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Previous Works
Pose(Attitude) Synchronization: Igarashi et al.

Introduction
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Cooperative Control

A distributed control strategy that achieves
specified tasks in multi-agent system

[1] “ Passivity-based Output Synchronization and Flocking Algorithm in SE(3),” Proc. Of the 47th |EEE
Conference on Decision and Control, pp. 1024-1029, 2008.

« No Discussion of How to Get Necessary Information

Visua Motion Observer: Fujitaet al.

[2] “ Passivity-based Dynamic Visual Feedback Control for Three Dimensional Target Tracking: Stability and
L2-gain Performance Analysis,” |EEE Trans. on Control System Technology, Vol. 15, No. 1, pp. 40-52, 2007.

« A Nonlinear Observer for Estimating Relative Posein 3D
Pose Synchronization with VMO: Kobayashi et al.

[3] “Visual Motion Observer-based Pose Synchronization: A Passivity Approach,” Proc. of the 48" IEEE
Conference on Decision and Control and 28" Chinese Control Conference (to appear)

*No Proof for Closed Loop System
| Analysis of Convergence and Control Performance | ﬂ

Problem Setting
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Pose Synchronization (Leader Following Type)
Leader doesn’'t move: All rigid bodies convergent to the leader’ s pose
Leader moves: Total error of posesisrestricted (Control Performance)

Sy

P,

Assumption
« Chain Type Information Structure
« Bidirectional Information Structure (Undirected Graph)
* Thereisleader O
(A1) Each rigid body’ s rotation matrix is positive definite
(A2) Estimation error related to orientation is sufficiently small

Tokyo Institute of Technology.
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Rigid Body Motion

Rigid Body Motion pwi € R* : Position

i ¢ SO(3): Orientation
~ € R*® : Body Linear Velocity
Gui = [ Pt pu ] € Rix4 wb. € R* : Body Angular Velocity
0 ! “A” (wedge) 1 RF s sa(3)

wz

b b b L

b Um] - Input 43 [Wm Uu/1:| “ !

’V,: wil :Inpi Vb = O el I
wi [Wm wi 0 0 -

“V(vee): sol3) — R

wy

Relative Rigid Body Motion
[ Vi=v Ad[!;;_l)v,f’.,- (2)—‘

Adjoint Transformation
I T € ROX6
0 €80

Agent j Frame

Adgg,) =
World Frame

(gi_jlviigij)v = Ad(g;il)v

b
~ wi Ew
Ad, -1, : Coordinate Transformation from 3; toX; _am

H Passivity of Rigid Body Motion
Tokyo Institute of Technology
Rigid Body M(ztlon [ pi _ =i o
Gui = iV ) | = |geitny| =] o | Cowi
Lemma 1 (Passivity) sk(e€%7) = Lo, _ b, \

B

The r|g|d body motion (1) setisfies
] (VI et 2 —F;, ¥T >0
wheref; is apositive scalar.
Relative Rigid Body Motion (RRBM)
_1sb
l. =V Ad[q;]‘) wi (2)

wy

sk(eéo”)v =0 0is — I3
Storage Function
B(9i3) = 3l + 6(c%9) > 0

B(e) = gir(ly — )

—— N\ 1

Lemma 2 (Passivity)
If rigid body j is static (V7!
theanRBM (2) satisfies

/ (Vi (—enj)dt = =B, ¥T >0 World Erame
o . ..
where f;; isapositive scalar.

Agent j Frame




Pose Synchronization
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Estimation Error System
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b
Unknown ij|

Pose Synchronization ———— % Actual Pose 9ij : not measurable 7 ot measurable
lim E(g;;) =0 "i,5 € {1,---,n} (3 an Relative Rigid Body Motion wi__,| [ReativeRigid| Jis
t—o0 & ’ 7 N ' vh — b Ad v Body Motion T
N v U= - _ .
E(g”) =0 g;;gw] = L,l Guwi = Juwj S -7 ‘I w (gill) we Real World
Relative Pose o) Juj O Estimated Pose gij z Rkl
wi JW) \ . . . €eij
Control Input for Pose Synchronization , Relative Rigid Body Motion Model J
- kpil3 0 kpi >0 b _yb . estimated]}fij
K=" V2=V —Ad, .1 U =
VE = — Kl —eu;) = Kui z [ ri',f ‘)] ) 0 kails| ky;>0 ij wj (g;;)"ew Modd
i, sk(effi) IA; : s neighbors ' .Umij :Input for Estimation Error - e %eg)gti\ﬁl?igid G:5 (:dei
Lemma3 - ' EstlmatlonErlror U, &Odgtlon et
Consider the n rigid bodies represented by (1). Then, under the Geij = 9ij Yij
assur:ptlc_)n A_l, t_he ;elouty |npr§ (4) achieves pose Gois = 14 Gii = gij [fij. fij : Feature Point (Estimated)
nchronization in the sense of (3). o ' : . i
¥ - - ®) Estimation Error Vector J : Image Jacobian
Lyapunov Fun((:ni)n Cand|dat;e o) 1 ) .,,,:[ 5 (Position) Estimation Error System
EL =33 o lpall® + (et E(gi5) = 5llpij |I” + o (e57) 7 Lsk(ei) Y] (Orientation) [ - b
72 2 g el ) S 0w g gy Ve = TAd i + Vi ©
Tnkyolns\lu(eulTechndo’gy e Geij ! Fujita L abor atory
Visual Motion Observer Outline
S Tokyo Institute of Technology Tokyo Institute of Technology

Lemma4 (Passivity) — not meastrable
If agent j isstatic(1), = 0), thenthe | Vi [ReativeRigid] is
estimation error system (5) satisfies Eodyiiotieri Vison

f Ui —teijdt = =Bz, "1 >0 Real World measurable] [+,
(il =
where Bei; is apositive scalar. Ueii[ ] Ceij 5t +

Stor '1 estimated] Jij
£o. . Vision
E(geij) == §||Peij“2 + ¢(esfei) > 0 Camera|
o — . [ Model

Control Law for Visual Motion Observer | "+ "% oia " | estimated

Ueij = —HKeij(—ceij) = Keijeeij (6) Visual Motion Observer

Keij = keijls, keij >0

Lemma5 (Visual Motion Observer)
If agent j isstatic(V!; = 0}, then the equilibrium point e.;; = 0
for the closed-loop system (5) and (6) is asymptotically stable.
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» Pose Synchronization with VMO: 2 Rigid Bodies
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Pose Synchronization with VMO (2 Rigid Bodies)
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‘ Pose Synchronization ‘ + ‘ Visua Motion Observer‘

[ 0 T[T o |, R RO Soy Moton
(Vo) *Ad(ge-l‘u)J [uero] | Vo | Estimation Error System
 [v&] velocity Input __ [ecm] Control Error
Input w, := [uem] Observer's Input Error ev:= ¢ | Estimation Error
ee10 =0 [g10 = g10 [ K & W = 0,16, " » J
sk(es”i)Y =0,10;;| <7 wi — o&0uwj
€10 =10 [9w1 = Guwo ]—AZ € e
Lemma 6 (Passivity)
If the leader is static(1’, = 0}, then system (7) 4%
e 0
satisfies L

T ’
‘ / uf (—ey)dt > —f s, Lo
0
where; isapositive scalar.
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Proof of Passivity (2 Rigid Bodies)

. 1 . o
Proof: . E(gij) = 3lIpisll® + 6(e)
Storage Function
E; := E(g10) + E(ge10) o A T
Sum of Storage Function B(esbir) = (sk(eS0i)V)T (e 80 ¢804 )V
Time derivative:

B0y = %tr([g — it

= ﬁ{oplo + (Sk(eéew)V)T(e_égloéfﬁo)V
+p211[)p(:10 + (Sk(ege"“’)V)T(e_éawloéé&w)\/

= (Vi) (=ec10) + ulo(—€er0) g
1zb \T [6(:101 a 0

(V‘u )J Te10 e
1 1
I. el0

/7 910
— T > .
= u(—e1) o 1‘%—»
TokyoInstitute o Technology _M




Pose Synchronization with VMO (2 Rigid Bodies)

Tokyo Institute of Technology

Control Input for Pose Synchronization with VMO : Passivity Approach

- \ - ke1 I 0
m=-Ki(-e)) = Kiey (&) Ki= [ (1) ’ k,;llﬁ] ke1,ker >0
€c10 : 910 = G109e10

Include Estimation Error €1 = |:€c10] €c10 = [ péleo :|
TS €e10 i sk(et%10)V
ke1 > k1 isprefer ¢ (e570)
Theorem 1
If the leader is static( 1/, = 0), then the equilibrium point e; =0

for the closed-loop system (7) and (8) is asymptotic stable.

Proof: By = ul(—e) %
0

(—Ki(—e1)" (~e1)

10

= —eTKie 0
0 ('.'K1 > 0)

Togoindiuteof Temology _mm

A

Control Performance (2 Rigid Bodies)
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Velocity of Leader V., : Disturbance

do = | Vo0 er= || L, Gain Performance
Vao €el0
Theorem 2 Given apositive scalar 71, assume
2 2 .
i +1 i +1 /910
k. - s
c1 > 2’\/% ) kel > 27% . 21%_’
Then the closed-loop system (7) and (8)
hasL,-gain[< 71.

Ex.) ke =10,ke1 =20 v1 > 0.229

Finite-gain L, Stable w :input  H : Map to Output
E]
, 8> 0 such that 4
.8 lurllc, == / llu(@)ladt < oo
Ul (Hw)lle, < Allurllz, + 8] ¥r € [0,00)

H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002. —WIM

Proof of L, Gain Performance (2 Rigid Bodies)
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Proof:
Storage Function
IE1 == E(g10) + E(ge10)
Time derivative:

1 £,
E(gij) = §sz]‘|2 + ¢(659u)

£y = eg()Ad(eéﬂm)Vﬁ)+‘531()Ad(eéﬁaa)‘/:zb1()
b T N b T, N .
= (V)" (—€e10) + €c10Ad é010) Vio T Uero(—€e10) + €c10Ad péoe10) Voo
Ad 0 1
= ul(—e) +el [ (es0) do
v Adeéoeroy |
n I i T Ad . 0 12
_ T 2 (e=€610)
=l (—e1) = 297 [do - e
! 2! ’Yf 0 Ad(f*é”am)
"o 12
1 Ad, ¢ 0 T .
(e—€010) 19 2
+2'v2 0 Ad, ., ef| + N lldoll
IR e | I
. 1 1
< —eTKier+ — e’ + =77]ldo]® ‘(-,-Ad ) Unitary)
. < 1 e 2,‘/12” 1l 2’71” ol| (e€%7) y |

Proof of L, Gain Performance (2 Rigid Bodies)
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Proof: ) )
By < —efKien + ﬁ”elu2 + 57%”510”2
1
_ T (ker = P’%-)I(’ 0 \ 1,2||,1 112
= ¢ 0 (kel _ 2%')[6 €1 T 5 Tiliaol|
1. 5 1 5. 5 P+l M+l
< —= 4 -1 “ (ke ——— ke -
< 2H€1H + 2’Y1Hdo|| < 1> 272 1> 272
Integrating from0to T,
T T
P 2 f 2 [

e e | [T
L) = £1\V) = 5'71 j IRl
0

T T
[ llertPat <7 [ doliat + 281(0)
0 0

Thus,
lledllz, < mlldollz, + v/2E1(0)

(a+B8>+a2+p2%a,>0) O
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Pose Synchronization with VM O (3 Rigid Bodies)
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Relative Rigid Body Motion + Estimation Error System

rye1 [“Adg 0 0 0 0 rye 1 Ty
vh !
V3
AV -
ehlU
Ve’n 0
Yo [0
[—Adgn
Ig
= 0
0
I
| Each body velocity is included! |
Vit ’
Voo <
Input w, := "0 | Error ez := 7" %l NS,
Ue12 2 N
{MJ {mﬁ ‘A




Passivity (3 Rigid Bodies)
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Lemma 7 (Passivity)
If the leader is static(17, = 0), then system ”o %
(9) satisfies .
" .
ugllgdt > -0 \\‘?12
0 N
where v, = —Nye, and 3: isa positive scalar. A
2
[Is —Ad, ey, 0 0 —Ady wa]
0 Is 0 —Ad, ., 0 —
Na=10 0 Is 0 0 € R3O0
0 0 Is 0
Lo 0 0 0 I
N, : Regular Matrix (Upper Triangular )
Proof: E(gi;) = HPLJH2 + é(e 6011)

Storage Function

Ey = E(g10) + E(g21) + E(ge10) + E(ge12) + E(ge21) m

Proof of Passivity (3 Rigid Bodies)

Proof:
Time derivative:
Ey = E(gi0) + E(gn) + E(gel()) E(ge12) + E(gea1)
= 8C10Ad/ ge.n\Vm "Fepand 021 an +€‘-mAd/ £6.10 Veblg

+ec12Ad(e€5e12)‘/el2 + e Ad (e€0e21) Vin

Tokyo Institute of Technology

T T
= —el1Vi1 — €l Viga — €ligtiern — €l1atters — €ly tean
b
+€c21Ad(e~§921)Vw1 + eeIQAd(efHe12)Vw2 + ee?lAd(efﬁ’en)le

Is 0 0 0 0]rys.1]

| —Ad, ., I, 0 0 ollyb|

e =7 w2

:*[5110 e €ho el Le’)l] 0 0 Is 0 0 flueo
0 “Ad(e0,5)0 To 0 [{uerz

—Adj ey 0 0 0 [g|[ue2n

= —el'NTu,

= I/’QFUJQ = ugl/g
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Pose Synchronization with VMO (3 Rigid Bodies)
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Control Input for Pose Synchronization with VMO : Passivity Approach
g = —f\’g!/-_] = f{g:\"gﬁg (10)
Ky = diag{ke1ls, keals, kerIs, kerIs, keaIs} |kei, kei > 0, 7 € {1,2}

€ - [E e . . 4
ee21 — Ad(—¢o,,5)Ce12 €ca1 + €e21
Estimation Error

Theorem 3
If the leader is static( V.., = 0), then the equilibrium point e, =0
for the closed-loop system (9) and (10) is asymptotic stable.

L _ T
Proof: By = Ug Vo 910 /jﬁzo

= (~Kom)'vy oL
= —VZKQUQ \\912
= —elNJKoN2ea <0 [ ga1
Yo
(K2 > 0, Ny: Regular = N KNy > 0)

Control Performance (3 Rigid Bodies)
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Velocity of Leader V!, : Disturbancedn ) €2 L, Gain Performance
Theorem 4 )
Given apositive scalar 72, assume P> > 0 %
(defined below). Then the closed-loop system 5 qu?»'/
(9) and (10) has L,-gain < 72 R %
[(1+2)1, o 0 0 ol gar~
\ V2 /
1 ‘ 0 Is 0 0 0 ‘ 2o
Pyi= N KyN, — < 0 o (i+2Yis 0 0
2 k A_r;“’) lg 0O 0
0 0 0 Is 0
[ o 0 0 0 I
Finite-gain L, Stable w :Input  H : Map to Output
El
,3> 0 such that T
.8 llurllz, = /0 lu(t)]l2dt < oo

(I(HW)- e, < Allurlle, + 8] ¥r e [0, 00)

H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002. —M

Proof of L, Gain Performance (3 Rigid Bodies)
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Proof:
Storage Function
Ey == E(g10) + E(921) + E(ge10) + E(ge12) + E(gear)
Time derivative:

E(gij) = _Hp:/H2 + ¢( 6594,)

7 T b T b T b T b
E, = ‘Z:u)Ad(,,éﬁ\.,)Vw + cr:l(]Ad(,‘prl())‘/é‘l() + 81:21Ad(,‘£ﬂz\ )V21 + ee’.)]Ad(,-éﬂpzn )Vr21

T T b T b
= Uy V2 + ee0Ad 010 Vo + €c10Ad 0,101 Vo

r 1
Ad 0
— T (e$%10)
= ujvo+e; ) do
{ 0 Adge, J
, S [Ad_c,, 0 1 -
= uy V2 — =73 ||[do — — ] €1
? 27 73 L 0 Ad(c €0e0) |
i 0T A . o 12 i
(e=%%10) 2 2
+:5 e1| + 57lldo
273 { 0 Ad(e €0e10) J 2 2ol
TN T L 2 1, 2 ‘( ..
—el NI Ko Novo + — lley ||? 4+ =~211dg |l Ad, ¢, Unitary
bl 2 T 2 T 1T I\ ( J)
Tokyo Ingtitute of Technology 3 Fujita Laboratory

Proof of L, Gain Performance (3 Rigid Bodies)
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Proof:
By<—ej Ny KaNovs t52 ||61|| + Q’VQHdOII‘

1+? Is 0 0 0 0

1 0 I 0 0
=—()NTK2Nouz——H(2H2+(o 3 0 0 1+% Io 0 o0l

0 0 0 I 0

0 0 0 0 Ig
=—f Pyes = gleall* + 3 3loll Lol
2 Paex = Fllea 372lld0 +§72”d0“

1 5, 1 2
<=3lleall® + 393 ldolI* (- P2 > 0)

Integrating fromO0to T,

lle2llz, < 2lldollc, + v/2E2(0) Dﬂ




Condition of L, Gain Performance (3 Rigid Bodies)
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Condition of K’ for I’» > 0 K, = diag{keils, keals, ke1ls, ke1ls, ke2I6}

Py = N,}'I\'QN_) — %(liag { (1 + iz) Ig, Ig, (1 + iz) Ig, I, I(;}
Y2 72

[16 ~Ad(, 0,y O 0 —Ad(e,ém‘)"
0 Is 0 —Ad, ¢,
Na= 10 0 I 0 0
0 0 0 I 0
0 0 0 0 Is
P, =
[ 22+t 7 ag c y A4
\u 3 ) 15 LB e TP t O Nl = €021
—k4Ad (kpy + koo — 2V 1, 0 —koAd ko Ad
(eSf21) \Zel T e 276 . 2 (e—8%e12) (esP21
0 0 (koy — 22 1 0
\— =/ o
0 —kesAd o1z 0 (katka—3)1s 0
L *ﬂAd(péam) kz_flAd(eéam)Ad(eféem) 0 0 (1”«_1+ kea — %) Is

P, : Symmetic P, > 0 : Linear Matrix Inequality (LMI) for k¢;, ke;

Convex Programming Problem
Tokyolnsituteof Technlogy _M
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Pose Synchronization with VM O (n Rigid Bodies)
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Relative Rigid Body Motion + Estimation Error System

b [—Ad, -
[ Vi 1 (1) [ Vi 1 [Kgn.|
: 0 B 0
Lvnb(n—l)\ 7Ad(5 41 1) J Vin j
B 7 P e e FYPutsiai i B V(O
Velo (9.10) teio 1 Yo
Vo —Ad(,-1 Ue12 0
V200 - Locwo] Lo ]
en(n—1) Ad Uen(n—1)
(11

*

{iJrl,i),(nJrQi,iJr1),(n+2i+ 1,4) : Ig
otherwise 0 | in6 x 6 block |

91
ructure
€c10 ¥4
: \ 912

Passivity (n Rigid Bodies)

U/ZVndt 2 7ﬂn

Lemma 8 (Passivity)
If the leader iSSta%iCl Vi, = 0), then system (11) satisfies
. _Jo
wherev,, = —N,e, andf, isapositive scalar.

Is ok (i+1,4): —Ad

(e~ -

N = Fok i+ Ln420): —Ad oy, |0 6 x 6 block
0 I - structure

c R(l&n—(&)x(lﬁn—(&)

N, : Regular Matrix (Upper Triangular)

(i,n+2i+1): —Ad("

280+ 1)i))

. Proof: 1 . g
: ) E(gi;) = = |lpis I? £6:;
. g1 Storage Function (9i5) 2HP illI* 4+ o(e™)
L. Error en := -‘-2,-"-;5‘-) ‘ n n—1
: : ‘_% N\t By = (E(giti-1) + E(Geii-1) + Y, E(Gei(i+1))
: : - . — P
Hen(n=1) Cen(n=1) E" i Tnkyolnsuu(ealTemndosy_l =1
Pose Synchronization with VMO (n Rigid Bodies) Control Performance (3 Rigid Bodies)
Tokyo Ingtitute of Technology Tokyo Institute of Technology
Control Input for Pose Synchronization with VMO : Passivity Approach Velocity of Leader V., : Disturbancedo €2 L, Gain Performance
up = =Ky, = K, Nyey (12) K, = diag{kcilokenls} keiykei >0 Theorem 6 I *%
: - N - N
% Co10 + €e12 + Cots o Given apositive scalar 7, assumer, > 0 n .
Vs | — | €21 + €cas + €oat + €ons | EStimation Error (defined below). Then the closed-loop system o Is
: : (11) and (12) has L,-gain< Yn. Upper Triangular
Theorem 5 [(1 + 3 ) s o0 0 0 01
If the leader is static(V\, = 0), then the 102N Prim NTEON, — g IG("O’” ( +1) p g 8
equilibrium point e,, = 0 for the closed-loop S 2 o) 52, )
_ ’ 1 0 0 0 Liagmeyy 0 919,
system (11) and (12) is asymptotic stable. 912 L o 0 0 0 I e
Proof: Refer to resume N >
Proof: Refer to resume IV NIV

921\%'
-—— . - E
zn%i 2
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Key Point NI K, N,, > 0

g21*
Condition of i, for?, = 0

P, : Symmetic [P, > 0 : (LMI) for km-,kei*é%——-. S 5N

Convex Programming Problem




Speculation and Future Work
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Speculation:

It is probably possible to deal in Arbitrary Communication Structure

Reason:
+ | Relative Rigid
Body Motion

Ny=domee 222 T - Upper Triangular Matrix
Estimation Error

Is System

Future Work

« Simulation and Experiment (Omnidirectional Camera)

« Convergence to The Desired Relative Pose

« Unidirectional Information Flow (Changing Potential Function)
» Time Varying Desired Relative Pose

« Block Diagram

* (Solution to LMI)




