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An Interpretation of Vision-based Control for Rigid Body Motion using Adjoint Transformation

o Hiroyuki Kawai* and Masayuki Fujita*

*Kanazawa University

This paper investigates vision—based control for the relative rigid body motion (positions and rotations) using the

adjoint transformation. Firstly the relation between the rigid body velocity and the adjoint transformation is stated.

Secondly the model of the relative rigid body motion and the nonlinear observer with the adjoint transformation are

considered in order to derive the visual feedback system. The property of estimated error dynamics can be derived

using the energy function. Finally stability and Ls-gain performance analysis are discussed based on the property of

the estimated error dynamics which is similar to passivity.

1 0000

0000000000000, 00000000000000
00000000000,000000000000000000
00000000000 Y. 00000000 Eye-in-Hand
000000000 0000000000000,000000
00 30000000000000000000000000
0000. 0000000000000000,0000000
0000000000ooooDo 4%, 30000000000
000000D00000000D0 00000000000.
000,000000000000000000D00DO0
00D0O00OO0O0O0OO0O0OO0O0ooOooooo »®. 000,0000
0000000000 00D000000D, 000000000
0000000000 0D000DD0O0O0D0O00. 0000,00
0000000000000000000000000 300
00000000000DDOO000O0O0Oo0DoooooDon,
000000000000 3000000000000000
00D0000000000.000000,000000000
00000000 0000000,3000000000000
000000000000, 000000000000000
0000000000000 DooO.

0000, 000000000000000O0O0D0OODO0
0000000000000,300000000000000
0000000 0O00o 90000000000 00000
000000000000.000,000000000000
00000000,00000000000000000000
000000000 L,OOODOODODOODODOOO.

2 000O040ooooo

gobob,booboooooboooboooboooboo oooo
gobooogo. 200000 240 Xp0000. 24000

00 £p 000000000000 py e R®°O00,%400
0000 S 0000000000 Y0000 % € SO(3)
(000 € € R% 0y € ROODO, 0000000000
0000000 f000000000O0)000. 3000
D000000000 A(wedge) 0 3x3 00000000
00000,000000 V(vee) DOODOODO ®. 0000

gab = (Pap,et?**) € SE(3) DD DD OO

ghy = eée‘“’ Pab | ¢ pix4 (1)
ab 0 1

goooo.ooonD,0b0obdb g0 4x400000
goooooooo.

gogo,0booooobooobobbobooboo. bbo
00000, 0000000000D000000O0O (spatial
velocity)

(s H - GJZ /U(‘j. s UZ
Vab = gﬂbgabl = |: Ob Ob :| ’ = |: Sb :| (2)

Wab

000000 (body velocity)

~b b b
Vﬂb _ 71-(1 — | Wab Vab Vab — Vab 3
A o R B

000000 9. v e R°OODOOD, we €eREOOODODO
0O0.00,00000000000000000

V;b = gabf/abbg;bl (4)

gooooooo.
gbobo,0b0000bb0ob0bd geeDDODO

E0a A E0ap

_|e Pabe

Adgg,,) = [ 0 S0 ]
ooooo, (4)00

Vs = Adg,,) Vas (6)



00000 (5)00000, pes =00000 Ad 4, OO0

00, e = 10000 Adg,, 00000. 000000
Ad,,,0000000,000000000000000000
ooooao.

3 ODO0O0Ooooooobooooo

3.1 00OO0OO0oooooon

ogoobo,000oooboobbogoobobooon, Fig 1
000 Eye-in-hand 000000000 O0DOOO0DOOOCODO
goooocooooo.

Camera,

Target Object X,

Fig. 1.0 000000000000

0000 Fig. 1000000,00000 £, 000000
». 0000000000 8,0 300000. 0000, 00
0000000000000 000000000000000
0000 guwe = (Pue, €9°9), guo = (Puo,e?°) 0000, O
00000000000 00D000000 g=(p,e?) 0

9= Gue Guo (7

ooooao.
00,000000000000000000000000
0U0o0D0oo00ooood e = (v, wh.) 0000, O
oooOooooon V2, =wh,,wl,)000. 000000
000000000000 000 VP =(w’)0,(3)000
00000000000 (7)oooooo,

Vb = —Ad(g_1)uc + Vulfo (8)

000D00.0000000000000000,000000
0000000000000 00D00D00O0.

0O00,Fig. 200000000000000000,000
0000000000000 00000.000,000000
000000 n0 (p>3)00000 z000 y0OOO0DO
0D0O00. 000000000000 DO000000000
O pei € R®(i=1,---,n) 0000,00000000000
000 p €ER3G=1,---,n) 0

Pei = gPoi (9)

00000. 000,000 p;00000000000,00
oDOoooooooooooo (p" 170 po0O)00
000000000, pe; 0000 pei = [Tei Yei 2ei)F, 00

Image Plane  Pei

Camera

World Frame

Fig. 2000000000000

0000000 AO0OO. D0ODO0,00000000000
00 [X; Yi)T(=1,---,n) 0000000 f:=[X; )76 =
1,---,n)0000,000000000000000
A Leci
=] o] (10)

Zei Yei
goooo.

3.2 U0OOOOobOOobOobOODD

0000000D0000000, (9)(10)000000000
g=(e¥) 00000000, 000000 (pef?)000O
00000000.000,0000000000000000
000 g=(pe*) 00000000000, (8)000000
00000,000 gOOOOOODO

Vb = —Ad(g—l)uc =+ Ue (11)

000.ww 00000000000000000000000
000O00.00,(9)(10)0000000000 00000
ooo

Zei | Yei

2| 0] (12)

ooo.
000, 000000000000000000 gee =
(Pec, %) O

_ —€6 o -0,
%4:g1g:[e e e T p M] (13)

Ooooo00. 0 £ 0000 30000000000000
O (p,e?) = (p,e*’) <= (pec,et’*c) = (0, 1) 0OODODO. O
000 & 00000000 ooooonn

eR(eée) = sk(eég)v (14)

0000000.000 ske®)=1(? —e®)000. 00
00,0000 (pee,e) 0000000000

o= [ oh ehefe) ] (13

goooog.



U00,00000000000000000000000
00DD000000D0000000000. f, fii=1---n) 0
0000000000000000 f, f0000,f0 fOO
oooooooooog ',

f—=F=J(gee (16)
goo
[ J1(9)
J(g) = Ad(eé’e’) (17)
In(9)
B z)\ 0 _)\;;cz 3
Ji(g) :== o Ao [I —( poi)/\]
o = 2=
L Zei 25
i=1,,n

000.300000000 J(3) 0000000000000
000,0000000 J@'ooooooo

T@)'(f =) =ee (18)
Doooo.

3.3 000000000000000000
000000000000000000000000000

000000000000000,0000000000000.

(8)-(13)000,000000000000000000

Vi = —Ad,—1yue + Vi, (19)

—1
oooooo. 0oobooobbooboooobbO0o0og Fig.
3000. 000,000 RRBM, Estimated RRBM 0000
doddoooooooooo (B)DDDDDDDDD (11)DD

go.

Vb, Camera
Py (i=1..n)
1 -£6) - P, .
v ‘ RRBM ‘ (pe%) ‘ Relative Feature ‘ Perspective !
‘ ‘ ‘ Points Model Projection
Image Jacobina
e +

I (=TT e

u, Estimated Camera Model
Poi (i=1...n)

Estimated (ﬁ"’;é) Relative Feature Pe
RRBM Points Model

Perspective
Projection _

Fig. 3:0 0000000000000

gboobooooobdoobdod,w 0booodd —ee O
goboooooobobobooobooboboooooobg.

gb1000000000000 (Vul;o:())I:ID,DI:I ue U
ood —e.00O0OO

T
/ ul (—ee)dr > —2 (20)
0

goooob.obob 0O00bOO0ob0o0O0.

(00)0000000000
1 ..
%=§WMP+M5 ) (21)
O00O0. 000,00 ¢()00000000000000
0O00D,00000000000 9.
L ¢(e) = ¢(e ™) > 0, p(ef*) =0 = e =T
2. q-S(eEe) = eg(ew) cw® = eg(ege) cwb
0000000 V. 000000, % = I, ws, =
efPee® 0DOODODO p.00DODOODODOODODODO
Vf—i = pz‘eeégeee_éoeepee + eﬁ(eégee) : w:e
T b T
=e, Ad V> =—e. Ad(eésee)Ad(ge—J)ue
= —eZAd(pee)ue =ul (—e.) (22)

(e€fee)

Jooo0o.0oooogoogoo
T
/ T (e )dr = Vo(T) = Vi(0) > —2  (23)
0

ooooo. O
gobopoooOo,b00gouoognb ee0bO0ODODOOO

0000000 w. 0000000, (190000000000

gooooobooboooboooobooooooooa.

4 000000 COO0OO0OOOOO0DOO0

00000000 g00000 gg= (pe,e?d) 000,00
000000O0.0000,0000000000000000
O000000 gee = (Pee,etfec) 0O O
e—@degg €—é9d(—

D — pa) :| (24)

= 717:
Jec =94 9 |: 0 1

O00U0.0000o0o0ooOoooo, (/)yooooooo
ooooooooo
~ T
eoi=[ pL eh(e) ] (25)
O00ooUo. (11)(24)0000oooUoooooooooOoo
goooooooooooo

Ve = —Adg-1)ue + ue (26)

gooooo.
(19)(26) 0000000000000 DOOO0OOOOOO0
goo

{Vi ]: {—Ad@,” I

0 b
b _ Uce + |: :| Vwo (27)
Vee 0 Adgor ] I

000.000,u.:=k«IF000,000000000
000 z=[el J1"OODOODOOO.
(27)0000000000000000000000000
oooooooooo.
(000D0)00+~>000000000.0000 (27)000
00,0000000000000 (0000 VS, =0000)



t>oo0 2=00000,00000 Te[0,00]0 V2 €L,
0000,000000

T
/(fW%W%MWﬁZ—B
0

00000000 w 0OOO0OO. 000 00000000
oo.
ooo,

(28)

Vee 1=

Ad —I

T
_Ad(_z;)Ad(eégd) 0 .
(e—€fec)

gboooco.oooo,gooboooocooboooooon.

001V, =0000,(27)0000

K. 0
Yo = — [ 0 K. ] Vee (29)

000000000000000 z=000000000. 0
00,000 K., K. eR*® 00000000

(00)oOoDooooO
1 : 1 :
V= 5||10ec||2 +p(e*) + 5|Ipeell2 +o(e)  (30)

0000000000000, (27)(29 0000000000
o000 efe =1, 0w =e® 000000 pee 000D
0oooooooo

E]

V = pz;pec + eg(efeec) ‘ wzc + P\Zeﬁee + eg(efeee) : wee
T
~Ad{_pAd ¢, O ]x

= Uce

Ad e, -1
T
=—z Kz (31)
oon K = _Ad(,eésd)Ad(fﬁ) Ad(eégec)]
' 0 —I

0 K. Ad

{ K. 0 ] {—Ad{lnAd&@d) 0]
(e—€fec)
oooo0o.0od0o K., K. 000000, 00 KOODOODO
000,00000000 z=000000000. m
gooobooboobobobooobo,bbobobbooo
000000000000000. 000,000000 40
gdooooooooog.

1 I 0
= - = 1
P30 (1+2) @
Y
0000,00000000000O0000O00DO00d.

0o 2VE, #£0000,P>00000000000 K., K.
00000, (27)(29) 0000000000000000000
00 y000 L,OOODODOOO.

(CO)0DUOOLODO 30)UUUUU.DLOoLDOoDOOOO
oooo

V = —;L-TK:L' + BZAd(eégee)Vwo

godo0d.jogboooobooooo,0oooooon
1
b
VwD:?Ad(575966)65 (33)
goooo
S RTINS B T
V< DIVEIP — Slall —a" Pa (34)

D0000. 0000000000000
T

/ (Vo ll = llell*)dt > 2V(T) —2V/(0) > =8 (35)
0

goooo.bogooob,P>0ob000b00bboOoOOOOoO
ooob~000 L,OOODOOOO. O

ogb 120,00 1000000000000DOODODODO
ooooooooooooOoo, (21yooUoooooood
0 @B0)o00o000oD0o0o0ooO0oO0ooDooDoooog.

5 0O0OoOo

goog,3b0o0bc0boooooooooooobo,booo
gobooooooooobooobbooboobobooobooooboo.
gobo,b000ooooboobooooodoobooooo,booo
gooooboooooooooobooooobooobobo,boo
goboooboooboooooboooboboooooooboooo
ooobo L,Oooooooooooooooo.

oooo

1) S. Hutchinson, G. D. Hager and P. I. Corke, “A Tuto-
rial on Visual Servo Control,” IEEE Trans. Robotics and
Automation, Vol. 12, No. 5, pp. 6561-670, 1996.

2) 000, “C000b0oO0ooUO, ooOoo, Vol 40,
No. 9, 2001.

3) E. Malis, F. Chaumette, and S. Boudet, “2-1/2-D Vi-
sual Servoing,” IEEE Trans. Robotics and Automation,
Vol. 15, No. 2, pp. 238-250, 1999.

4) 00,00,00,“000000000000000000
000,,00000000000, Vol. 36, No. 8, pp. 660—
667, 2000.

5) N. J. Cowan, J. D. Weingarten and D. E. Koditschek,
“Visual Servoing via Navigation Functions,” IEEE
Trans. Robotics and Automation, Vol. 18, No. 4, pp. 521—
533, 2002.

6) Y. Mezouar and F. Chaumette, “Path Planning for Ro-
bust Image—-Based Control,” IEEE Trans. Robotics and
Automation, Vol. 18, No. 4, pp. 534-549, 2002.

7) David J. Kriegman, G. D. Hager and A. S. Morse (Eds.),
The Confluence of Vision and Control, Springer, 1997.

8) 0D, “0000O0OySICEDDUONDOUDOOODODDOO
Oooog, pp. 37-68, 2001.

9) R. Murray, Z. Li, and S. S. Sastry, A Mathematical In-
troduction to Robotic Manipulation, CRC Press, 1994.

10) F. Bullo and R. Murray, “Tracking for Fully Actuated
Mechanical Systems: a Geometric Framework,” Auto-
matica, Vol. 35, No. 1, pp. 17-34, 1999.

11) A. Maruyama, H. Kawai and M. Fujita, “Passivity-based
Visual Feedback Control of Nonlinear Mechanical Sys-
tems — Stability and L»-Gain Performance Analysis,” O
O0oooOoooooog, Vol. 15, No. 12, pp. 627-635,
2002.



