Tokyo Institute of Technology

Visual Feedback Attitude Control
with Target Object Motion Model

I

Namba Y uto
FL11-17-01
28, October, 2011

Tokyo Institute of Technology Fujita L aboratory

Introduction
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Visual Feedback Control

A control strategy that uses computer vision
data to control the motion of robots

Previous Wor kS Visua Feedback Tracking
Visua Motion Observer and Visual Feedback Control [1]

*The object is fixed
+ Make the camera desired pose

Visua Motion Observer with Target Object Motion Models[2]
*The object is moving
*not consider the control

Consider the following case
Both the camera and object are moving

Make the camera desired pose
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Visual Motion Observer [1,2]

Estimation Error System
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RRBM 22| Camera

Camera Model

Visual Motion Observer

Theorem
If Vi, = 0, then the equilibrium point e = O for the closed-loop system
(A1) and (1) isasymptotically stable.

Visual Motion Observer (VMO)—
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* Visual Feedback Control [1]

¢ Visual Motion Observer with Target Object Motion Model [2]

« Visual Feedback Attitude Control with Target Object Motion Model
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Control Error System [1]
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Goal
lgco = 94 (Geo = gco  +  Geo = 94) 9d :gc;srt:gtpose
Control Error Control Error Vector
Gec = !/,71!71'() — Pec
available ¢ ler(Ree)
gec = Ia= Gco = g4 o
Control Error System l d

b=_Ad,__1.Ad, _1,V0 geo e
Vee () Ay Ve F e | T Control (e
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21, b = - .
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Total Error System [1]
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/Passivity Error Vector
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Visual Feedback Pose Control Law
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Uce = —Keelce

K. O ] -7 0 ] [ec} ( based on the passivity property
‘= *Kce(Ncee)

i { 0 K| |Ad,y —T
|Kce >0 Vee

Theorem
If V5, = 0, then the equilibrium point e = O for the closed-loop
system (2) and (3) is asymptotically stable.

K. 0] -
1
Uce = Blpecl® + 6(Rec) - lpeell® + 6(Ree) Koo = |0 k| Postive
Uce = u’({éuc(f: 7eTN£KmNCEe <0 I 0 <ol
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« Visual Motion Observer with Target Object Motion Model [2]

« Visual Feedback Attitude Control with Target Object Motion Model
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VMO with Target Object Motion Model[2]
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TCSTI Vg, =0 Vo= Vis
Target Object Motion
Actual Model Estimated M odel
rvw = Ad(g,l)vm + V2, vh = Ad;.- 1,"]5} 4+ Vb=

V,w(, = 0 thetarget object has

I — a:[uq;} 1u:[uL-pJ
(v, =) aconstant velocity Viso Uy M= |y

Uy

Body Velocity | Vi,
M odel Relative Rigid geo

T Body Motion —
Vibe
Estimated | Geo

Estimated Body Eﬂf 'KfoFfi'gﬁd
Velocity Model | 72, Y
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Estimation Error System[2]
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Goal _ b b
Geo = geo, Vo = Vigo

Estimation Err Error

ge = gco Yco » \', S Ad 1)?& '1“!(_‘.1. 1+ 7L wo 1
V= Vulio =7 Vb =, = —kvee
designueso that 1imy—soo(ee, Ve) = 0. negative feedback
geo Coy Vwo wWo Uy — —kvee
Body Vdmltyl_r N Ya
Modely, - "—"oRelative Rigid | Image | &
Jacobiar

V'?CAE Body Motion
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- Teo
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Division into the Orientation Part [2]
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We consider only the orientation part.
Orientation Part
We = —kvep(Ree) be independent of
Ree = GpRee — GwoRee + Ree@wo the position evolution

Storage Function

Up = ¢(Ree) + 5w Sw= o [lwell? Sw = goloe = Lolup
Inner loop

uyr = —kver(Ree) Sw= *wzeR(Ree) UR = UERGR(REE)

. FM Passive) ter — eRr(Ree)
Negative feedback
KeR(Ree>vW_6> -0

UeR = —keeRi Ree )
LaSalle
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¢ Visual Feedback Attitude Control
with Target Object Motion Model
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Visual Feedback Control with Target Object Motion
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Visual Motion Observer (VM O)
V > Estlmatlon

Error
n Ue System
Visual Feedback Control VMO with Target Object Motion

» _
Ve % Body Velodity|
e o c0 Model %
Mg 1] fstimatior CHRE w >

Error
Error &
| system System KNen Relative Rigid|> e 1%
e = vh Body Motion i
Estimated |-
~ mared. |5y
Body Motion

Visual Feedback Control <\'] v [2

with Target Object Motion /
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| otal Error System with Velocity error

System Tayotnaiuted Tatmacy
Assumption
wwo = €ONnst{Wwo = 0)
wo = 0, Uwo = 0 (Futurework  wyo = const  amost achieved)
Goal - B
Rec = I3(Reo = Rq = I3), Ree = I3(Rco = Rco), @wo = wwo
TCST[1] ACC[2]

Estimation Error System

ual 1 r
|Uee| |7 ee 1tecPee] | Uep |

e =15 “E e N oM

Control Er_rpr System (Orlentatlon Par Target Object Mation Modl
wee = — R e + e + Fue

Target Velocity Estimation Error System
We = —UyR (Orientation Part)
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Visual Feedback Control with Object Motion
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Total Error System
Foe ] ‘T © 9 o TyR 06—
wee| |0 _—RL 0 I wue {4 | O
il T A W Uep 0 | |ignore
|Wee | 0 0 0 = CF lter + @wo [Wwo |
Input
Wwe,  UeR, UyR
TCST [1] ACC[2]

Wwe = kceR(Rec) UyR = kveR(Ree)

e = ke (ep(Ree) —ep(fec)) uer = keeg(Ree)

—
UeR
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Decision of u, R, wwe
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uyp="7  wmmp u,p=keer(Rec) thesameas|2]
H(Ree
S = 1 2
2ky 3

Wwe = : e
Control Error System new input
Wee = _HN“‘ wee =+ e R+Wuu

We — ¢ ecwo
Wep = _‘I?!{f‘(““:tt‘ + Recwo) + e + Suwe
= —RTuwl,e + uer thesameas[1]

| Validity of this approach is verified by passivity (explain later) | ﬁ

Interpretation of e
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— =
Wwe = Wyye + Recwo

_ _ Rec = Rco('f Ry = I)
Recldwe = Reolbwo
Transformation of wwe from [, to .

Namely, Rcowwo cancels the target motion
and w,,. isanew input for the desired attitude.

1 Vo

b
Ve Ve RRBM geo
V;=/—7 (’—1)V&=‘ —
Inverse Transformation
Transformation of V%, from >, to > .
vb — b L oAg. b
4 Ywe Ywe T £8(ge0) Ywo
wo
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Decision of weg,whpe

uer=? ( TCST[1] ACC[2]
- wwe = keer(Rec) uep = keeg(Ree)
B U = ke (t‘-;f(Rr’n)—‘ h'( R, e)}

wce

Total Error System (Using lvwe = Wiy + Reciowo.)
[ we | —I3 6] 6] 0] [uyr 0
N | O T I B 0 y
Vee| 0 0 s ! Uep ! Réoﬁ( Wwo @
) 0 Q U, T £ R
e o eeeo]
can be eliminated by ACC approach

Orientation Part

wee| _ _RTEFC I Whe the sametotal estimation system as TCST
Wee 0 —Rg; UeR G
Passivity Approach
Input Output
/
— |%Ywe -1 0 [5R<Rec)-|
= = N, el— e =
UceR ucR:| Wee ce€  Nee r— [ER(Ree)J
Tagonsituted Tatoy _mmm




Passivity
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s - N
Passivity
If UyR = kUER(Ree)
then, the total error system (4) with input w;c and output vce ispassive.
4 Proof h

UecR — Gb(Ree) + Sw + ¢(Rec)
UecR = ‘f;(Ree) + Sw + é(Rec)
- T

= —¢

(R Ne. 1T N,
R\itlee)UeRT Ep\itec)\ —wwe
- 5

:lefg(Rec) efg(Ree)J 0

= [eh(Rec) €h(Ree)| [‘f Rec) (fﬂ"w] kowe = wiye + Recluo
L J L v IJ LMERJ

\ S e’lngg;Uce — UZ(;V(:E (Vce — Ncee) /

Passive UceR — Vee
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Block Diagram of The Total System
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Body Velocity
Model

Vi A

1
¢

Relative Rigid
WU Body Motion

Image | &g

Jacobian

Estimated
Ye Relative Rigid
Body Motion

Vi, T v,

1
i Body g
Velocity Model h

9d Control i
Error
L
I ﬂ
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Control Law
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Control Law wwe = keeg(Rec) 4+ Reo@wo
\based on the passivity property . . Y [ (whye = kceg(Rec)) ]
‘urpl? = —KceNeee, Kee = k{j\l:” ; U, > 0| L uer = ke (er(Ree) — ep(Rec)),
[ L U rei3| .

Uy = kvep(Ree) ©® | 1.eTCST+uwr
(" Theorem

Consider the total error system (4) with control law (5).
Then , M 00 (We, eg(Rec), eg(Ree)) = 0 holdsand
hence both estimates converge to their actual values and the
\_ actual orientation to the same one as the target object.

p
Sketch of Proof Koo positive definite

Using the above control input, then Nee : nonsingular
U= —eI'NLK:Neee <0 (e # 0) ep(Rec),ep(Ree) — 0
Using the LaSalle sinvariance principle (refer to [2]).
\ we — 0

Wwo = Wwo, Rco = Rco, Rco = Rd =1

If we consider the desired attitude R,;, the same approach can be taken.
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Block Diagram of The Visual Feedback Control
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Body Velocity
Model
Vo Ve
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v vb | ReativeRigd Image | eq]
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[ 44| ;
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Summary and Future Works

Summary

¢ Study of previousworks[1,2]

« Visual feedback attitude control with target motion model
- Estimation error system
- Control error system
- Target velocity estimation error system
- Analysis of the passivity
- Visual feedback attitude control law
- Analysis of the stability

Future Works
o oo =0 === 4, =const
« Another target motion model V5, # const
* Simulation (middle term presentation)
* Experiment (final presentation)
* Multi-agent (Attitude Synchronization)
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Appendix
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Relative Pose and Body Velocity
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Notation and Definition
pea € R3: the position vector fromE. to T .

Set the frames i
> - theworld frame e & 80(3): the rotation matrix from . to X, .
¢ :thecameraframe vk, € R3: the body linear velocity from = toX..

pIP j
o : theobject frame wh, € R3: the body angular velocity from = to¥ ., .

Relative Pose and Body Velocity Object Frame
£0 z
g= [‘; ‘:] = g(p,¢*") : the homogeneous representation
) edge e
vi= H % Pr=g1l= l}; O]: the body velocity
Pose Body Velocity

7 \Ve,
Fulo X M=(M§-‘) 9a=r.=ﬂ;:1'-l¢ “!)Jw( qu’/ \
Talo T “=(M'%J fg":"‘}g" Vision Camera World;ﬁzw
10 Fo | goo— (@) | PE =42 50 Frame
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Relative Rigid Body Motion
Relative Rigid Body Motion (RrBM) 1%0
Geo = _f;ﬁr-Fff'r; + geoViro Vue = [1.;:1 7
Vb = —Ad( —I)V,b 41 b — RRBM [—
oo .G'r'o (M o

Vo = g e

Object Frame

R,
Reo |

L
(920" Vihgeo)¥ = Ad(g&)l)\/}%
Passivity
If the target object isthe static (%, = o),
then the RRBM satisfies.

T T
| b (—eryat > B,
where Brisapositive scalar.

B b

er=| Peo
ep(Reo)

R) = sk(R)",
Tokyo Instituteof Technology ep(R) = sk(R)

Camera Model
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Camera

l Vo l Puilt=1---m)

. - 7. . .
Relative Featur e Points M odel
I_ Pei = Geollo —I Image Plane

Loi Tei ‘*— —
Poi = |Yoi Pei = |Yei
. R 2 y_
Per spective Projection pa ot X0
" Object Fram

- A | T
fi= 2 |:yf.':':|

Not Passive> V2. — f -
Tayo it Tetolny - —er)

Estimated M odel
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Vo Camera | pali=1.-m)

s~ e { -

Estimated Camera Model g
G — 1

T )
Relative Rigid Body Motion
V= _Ad(g;ol)Vgc + Vo

Estimated
Relative Rigid Body Motion
Voo = —Ad ;-1 Vide + e

Observer Input

Passivity estimated
If the target object isthe static (v, = 0),| Vuwe _

then the ESRRBM satisfies. ESRRBM |/ _[su(!_i’)] =S

T b \NT(_=
‘/0 (Vm(:) (_er)dt S —Bw
wheref is a positive scalar. Passive Vi, — —é&r
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Estimation Error
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Estimation Error Estimation Error Vector
Jee = g—lgm _ [Ree pee} ce = Pee :| _ RZO(PU%* ﬁuu):|
o I ) T ler(Re)| T R
not measurable er(Re) er(Feofico)
Ll]e = Ip <= Geo = Jeo Vares

+ tmage Jacobian —

Image Information
Error

i
:'l] Reo |1 =Poi| e fm

J; : Image Jacobian

the relation between the actual image information
and the estimated one can be expressed

fe = Jee see=Jf. estimation srrer g,

can be calewiated
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Estimation Error System
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Estimation Error System Passivity
Jee = —UeGee + geef/ub)0 If the target object is the static (1%, = 0),

then the Estimation Error System satisfies.

R b
Vee = —Ad(_1yue + Viso Lo ey > .

(A1)
where Be is apositive scalar.
— 71
Gee = Geco Geo n
| _ 3. Passive ) ue — —ee
9e = Geo eo + Jeo' Geo
e —1: v
= *éiwlgcogee +Agbeegmlgco Ue = [wtij ee = [BRIEGI;E)]
= —lecgee + geeVipo
0= 971_[79?
ee ee Jee Image Jacobian -
. _ge_elﬁ(%gee + Vng

%2 ~Ad,_1yue + Ve, = RRBM

Estimation Error System
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