Camera
coordinate

system Right Camera
coordinate

system

Yr

e
_—
_— Xrep
o, Reference coordinate
X system
. Inertial coordinate

i system Vres

FIGURE 11. The diagrammatic sketch of stereo vision measurement.

Due to a lack of cooperative information on the space non-
cooperative satellite, the identification of non-cooperative
targets needs to be identified by their own inherent character-
istics. According to the statistics of the launched spacecraft,
it is clear that most of the emitters are rounded and the outer
contours are almost quadrilateral. At the same time, because
the circular cross section is easy to identify, the features that
are not easily recognizable are prone to distortion and loss of
information. Therefore, this paper uses the spacecraft body
shape and the satellite surface cylinder as the recognition
feature, and multi-feature recognition method is carried out
by image processing. Thus, we can obtain the relative pose
information of the non-cooperation target. Traditional iden-
tification methods are based on a single feature such as a
rectangle or an ellipse as an identification target. Considering
the influence of light and background noise, the linear feature
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recognition algorithm has higher accuracy and robustness
than the contour recognition algorithm, as shown in Fig. 12.
In order to improve the robustness of the algorithm, this paper
combines the ontology shape and circular features of the tar-
get in view of the complex motion characteristics of the space
non-cooperative target. Even if part of the satellite is clipping,
the system still able to get a stable pose measurement result,
which improves the robustness of the algorithm.

Sobel [
operator [

H The least square

i elliptic fitting
method

Find the outline

of the satellite

Polynomial jjj
fitting
method

Find the ellipse
from the specified

Initial Image
contour area

FIGURE 12. The schematic diagram of multi - feature identification.

B. PARALLEL COMPUTING FOR IMAGE PRE-PROCESSING
OF POSE MEASUREMENT

As shown in Fig. 13, the idea of parallel computing for
median filter is through a 3 x 3 sliding window to obtain the
neighborhood of 9 pixel values. The window of each pixel
is in descending order, and then the minimum, the middle
and the maximum value of each column are used. Finally,
we take {Min, Med, Max} to do a sort, and take their median
as the median of the window. The results of median filtering
are shown in Fig. 14.

Py P> P3| Din
Py Ps P
P; Ps Do

A————— = e —————— ——————— v
I

FIFOZ}ML}: max{p(S,:)} »

| R i pppp——— | I

FIGURE 13. The parallel computing flow chart of Median filter.

The parallel computing idea of the sobel edge detection
is to calculate the sum of each pixel convolution, and obtain
the gradient value {Gy, Gy}, and then obtain its square root
through the Cordic IP core. According to the external input
threshold §, it is possible to determine whether the pixel (x, y)
is the edge of the pixel or not. The entire parallel design flow
is shown in Fig. 15, and the results of edge detection are
shown in Fig. 16.

According to the edge detection results, we can get the
pixel coordinates of the feature point (#, v). Assuming that the
coefficient matrix of the elliptic equationisN = [abcd ef],
and noting X = [uz, wv, v, u, v, 117, the elliptic equation can
be rewritten as

f@vy=N-X (14)

VOLUME 5, 2017



J. Peng et al.: Efficient Pose Measurement Method of a Space Non-Cooperative Target

IEEE Access

(2)

(b)

FIGURE 14. The results of median filter base on FPGA. (a) The median
filter of left camera. (b) The median filter of right camera.
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FIGURE 15. The parallel computation flowchart of sobel edge detection
algorithm.

The problem of ellipse fitting is actually the minimum
distance from all points to elliptic equations, so the problem
of ellipse extraction can be degenerated to solve the optimal
value of the objective function:

F(abcdef)

= min Zf (uj, vi) | = min Z(NX,)

i=1 i=1

n
min ZN,-X,-X?NZ (15)
i=1

The measurement area extracted by satellite ontology and
ellipse feature is shown in Fig. 17.
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(®)

FIGURE 16. The results of sobel edge detection based on FPGA. (a) The
edge detection of left camera. (b) The edge detection of right camera.

TABLE 1. FPGA and PC comparisons.

Classification CPU Image Size Clock Average time
frequency
PC i3-4170  2*640*480 3.7GHz 0.7397s
FPGA Cyclone III  2*640*480 20 MHz 0.0222s

The MT series CMOS used in this paper has a frame
rate of 60 fps at VGA resolution. FPGA’s chip model is
Cyclone III. The frequency of the chip clock is 20 MHz,
and the frame rate of the image pre-processing is 45 fps.
Compared to VC Studio 2010 software, the computer CPU
is i3-4170, and the clock frequency is 3.7GHz, and the single
frame average costs 0.739733s with the same image pre-
processing. As shown in the TABLE 1, in case that the
clock frequency is much slower than the PC host, the parallel
processing speed of FPGA-based is 33 times faster than the
host computer.

C. THE POSE SOLUTION FOR SPACE CIRCULAR FEATURE

The projection of the spatial circle is shown in Fig. 18,
among them, O,, — X,,Y,,Z,, is the world coordinate sys-
tem; O, — X Y.Z, is the optical center of camera coordinate
system; and Oy — X;Y; is the image coordinate system.
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(b)

FIGURE 17. Ellipse feature extraction results of target surface. (a) The
sketch map of extracting ellipse feature from left camera. (b) The
sketch map of extracting ellipse feature from right camera.

Image Plane

<

Space Circular Plane JT

FIGURE 18. The projection schematic diagram of space circular feature.

The transformation matrix from the camera coordinate sys-
tem to the world coordinate system is T .; the measured
space circle is on the plane IT; the center of the circle is O,
and the normal vector is 7.

The projection of the space circular shape on the image
plane is an ellipse, and the optical center of the camera O,
the ellipse image I and the spatial plane IT constitute the ellip-
tical cone. The five parameters of the ellipse can be obtained
by the feature extraction of the ellipse, that is, the center point
(x¢, Y¢), long and short axis (a., b.) and rotation angle 6 of
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the a.-axis relative to the 4+x-axis, thus the elliptical quadratic
form can be further expressed as:

((u —xc)cos O + (v —ye) sin9)2

dac

N (—(u — Xc)sinf + (v —yc)cose>2 —1 a6
be

For the convenience of calculation, the elliptical plane is
normalized, i.e.

u fu uo 0 XI
vi=10 A V0 yi
1 0 0 1 1
1 Su uo 0 Xc
=—10 A vol]e (17)

lo 0 1 ||z
Substituting (17) into (16), the equation of the ellipse
normalized focal plane can be rewritten as:
fGe,yerze) = axf + byf + cxeye +dxcze + eyeze +fZg =0
(18)

Among them, the coefficients of the elliptical quadratic
form are as follow:

a = b2f2 cos® 0 + a’f? sin® 6 (19)
b=2 <b§ - ai) fofy - sin cos (20)
¢ = a’f? cos® 0 + b2f? sin> 0 (21)

d= -2 (bf cos® 0 + a? sin? Q)fu - Xe
2 2\
-2 <bc — ac) siné cos @ -y,
+ 2bf (ug cos 6 + vg sin ) f,, cos 6
—2a? (—ug sin 6 + v cos 0) f,, sin 0 (22)
e=-2 (b§ - az)fv $in6 cosd - xe
-2 <a§ cos? 6 + bg sin’ G)fv Ve
+ 252 (ug cos O + vo sin0) £, sin O
— 2af (—up sin@ + vg cos 0) f,, cos 0 (23)
_ 2 2 ) 2
f=- (bc cos” 0 + a; sin 0) X
+ (az cos? 6 — b? sin’ 9) y?
-2 (bg + ag) siné cos 6 - x.y.
+ -—2b§ (ug cos B + vg sin ) cos 6
+2az (—ugp sin @ 4+ vg cos 0) sin 9] X
+ -—be (up cos B + vg sin ) sin O

—Zaf (—ug sin @ 4 vg cos 0) cos 9] Ve

+ _bg (g cos O + vg sin§)?

—|—a§ (—ug sin 6 + vg cos 9)2 — afbg] (24)
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The oblique conic equation (18) can be rewritten as:
f@eyez) =X, A-X.=0 (25)

where
a c/2 dJ2
A= |:c/2 b e/z], Xe =[x, Yo, ze]"
dj2 e/2 f

According to the matrix theory, the real symmetric
matrix A can be transformed into a standard form diag (A)
by line transformation and column transformation, that is,
the oblique cone can be converted into a standard cone
through coordinate transformation.

For the 3™ real symmetric matrix A, there is an orthogonal
matrix P makes P~ 'AP to a diagonal matrix, that is,

Al
P~ AP = PTAP = A2 (26)
A3

Assuming that X, = P - [x], ), Z/C]T, let x., y.., z,. be the
standard spatial coordinate system, then the quadratic type of
space oblique cone can be rewritten as a standard formula:

Mx2+ Aoyt +13z2 =0 27

According to the definition of the standard cone, in (27)
there must be two symbols identical and opposite to the third,
there is a special case here, when the projection of the space
circle on the image plane is a circle, the oblique cone can
be degenerated into a positive cone, in this case, the two
eigenvalues of the same sign are equal.

From the matrix theory, assuming that the eigenvalues
of matrix A are A1 (A),A2(A), A3 (A), the corresponding
normalized eigenvectors are 71 (A) , 2 (A) , i3 (A), then we
get

O —A)x =0 (28)

Where, I € R**3 is a unit matrix, A is the eigenvalues of A
and x is the eigenvector of A.

Write P as a column vector form [} 75 73], without loss of
generality, let A1 (A) > Ay (A) > 0, there is

rM =21 (A)
A= A2 (A) (29)
A3 =23(A)
;23 — ( 1)1+S8n(ﬁ3(A);) 73 (A)
r2 = n2 (A) (30)
Fl=F xF

where sgn(x) = (1) i Z 8

As shown in Fig. 18, the elliptical cone intersects the circle
to form a truncated surface, and its normal vector is expressed

as (n ny, nz>, the expression of the circle in the standard
space coordinate system is
n.x. —i—nyyc—}—nz = hy (31
) ) " _
where n;” +ng +n- = 1.
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(a) When n;z + n;z # 0, in order to facilitate the subsequent
calculation [27], the z.. -axis coincides with the normal vector

(n ny, n ) of the cut-off surface by attitude transformation,

the transformation relationship is:
X, =0X! =[|.F5. F5] X! (32)

where

! //
—n,n y

; ,0
2 2 2

- T
/

\/n +n2 \/ +n’2 |

Substituting (32) into (31) yields the circle plane equation:

= hy (33)

Simultaneous equations (33) and (32), we can obtain the
line of intersection equation of the circle:

FOUYLL) =X A-X/ =0 (34)

where
a &2 dn
I A ~ ~ " " T
A=|en b oo, X!I=[LA]
dji2 e/2 f
For the quadratic equation (34), in order to make it a circle,
the following conditions need to be satisfied:
mnyn; M —A2)
n/2 + ny
)Lln;z + )»zn;z
n;Z + n'vz
2.2 2,2
_ AngenS + Azny n;
n2 +n2

b

—¢ (35)

[SP)
Il

+23 (nxz + nyz)

For the solution of the equation(35), the analysis is as
follows:

a) If n), = 0Nn, =0, then, there is no solution;

b) If n; = 0, we can get:

AL — A2
", YW
L= n | = 0 (36)
n; A — A3
Al — A3

Assuming that the radius of the circle is R,, substitut-
ing (36) into (34) yields

x;2+|: /"

ho ;c 2 ? 2
P (A —23)| =R} 37
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where

2 2
)\,] - )\.3 ho / /
R, = \/</\—h0n;n;> - (Min2 + a3n2).

2

Simultaneous (34), (33) and (30), the center of the circle

expressed in the coordinate system o/ — x//y//z/ is

0
x” (A1 —A2) (A2 — A3)
0
+ /- R,
o=y | = \/ A3 o1 (38)
i
Z A p

V=i

Substituting (38) into (32) gives the representation of the

center coordinates in the standard space o). — x.y.z.. is:

A3 (A — A
/ RN 2)R0
Xp Al (A1 —A3)
0
2 [ A1(ha— )»3)R0
A3 (A1 —A3)

Equation (39) and (36) are multiplied by the orthogonal

transformation matrix P, respectively. The pose of the circle
in the camera coordinate system can be expressed as:

(39)

c

/

X0 X, X,
Po=| Yo | =P |y, |=[F1F2F3] |y, | 40
| 2o | | 2 A
[ “n, ] [ n, n,
‘ho=|‘ny | =P | n | =[FiF2F3]| n, | (4])
L “nz L n
(b) When n? + n? = 0, then
n, 0
Gi,=|n | =0 (42)
n, 1
Substituting (42) into (31) yields:
Z. = ho (43)

Simultaneous (43) and (27), the center position of the circle
in the standard space o/, — x/.y.z.. are expressed as:

0
0

Tl = 44
)’9 \/Tl 44)
20 +/——R,

A3

Similarly, (44) and (42) are multiplied by the orthogonal
transformation matrix P, respectively. We can obtain the pose
of the circle in the camera coordinate system:

’
c/ 0
P, =

x, X
Po=1| Yo | =P |y | =21 (45)
L 2o _ L 20
[ Cn, ] [ n,
‘no=|ny | =P | nj | =r3 (46)
[ 7z R
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From the calculation process of the pose of the circle, it can
be seen that if we know the radius of the circle, we can obtain
its pose by the new efficient method mentioned in the text.
But for the space non-cooperative target, the geometry of the
grasp handle is unknown; the number of equations is less
than the number of unknowns, therefore, based on the above
analysis method cannot directly find the pose information of
the capture surface, which requires binocular collaborative
measurement to obtain the pose information.

D. STEREO-VISION COLLABORATIVE MEASUREMENT

As shown in Fig. 19, among them, O,, — X,, Y,,Z,, is the world
coordinate system, O., — X, Y, Z, is the left-arm hand-eye
camera optical coordinate system, the left camera coordinate
system relative to the world coordinate system transformation
matrixis /T, Oc, —X¢, Y, Z,, is the right-arm hand-eye cam-
era optical coordinate system, the right camera coordinate
system relative to the right camera coordinate system trans-
formation matrix is “T,, Oy, — X1, Yy, O;, — X; Y], are the
left and right camera image coordinate system, respectively.
The measured circle plane is ), the corresponding position
vector of the center circle is O, and 07, respectively, and the

. ol >r .
normal vector is n;,,, and n.;,.,,, respectively.
0, P
Zn e Left Image
Plane
Yy ', X:\<
Left camera b
coordinate OL, \O’/

frame

X,

Right camera
coordinate

frame @
o,
X, .

Y, Right Image
Plane

Captured Surface R

FIGURE 19. The schematic diagram of stereo vision measurement.

Similarly, seen from the expression of ‘i, we know that
the attitude calculation of the circular shape with the new
efficient method has nothing to do with the radius, thus, we
can use the similar method to solve it.

According to binocular calibration results, the pose of
circular measured by the right camera can be expressed in
the left camera coordinate system:

Orpc, =t + Cchzorpc, 47
mRCl — CrRCl Ochr (48)
Since 7p., = PA{(i =1, r), (47) can be further simpli-
fied as:
R, _e
[PA; — “RPA, ]| o0 | =t (49)
o0
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FIGURE 20. Computational flowchart of collaborative measurement the
pose of the capture-point based on stereo vision.

[i _)»3()»1—)»2) 0 A (M—M)T
VoA a—A3) Vo oasa—2a3) ]
. (5=9)
Al 0o,
[o 0 i/_/\—J, (w2 +n2 =0).

The least squares method can be used to solve (49), thus:

[ﬁﬂ — (B78) "B (1) (50)

where

A=

where B = [PA; — ”fRCIPAr], Ré and R/ are the radius
measured by the left and right cameras, respectively.

(2) Ifn2+n? # 0, substituting (50) into (40) and (41) ,we
can get the pose of the target with circular shape;

(b) If n? +n? = 0, similarly, substituting (50) into (45)
and (46) , we can also obtain the pose of the target with
circular shape.

According to the derivation of section IV-C, each mea-
surement can get two sets of solutions, in order to obtain
the normal vector of target surface, we can compare with
the angle between the two normal vectors of the left camera
and the right camera in the left camera coordinate system,
the detailed process is shown in Fig. 20.

Compared the traditional method with the new efficient
method, we can see that the expression form of the circular
radius is very similar; the only difference is that the new
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efficient method introduces the coefficient matrix A of the
elliptic equation, which reduce the computational complexity
and improve the accuracy, the experiment will be mentioned
later.

V. EXPERIMENTS

A. EXPERIMENTAL PLATFORM

Aiming at the stereo-vision measurement method mentioned
in this paper, the validity of the whole measurement algorithm
is verified by experiments, which can provide reliable pose
information for the space robots coordinated capture the non-
cooperative target. The whole experimental system mainly
consists of three parts: FPGA-based binocular camera sys-
tem, laser tracker and visual measurement software system.
The composition diagram of the entire experimental system is
shown in Fig. 21, which has three computing units: one is the
FPGA-based acceleration processing unit, the main tasks of
it is image pre-processing and image recognition; the second
is the pose calculation unit, mainly responsible for attitude
calculation; the last is the auxiliary measurement of the laser
tracker, mainly calculate the three-dimensional coordinates of
the target point as the reference value of the visual measure-
ment by the built-in optical measurement software.

3D Printed Measuring  Binocular Camera
Satellite
FPGA chip
The Target board

Sphere
»‘\

r

Pose Calculation
Visual Software
Position Measurement
Software of Laser Tracker

FIGURE 21. The schematic diagram of stereo-vision measurement system.

The binocular vision system chosen in this paper is
a low cost Altera FPGA development board with two
MTITO001 series CMOS cameras, the composition of the
image acquisition system is shown in Fig. 22. The but-
ton can be used to switch the single/double output mode;
taking into account the image pre-processing (median fil-
tering, edge detection and ellipse detection) of the visual
algorithm is time-consuming and resource consuming, and
it is also very suitable for parallel computing, in this paper,
the pre-processing algorithm of stereo vision measurement
is written into the FPGA chip with Verilog language, the
result(TABLE 1) shows that it can improve the calculation
speed of the stereo vision system significantly.

Fig. 23 shows the three-dimensional structure of the mea-
surement target by 3-D printing. The diameter of the capture
cylinder is 80mm.
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FIGURE 22. The composition of the binocular vision acquisition system.
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Handle

—

wwog |

Image Size

/

Feature Recognition

BN

Pose Calculation

FIGURE 24. The block diagram of visual measurement software.

B. EXPERIMENTAL RESULTS AND ANALYSIS
In order to facilitate the visual operation, here, we set up MFC
visual software based on FPGA + CPU architecture. The
extraction of circular shape on the non-cooperative satellite
is realized by FPGA, then, the extracted ellipse features are
transmitted from FPGA to the CPU host computer through
USB interface, and the subsequent pose calculation work
is completed, among them, USB transmission mode is the
Slave FIFOs’ Role in the EZ-USB System. The whole block
diagram of visual measurement software is shown in Fig. 24.
The visual measurement of the target in this paper mainly
includes four aspects: image acquisition, target recognition,
calibration (binocular calibration and external parameters cal-
ibration) and pose calculation:
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(a) The main process of image acquisition is the initializa-
tion of CMOS register by FPGA;

(b) Visual recognition as a part of pre-processing for the
visual measurement, mainly used to identify the cap-
ture surface by using the combination of quadrilateral
and circular features of satellite surface, the sobel oper-
ator and the elliptic fitting method based on the least
squares method are used to improve the robustness the
process of target recognition;

(c) The binocular calibration and external parameter cali-
bration is mainly used to determine the homogeneous
transformation matrix between the camera frame and
the reference coordinate system, its accuracy directly
affects the accuracy of the pose measurement;

(d) The pose of natural objects with circular or
near-circular shape is solved by new efficient method,
compared with the traditional analytic method,
the computational complexity is obviously reduced,
and the measurement accuracy is obviously improved,
which is beneficial for the real-time performance of the
pose calculation system.

The overall pose measurement process is shown in Fig. 25.
The FPGA processing part and the PC processing part are
highlighted in detail.

1) EXTERNAL PARAMETERS CALIBRATION EXPERIMENTAL
The schematic diagram of external parameter calibration sys-
tem is shown in Fig. 26, among them, " T ref; 18 the homo-
geneous transformation matrix of the reference coordinate
system from i state to j state; YT, is the homogeneous
transformation matrix of the camera coordinate system from i
state to j state; refi T, is the relative position and attitude trans-
formation matrix between the camera coordinate system and
the reference coordinate system; "¢ T, is the homogeneous
transformation matrix of the world coordinate system to the
reference coordinate system and “T'j is the homogeneous
transformation matrix of the base coordinate system to the
camera coordinate system.

After coordinate transformation, /T .z, T, and /T,

meets the following relationship:
ref; Treﬁ”,' ref; Tc,« _ refj ch‘chc,- _ refi TCiCjTC,‘

| Format : AX = XB

refj R ref; mfjt reff; mﬁRci reﬁt Ci
0341 1 0341 1
_ R ([ OR Gt g,
03 x1 1 03><1 1

By expanding (51), the basic equation for external param-
eter calibration can be expressed as:

"URye, " Re, = "R, R, (52)
(re'ﬁRreﬁ _ I3x3) refig,. = "R, it — reifjtreﬁ

It can be seen from (52) that the problem of external
parameter calibration is actually the process of solving " efiR,:l.
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FIGURE 25. The flow chart of pose measurement based on stereo vision.
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FIGURE 26. The sketch map of external parameters calibration.

and "¥it.,. The basic idea is to optimize the solution of
AX = XB, many scholars have studied the methods of exter-
nal parameter calibration (refer to [28]-[32]).
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T,

.

Measure the
Reference Target
Calibration of Camera
Coordinate System and

Laser Tracker Coordinate

Laser tracker System

FIGURE 27. External parameters calibration for laser tracker and camera
coordinate system.

In order to verify the effectiveness of the measurement
method, the relationship between the camera coordinate sys-
tem and the reference coordinate system at the end of the
equivalent manipulator is calibrated with a high-precision
PARO laser tracker.

The collaborative calibration diagram of the FARO
laser tracker and the camera coordinate system is shown
in Fig. 27.
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TABLE 2. The pose error analysis table of the capture point 1.

Traditional analytic method of

measurement error

The proposed new efficient method of

measurement error

Name .. normal vector . normal vector
Position error /mm RS Position error /mm RS
deviation /! deviation /!
xild yl/d Z:;/d 0(1[11 x)lxew yrlww Z:vew H)iew

1 4.0172 -4.8638 1.2784 2.1910 -1.9122  1.3653 -1.8193 1.8073
2 4.6690 2.2227 -0.7400 2.8291 2.0998 2.8583 1.1955 0.7353
3 4.2085 3.4534 1.5646 1.1971 -3.3170  -2.9721 2.1941 0.2906
4 4.3538 2.3244 8.9358 0.8564 3.6419  -1.2537 24914 0.8236
5 5.4308 4.5440 -4.9204 1.0108 1.7605  -2.2409 1.4363 0.2903
6 6.0634 8.3158 6.3481 0.5432 1.7333 1.2103 1.0181 1.5509
7 5.6245 6.2439 4.9235 3.0390 -1.3698  2.0758 -1.9375 1.7728
8 5.2925 6.5524 5.8109 2.2354 -2.8805  -2.1599 1.7125 0.6776
9 5.9512 4.5839 -6.2316 0.9037 1.7587 -1.8914 1.1927 0.8482
10 3.3969 4.6679 -4.7626 1.3371 -2.2281 -1.0579  -2.1097 1.7963
11 2.7605 4.9408 5.5850 0.9153 1.7729  -1.8716  -1.7932 0.7110
12 -7.6626 -4.9346 7.3701 0.4902 1.4463 3.1865 -3.2896 0.2646

According to above derivation, it is assumed that the
checkerboard is not moved, and moves the binocular cam-
era for multiple times(n = 20), we can calculate the
external calibration matrix of the reference coordinate sys-
tem relative to the left-camera coordinate system, noted
as"'T,,.

The homogeneous transformation matrix of the reference
point relative to the laser tracker coordinate system is

0.4249 —-0.6758  0.6023 46.1251

efp 0.5722  —-0.3151 —0.7572  1828.6190

Y7 107015  0.6663 0.2528 —345.1660
0 0 0 1

(53)

Therefore, the homogeneous transformation matrix of the
left-camera coordinates system relative to the laser tracker
coordinate system:

-1 .
cl T, = (refTCl> | ref T,
0.2892  0.9630  0.4681 1157.1
_ | 0.6216 03732 —-0.7131  1882.1 (54)
| —0.6613 0.8325 —0.2556 1513.9
0 0 0 1

2) STEREO-VISION COLLABORATIVE MEASUREMENT
EXPERIMENTAL
It should be noted that the later forms and pictures men-
tioned in the ‘“‘the traditional methods” on behalf of the
text mentioned in the third section of the traditional method.
The theoretical analysis of the high precision and high effi-
ciency measurement method proposed in this paper is shown
in Section III-C.

Taking the first set of experiments as an example,
according to the recognition result of the ellipse, we can
get the ellipse parameters of the non-cooperative target
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corresponding to the left and right cameras:
(uo v a b 0 )

_ {EL 1 (329251 16 16 -179.4555)

— (55)
Eg : (424229 15 17 -13.3488)

The pose of natural objects with circular or near-circular
shape obtained by the traditional method is:

(ficir) g = [0.8205, —0.4995, 0.2779]T
(56)

(60) — [1008.1,425.3, —221.3] (mm)
old
Similarly, we can obtain the pose of natural objects with

circular or near-circular shape through the new efficient
method:

(ficir) e = [0.8412, —0.4886, 0.2317]T
(00) = [1002.1, 431.5, —224.4]T (mm)
new
Define the error of the normal vector is 80 =
L (Ryeal, Racmal), compared with the conversion results of

laser tracker, the traditional measurement error can be
expressed as:

8601 = L iy, (icir)piq) = 2.1910°
OPoia = 0o — (Oo)nld

T
=[4.0172 —4.8638 1.2784] (mm)

(58)

Meanwhile, the new efficient measurement error can be
obtained as:

3Opew = L (ncira (’Nlcir)new) = 1.8073°
5pm’:w =0, — (00>
new

T
=[—1.9122 1.3653 —1.8193] (mm)

(59)

In order to better illustrate the effectiveness of the mea-
surement method, in this paper, we selected two measurement
targets on the satellite. As Fig. 23 shows, the two measured
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FIGURE 28. The statistics error along with the xyz-axis.

FIGURE 29. The angle between the actual normal vector and the measured vector.

positions are symmetrically to the solar panel plane. Each
group of experiments are collected a total of 12 sets of exper-
imental data, in the first group of experiments, the statistical
results of the actual value measured by the mentioned mea-
surement method and FARO Laser Tracker measured results
are shown in TABLE 2.

The position error of the traditional analytic method and
the new efficient method on the xyz-axis are shown in Fig. 28,
correspondingly, the angle between the actual normal vector
and the real value is shown Fig. 29.

The statistical results show that the mean value of the posi-
tion error of the traditional analytic method and new efficient
method on the xyz-axis are p. ; = [4.9526, 4.8040, 4.8726]"
and pl,, = [2.1601,2.0120, 1.8492]T (mm), respectively;
meanwhile, the average angle between the actual normal vec-
tor and the true value are 0], , = 1.4624° and 6}, = 0.9641°,
respectively.

We can see that the average angle of the position measure-
ment accuracy is 58.76% higher than that of the traditional
analytic method, and the accuracy of the normal vector is
improved by 34.08%.

VOLUME 5, 2017

Another group of experiments also collected 12 sets of
experimental data, the statistical results of the actual value
measured by the mentioned visual measurement method
and FARO Laser Tracker measured results are shown
in TABLE 3.

Similarly, the position error of the traditional analytic
method on the xyz-axis is shown in Fig. 30, the angle between
the normal vector and the real value is shown Fig. 31.

The mean value of the position error of the tradi-
tional analytic method and new efficient method on the
xyz-axis are p2,, = [4.6315,4.1350,3.8530]" and p2,, =
[3.7422,2.7990, 3.0074]T (mm), respectively; the average
angle between the normal vector and the true value are 9_31 =
1.3828° and é,%ew = (0.8429°, respectively. The average angle
of position measurement accuracy is 23.95% higher than that
of the traditional analytic method, and the accuracy of the
normal vector is improved by 39.04%.

Given the extracted ellipse parameters {Ey, Eg}, the pose
calculation platform is Windows7, and the processor
is 13-4170. Calculate 12 groups of experimental data it takes
an average of 0.0432s by the traditional analytical method,
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TABLE 3. The pose error analysis table of the capture point 2.

Traditional analytic method of The proposed new efficient’ method of
measurement error measurement error
Name Position error Normal vector Position error Normal vector
/mm deviation /° /mm deviation /°
onm ysm Zjld 902151 xjew Y jew Zjew gnzew
1 -4.4095 4.0967 5.5894 1.9962 1.6973 -5.1987 3.9271 1.5900
2 -5.6347 -5.0777 3.9703 1.8514 4.4748 2.4004 4.7655 0.6195
3 -4.9545 4.8935 1.1901 1.2554 3.3350 -2.3705 -3.0594 0.4477
4 -7.3948 5.9461 4.3616 0.2204 -1.2190 3.1991 -1.6252 0.2049
5 -5.4996 -5.6769 4.0226 1.9696 3.0139 2.2749 -2.3323 0.6336
6 -4.0000 3.6400 -3.8426 2.9002 4.0305 2.6335 -3.6320 1.3997
7 -5.0685 6.1788 -3.8307 0.2348 9.8160 1.3798 -5.0499 0.5125
8 3.2560 1.9946 -2.4223 1.2995 1.5848 1.5253 -2.9935 1.5510
9 -4.3291 4.5603 -7.9579 0.6065 3.1617 2.4821 3.7505 0.7135
10 -2.6385 4.1072 1.5978 0.5864 -6.5865 -3.7154 -1.7464 0.3330
11 5.5670 -1.5223 4.0750 1.6450 -3.7720 -1.7778 1.7373 1.0825
12 -2.8256 -1.9256 -3.3752 2.0275 -2.2152 4.6308 1.4695 1.0274

FIGURE 30. The statistics error along with the xyz axis.

3 T

— T T T
P D) I Traditional Method
2.9002 [_IProposed New Method

25

Error of Normal Vector /°
o N

0.5

Number

FIGURE 31. The angle between the actual normal vector and the measured vector.
however, when using the new efficient method to calculate to the real-time performance of subsequent capturing the
the similar data, it only costs 0.0019s, which greatly reducing non-cooperative target. In view of the acceleration of image

the time spent by pose calculation, therefore, it will contribute preprocessing, the efficiency of the new pose calculation
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method is nearly 96% higher than that of the traditional
method in the whole pose measurement process.

VI. CONCLUSIONS AND FUTURE WORK

Recognition and pose measurement of non-cooperative tar-
gets are very important for on-orbital servicing. Since non-
cooperation target has not any cooperation logo or any
prior knowledge, it is very difficult to measure the infor-
mation of the target points based on vision. By analyzing
the characteristics of the non-cooperative target, an efficient
method to determine the pose of natural objects with circu-
lar or near-circular shape is proposed. In the process of static
distance measurement, we can use the hand-eye camera
co-measurement method to ensure the operation of visual
measurement. Compared with the traditional method, the pro-
posed method has higher accuracy and efficiency. More-
over, considering the pre-processing of visual measurement is
very time-consuming, we realized the image pre-processing
algorithms (including median filter, edge detection and the
ellipse recognition) on the FPGAs, which has a strong parallel
processing power. The proposed results are then transferred
through USB interface to the MFC visual software to do
post-processing. Hence, the image processing speed is further
improved. The validity of the proposed method is verified by
experiments.

An interesting work to be accomplished in the future is to
make an exhaustive study of the optimal strategy for captur-
ing the non-cooperative target. In addition, experiments with
motion estimation could be useful to predict the movement of
the non-cooperative target. Furthermore, how to optimize the
visual measurement algorithm, further adoption of parallel
computing to speed up the image algorithm is an important
aspect of the future research.
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