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Outline

1. Motion (relative position/attitude) estimation algorithm
for ADR (Active Debris Removal) space robot using
Image data

Stereo Vision
+ ICP (Iterative Closest Point) algorithm
+ extended Kalman Filter
4. Motion estimation experiment using terrestrial simulator
(“on-orbit visual environment simulator”)

5. Six Degrees of Freedom maneuver control simulation
with motion estimation utilizing Computer Graphics

6. Future work

Operation for ADR (Active Debris Removal) space robot
requiring “motion estimation” using image

“target” (failed satellite) & *“chaser” (space robot))
Rendezvous to a distance of approx. 50m

Station keeping Fly-around
remote visual inspection track the capture point
measure target motion by ma.|nta.|n|ng constant relative
(“un-cooperative”) Final Approach

maneuver towards the target
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Characteristics for motion measurement
of the failed satellite using image

Characteristics of the on-orbit visual environment
intense, highly-directional sunlight
- high image contrast
the earth’s albedo is the diffuse light source
- reduce image contrast

. . SFU captured by Shuttle RMS
Surface of the malfunctioned satellite (NASA)

(uncooperative target )
no artificial marker or retro-reflectors

wrapped in Multi Layer Insulation (MLI) material for thermal protection
aluminized Kapton (gold-colored, specular)
beta cloth (white, matte)
carbon-polyester coated Kapton (black, matte)

Optical characteristics of the target
reflective, specular surfaces,
with slight wrinkles or undulations

uygs

measure the shape by Laser Range Finder
partially measurable from
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On-orbit Visual Environment Simulator

on orbit terrestrial simulator

base line [mm] 400 base line [mm] 40

distance [mm] 18700 distance [mm] 1870

(optical center — satellite center) (optical center — mockup center)

body [mm] 3000 X 2500 X 2000 body [mm] 300 x 250 x 200
satellite solar paddle [mm] 4000 X 2000 |:> fna;‘zL"J: solar paddle [mm] 400 x 200
rader antenna [mm] 3200 x 1500 rader antenna [mm] 320 % 150

camera resolution [pixel] 640 x 480 camera  resolution [pixel] 640 X 480
/lens _focal length [mm] 6.02 /lens  focal length [mm] 6.02

stereo
cameras

earth albedo reflecton

three-axis
X-y-z linear motion stage

miniature
satellite

miniature satellite

gimbal mechanism

A Motion Estimation Strategy
using On-orbit Visual Environment Simulator

quasi-real-time
binocular

stereo vision & image data

3D model matching

extended Kalman Filter

relative position/velocity
relative attitude/attitude rate

software

hardware

This document is provided by JAXA.
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A Motion Estimation Strategy
using Image (1/3)

image grabbing

strategy for motion

estimation
/teitimage /' //tight image / # not affected by data loss
from
¢ shadows
* occlusion
« specular reflection
¢ able to use 3D shape
//measured 30 points /' /' model 3D points /" information of visible

f— part of the target obtained
/ pattitude / from ordinary image data

4 combination of

« stereo vision

 ICP model matching
« extended KF

A Motion Estimation Strategy
using Image (2/3)
O Stereo Vision

"
/| '
R i

N

k
»°

stereo vision

/measured 3D points/ / model 3D points /
stereo cameras earth albedo reflecior predicted e
\ attitude e

N
ICP model matching 3 5

i = 18 i

“ v\ -b minjature Io n
o/ A cabnllitn 00 o
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€naead Kalima -
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X-y-z linear o
motion stage imbal mechanism

On-orbit Visual Eg

X [men] 00 0
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measured 3D points
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A Motion Estimation Strategy
using Image (3/3)
QD ICP (Iterative Closest Point) 3D model matching

image grabbing

predicted
attitude

A

@ relative position

to the centroid of the target

® relative quaternion

extended Kalman Filter
for attitude estimation
Q attitude dynamics/kinematics of the satellite

| : inertial reference frame

i C : chaser-fixed reference frame

(D?T = —(I ; ) (cofT X1 ; me) Tb . target-fixed reference frame

q, : quaternion from a-frame to b-frame

» dynamics (nonlinear)

» kinematics . :
1 T o, : angular velocity vector of T-frame,
qf = _qf .[m” ] with respect to |-frame, expressed in T-frame
2 0

Q extended Kalman Filter

N\ / model 3D points /
» states and measurements rodictod
T qT attitude
X = q, = ¢ ICP model matching
T T
O, Aq.
_ yk+1/k
. . At oS
X q,=(q")" eq! A4C =7q2 . (;C

Ar :sampling time
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3 kinds of attitude motion (0~100sec)
® Sample A (attitude motion around y-axis)
® Sample B (3-axis relatively small attitude motion)
® Sample C (3-axis relatively big attitude motion)

earth albedo reflector

stereo cameras

scale 1/10
base line [mm] 40
distance [mm] 1870

On-orbit (optical center — mockup center)
Visual body [mm] 300 X 250 X 200
Environment g,telite
Simulator  ockup solar paddle [mm] 400 x 200
rader antenna [mm] 320 % 150 L |'. ti t
X-y-Z linear motion stage

camera resolution [pixel] 640 % 480 y 9 ] ) .
/lens  gocal length [mm] 6.02 glmbal mechanism

On-orbit Visual Environment Simulator

Sample C
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Motion Estimation Experiment

(Sample C)
4 HIT i - Prakignment
P " " Hicp
08 L = KE
04! P 1 . |
y L
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- a0
-0.4; ¥q1
a8l :
08! aacemd
o actual) |
e S T S ! e St
0 10 0 0 IOT.ME?.“]W 0 0 20 100
guaternion (actual/estimated) “error attitude angle”
from the error quaternion
(,: 4 {"' . {"’ {"’
& “% = "ﬁ"“’x = fﬂ & @\
50 sec 55 sec 60 sec 65 sec

A Motion Estimation Strategy
using On-orbit Visual Environment Simulator

quasi-real-time
binocular

stereo vision & image data

3D model matching

extended Kalman Filter

relative position/velocity
relative attitude/attitude rate

software hardware
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Motion Estimation utilizing CG

quasi-real-time
binocular
image data

I extended Kalman Filter I

|

relative position/velocity
relative attitude/attitude rate

stereo vision &
3D model matching

v

CG software

(OpenGL)

relative position relative attitude

software hardware

6-DOF maneuver simulation
with motion estimation utilizing CG

quasi-real-time
binocular
image data

I extended Kalman Filter I

v

chaser onboard
6 DOF controller

\ 4

control force/torque

relative position/velocity CG SOftware
relative attitude/attitude rate (OpenG I_)

attitude / position

of target & chaser

dynamics & kinematics relative position relative attitude

simulated

relative position/attitude 1 1

software hardware
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Numerical Simulation (1)

6-DOF proximity flight around the target
- station keeping -

camera LOS h
z, 2, chaser z,
re
target chaser E> target .~ E> target chaser
(M Sy, m [« + v, {1} — - Y
¢ The attitude of the target is fixed to the inertia frame. ieled St FEser rrTeq (m]
# The chaser controls its position so that its own center 0200 [0, 18.0, 0]
of mass to be coincident with the desired position in the o
. 400~700 [0, 18.0, 10]
target fixed frame {T}
700~1000 [0, 18.0, 0]

@ The chaser controls its attitude so that the LOS of the
onboard camera points to the mass center of the target
#Images of the target was generated by CG and these

are processed by motion estimation algorithm (stereo
vision + ICP + Kalman Filter) onboard

¢ The direction of Sun light : -Y;axis = suitable for
image capturing

position of chaser
position of target

Numerical Simulation Results (1)

time [sec] desired position I’rTeq[m]

”””””” @7"””"" 0~400 [0, 18.0, 0]

e 400~700 [0, 18.0, 10]
B R S 700~1000 [0, 18.0, 0]

angle from LOS (along X ) [deg]

L
15 -10 5 0 5 10 15

0 - angle from LOS (along Z_) [des
v, Il 4 X, o (along 7,)[deg]

3D position of the chaser in {T} position of the target in FOV

casellogic3.avi

CG images (left camera)
5sec 450 sec 700 sec 750 sec 1000 sec

blue : measured 3D points  red : model 3D points after ICP

This document is provided by JAXA.



AR [AR—ZAF TV =0 gy 7| #ieE 271

Summary and Future Work

Summary
Motion (relative position and attitude) estimation of a large space debris
(e.g. failed satellites) object using image
Stereo Vision
ICP (lterative Closest Point) algorithm
extended Kalman Filter

3-axis attitude motion and (static) position are estimated using a terrestrial
simulator

Six Degrees Of Freedom maneuver simulation with motion estimation utilizing
Computer Graphics

station keeping

following nutating target

Future Work

Hardware-In the Loop simulation for 6-DOF maneuver

This document is provided by JAXA.





