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ABSTRACT
Active debris removal (ADR) has been required
to reduce the number of space debris. The Japan
Aerospace Exploration Agency (JAXA) focuses
on removing the upper stages of rockets by using an electrodynamic tether (EDT). In order to
execute ADR safely and securely, the motion of
space debris must be correctly estimated and predicted. In this research, the attitude of an upper
stage was measured by image processing using pictures in considering the actual optical environment
and actual orbital operation. As this result was a
measured value, the attitude of the space debris
was estimated by using an unscented Kalman filter, and the result indicated that this method could
precisely estimate the attitude of a rocket’s upper
stage.

1 INTRODUCTION
1.1 Background
In 2013, the Inter-Agency Space Debris Coordination Committee (IADC) presented a future prediction in low Earth orbit (LEO) environment.
According to this predicted result, the number of
space debris larger than 10 [cm] would continue to
gradually increase despite an assumed global Post
Mission Disposal (PMD) level of 90 [%] [1]. This
debris problem has since been recognized as one
requiring a global solution such as active debris
removal to reduce the number of various space
debris.
In order to avoid increasing the number of space
debris, the massive debris removal in crowded
orbits is considered valid as the massive debris
pose the danger of generating many small pieces
of space debris when colliding with other debris.
In particular, the upper stages of rockets are rec-
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Figure 1: Overview of final approaching phase
ognized as the massive debris that should be removed as soon as possible. There are two main
reasons for such removal: many upper stages in
LEO are considered to be among the most valuable and eﬀective target debris, and given their
simple and similar shapes, the upper stages are
suitable as removal targets. For these reasons,
the Japan Aerospace Exploration Agency (JAXA)
has conducted research for an active debris removal (ADR) mission, specifically deorbiting a
Japanese upper stage by using an electrodynamic
tether (EDT) [2]. In order to remove the target
debris by using this method, a nearby operation is
required to attach the EDT to a payload attachment
fitting (PAF).
Figure 1 shows the final approaching phase. From
point A to point B, the chaser approaches the debris under approach tracking control. At point
B, the chaser retains its relative position and attitude to the space debris, and estimates the debris
motion by using images taken by its camera. After that, the debris motion is predicted by using
the estimated values as initial parameters. Thus,
the fly-around trajectory is decided based on the
predicted motion in order to execute the final approach while observing a PAF ring. Moreover,
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motion estimation and prediction are also required
to avoid an accidental collision between the chaser
and the space debris. Therefore, it is essential to
precisely estimate and predict the debris motion,
in order to successfully and safely complete this
orbital mission.
Many researchers all over the world have tackled
these kinds of problems. Feng et al. proposed
an algorithm for estimating the relative pose and
inertial parameters of the target satellite by using a
single stereo vision system [3]. Kikuchi et al. proposed a motion estimation method that combines
the eigen space method and an extended Kalman
filter by using a single-lens camera, and the proposed method was verified by an experiment using
a small mock-up of the upper stage [4]. However,
such past research did not consider changes in the
direction of sunlight and the conditions based on
the actual orbital operation. Therefore, the estimation and prediction method must be examined by
considering the actual orbital operation.

1.2 Research Objective
The objective of this research is to precisely estimate and predict a debris motion, so as to use
the predicted values for the motion planning of
the ADR proximity operation. In order to achieve
this objective, we have to solve three main problems: image processing from 2D debris images
for deriving the debris motion, motion estimation,
and motion prediction. This paper focuses on the
problems posed by image processing and motion
estimation. This paper is organized as follows:
Section 2 presents an assumption about the motion estimation of space debris in this research.
Section 3 describes the image capture of the space

Figure 3: Overview of upper stage
Table 1: Specifications and Condition of Upper
Stage
Length [m]
Diameter [m]
Mass [kg]
Inertial moment
Ixx ,Iyy
[kgm2 ]
Izz
Altitude [km]
Eccentricity [-]
Inclination [◦ ]
RAAN [◦ ]
Argument of Perigee [◦ ]
Mean Anomaly [◦ ]

11
4
2.9
27000
6500
600
0
98
34.8
0
180

debris by using the optical simulator developed
by JAXA [5]. Section 4 describes the attitude
measurement that focuses on an axial symmetric
object such as the upper stage. Section 5 describes
the motion estimation of the space debris by using
an unscented Kalman filter (UKF). And Section
6 summarizes the conclusions and future work of
this research.

2 ASSUMPTION OF MOTION
ESTIMATION
2.1 Sequence of Motion Estimation and
Prediction of Space Debris
Figure 2 shows the processing necessary to predict
the motion of the upper stage of a rocket. First,
some debris images are captured by the camera
mounted on the chaser. Secondly, the position
and attitude of the target debris are measured by
processing the debris images .

2.2 Details of Target Space Debris
This subsection describes the details of the upper
stage of a rocket as the target debris. Figure 3
shows an overview of the space debris in terms
of its specifications. Our capture targets are the
upper stages of Japanese rockets equipped with a
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image processing using these images, and then estimated by using the results of image processing on
the ground. The position and attitude of the space
debris are predicted by using these estimated parameters. Finally, the ground station transmits the
prediction data for reception by the chaser during
the next visible term. The chaser then uses the
data to calculate a safe fly-around trajectory.
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Figure 4: Coordinate system of the upper stage
PAF. Table 1 lists the specifications of the space
debris.
The motion equation of the upper stage of a rocket
can be expressed as follows:
I θÜ d + θÛ d × I θÛ d = 3Ω20 (e r × I e r )

(1)

Here, θ denotes the attitude angles in the body
coordinate system shown in Fig. 4. I denotes the
moment of inertia of the rocket’s upper stage. The
right side of Eq. (1) is the term of the gravity
gradient torque. Ω and e r denote the orbit angular
velocity and vector from the center of the debris
to the center of the Earth in the body coordinate
system, respectively.
Table 1 also lists the specifications of the debris
orbit. Upper stages are known to exist in crowded
orbits. Therefore, the altitude of the target debris
is 600 [km] at an inclination of 98 [◦ ]. The debris
orbit is assumed to be a circular orbit.

2.3 Image Capture Situations
It takes about 90 [min] for the target debris to orbit
the Earth in this case. However, the target debris
can only be measured while exposed to sunlight
because the direction of sunlight changes. Therefore, the operating sequence have to be considered
to obtain measured data of the target debris. Figure 5 shows the operating sequence used in this
research. During each period (90 min), there is a
visible term of about 10 [min] from the ground station and a suitable term of about 15 [min] for measurement. Here, a suitable term for measurement
is the case exposed to sunlight except a backlight.
It is assumed that the ground station locates the polar regions. First, the chaser takes some pictures
during the suitable term for on-orbit measurement.
Then, the chaser transmits some images taken by
its camera to the ground station during the visible
term from the ground station. Next, the position
and attitude of the space debris are measured by

On the basis of this situation, the transmission
quantity is calculated. The transmission quantity (Bdat at r s ) can be calculated as follows:
Bdata−trs = RDL × Pdata × TDL

(2)

Here, RDL , Pdata and TDL denote the downlink rate,
actual ratio of image data, and downlink time, respectively. In this research, the ground station
is assumed to use a large antenna at a transmission speed of 2 Mbps. The actual ratio of image
data(Pdata ) is 50 [%] and downlink time TDL is
5 [min]. From the above, the value of the transmission quantity (Bdat at r s ) is 300 Mbits.
Next, it is necessary to confirm how many images
can be transmitted to the ground station under these
operating conditions. In this situation, the volume
of data per image Bvol must first be calculated. Bvol
can be calculated as follows:
Bvol = SH × SV × Bimage × Rcut × Rcomp

(3)

Here, SH , SV and Bimage denote the horizontal and
vertical pixel numbers and the bit number, respectively. Rcut and Rcomp denote the rates of image segmentation and image compression, respectively. In this research, the number of pixels in each
image taken in orbit by the chaser camera is 1920
× 1920, and the number of bits (Bimage ) is 12 [bit].
The rates of image segmentation(Rcut ) and image
compression(Rcomp ) are 35[%] and 30 [%], respectively. From the above, the volume of data per
image Bvol can be calculated as 4.64 [Mbit].
These results suggest that up to 64 debris images
can be obtained for use in image processing per
the downlink of one visible term.

3 POSITION AND ATTITUDE
MEASUREMENT OF SPACE
DEBRIS
3.1 Image Capture System for Space
Debris
One of the diﬃcult aspects of debris motion prediction is changing the optical conditions while
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Figure 5: Operating sequence in this research
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3.2 Algorithm of Position and Attitude
Measurement
This subsection describes the algorithm used to
measure the position and attitude of the rocket’s
upper stage. This algorithm is based on the template model matching method, and its sequence is
as follows:
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Figure 6: Overview of optical simulator
orbiting at 600 kilometers above the Earth. In
this research, the optical simulator developed by
JAXA [5] was used to take some images under
orbital optical conditions. Figure 6 shows an
overview of this simulator. The simulator can imitate the actual orbital optical environment based
on the pertinent date, orbital parameters, and other
necessary information. The motion of upper stage
of a rocket has been mentioned various possibilities such as precession, flat spin, libration, and
so on. However, its motion is unknown. This research focused the libration which stemmed from
the gravity gradient torque.

7. Calculating the relative position and attitude
in the camera coordinate system.
In Step 1, a white and black density image is
loaded. The horizontal and vertical edge intensities are detected using a diﬀerential operator in
units of pixels. The edge intensity in units of pixels is calculated by taking the square root of the
squared horizontal and vertical edge intensities.
In Step 2, the goal is to detect a straight line. First,
the edge intensity distribution of all pixels is determined, with the weak edges being removed in order to apply Hough transformation. The threshold
value of edge intensity is the value of the highest
ranking edge that includes the top 2 [%] in the total
number of pixels. After that, Hough transformbased voting is applied to edge intensity having a
value larger than the threshold value. In Hough

【Step1】

【Step2】

【Step3】

【Step4】

Seeking some candidates
Original image

Selecting edge

【Step5~7】

Narrowing two candidates
Highest coincident model
Calculating position(x, y, z)
and attitude (Roll, Pitch)

250 [°]
Edge intensity

Detecting straight line

Reversing model

※Yaw angle cannot be measured
by this method.

320 [°]

Gravity gradient torque [Nm]

Figure 7: Sequence of measuring position and attitude
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Figure 8: Behavior of gravity gradient torque
space, the largest edge integrations are selected in
descending order, and the straight line is calculated
by using these edge integrations. If the rate of the
points except this straight line is lower than 5 [%]
of the total, the straight line is adopted as the side
of the rocket’s upper stage.
In Step 3, in order to decide the rotation around
the yb axis in Fig. 4, the template model is applied
to the detected line by rotating the template model
around the yb axis. The four evaluation criteria
in this processing are as follows: the side straight
edge of the upper stage’s tank; the upper and lower
half circles of the upper stage’s tank; the ellipse
of the lower edge at the nozzle of the upper stage;
and the nozzle side of the upper stage. The attitude around the yb axis can be determined after
completing Step 3.
In Step 4, there are some candidate models before this step. Therefore, two candidate models
are pared down in this step. One is the highest
coincidence model, and the other is equal to the
model that reverses the highest coincidence model
around the xb axis in Fig. 4.
In Step 5, the endpoint most closely matching the
template model is calculated by moving in the zb
axis direction and rotating around the zb axis bit-

In Step 6, fine adjustments are made for the position and attitude of the selected model by moving
in the direction vertical to the zb axis in order to
increase the accuracy of template matching.
In Step 7, the relative position and attitude of the
rocket’s upper stage obtained from the above processing is then calculated in the camera coordinate
system.
However, this method cannot measure the angle
around the zb axis. Here, the gravity gradient
torque that the upper stage of a rocket can be calculated using the telemetry data which the chaser receives and the relative position measured by above
algorithm. Figure 8 shows a behavior of the gravity gradient torque in the orbit reference coordinate
system under the above conditions. The result revealed that the upper stage of a rocket did not receive a gravity gradient torque around the zb axis
in Fig. 4. Therefore, the upper stage of a rocket is
considered to rotate hardly around the zb axis in
Fig. 4.

3.3 Results and Discussion
The position and attitude of the rocket’s upper
stage can be measured using this image processing. This subsection confirms the measurement
accuracy when applying this method to the libration motion. The initial attitude of the rocket’s
upper stage was [25 25 0] [◦ ] and the initial angular velocity was [0 0 0] [◦ ]. There was no relative
translation between the chaser and the upper stage
of a rocket. Then, 60 debris images were used in
this image processing.
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Figure 10: Result of measuring roll and pitch angle
Figure 9 and Figure 10 show the results of position
and attitude of the rocket’s upper stage in cases
having 1920 and 960 pixels. These results were
based on the orbit reference coordinate system.
The error of measured position multiplied by thirty
because this simulation was conducted under the
one-thirtieth scaled condition.
First, in terms of results of measured position, each
error Ymeasured and Zmeasured were almost same between 960 pixels and 1920 pixels. The distance error Xmeasur ed in case of 1920 pixels was smaller
than that of 960 pixels. Next, in terms of result
of measured attitude, the results showed that measurement accuracy in the case of 1920 pixels is
more precise than that in the case of 960 pixels.
The results of the pitch angle revealed some oscillatory behavior. This was attributed to the generally diﬃcult detection of the longitudinal lean of
the upper stage. The measurement accuracy error
in the case of a 1920-pixel image is 1–2 [◦ ] or less
at the end.

4 MOTION ESTIMATION OF
SPACE DEBRIS
4.1 Explanation of Target System
This research utilized an unscented Kalman
filer (UKF) [6] to estimate the attitude of the
rocket’s upper stage. First, the rotational motion

equation of the upper stage is as follows:
(
)
θÛ d
Û
X= Ü
θd
(
)
θÛ d
−1
−1
2
= −I (θÛ d × I θÛ d ) + 3Ω I (er × I er )
0
(
=

θÛ d
−1 Û
−I (θ d × I θÛ d )

)

(
+

)
0
3Ω20 I −1 (er × I er )
(4)

The first term on the right side of Eq. (4) is a nonlinear function, and the second one is the term of
the disturbance torque. This equation is a continuous time nonlinear state equation. Therefore, this
diﬀerential equation must be discretized by using a
sampling period to apply the UKF to this equation.
In this research, the sampling period is 15 [s]. The
discretized state equation is as follows:
X k+1 = f (X k ) + v k

(5)

Here, state variable X k in the body coordinate
system is defined as follows:
(
)
θ
Xk = Û k
(6)
θ k 6×1
v k is the process noise (N(0, Q2 )). Here, the gravity gradient torque is included in process noise v k .
Next, the observation equation is expressed as follows:
Y k = C k X k + wk

(7)

Y k is the observation vector, in which the results of
image processing described in Section 3 are input.
w k is the observation noise (N(0, R2 )).

γ k |k−1 = C k χ k |k−1
Ŷ k |k−1 =

2n
∑

(17)

W (m)
i γ i,k |k−1

(18)

i=0

4.2 Algorithm of Unscented Kalman
Filter

Here, Ŷ represents the estimate of the measurement vector.

This subsection describes the basic algorithm of
the UKF.
1) Determination of sigma points
The sigma points χ i, i = 0, . . . , 2n + 1 are
determined as follows:
χ 0,k−1|k−1 = X̂ k−1|k−1
χ i,k−1|k−1

(8)

√
= X̂ k−1|k−1 + ( (n + κ)P k−1 |k−1 )i

3) Measurement update

P yk yk =

(10)
(i = 1, . . . , n)
X̂ k |k is the posteriori state estimate at time k,
and P k |k is the posteriori error covariance
matrix at time k. κ is a scaling parameter.
Here, the weights for the sigma points are
given by :
λ
n+λ
λ
=
+ 1 − α2 + β
n+λ
1
= W (c)
i = 2(n + λ) , i , 0

W (m)
0 =

(11)

W (c)
0

(12)

W (m)
i

(13)

The superscript characters (m) and (c) represent the weight for the mean and covariance. λ is determined by using the equation λ = α2 (n + λ) − n.
2) Time update
χ k |k−1 = f (χ k−1|k−1 )
X̂ k |k−1 =

2n
∑

(14)

W (m)
i χ i,k |k−1

(15)

i=0

P k |k−1 =

2n
∑

W i(c) (χ i,k |k−1

− X̂ k |k−1 )

i=0

(χ i,k |k−1 − X̂ k |k−1 )T + Q
(16)

W (c)
i (γ i,k |k−1 − Ŷ k |k−1 )

i=0

(γ i,k |k−1 − Ŷ k |k−1 )T + R
P x k yk =

2n
∑

(19)

W (c)
i (χ i,k |k−1 − X̂ k |k−1 )

i=0

(γ i,k |k−1 − Ŷ k |k−1 )T

(9)

√
χ n+i,k−1|k−1 = X̂ k−1|k−1 − ( (n + κ)P k−1 |k−1 )i

2n
∑

Kk =

(20)

P xk yk P−1
yk yk

(21)

X̂ k |k = X̂ k |k−1 + K k (Y − Ŷ k |k−1 )

(22)

P k |k = P k |k−1 −

(23)

K k P yk yk K Tk

4.3 Estimation conditions
In this research, the observation equation was set
as follows:
 θ k−roll  1 0

 
Y k = θ k−pitch  = 0 1
 θÛk−yaw  0 0

 

0
0
0

0
0
0

0
0
0

0 [ ]
θ
0 Û k + w k
θ
1 k
(24)

The measured roll and pitch angles were entered in
θ k−roll and θ k−pitch , respectively. The spin velocity
calculated by using Eq. 1 was entered in θÛk−yaw .
In the case of a libration motion, the initial spin
velocity was zero when the Eq. (1) was integrated.
Then, a covariance of process noise Qk and convariance of observation noise Rk were tuned as
follows:
Qk = diag[1.0 × 10−8 . . . 1.0 × 10−8 ] ∈ ℜ6×6
(25)
Rk = diag[1.0 × 10−8 . . . 1.0 × 10−8 ] ∈ ℜ3×3
(26)

4.4 Results and Discussion
Figure 11 and shows the estimation results. The
graphs in (a) and (b) show the estimation results of
roll and pitch angles in the orbit reference coordinate system. Figure 12 shows the estimation error
of several roll and pitch angles. These results revealed that both estimation errors were lower than
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Figure 11: Results of estimation error
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1 [◦ ], especially the estimation error of the roll
angle that was about 0.1 [◦ ] at the end. In conclusion, these results showed that this measurement
and estimation method could accurately estimate
the attitude of the rocket’s upper stage.

5 CONCLUSIONS
In this paper, we proposed a method for estimating
the attitude of the upper stage of a rocket under
the conditions of simulating the actual optical environment. With regard to the diﬃcult problem
of measuring the attitude of an axial symmetric
object under a changing direction of sunlight, roll
and pitch angles could be precisely estimated by
using the proposed method that combines template
model matching and the UKF.
The future plan of this research is to estimate the
attitudes of all debris and precisely predict their
motions. In addition, the calculation cost of the
template model matching method will be reduced
within the target term based on the orbital operating sequence shown in Fig. 5.
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