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ABSTRACT In the process of on-orbit servicing, chasers achieve approach and contact with target spacecraft
are via a series of orbital transfer and motion control. However, most target spacecraft are non-cooperative
targets. As a matter of fact, mainly technical difficulty of non-cooperative targets still lies in unable directly
obtaining their motion parameters, thereby, it is impossible to realize their autonomously rendezvous and
capture. Thus, measure motion parameters of non-cooperative targets from outside is significant for research
on-orbit service. In this paper, a pose measurement method coupled initial pose measurement with model-
based tracking is put forward for space non-cooperative targets. Specifically, an algorithm based on SIFT
matching to measure initial pose of target tracking is proposed to start subsequent target tracking. Afterwards,
a target tracking algorithm is presented, which is via a priori information and the combination of edge
features and point features. As well as, an M estimator is introduced to improve the accuracy and robustness
of target tracking algorithm. Finally, an experimental platform is constructed to fulfill experiments to
validate the effectiveness of proposed method. Also, the experimental results demonstrate that our approach
has highly precision and robustness in vary illuminations. Simultaneously, our method could satisfy the

real-time requirement of pose measurement for non-cooperative targets.

INDEX TERMS Pose measurement, non-cooperative target, model-based tracking, feature fusion.

I. INTRODUCTION

Capturing non-cooperative targets is indispensable to multi-
tudes of on-orbit missions, such as prolong spacecraft life-
span, assistance faulty spacecraft into pre-selected orbit, and
push abandoned satellites into the grave orbit [1]-[3]. Thus,
investigate on non-cooperative target capture has gained
increasing attention from researchers. Yet due to state of
motion is unknown, research difficulty on capturing non-
cooperative targets still lies in accurate estimation of the
motion parameters [4]—[7]. To address this issue, researchers
come up with quite a few solutions.

DLR 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 [8]. However, this method was fully
controlled from ground system. When the delay was large,
entire system would be unstable, thereby the reliability of
method would be affected. The United States carried out
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the FREND project mainly for non-cooperative spacecraft
to perform capture, derailment and other operations, which
used three hand-eye cameras as the pose measurement system
[9]-[11]. In this project, real-time was critical to the success
of missions. But coordination of multiple cameras and too
involved processing loop constrained the real-time perfor-
mance of tasks. Nassir Oumer and Panin [12] put forward
a method for stereo camera-based 3D tracking to estimate
pose of a non-cooperative satellite. In their approach, for each
point, update stage of the filter was iterated until convergence,
which leads to the pose estimation time would be affected
by iterative times. Fourie et al. [13], [14] established a
visual-inertial system based on stereo vision, and described
a vision-based relative navigation and control strategy for
inspecting an unknown non-cooperative object in space.
Although this method has advantages of highly reliability
and precision, time of visual information processing would
be restricted by external environment. Segal et al. [15] devel-
oped a stereovision-based filtering algorithm for estimating
the relative state between two non-cooperative spacecraft.
They employed multiple iterated extend Kalman filters, and
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each endowed with a different hypothetical target inertia. The
algorithm was robust to inertia modeling uncertainties, and
could estimate the complete relative state, but estimation time
was not fully considered. Peng et al. [16] constructed a stereo
vision system to measure the relative pose of non-cooperative
target. Compared with traditional methods, their scheme has
highly accuracy and efficiency, but exists a problem of large
calculation amounts. Ying et al. [17] put forward an effective
method to identify the features of non-cooperative targets and
track their pose based on point cloud. But the method has a
large amount of computation, due to it was based on particle
filter algorithm.

Although above solutions adopted different algorithms
to achieve pose measurement, they have similarity in idea.
Firstly, the employed computer vision method to imag-
ing. Afterwards, image processing and pose algorithm
were adopted to measure position and attitude parameters.
Finally, the captured part were identified. Nevertheless, these
schemes are defective, a quintessential example should be
cited that large computational will give rise to system delay,
thereby the real-time performance of method could not be
guaranteed.

To deal with previously mentioned problem, a real-time
pose measurement method for non-cooperative target is put
forward, in condition of ensuring the precision and robust-
ness. The remainder of this paper is organized as follows.
Section II introduces the research motivation of our contri-
butions. Then, section III gives an exhaustively formulation
of our thought. Additionally, experimental results are shown
in Section IV is to demonstrate the superiority of presented
approach. Ultimately, in Section V, we conclude the paper,
simultaneously look forward the future work.

Il. RESEARCH MOTIVATION

Indeed, essence of pose measurement of three-dimensional
object is to measure the translation and rotation parameters
of world coordinate (model coordinate) fixed on object in
camera coordinate. That is, pose measurement is to measure
both target translations along three coordinate axis and rota-
tion angles generated by target rotate around three coordinate
axis. In mathematical, these translations and rotation angles
are represented by homogeneous transformation matrix.

Yet non-cooperative targets unable to provide priori infor-
mation of cooperation cursor and motion state used for
detection and tracking, which brings certain difficulties to
pose information acquisition. But, motion of non-cooperative
targets in camera are continuous. Thus, priori information
could be obtained from image frame in camera to reduce the
calculations of pose measurement, which means that the pose
information could be acquired in real-time through frame-by-
frame sampling in video sequence. Since target motion is a
continuous process, pose in previous frame image could pro-
vide multitudes of prior information for latter frame image.
When utilizing these prior information in pose solution, not
only pose measurement error will be reduced to a large extent,
but also pose measurement time will be lessened [18]-[22].
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Therefore, priori information of the first frame image dur-
ing measuring non-cooperative targets pose is quite critical.
Meanwhile, insufficient prior information indicates that mea-
surement algorithm of non-cooperative target pose in initial
frame image should be remarkable different from the subse-
quent algorithm.

Furthermore, this research is focus on the need for non-
cooperative targets in near-earth space, and hence, real-time
must be taken into consideration. Whereas, among com-
puter vision methods used for non-cooperative target pose
measurement, model-based method not only has good robust-
ness in variable space environment, but also has lower com-
putation and better real-time performance. It means that
model-based method could deal with the rotation, irregu-
lar motion, etc., as well as could realize the real-time out-
put of non-cooperative target pose information in the video
sequence [23]-[31]. In addition, model-based method could
reduce mismatch points to improve the pose measurement
accuracy.

Last but not the least, compared with large devices, such
as laser and radar, visual camera could provide stable and
reliable 2D visual information, simultaneous has small space
and low energy consumption. Accordingly, a visual camera
is adopted as hardware device of pose measurement in this
paper.

To sum up, a pose measurement method for non-
cooperative target based on model is put forward. The
proposed method is composed of two paramount compo-
nents, respectively are initial pose measurement and model-
based target tracking. Firstly, initial pose of subsequent
target tracking is gained by performing pose measurement
on a query image selected in video sequence. Then, initial
pose is exploited to tracking non-cooperative target in video
sequence with frame by frame to output the real-time pose.
In order to attain the stable, real-time, and accurate output
of non-cooperative target pose in final, pose tracking pre-
cision needs to be judged. When the accuracy conform to
the demands, keep tracking continues, else, pose of non-
cooperative target in current location needs to be recalculated,
as a new initial pose to restart tracking.

lll. METHOD

A. INITIAL POSE MEASUREMENT OF

NON-COOPERATIVE TARGET TRACKING

Measure initial pose of target tracking aims at detecting and
locating non-cooperative target in three-dimensional environ-
ment. To accomplish pose measurement in computer vision,
our idea is via extract certain feature information of target,
and matching these information with image information of
target. Because of space target is sensitive to illumination,
occlusion, and view-point variations, while SIFT feature
extraction operator has better adaptability to these factors,
an algorithm based on SIFT matching to measure initial
pose of target tracking is proposed to initial the subse-
quent target tracking, which flow path is summarized as
follows,
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1. Measure pose in query image I, as reference pose;

2. Extract SIFT feature points from query image /, and
current image /.;

3. Eliminate interference points in I, and I.;

4. Perform keypoints matching between I, and /. by
Brute-Force matcher;

5. Solve corresponding relationship between SIFT feature
points in current image /. and 3D points in non-cooperative
target model based on reference pose;

6. Couple virtual visual servo with RANSAC (RANdom
SAmple Consensus) to solve pose parameters in /. and regard
it as initial pose.

Briefly, in order to measure initial pose of target tracking,
our algorithm has three important parts, respectively are, ref-
erence pose measurement of non-cooperative target in query
image, extract and matching SIFT feature points between
query image and current image, and pose solution based on
multipoint matching.

1) MEASURE REFERENCE POSE

In our implementation, pose parameters of non-cooperative
target are known (with a certain uncertainty) at the first frame
in a given video sequence. Thus, one frame is selected from
video sequence as a query image, and pose parameters of
non-cooperative target in this image is called reference pose.
To obtain the reference pose, POSIT pose solving algorithm is
employed owing to its lower computational complexity, faster
convergence, and better robustness.

Nevertheless, classical POSIT could only perform pose
calculation for the selected reference points in non-coplanar,
for the selected reference points in coplanar, coplanar-POSIT
is adopted to achieve pose solving [32]. Unlike POSIT,
coplanar-POSIT could solve two sets of pose parameters.
During iteratively solving pose parameters, above two sets
of pose parameters are judged. Only the solution with less
error is used for each iteration, which could make the final
iteration converge results basically approximate in two sets.
Thus, any of two data sets could be used as the final result of
pose measurement.

For the sake of validating the reliability and accuracy in
reference pose solution, we randomly extract a frame image
as query image. Then, we utilize human-computer interaction
to respectively input three-dimensional coordinates of four
points and their corresponding two-dimensional image fea-
ture points, and determine whether they are coplanar. Finally,
according to the judgment result, Posit or coplanar-Posit pose
measurement algorithm is selected to solve position and atti-
tude of non-cooperative target in query image. The solution
result of reference pose is shown in figure 1.

As is exhibited in figure 1, we respectively select four
non-coplanar points and four coplanar points from non-
cooperative target image, then, non-cooperative target wire-
frame model is re-projected on image to evaluate accuracy
of reference pose solution. Obviously, from figure 1, solution
result of POSIT is better than coplanar-POSIT.
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a) Select points in different plane

b) Solution result of POSIT

¢) Select points in the same plane

d) Solution result of Coplanar-POSIT

FIGURE 1. Solution results of reference pose.

To sum up, in this work, image plane points correspond-
ing to the feature points of known non-cooperative target
model are selected through the means of human-computer
interaction, as well as, after coplanar judgment of 3D feature
points on model, POSIT or coplanar-POSIT is used to solve
reference pose of non-cooperative target in query image.

2) EXTRACT AND MATCHING SIFT FEATURE POINTS

Since current image has certain translation, rotation, and
scale transformation with respect to the query image, yet
SIFT feature extraction operator has rotation invariance, scale
invariance, as well as has certain resistance to changes in
illumination. In this paper, SIFT feature extraction operator is
adopted to extract SIFT feature points from query image and
current image, furthermore, extracted feature points is used
for matching, after eliminating feature points in background
and mismatch, correspondence between 3D feature points
on model and 2D SIFT feature points in current image is
established by 2D-3D re-projection.
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During pose measurement, extract SIFT feature points
from query image is actually a process of learning query
image. That is, the extracted feature points and their descrip-
tors will be used as learning samples, to match SIFT feature
points and descriptors in current image, and to establish a
one-to-one mapping relationship between them.

Extracted SIFT feature points from non-cooperative target
images is shown in figure 2.

FIGURE 2. Extraction of SIFT feature points.

As previous mentioned, one-to-one mapping relationship
between query image and current image needs to be built in
SIFT feature points matching. Brute Force matching algo-
rithm [33] is used for SIFT feature points matching because
of its stable matching result and highly calculation efficiency.
Specifically, after matching feature descriptor in query image
with feature descriptor in current image to return the opti-
mal match, and setting threshold to eliminate the mismatch,
a one-to-one mapping relationship between query image and
current image is established.

Matching result of SIFT feature points achieved by Brute

Force as shown in figure 3.
é’

FIGURE 3. Matching result of SIFT feature points by brute force.

Moreover, during extracting SIFT feature points, some
points located outside the non-cooperative target and belong
to the background, named background interference points,
are also extracted. Thus, the extracted SIFT feature points
need to be screened.

Screening background interference points is on the basis
of hypothesis that all SIFT feature points are located on
the surface of the non-cooperative target model. Meanwhile,
non-cooperative target model and reference pose are known,
which could be utilized to eliminate SIFT feature points
in background through projecting on 2D image. In fact,
screening background interference points is to only retain
SIFT feature points on non-cooperative target in image. The
result of background interference points elimination as show
in figure 4.
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a) Extracted SIFT feature points

b) Retained SIFT feature points

FIGURE 4. Result of eliminate background interference points.

After eliminating the background interference points,
three-dimensional coordinates of points in model coordinate
system corresponding to the remaining SIFT feature points
need to be solved. These three-dimensional coordinates and
their corresponding feature descriptors will be used for sub-
sequent pose measurement based on multi-point matching.

Solution of three-dimensional coordinate is also based on
the assumption that feature points are located on a certain
plane of non-cooperative target model surface. Since non-
cooperative target model and its reference pose in query
image are known, in accordance with space projection prin-
ciple, coordinates of two-dimensional image feature points in
three-dimensional model coordinate could be easily obtained.

3) POSE MEASUREMENT BASED ON

MULTIPOINT MATCHING

Along with obtaining the three-dimensional coordinates of
feature points corresponding to the model coordinate sys-
tem, correspondence between 3D coordinates of SIFT feature
points on non-cooperative target and 2D feature points in
image is also acquired, which could be used for solving non-
cooperative target position and attitude of current image in
camera coordinate system. This paper couples virtual vision
servo [34] with RANSAC [35] to solve pose parameters in
current image.

Basic idea of virtual vision servo for solving non-
cooperative target pose is to regard the problem of solv-
ing pose parameters as the dual topic of 2D visual servo.
In visual servo process, a particular target in image could be
continuously observed by controlling the motion of camera,
which could be achieved by minimizing the error between
desired state parameter s* of image feature and actual state
parameter s. Under ideal conditions, exists a unique camera
pose to minimize this error.

Indeed, large amounts of 3D feature points °P exist on
measured target, that is, °P is 3D coordinates of points on
measured target in model coordinate system. We set a virtual
camera, and define its position and attitude in model coordi-
nate system as r, then through minimize the error between
observed data s* (2D coordinate of SIFT feature points in
image is p, at this time, s* = p) and 2D coordinate s
(according to pose parameter », 3D feature points are for-
ward projected to image plane to obtain s), named A, actual
pose parameters of measured target relative to camera could
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be acquired.

N N
A=Y "(sir) =52 =D (pre(r. P — s> (1)
i=1 i=1
where, prg(r,°P;) is projection model obtained based on
camera internal parameter £ and camera pose r, N refers
amount of feature points.

During pose calculation, motion of virtual camera initially
located at r; position follows virtual visual servo control
algorithm to minimize the error parameter A, at convergence
position of algorithm, virtual camera reaches the r; pose to
minimize A, ry is pose parameter to be solved.

In classical visual servo process, define task function as e,

e=(s(r) — s 2
Take the derivative of formula 2,
,_Beasdr_L 3)
€= ds dr dr Y

where, L represents image Jacques matrix, and v refers
velocity vector.
Then, e is decoupled exponentially,

e =—he )

where, A is proportional coefficient for controlling attenua-
tion rate.
Thus, following control laws could be obtained,

V= —)»lA,;re ®)]

where, lA,x refers pseudo-inverse matrix of L, l:j =
(LTLy~'LT.

Finally, velocity vector v is mapped to its corresponding
instantaneous displacement, to update the pose parameters of
non-cooperative target,

‘MyH =My exp(v) ©)

where, exp(v) represents exponential mapping in the form
of homogeneous matrices, k refers iteration numbers in an
iterative optimization process.

Due to coarse error may be exist in the process of feature
matching and 3D information solving, which will affect the
accuracy of pose control algorithm based on virtual visual
servo. In order to make full use of correspondence of 2D-3D
SIFT feature points, eliminate possible coarse error, improve
the accuracy and reliability of algorithm, RANSAC is intro-
duced for pose measurement, namely, virtual visual servo
is combined with RANSAC to solve non-cooperative target
pose.

RANSAC assumes that data sample contains both correct
data and abnormal data. It solves problem by repeatedly
selecting a set of random subset in data sample, and employs
acquired results to test other data to determine whether these
data are interior points. At last, all interior points are used for
resolving model to obtain the result as correct as possible.
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TABLE 1. Algorithm of pose parameters solution.

Algorithm Couple Virtual Visual Servo with RANSAC to
Solve Pose Parameters
Input  feature points in non-cooperative target model
and in their corresponding images
solve reference pose;
while inner points is insufficient and unattained the
maximum iterations
randomly select 4 sets of data points;
POSIT algorithm is exploited to solve pose
parameter r,
solve residual /based on pose parameters 7,
If | < threshold
then
for each feature point °P, do
solve error between re-projection points
of feature points in model based on pose
parameter rand feature points in image;

error = "prg, (r, "E) - p,"

If error < threshold

then

feature point is inner point;

end if

end for
end if
end while
in accordance with all inner points obtained via above
steps and based on virtual visual stereo algorithm to
resolve pose parameters of non-cooperative target;
Output pose of non-cooperative target in camera
coordinate

In this paper, 2D-3D matching relationship of feature
points is a data sample containing abnormal data. Firstly, four
feature points are randomly selected to solve pose parameters.
Afterwards, we make a decision on all data points in entire
data point set, regard points which are close enough to projec-
tion points and feature points as interior points. Finally, pose
of non-cooperative target is to be resolved in accordance with
all obtained interior points. The algorithm of pose parameters
solution via couple virtual visual servo with RANSAC as
shown in table 1.

In above algorithm, reference pose is acquired by query
image based on POSIT. However, if error between refer-
ence pose and solved pose is too large, the algorithm will
diverge or converge at local minimum. At this time, it is
essential to re-select an image close to current image as
reference image, and solve its pose as reference pose, then,
measure pose in current image as initial pose of following
target tracking process, to start model-based target tracking
algorithm.

B. NON-COOPERATIVE TARGET TRACKING
Since three-dimensional model of non-cooperative target is
known, we employ model-based tracking to realize real-time
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solution of non-cooperative target pose parameters. But in
order to improve the accuracy of target tracking, a target
tracking algorithm based on edge feature fusion point feature
is proposed, which takes Harris corner features and edge fea-
tures on non-cooperative target in images as tracking features.
As well as, an M estimator is introduced to enhance the
resistance of nonlinear optimization pose to external points.
Finally, pose parameters could be real-time and accurate
outputted.

1) SEARCHING AND MATCHING EDGE FEATURE

Edge is a prominent feature in image, which has advantages
of stable extraction effect and strong anti-interference ability,
but it is difficult to quantify. Thus, we transform edge features
into sample point features with a certain distance on the
edge, and then, perform a normal one-dimensional search
to determine the matching between model edge points and
image edge points. The details as follows,

1. According to pose parameter rx_; of non-cooperative
target in previous frame image I;_j, 3D model of non-
cooperative target is projected on image plane of current Iy th
frame image, to obtain two-dimensional projection edge of
model;

2. Sampling for two-dimensional projection edges of
model at a certain distance, to acquire a sampling point set
of projection edge on model in the I;th frame image, which
is defined as {x,~}?/:g1 ;

3. For any sampling point x; on projection edge of model,
through the ECM searching algorithm [36] to perform one-
dimensional search along the normal n; of x; point on
model projection edge, and seeking the nearest gray gradient

extreme point in image as corresponding point x;/, further
Ng
N =1
correspond to the set of sampling points {x;} l.:gl.
The one- dimensional searching along normal as shown

in figure 5.

to acquire the set of image feature points {x;} which is

Projection
Edge

S
e
FIGURE 5. One-dimensional searching along normal.

In above normal one-dimensional searching process, an
m * m convolution template is to be set, which direction is
determined in accordance with normal n;. Moreover, within
searching range R, convolution value of each possible pixel
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(x;j) along normal n; is obtained by the convolution template,
which has a one-to-one correspondence to likelihood ratio ;.
Also, points with the maximum likelihood ratio in image and
larger than the set threshold are recorded as corresponding
points x/, which will be used for following nonlinear opti-
mization process of pose parameters.

It is well to be reminded that in process of tracking non-
cooperative target, complex small contour features on non-
cooperative target, as well as change in visibility of each
surface during rotation, will greatly effect on the accuracy of
tracking. Hence, to address this issue, this paper judges the
visibility of non-cooperative target model plane, and sets the
minimum threshold of projection line.

In fact, during the tracking process, only edge features on
visible plane could perform low-order edge tracking to update
the pose parameters. Whereas in this paper, determination of
plane visibility is achieved by solving the included angle «,
as shown in figure 6.

By

Plane Normal a

L Camera Optical Center

FIGURE 6. Determination of plane visibility.

As demonstrated in figure 6, « is an included angle
between the line connecting camera optical center to gravity
center of plane to be determined and plane normal. In this
paper, the threshold k is defined as 80°, when o < 80°, plane
to be determined is visible, but when ¢ > 80°, plane to be
determined is invisible.

On the other hand, in the first step of tracking process,
non-cooperative target model needs to be projected on a two-
dimensional plane for low-order edge tracking, yet in this
process, line size determination of model projection is added
to improve tracking accuracy. It is stipulated that the line
is included in subsequent sampling matching process only
when the model projection line length is greater than a certain
threshold, and the small contour, which projection line length
is less than this threshold is excluded from the tracking.

To sum up, edge feature matching points {xlf}?jjl in image
as show in figure 7.

2) POINT FEATURE DETECTION AND TRACKING

Naturally, multiple similar edge features might be extracted,
due to the complexity of projected image. In order to
distinguish features, point feature is taken as another visual
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FIGURE 7. Edge feature matching points in image.

feature applied to tracking, since it also has strong anti-
interference ability. In fact, target tracking using feature
points is achieved by nonlinearly optimizing the objective
function A” (AP is an objective function about the distance
from feature point extracted in current frame to the feature
point tracked in following frame) to solve current pose of
the non-cooperative target. Consequently, this paper uses 3D
feature points on non-cooperative target model and 2D fea-
ture points in image to achieve directly correspond 3D to 2D,
and acquires pose parameter r via optimizing the objective
function A?.

FIGURE 8. Harris corner feature of non-cooperative target.

In our research, point feature is detected by Harris corner
detector [37] as shown in figure 8, and its tracking is realized
via KLT tracking [38]. That is, our implement reduces the
calculation of tracking by reducing number of tracking points,
to improve the real-time performance of tracking accordingly.

In this paper, details in point tracking based on KLT as
follows,

1. Extracting continuous single frame image from a video
sequence of non-cooperative target;

2. Detecting non-cooperative target ontology from image
sequence as foreground target;

3. Recording a certain frame from image sequence as Ip
(foreground target appears in Ip);

4. Extracting feature points from /o via Harris operator;

5. Selecting randomly two continuous frames as [; and
Iy +1 from image sequence, their order are behind /o (fore-
ground target also appears in I and Ix41);

6. Searching position of feature points extracted from /o in
I, and solve their coordinate parameters;

7. Interacting for above 6 steps to complete KLT tracking
of feature points.

In above process, define {x,-}?fl as a feature point set
extracted from the I;th frame image, then its corresponding
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3D feature point set on non-cooperative target model is
recorded as {Xi}?zy Apparently, feature point set {x; }i.V:” | in
the Ir41th frame image correspond to {xi}j\fl is obtained
through solving optical flow from the I;th frame image to
the Ix41th frame image, which has a one-to-one mapping
relationship with {X;}™, .

Specially, during extracting Harris feature points, some
background interference points are also the included in
extracted feature point, which elimination ways is similar to
the method mentioned above (remove background interfer-
ence points from SIFT feature points extraction). Finally, only
Harris feature points on non-cooperative target contours are
retained.

3) TARGET TRACKING BASED ON FUSION OF

EDGE FEATURE AND POINT FEATURE

As a matter of fact, accumulative error of pose would be
generated during extracting and tracking of point features.
Fusion of edge feature and point feature is to avoid the
disadvantage of two features, and improve the accuracy and
robustness of target tracking. In consequence, after acquiring
correspondence between 2D feature points and 3D feature
points, issue of solve pose parameter could be equivalent to
a local nonlinear optimization problem. Through local non-
linear optimization of forward projection error Ar between
above two features, the estimated value 7 of pose parameter
r is finally obtained.

7 = argmin Ar @)

Ar = (ei(r)? ®)

where, e;(r) is the error between two-dimensional feature and
projection feature.

It can be seen from formula (8) that this is a nonlinear
minimization problem about the pose parameter r. Therefore,
Gauss-Newton iteration [39] is applied to iteratively update
the pose parameter r, and finally, optimal estimation of r
could be obtained.

Define set of projection points as {x;;} acquired by pro-
jecting non-cooperative target model to image, set of points
on non-cooperative target in image correspond to {x; ;} is x{y i
error function A(r) refers distance from points xlf, j in image
to model projection points x; j, then,

A(r) =Y (di(xij. x] ) ©)
i

where, d (x; ], xlf’ j) is distance from point x;’ ; in image to
model projection point x; ;.

In our implement, starting from the initial pose estimation
1o, in each interaction loop k, performing a tiny displacement
transformation &r for pose parameter r¢, and using following
formula to update pose parameter,

Tyl =1y ©or (10)

where, @ is sum operator in parameter space, which ultimate
goal is to determine the value of r; that minimizes the Ar in
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each iteration loop, and its description in mathematics is,

Sr = argamin Z Z (d 1 (xi j(re1), )cl-”j))2
r i j
Y @i @6r),x ) (11)

= arg min
s T

r

In process of interaction, tiny displacement transformation
or is acquired by following formula,

8r=—JTe(r) (12)

where, J 71 is pseudo-inverse matrix of J, and J is Jacobian
matrix of error vector e(r), J = de(r) / or.

Especially, tiny displacement transformation §r is screw
displacement of pose parameter, and 6r = (v, w), where v
refers translation displacement parameter, w represents rota-
tion displacement parameter.

In order to achieve the update of pose parameters through
tiny displacement transformation §r, converting the §r to its
corresponding rigid body instantaneous displacement §M via
an exponential map,

SM = exp([5r]) (13)

wy
00}

In addition, define “M,, as homogeneous transformation
matrix in process of rigid body transformation, which rep-
resents pose parameters of non-cooperative target relative to
the camera.

Then, on the basis of formula (10), “M, could be update
by M,

where, [6r] = |:

My 1 = exp([6r])My (14)

However, during solving pose parameters of each frame
in video sequence by using Gaussian-Newton nonlinear opti-
mization, the input parameters maybe contain some outliers,
which will affect the accuracy of pose parameters obtained
by iterative optimization. Consequently, M estimator [40] is
introduced to eliminate the outliers may be generated dur-
ing model projection and edge matching, due to its better
robustness.

In this work, objective of M estimator is to reduce the
influence of outliers in input parameters on estimation results,
via assigning the adaptive weight to input parameter in error
function. Therefore, define r as estimation function of pose
error, then, the expression of nonlinear optimization issue as
following,

Ag = p(s(r) —5%) 15)

where, p(e;(r)) is robust estimation function.

In above formula, diagonal weight matrix D (D = diag
(w1, ..., wy)) is determined by setting the M estimator p, as
well as, D is used for setting the weight w; of each parameter
in error vector e under the condition of given error vector e =

[eo e1 ... en ], where 0 < w; < 1, and w; is expressed as,
8.
= ¥ (8i/o) (16)
81'/0'
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FIGURE 9. Experimental platform.
where, §; is normalized residuals (§; = e¢; — Med(e)), YV is

influence function, Med refers median operator, and o repre-
sents standard deviation of interior point data.

Especially, the influence function W is defined as,

w(C?—uH?| ul<C
u) = - 17
¥ (u) 0 . (17)
where, C is constant.

Also, standard deviation of interior point data o is another
important parameter, which is unknown in initial case, but it
could be obtained by median absolute deviation &,

. 1

o = mMEdiq(Si - Medj(8j)|) (18)
where, ®() is normal cumulative distribution function, and
®10.75) = 1.48.

As aresult, after above calculation, the formula (12) could
be updated,

8, = —(DJ) De(r) (19)

Additionally, in process of solving non-linear pose param-
eters mentioned above, the error function is also need to be
solved and non-linear optimization.

Firstly, error function of edge feature is to be solved, which
is expressed as,

1
AR = <= D pH(ef )
&
1 — /
= Z p8(oy d L (i), x)) (20)

where, d | (I;(r), xlf ) represents distance from feature point xlf
to projection straight line /;(r), p8 is M estimator, and o8
refers normalization factor of standard deviation for ef, which

is expressed as o, = ng 2 p8(d L (li(ry), x7))-
1

Obviously, function expression of /;(r) needs to be known
to obtain the d | (/;(r), x).
Define function expression of initial model projection

straight line /;(r¢) as,
xcosby, +ysinby, = py, V(x,y) € Li(rx) 21
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FIGURE 10. Distribution of absolute pose measurement error.

where, 6,, is included angle between x axis of image plane
coordinate and normal direction of /;(r), py; refers distance
between /;(r;) and image plane coordinate origin.

Since 6y, and p,, could be acquired in process of model
projection, as well as pose parameters in previous frame
of non-cooperative target model are known, then, function
representation of straight ling ; in model coordinate on three-
dimensional model of non-cooperative target corresponding
to [;(r¢) could be acquired.

In accordance with current pose parameter r, [;(r) could
be obtained by projecting L; to image plane and update
0y, and py,. Then, d (I;(r), xlf) could described as,

di(li(r), x})) = py, — Py (22)
In formula (22),
Py = Xy COS Ox; + Y, sin Oy, (23)

where, x,; and y,/ are coordinates of x; in image plane
. i i
coordinate.
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Furthermore, Jacobian matrix J, of ef (r) needs to be
solved, which is defined as,

def _ defd (l(r), x))

Jeg=—"t =+ — 7 24
= or or 24
Then, substituting formula (17) to formula (24),
dpx. 9px!
Jg = opx; _ TPX;
i aar ar ”
= 20K, ~+ (xx’ sin @yr — yx’ cos G’X/,)i
8;‘ i i i i 8’-
opx; 00x;
= o
ar ar
= Jp, + o, (25)

where, @ = xys sinfy; — yy’ cos Oy, Jpxl, and ngl, is obtained
by literature [41],

Jor, = [Ahp,, €080k Ap SINOy — Xy px; - -
x(1+ pg)sinfy, — (1 + pf)cosfy0]  (26)
Jo,, = [ho,, cos Oy, SN0y — Ao, Py -
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a) Measured Value and Actual Value of R,

¢) Measured Value and Actual Value of R,

¢) Measured Value and Actual Value of 7,

FIGURE 11. Pose parameter cure of target tracking.

X Px; €OS Oy, — pyx; Sin By, — 1] 27

In formula (27),
b = (Apy; cos Oy, —;)Bsin@xi + C) 28)
)\Gxi _ (Apy; sin Oy, +DB cosfy, + C) (29)

In formula (28) and formula (29), AX+BY +CZ+D = 0Qis
a function representation of a certain three-dimensional plane
to which the straight line L; belongs in model coordinate.
Since model parameters of non-cooperative target are known,
four parameters (A, B, C and D) of three-dimensional plane
could be obtained by using pose parameters of previous frame
image and three-dimensional coordinates of mentioned sam-
pling point X; in model coordinate.
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b) Measured Value and Actual Value of R,

d) Measured Value and Actual Value of 7,

f) Measured Value and Actual Value of 7,

Through combining formulas (26), (27), (28) and (29), the
needed Jacobian matrix J ¢ for nonlinear optimization of pose
parameters could be obtained,

Ad, cos by, r
Ad, Sin By,
_)"dl IOX,'
Jef ] a4+ ,031_) sin 6y, — apy; cos Oy, (30)
—(1+ ,o)%i) cos by, — apy; sin by,
—

where, Aq, = A, + kg, .
Secondly, according to one-to-one mapping relation-
ship between three-dimensional point set {X;},”, and two-

. . . N, . .
dimensional point set {x;},”,, error function of point feature
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a) Measurement Error of R,

¢) Measurement Error of R,

¢) Measurement Error of 7,

FIGURE 12. Error curve of target tracking.

could be expressed as follows,
AP(r) = — S P (e
M—E;pu> (31)
where, p” is M estimator, and ef is defined as,
& = op_l(x,-(r) —x]) (32)

where, x;(r) represents the result of three-dimensional point
X; being projected into image plane based on pose parameter
r to be solved, namely, x;(r) = pr(X;, r), o, is normalization
factor of standard deviation for ef , whichis expressed as o), =

\/Z PP (xi(ry) — X{)/Np-
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b) Measurement Error of R,

d) Measurement Error of 7,

f) Measurement Error of 7,

Moreover, Jacobian matrix Je‘l.” of point feature is also
acquired by literature [41],

o
Je! = —L
ar
Ly = ] —x2
_[px 0} Z z v vy
=lo 1
Py 0 —Z%1+y2 xy  —x

(33)

where, p, and py, are focal ratio parameters of camera, x and
y are coordinates of feature point x;(r) = pr(X;, r) in image,
Z refers depth value of 3D point on model corresponding to
feature point x;.
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Lastly, in order to achieve target tracking based on fusion of
edge feature and point feature, thereby to solve pose param-
eters with nonlinear optimization algorithm, a global error
function A composed of edge feature error function and point
feature error function is set up,

A = 08 A8 + P AP (34)

where, A8 is error function of edge feature, A? is error
function of point feature, w8 and w” are weight parameter,
meanwhile, 0 < w8 < 1,0 < w” < 1.

Similarly, global error vector e is described as,

A8&e8
e= |: N (35)
g
€ 4
where, €8 = : ,eP = :
g
A efvp
As well as, global Jacobian matrix is expressed as,
VA8 g
J = 36
|: AP (36)
J o J P
where, J.s = . JJep = :
J &, J %

In formula (35) and formula (36), A8 and A” are
described as,

W= (37)

However, it is known that from formula (19), global
weight matrix D also needs to be solved for performing
Gauss-Newton optimization based on M estimator, which is
expressed as,

D = blockdiag(D%, DP) (38)
Accordingly, the formula (19) could be updated as,

8, = —(DJy)" De(r)
= —(A&J8T DT p8 e 4 3P gPT pPT pPyry=1 i
x (A8J8T DT D88 (1) + 2P JPT DPT DPeP(r))  (39)

Finally, through using above formula and Gauss-Newton
iterative optimization algorithm, pose parameters of non-
cooperative target could be solved and update in real-time.
As a consequence, target tracking based on fusion of edge
feature and point feature is exploited for experimental per-
formance assessment.

IV. EXPERIMENTS

A. ESTABLISH EXPERIMENTAL PLATFORM

Objective of experiment is to verify the effectiveness of pro-
posed method in this paper. Thus, in accordance with research
needs, we make use of existing conditions and equipment to
establish our experimental platform, as shown in figure 9.
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a) Imaging Effect of Poor Imaging

b) Target Tracking Effect of Poor Imaging

FIGURE 13. Target tracking experiment under poor imaging condition.

It can be clearly seen from figure 9 that established experi-
mental system is composed of non-cooperative target model,
CCD camera, 6 DOF manipulator, infrared location and
tracking system, and a computer. More precisely, adopted
non-cooperative target model is Chang’e-2 satellite model
with a ratio of 1:30 compared to the real satellite. The CCD
camera transmits collected image data to computer is via
network port communication. Meanwhile, type of 6 DOF
manipulator is a motorman SV3X industrial manipulator with
repeated positioning accuracy of 0.03mm and a maximum
working radius of 677mm. In our experiments, CCD camera
is fixed to the end of manipulator through a special fixture.
It means that motion of CCD camera follows movement
of manipulator. Thus, manipulator is used for simulating
motion of non-cooperative target relative to CCD camera.
Furthermore, infrared location and tracking system is Polaris
Spectra System produced by NDI Company of Canada, which
transmits actual pose parameters through the USB interface.
The transmitted data is regarded as reference data to evaluate
the accuracy of proposed algorithm in this paper. Last but
certainly not least, computer is used for collecting image data
and solving pose parameters.

Additionally, it is worth noting that in our experiments,
since measurement range of Polaris Spectra System and view
field range of CCD camera are limited, position range of
pose measurement experiment is limited from 1200mm to
1550mm, which is equivalent to measure non-cooperative
target pose at a distance from 36m to 46.5m via using ratio
of 1:30 for conversion.

B. EXPERIMENTAL RESULTS AND ANALYSIS

1) MEASUREMENT ACCURACY VERIFICATION

OF INITIAL POSE

In order to evaluate the accuracy of proposed initial
pose measurement algorithm, we collect 20 groups of
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a) Measured Value and Actual Value of R,

¢) Measured Value and Actual Value of R,

¢) Measured Value and Actual Value of 7,

b) Measured Value and Actual Value of R,

d) Measured Value and Actual Value of 7,

f) Measured Value and Actual Value of 7,

FIGURE 14. Pose parameters curve of tracking in condition of poor imaging.

experimental data, and analyze error between measurement
values and actual values. Specially, measurement values
are obtained by the proposed algorithm, and actual values
are acquired via Polaris Spectra System. For convenience,
we define error between measurement value and actual value
as absolute pose measurement error, 7, Ty, and T, represent
translations along x, y, and z axes, respectively, meanwhile,
Ry, Ry, and R, respective represent rotations along x, y,
and z axes.

The distribution of absolute pose measurement error is
shown in figure 10.

In this experiment, we use the average value of absolute
pose measurement error to evaluate the measurement accu-
racy, as shown in table 2.
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TABLE 2. Comparison of absolute pose measurement error.

Name R, R, R, T, T, T,
Average Error
(deg/mm)

1.557 2256 1989 9.610 7.359 10.593

It is apparent from table 2 that average error of rotation
parameters are no more than 2.5°, and average error of trans-
lation parameters are less than 10.6mm, which illustrates that
in our implement, besides the systematic error of Polaris
Spectra System, error of proposed initial pose measurement
algorithm is relative to slight.

In our actual application, rotation precision is required to
be less than 5°, and translation precision is required to be
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a) Measurement Error of R,

¢) Measurement Error of R,

¢) Measurement Error of 7,

FIGURE 15. Pose error curve of tracking.

less than 20mm. Thus, the table 2 demonstrates that accuracy
of initial pose measurement is highly enough to satisfy the
requirement in actual application.

2) TARGET TRACKING

In order to verify the accuracy, robustness and real-time of
model-based target tracking algorithm, as well as further to
examine the reliability and accuracy of initial pose obtained
by pose measurement algorithm after starting the target track-
ing, we designed and conducted model-based target tracking
experiments.

Primarily, target tracking experiment in condition of nor-
mal light is performed, to validate feasibility and accuracy of
proposed pose measurement algorithm. Comparison images
between actual values acquired by experiment and measured
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b) Measurement Error of R,

d) Measurement Error of 7

f) Measurement Error of 7,

values are shown in figure 11, as previous mentioned, T,
Ty, and T, represent translations along x, y, and z axes,
respectively, meanwhile, R,, Ry, and R; respective represent
rotations along x, y, and z axes.

As is exhibited in figure 11 that red curve is measured
value, and blue curve represents the actual value. Afterwards,
error curve of target tracking could be acquired via data
processing for figure 11 is shown in figure 12.

As is known from analysis of figure 11 and figure 12,
error of rotation tracking along x, y, and z axes are less
than 2.5°, and error of translation tracking along x, y, and z
axes are less than 20mm, which satisfy the requirement of
precision in our actual application. Thus, the experimental
results demonstrate that proposed tracking algorithm has an
ideal tracking effect.
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Nextin line, target tracking experiment under poor imaging
condition is accomplished, to confirm robustness and accu-
racy of proposed pose measurement algorithm. The imaging
effect and target tracking effect as shown in figure 13, pose
parameter curve of tracking is shown in figure 14, and pose
error curve of tracking is displayed in figure 15. Also, Ty,
Ty, and T, represent translations along x, y, and z axes,
respectively, meanwhile, Ry, R,, and R, respective represent
rotations along x, y, and z axes.

It can be seen form figure 14 and figure 15 that rotation
tracking accuracy of rotation parameters Ry, Ry, and R, are
less than 2°, and tracking accuracy of translation parameters
Ty, Ty, and T are less than 20mm. Obviously, accuracy of
tracking under poor imaging condition is not significantly
different from normal condition, which illustrate that pro-
posed pose tracking algorithm has good robustness, and could
satisfy the pose tracking requirements under different lighting
conditions to some extent.

Finally, tracking speed verification experiment of pose
tracking algorithm is carried out, to test the pose parame-
ters calculation speed of tracking algorithm. In this imple-
ment, the algorithm is used for tracking poses of four video
sequences with different frames, and the recorded data is
shown in table 3.

TABLE 3. Data of pose tracking speed verification experiment.

Video Frames Number in Calculation Processing
Sequence Video (frame) Time (s) Speed
Number (frame/s)
1 1439 139.5 10.32
2 1394 132.7 10.50
3 1125 114.1 9.86
4 1168 117.7 9.92

Table 3 reflects that pose tracking algorithm in this paper
has a processing speed of about 10frame /s. In this work,
image processing speed is required to be at least 4frame /s.
Thus, table 3 illustrate that our algorithm could satisfy the
requirements of real-time pose tracking for non-cooperative
targets in real-time.

V. CONCLUSION AND DISCUSSIONS

To solve the pose measurement problem of non-cooperative
targets in space environment, a pose measurement approach
combined initial pose measurement with model-based target
tracking is put forward. Purpose of measure initial pose is
to start target tracking. Thus, an algorithm based on SIFT
matching to measure initial pose of target tracking is pro-
posed, which is to initial the target tracking. To solve the
pose parameters, the algorithm couples virtual visual servo
with RANSAC based on multipoint matching. Then, a target
tracking algorithm is proposed. Distinct from conventional
model-based tracking, edge and point are taken as visual fea-
tures in this paper. Moreover, an M estimator is introduced to
resist the interference from environment during target track-
ing, to realize the real-time measurement of pose parameters.
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Lastly, a series of experiments are carried out to confirm the
pose measurement method in this paper has highly precision,
robustness, and good real-time performance. The experimen-
tal results demonstrate that our proposed method not only
could adapt various illumination conditions, but also could
satisfy the requirements of real-time solving pose parameters
in video sequences.

Particularly, a beneficial work to be finished in the future
is study on recover the structure of non-cooperative target
from motion via using visual sensors, to realize the identi-
fication and pose measurement of unknown non-cooperative
targets. Also, with the development of visual sensors, initial
pose measurement will be further deeply investigated, such
as based on RGB-D sensor, multi-lens, laser radar, and etc.
In addition, how to predict and correct the data in pose
tracking to improve the accuracy and robustness of tracking
algorithm is an important topic of future research.
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