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Study on visual based navigation algorithm for active debris removal missions
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In recent years, a growth of space debris is recognized as a significant problem. As a one of the solutions of above
problem, Active Debris removal (ADR) using debris removal satellites have been attracted attention. For the
phase of approaching debris, there is a problem with the method of measuring the relative distance between debris
which is non-cooperative target and the satellite. Therefore, Method for measuring the relative distance with the
debris using a visible light camera is studied. First, image based navigation algorithm is prototyped, which is
adapted to range from 1 km to 30 m. Then, the algorithm is evaluated using JAXA’s optical simulator that
simulate approach trajectory and light environment of space. It shows good performance and low calculation cost,
result of the execution on single board computer. This paper presents about these results.
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1. Introduction
1. 1 Background

[Background]

Active Debris removal (ADR) using debris removal satellites is needed
to approach to debris(non-cooperative target), however the method have
not been established.
= JAXA / KHI examined the vision based navigation algorithm
targeting the upper stage of a rocket.

o Debris removal missions
Gripping,JRemove

deﬁi\ 30m 100m 1km
= < .
X \ Forced motio

30m | fly around

AON
100km~1km

V-bar hopping

|
Scope of Application
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1. Introduction
1. 2 Purpose

[Purpose]
« To examine and prototype the vision based navigation algorithm for
calculating the relative position with debris.
« To clarify basic performance and issues by ground test.

[Specific content])

« Vision based navigation algorithm with a small calculation load that
can be processed on onboard computer (chapter 2)
« Ground evaluation using optical simulator (chapter 3)

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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2. Vision based navigation algorithm
2. 1 Overview

[Overview of vision based navigation algorithm]

Debris removal mission is to approach debris from more than 100km
distance, to attach EDT to PAF, and reduce speed. This vision based
navigation algorithm is focused 1km to 30m approach trajectory.

e =] |[lg Before image processing | After image processing

v
coordinate system Obtained image

(Image sensor)

In this method, debris is captured using sunlight and albedo with visible
light camera. Relative position(r, x, y, z), Azimuth(AZ), Elevation(EL) is
obtained by performing image processing on the acquired image.

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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2. Vision based navigation algorithm
2. 2 Entire processing flowchart
[Flowchart]

Vision based navigation algorithm entire processing flowchart is shown the following. The red
frame part is detailed in Section 2.3.

5. Lens flare reduction processing

. p —> Lens flare caused by over-exposure is reduced
1. Sunshine/shade judgement (section 2.3.2). Y P

It is able to judge the mission can be conducted 07
or not, and the light projector use or not. . : " . " -
6. Binalization, Erosion-Dilation,

v - and labeling processing.
2. Change narrow range / wide Each component is labeled after binarization
range camera and noise rejection.
Camera is changed according to the relative v
distance to debris. 7. Feature value extraction
v processing

The shape of the debris is detected by
combined the parts. The short side and the
centroid of the debris are detected.

3. Change exposure condition
Exposure time and gain is set properly
according to the relative distance to debris.

v
‘1' 8. Rejection of abnormal values
4. Setting image processing Abnormal data is rejected.
range . Y. —
In order to accelerate the processing, image 9. Calculating relative position
processing is performed within a limited range with debris
by reflecting the previous calculation result. Relative position is calculated from the short
| side / centroid (section 2.3.1).
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2. Vision based navigation algorithm

2. 3 Detail of Processing
2. 3. 1 Relative position measurement

[Measuring the relative position ]
The method of measuring the relative position
« Relative distance is calculated by short side (not affected by posture
change).
« Azimuth(AZ) and elevation(EL) is calculated by debris centroid.

_ Debris diameter[m] AZorELfrad]= Centroid position [pix]
X[m]= Short side[pix] x IFOV[rad] orEL[rad]= Focal length [pix]

. center
Image processing

(binarization) After image processing

Obtain Image

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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2. Vision based navigation algorithm

2. 3 Detail of Processing
2. 3. 2 Lens flare reduction processing

[Problems of binarization]

In this method, the relative distance is calculated from debris short
side, therefore it is necessary to correctly recognize the size of the debris.
However, it is difficult to eliminate the influence of lens flare and to
capture reflected albedo light with a fixed threshold.

______________________________________________________________________

i Albedo incident part = contraction by binarization (shadow) | Threshold value
' Sunlight incident pert = expansion by binarization (bright) - Max gradation : 4096

oo o T A L AT |

3072 |

-

sunlight from the front

Relative distance:100m

:

sunlight from the oblique

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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Setting small threshold, sunlight reflection part is detected largely by lens flare.
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2. Vision based navigation algorithm

2. 3 Detail of Processing
2. 3. 2 Lens flare reduction processing

[Luminance of debris]

Case of sunlight hits from the oblique

Reflected light by sunlight

Relative distance : 100m

reflected Iight Threshold not affected
by lens flare
3000 y albedo

1500  Threshold
1000  considering
500 reflected light by

Sunlight from the oblique o albedo
0 50 100 50 200 250 300 350 400 450 (pix

Relative distance : 100m

— Threshold not affected by lens flare

; ? ! : Influence of lens flare

Threshold considering
reflected light by albedo

Sunlight from the front

100 150 200 250 300 350 400 450 (pix)
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2. Vision based navigation algorithm

2. 3 Detail of Processing
2. 3. 2 Lens flare reduction processing

[Lens flare reduction filter]

The error can be suppressed, if reducing influence of the lens
flare, retaining albedo reflection part and setting small threshold.
=Detecting the gradient and applying sharpening processing, it can be
reduced the lens flare while retained albedo reflection part (next page).

A
I True debris size! I True debris size!
I I
| c |
c I Threshold: large o !
=) I I = I
o | 1 © |
©
o 1 ! © I
© I I = I
G
O] I ! |
Albedo refle ctiom . ! \lens flare ?é?ﬁai(t)ion part
part hreshold: Sma.” is retained F=—FAreshold: smalj
; SN— > Lens flare reduction
pix pix
Only binarization Lens flare processing + binarization
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2. Vision based navigation algorithm

2. 3 Detailof Processing @™ = [UGREEN: Original luminance
2. 3. 2 Lens flare reduction processing

GREEN : Original luminance
PURPLE : After lens flare reduction processing

Processing from left side Processing from right side

@ Calculate gradient from left side. @ Original luminance
Reading right luminance of the steep gradient.
/
S c Sunlight incident from
% il right side
el o
© Sunlight incident ©
G Steep gradient | 28 g [ _ _ — — from right side G ens flare
Original luminance is
controlled by read one
[pix] -t [pix]
minus| |plus
@ Calculate gradignt using the controlled image @ Subtract the neighboring pixel on the left side
c \
o A I c
B +|] - I ‘\ ) = m Subtract th
3 ) 1 |' plus side to O I} : I1 LI I " !
8 plus || minu HE B plus side to 0 neighboring|pixel
G} | o 1 I on the left side
, \ L1 L1
L [pix] [pix]
® Add gradient® in luminance® @ Add gradient® in luminance®
C c
S =)
= B Reduce
K & lens flare
o
__________ | et I
[pix] \17 [pix]
| It can also correspond to lens flare from sunlight incident from the front |
© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved gvﬁnmﬁ n

2. Vision based navigation algorithm

2. 3 Detail of Processing
2. 3. 2 Lens flare reduction processing

[Application result ]
Debris is able to be detected regardless of the light direction (Threshold : small).

Sunlight from the oblique Sunlight from the front

Original image
(Sunlight reflection and
albedo reflection)

Original image
(Sunlight reflection and O
albedo reflection)

Threshold:384

O

Threshold:384

Lens flare
reduction
processing Threshold:3084

Lens flare
reduction
plfeleS \Il aFhireshold: 3084

O

Threshold:384 e ‘ Threshoid:384
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3. Vision based navigation evaluation test
3. 1 Outline

[Outline]

Measurement accuracy is evaluated about 1km~30m approach
trajectory by JAXA’s optical simulator. The error is evaluated by changing
relative distance of image sensor to debris model.

Orbital condition is assumed about orbit altitude is

Light ! 600km and inclination is 98deg. .
(Sunlight)
Sunlight
changing relative distance :
< o P Debris okl | B Debris mode!
Image sensor T e 61[deg] 7 -
&S : 3DOF rotation stage
Black curtain aledo
’ Panel light ’ " . .
(Albedo) 3DOF linear stage [l Optical simu
Schematic chart Optical simulator (JAXA) *1

*#1 CURRENT STATUS OF RESEARCH AND DEVELOPMENT ON ACTIVE DEBRIS REMOVAL AT JAXA

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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3. Vision based navigation evaluation test
3. 2 Test condition

[Simulation range]
Vision based navigation is evaluated by simulated 1 km-30m approach
trajectory using optical simulators.*1

0.1
008 Debris size 1/180 1 Debris size 1/30
006 | ! ! ! ! - Hiderapgicipne a. 1km~350m V-bar hopping
0.04 - Narrow-angle lens I ] i b. 3_50m~240m V-bar hopplng
(first half)
e o ras orz] ! efanifcation / c. 240m~100m V-bar hopping
£ = (latter half)
S oo S R BT - d. 109m~50m forced motion
half half (Wide angle lens)*2
b c e. 90m~30m forced motion
006 » e » | Z’ f (narrow angle lens)*2
008 1 | | | | | | | f.  30m circular orbit flyaround*3
0.1 .
-1 09 08 -0.7 06 -0.5 04 03 -0.2 0.1 0

X[km]

! %1 Movement of debris on image is simulated by adjusting lens and debris size in proportion to relative distance.
i %2 Wide angle / narrow angle switching at 50 m to 90 m
i *3The fly-around is assumed to be operated in the shade using a light projector.
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3. Vision based navigation evaluation test
3. 2 Condition

[Test case]
Evaluation test is operated by optical simulator using following conditions.
Local sun time at .
Case descending node Rotation | Albedo Notes

- This case is assumed debris is not
rotated, and approached by V-bar

Nominal 13:30 none 5% hopping or forced motion.

- The fly-around is assumed to be

operated at night.

[Approach 1km~30m (a~e)] [fly around (f)]

. - . Fly around is

| 1km\71bg?nr?o'ppin9 i 4 optica simol

: ) : optical simulato
1 100m~30m : | Y presSmEEer

forced motion | Debris
/ ‘ |
o . Satellite
. Relative distance(x) is Debri (Image selnsor)
Image sensor changed by optical ebris ‘

/

simulator.

__________________________

30m : fly around !

B Kawasaki
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3. Vision based navigation evaluation test
3. 3 Result

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved

[Evaluation method]
The result is evaluated in the following.

This algorithm is evaluated by bios error and random error using
divided data by test case.

[Position error)

True value—Measure value
bios error[%] : X 100 (Average)
T Tru? Valll{/cla |
rue value—Measure value
random error(30) [%] : X 100 (30)
True value

[Angular error]

bios error [deg] . (True value — Measure value) (Average)
random error(30) [deg] (True value — Measure value) (30)

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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3. Vision based navigation evaluation test
3. 3 Result e ey

! GREEN : within target range, RED: out of target range :
! In parentheses of the table, main error factors other than (D are described. !

(Result] ] All the random error is greatly affected by . '
+ Measurement error about position and angle in nominal case is shown in the
following.

« Measurement result is shown next page.

Measurement error about position and angle in nominal case.

Item Error type object Target value Approach trajectory Fly around
a b c d e f
Bios error 5 [%] -6.39 8.5 -5.79
Position [%] r (error factor) (@) (®) 299 263 076 (®)
(Distance) | Random error . 3 [%] 12.89 8.7 11.18 7.92 7.03 16.92
[%] (error factor) (@®) (®) (®) (®) (®) (®)
Bios error AZ 0.7 [deg] 0.19 0.4 0.2 0.33 0.07 06291
[deg] EL (error factor) -0.09 -0.22 0.29 0.61 0.45 (®)
Angle
Random error AZ 0.4 [deg] 0.12 0.16 00;‘.23 0.21 0.19 ggg
[deg] EL (error factor) 0.1 0.22 (@) 0.24 0.15 ®)
Y . o o [Error faCt’C’)’l;] 777777777

debris large range of calculating standard deviation.

gap of centroid position of pitch direction.

albedo reflection part can not be detected

sunlight reflection part is detected largely by lens flare
changing angle of debris

quantization error

bokeh, gray processing, focus point.

Y

X

SIGICICISICIC)

v Satellite (..~

(Image sensar)

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Blue : Scanning range
e Red : Detected debris

3. Vision based navigatijpums

; Lens
recognit + : luminance referred by
3 . 3 Result ion trleve lens flare reduction
3 defect processing.
L + : End point of distance
1400 30 Position Position detection

——— Truevalue (narrow) x [m] x) (x) ot
= @Albedo recogniti R 8
E P [ easired valiie (narraw) X (7l gy ogmt'ong 20 94.39m 468.48n B ured il
: 1000 i i [m? = e value (wide) z [m]
z N Z 10 |Change} debris mpde| I — — I Medsired il
5 s00 |- Measured value (wideYx [m] LB S B \ A l
G S0 = 0 'y
= =
2 600 @lens-ft e g N = \ A /\ /\ /
P @ 10 — y.[ndl 5 10 AT AN ]
g 400 5 —— Measured value (narrow) y [m] 2 v \/ &.:/ \ /
o ) izati
200 (®Quantization error o 20 yimd S 20 V
Py
- Measured value (wide) y|[m] 2 )
0 30 L— 8 30 :
0 200 400 600 800 1000 0 200 400 600 800 1000 a 0 200 400 600 800 1000
Debris position (x) [m] Debris position (x) [m] Debris position (x) [m]
1400 5 5
——— Truevalue (narrow) r [m] . —— Truevale (narrow) AZ [m] . A
g 1200 )i Lin] s | Measured value (nartow) AZ [m] s I\ a
< 1000 (‘ '_j";] - 2 s, True vale (wide) AZ [m] g, I \VI\ A
Measured value (wide) r [m: he) S,
5 N = value (wide) AZ [m] = LM NN NN
Il R 5 e N 2 e Y VEN X
o Error budget (wide) r [m] Lo =~ 0 e * \j v N
S 600 5 4 5 41
g ‘:EJ, = arrow) EL [m]
2 2
g =ailf Reference image 5. % R Measured value (arrow) EL [mi
200 correspondence part . Truavaiue (wide) EL fmi
1™ a Measured value (wide) EL [m]
o Lo (upper_right) 5 5
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Debris position (x) [m] Debris position (x) [m] Debris position (x) [m]
0 @) Errori due to by albedd recognition defedt 5 5
40 @ Error due to Lens flar 4 @ Eriror due to discrepancy of ¢entroid 4 2 Ervor due to discrepancy of centroid
30 3 3
- | | K
S 2 R \ N \
& = S
g 1 & 1T SIS
g 0 S o = - S o
& 0 . . s 4 E 1
g 20 2, Tabgetvalue 1.1 {deg] T, Tasgetvalue£1.1{deg
8 . Ervor (ndrrow  [%]
30 Ervor (Wlde) VIR 3 s Ervor (narrow) AZ fdey 3 = Error (narrow) EL [dey]
40 a a . 3
o — Ervor bufivet (wide) r1%) 5 Erfor (wide) AZ[deg] s - Error (wide) EL [deg]
0 200 400 600 800 1000 0 200 400 600 800 1000 o 200 400 600 800 1000
Debris position (x) [m] Debris position (x) [m] Debris position (x) [m]
= a . . -
99. 5m ekl Measurement results of nominal case (a ~ e: Approach trajectory) ' g & kowasaki
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3. Vision based navigation evaluation test
3. 3 Result

50 - 3 3
as B T 5 il
T Light projector () changing — a2 52 True value (wide) z [m]
= i power shortage angTe of debris E = L Measured value (wide) z [m]
x 1 g e
z LN N 2 U
S ) S E —— P
@ = =~
o o N
g 2 s § L
T 15 © - S
5 — 1 Fueivalue (wide) x [m] 5 e TrUE Value (wide) y [m] = \ . J
8 10 o3 3
- o 2 - a 2
5 Measuredvalue (wide) > [m] = Measured value (wide) y [m] @ D this erfor is caused by triie centroid is unknpwn.
0 3 5 3
0 20 40 60 80 100 0 20 40 60 80 100 & 0 20 40 60 80 100
Rotation angle [deg] Rotation angle [deg] Rotation angle [deg]
60 5 5
4 4
E 50 _ 3 3
= -
Z w 5 2 & 2 {ma
< = s, B o~
RV S p———— P 0 o o \— / N
@ \ < o
2 e e £ 4 = \
2 5 Truevalue (wide) ¥ [m] 2 S .
5 s 2 s TPUE Value(witde) AZ [m] g 2 True value (wide) EL [m]
fa I, —  Measured value (wide) r [m] < 3 - ﬁ 3 -
Ervor budget (wide) ¢ [m] " Measured value (wide) AZ [m] 2 Measured value (wide) EL [m]
rror bt wide) ¥ [m] ] i
0 -5 -5 : :
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Rotation angle [deg] Rotation angle [deg] Rotation angle [deg]
50 5 5
40 4 a
30 3 3
°'\? 2 —_ ? ;‘ ? w1 -
=10 <1 Q1
B o e— S, S AAR
o o
L g“ £ £
S 5 Target value +8 [9] T N 2 . 3 Jri N P N SR L
g < — Targetvalue £1.1 [deg] o — Targetvalue £1.1 [deg]
£ 30 i Ervor (Wide) v [% 3 3 !
0 R ———— ; Error (wide) AZ [deg 4 Error (wide) EL[deg],
-50 B & : |
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Rotation angle [deg] Rotation angle [deg] Rotation angle [deg]
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3. Vision based navigation evaluation test
3. 3 Result

[Summary]
« The error is generally within the target range, except errors due to lens
flare (specular reflection).

- At the fly around, Good results is obtained in the shade, except the error
due to changing angle of debris.

- The main factor of the error is depended on the relative distance and sun
position.

[Issue and measures]
« The error due to lens flare and albedo
= improving performance of lens flare reduction processing, adjusting parameter,
and so on.

¢ Quantization error
= improving performance of camera and so on.

« The error due to changing angle of debris
= Taking some margin on the safe side to avoid collisions.

© 2018 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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4. Summary

[Summary]

« The vision based navigation algorithm is prototyped using visible
camera as the method of measuring relative position of non-
coordination target for JAXA's ADR missions.

- This algorithm is evaluated by JAXA's optical simulator.
Concretely, relative position error is evaluated by simulating 1km
to 30m approach trajectory and calculating relative position by
onboard computer.

- As aresult, the error is generally within the target range, except
errors due to lens flare (specular reflection).

+ Lens flare(especially specular reflection) is dominant error factor.
Therefore, it is need that iris is opened as large as possible and
exposure time is controlled as small as possible.

aki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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