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Objective
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Visual Attitude Synchronization
Synchronize all agents’ attitudes using only visual information
(not using centralized sensing devices or communication)

In this presentation, consider the following cases
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Rigid Body Motion in SE(3)
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Position and Orientation _ [6591“' pm] e RAx4
5 AR ' “A” (wedge) :

puwi €R® i € SO(3) 0 » 1 ‘é;s 5 s0(3)

Exponential Coordinate for Rotation (Pui; ™) € SE(3) w ] [0 —ws wy,
[ £wi € R3: Rotation Axis (|[§will = 1) J @ :[Wv :[Wz 0 *S’z]

) i ‘ we] |wy we
: 0(;“- eVRl. R.otatlon Angle (|0, < ) “V” (vee) :‘30(3) o R3
1

ody Z}b ocity wedge (Inverse Operator)

b Jwi b _ —1: .
Vi = [wﬁi”_] eR’ Vi = Gui ui V2 e RS :Body Velocity

wi

vee -
AL Axd b 31 :
wi Cwi| ¢ R vy, € R® : Linear Velocity

Rigid Body Motion in SE(3) WP, € R® : Angular Velocity

. > b 4.
Gwi = f]u:Vub'L (1) | L, Rigid Body &,
Motion = (pui, €€01)
Fig. 2: Block Diagram of
Rigid Body Motion
[1] R. Murray, Z. Li and S. S. Sastry, Mathematical Introduction to . . ..
Robotic Manipulation, CRC Press, 1994. Fig. 1: Coordinate of Rigid

[2] Y. Ma, S. Soatto, J. Koseck and S. S. Sastry, An Invitation to 3-D Body in SE(3) n
Vision: From Images to Geometric Models, Springer, 1% ed. 2004.

Passivity of Rigid Body Motion
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- Rigid Body Motion -‘ Vector Representation Transformation from[%,,

. o b Ofgu'i - to ¥; —E0u:
TN RIS I

Error Function of Rotation Matrix

0 e 8bui

("Lemma 1 (Passivity) o 1 c
The rigid body motion (1) satisfies o) = gr(ly — )

T —1 —
/ (VA Lyt > —B, ¥T >0 | Propety: (= '~ %)
0

 6(e+) 2 0

\where B; is a positive scalar.

« ety =0 Eoui — Iy
(Proof) Differentiate the following v (e0ut) = (sk(cS)V)Twh,,
energy function w.r.t. time.
1 3 Passivit b
Blgui) = 5lpuill® +o(cv) PV gy Vo
Vb B [T, 12
Vi |Rigid Body|guw: PO CEN R L
Motion | |7 %€ 0 e[ Fig. 1: Coordinate of Rigid

! - — ) Body in SE(3)
Fig. 3: Block Diagram of Passivity of Rigid Body Motion

Networked Passive Systems
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n Passive Systems
’7‘(']1111' = gin£i7 1€ {17 e 7”}

Restriction of Information Structure
Information Flow Model

Fig. 4: Coordinate of n Rigid liodies in SE(3)
G := (V,€) : Graph

2
V:={1,---,n}: Set of rigid bodies
£ CVxV :Setof information flow 3
Neighborhood N; := {j € V|(j,) € £} 1

:Set of rigid bodies whose information
is available to rigid body i

Fig. 5: Graph Topology
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Visual Attitude Synchronization
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Visual Attitude Synchronization
{limm B(ef5) =0

) jeN, Yie{l,---,n}
limy s 00 E(g('cij) =0 (2)

Gur = .Gw]} Fig. 6: Attitude Synchronization

{gij = (pij, €% : Estimated Relative Pose

Jeeij = g;lgi]- (= (peeij, €5%=¢3)) : Estimation Error

| Estimate Relative Pose by Nonlinear Observer |
(Visual Motion Observer)

* Estimated Relative Attitude: I3
« Estimation Error: [0 (i i = 9ij
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)} Attitude Synchronization

System Representation
Tokyo Institute of Technology
Vector eeij = Sk(egegcij)\/ cR3

A pfi(:’l:j 6
Eez] - [sk(esgeeig)\/] S R

Control Error: g&ecii .— &9

L et DU
Estimation Error: Yeeij ‘= Y;; Jij

System Dynamics ———————————— wheyj = (e80ects g80ecii )V € RS
Cor;trol Error S)éztem ((b)nly Attitude) 142 = 9;}5]' Jeeij)¥ € RS
Wegij = —€ P Wy + Uweij (3) S T2]
Estimation Error System (Observer) o Ugyei
Vebeij = —Ad(ge_elij)ueij + Vu’;j @] i s Control Input of Observer

Ad(,,ul) : Coordinate Transformation

(/\,l I—Cég” ﬁij?éﬁ”-| fp(ix(i)

\m‘(g‘,) = l 0 &0 J ER

Fig. 6: Attitude Synchronization
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Control Input

Control Input
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Angular Velocity Input
whi =Y Kijsk(e®9)V, i€ {1,---,n} (5) Kij >0
JEN:

Estimated Relative Attitude
Control Input for Visual Motion Observe

031 ) )
Ueij = Keij (eeij - I:sk(eééu)v}) , JEN;, i€{l,---,n} (6)

Influence of Velocity Input Keij >0

€eij is available from image feature points (Appendix) |

Assumptions
(A1) vhi=0"ie{l,---,n}
(A2) becij "j € N;, Vi€ {1,---,n} are small enough (for Observer)
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Convergence Analysis (Chain Type)

Assumptions 3 S~
(A3) Chain Type Visibility e %/5- %\’%
(A4) Lead rigid body doesn’t move(w); =0) 3 /02 !

2Ki(i-1)Keigi-1) ) Chain Type
(AS) Ki-1)i-2) < Kony + 2oy L€ 137 m)

Tokyo Institute of Technology

Theorem 1 (Visual Attitude Synchronization)

Consider the 7 rigid bodies with visual motion observer represented
by (1) and (4). Then, under the assumptions A1-AS5, the control
input (5), (6) achieves attitude synchronization in the sense of (2).

(Proof) 3 Rigid Bodies (for explanation)
System Dynamics

Whea1 —etfeen 0 0 Is 00 Wl 0
Wl | 0 —effeesz 0 0 0 I3 wha n 0
Vcbm 0 0 7Ad(g;j21) 0 Ue21 ‘/;31

Toky Vebeg? 0 0 0 7Ad(9;132) tes2 ]/;22 n

Convergence Analysis (Chain Type)
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Energy Function:

E3 = ¢)(e£95621) + ¢(eE€EC32) + E(96621) + E(gee32) (7)
Differentiate (7) w.r.t. time
Ey= (Sk(ew"m)v)T‘U}c}cﬂ + (Sk(ew"”)v)ngcsz 3)

+eglAd(659(e()21)%€i2l + ecT:;zAd(eéseasz)Vcbczz )

T b T b T T T
= —€e1 Wy T €c3aWy3 T €ea1Ue2l — €e32Ue32 T o1 Uwe2l
T T b T ) b
‘+eCSQU‘W€32 +eea1Adéo, 01y Vi1 + €e3aAd o, a0) Vi

[I; 0 0 —I3 0 1[whs]
0 I 0 0 —I Wb
—_ [eT. oL T T 3 3 w3
[1:21 32 €e21 032] 0 0 Is 0 Yoo
=tej [0 0 0 1Is ] [Ue32

=: \{ =:ug

b b
+6321Ad(659“,21 )le + 6?32Ad(céeep32 ) Vo
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Convergence Analysis (Chain Type)
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b — I NT T ) b, T ) b
By = —e3 Ny us + €co1Ad eo,000) Vior T €e32Ad 60,000) Vi

Control Input

Kul; 0 0 0
0 Kl 0 0
0 0 Keuls 0
0 0 0 Kuls

sk(eS0)V = £sind
[Isk(et?)V] < 1

B (sk(e%2) )Tl )
z;neéfhcsm (Sk(eéecc32)V)TK2ISk(e£90<‘21 )V
Influence of Position Estimation Error Peeij : Future Work
(A1, Ad) b, =0, i € {1,2,3}, w’, =0 Future Work
( £, -norm Performance ?)
By = —eI NT K3 Naes + Ko (sk(e8°52) V) sk (021 )V
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Kpsk(ef0ecaz)V
IR

Kzlsk(eéﬁwm)v “
\
|
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Convergence Analysis (Chain Type)
> Tokyo Institute of Technology
E; = _KZIHG(:QIHQ - K32H8,¢32H2 - Kﬁ?aleEZIHZ - K832Hpee32”2

—Keotleeeat — ecat||* — Kea|lecesz — ecaz||? + Karel,gpecon
Jla = o)1 = llalf* + [|b]* — 24 b
:—(K21+Ke21)HeczlHz—(K32+Ke32)”6c32”2—Ke21Hfiee21||2

—Kesallecesz||” — Keatllpeeztll* — Kesallpees|®
2K a1el o €001 + 2K o2l 50e032 + Karel,gneen

a”b < ||a| ||b]| (Conservative)

< —(Ka1 + Keo)|leean||* = (K2 + Kega)|leesa||* — Keatllecean ||

—Kesollecesa||” — Keat|[pee21||” — Kesa||pees2||® + 2K e21||eceat ||| ecai |

+2K a2 ecesz|lllecsz|| + Ka1llecesz |l [|ecat |

Lo e -
llallllell = 5 (llal*+ 6]~ (llall ~[16])?)

lr/ [1Ps n2 _ rmo . n2 . 11/ 1. n2 _ r. [T n2
- 21\21|\Cr21ll I 32(Ce32]] T 21\21II‘71132H Ul\rZIH."uZlH
_Ke32”pee32||2 — Kear(|lecar || — ||€ee21||)2

1
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Convergence Analysis (Chain Type) Convergence Analysis (Chain Type)
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. ] 1
2 sVt By < —5 Kalecan|? = Keanl[peear | = Kean (lecan | = llecea )2
Po 1= —§K21H€c21\|2 — Keat||peea1 || — Kea1(Jlecar|| — llecea1])* < 0 Ko 2 )
1 —(K32 + Ke32) (”61:32” - +||eee32ll) — Keao|[peesz|
3 = —K32H€¢»32H2 + §K21”€ee32”2 Z (I)(e32”17ec32||2 Ko + Kego .
- Keaallecsall— llecesal)? = 5 Kan(lecanll = llecess)? Kook (o - Kl ¥ K)o 1
e ¢ ce c ce _ 2|l — — " |€c21
‘ 2 Ko+ Kego \I™° 2K32Ke32 =)
Lemma 2 _K21(2K32K1532 — Ko1 (K32 + Kes2)) llecan
If Ky < 2K K2 then w3 <0 . E3 <0 4K32Ke32 ¢
Ksy+ Kesy
<0
Proof) Completing square yields the following equation. .
(Proof) Completing square y . £ Thus By = 0 lim By = 0.
o = — (K- 3 » o red2 . — Koaollpoaoll? —oo o
o = =i+ Koe) (e = 22— lewnl ) = Koallpos £, riance Principle)
2
_ KonKen lecesall — MHE 1| This means attitude synchronization
K. ¥ K, eed2 Ko K s c21 . . . .
32 €32 324832 in the sense of (2) O Fig. 6: Attitude Synchronization
K21 (2K39 K32 — Koy (Ksg + Kesa)) 0
Tokyo Insttute of Technology AK 30K 39 ezt ﬂ “Tokyo Tnstitute of Technology _nm]mm
Convergence Analysis (Chain Type) Convergence Analysis (Chain Type)
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n Rigid Bodies . "
. E, < ;
’, W?cm -‘ ’Leitium.” 0 0 Iy --- 00 'H wf,,g -‘ ’, 0 .‘ n = ;dﬁ
: SR Do : : 1
wfcn(n—])‘ ‘ —eSteentn-n) 0 0 0 I H b 0 ‘ o 1= *51(21H6c21\|2 — Keot|[peear]]* — Kea1(lleca ]| = llecear]])* <0
Doy | —Adg, 0 D 1 s 1 )
| . [ 9 — - [ - [ | Y = _§Ki(1',*1)”e(:i(i~l)” + §K(1171)(w2)”eeei(v:~1)H
\;‘/elén(n—l)J { *Ad(g;ﬂ(“ﬂ))J Ltsn(n—UJ {Vzﬁ(nfl)J

Energy Function:

r .—\" f*/nfﬂwwrm\ T AT V) (8)
L ) \W\C )T ‘-’\.‘Iee[H»l)ll}
i=1
Differentiate (8) w.r.t. time

n—1
Ey < =) (Kaurilleciryill® + Kegrryi ([Peecinil® + (lecqryill = lleeei+1yil)?))
i—1
1’Ln*2
+3 3 K (lecnil® + e 4012 = (lecq+nill = lecei+2yirn 1))

i=
Tokyo Institute of Technology Fujita Laboratory

—Keiti—n)Pecii—) I = Keiti—1y (lecii—ll = lleceii—1)l1)*

1
== Ki—ny-2 (leci-n -2l — lleceii-nh® i={3,---,n—1}
P 7 1. n2 lr/ 198 n2
Wn «— —HWp(n-1)[€cn(n-1)I T 2 D (n—1)(n—=2)[|€een(n—1)Il
7Ken(n—1)Hpeen(n—1)H2 - Ken(n—l)(”ecn(n—l)u - ”eeﬁ'n(n—l)”)2

1
_QK(n—l)(n—Z) (Hec(n—l)(n—Z) H - Heeen(nfl) “)2

2K (n—1)Ken(n—
From Lemma 2, Kg—ijm-2 < K”("l)i"”("“ Yn <0

n(n—1) T Ken(n—1)
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Convergence Analysis (Chain Type)

Lemma 3
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2K;i—1yKei(i-1)

i) Reilo) hene; <0, i€ {3,--,n — 1},
K1) +2Kei(i-1) { }

If K(i1)(i-2) <

(Proof) Completing square yields. (omit.)

5

=i

=i

o

w2

S

A
(7

<

A

o
N
\ ,l'/l
i

X

Chain Type

ThusE, =0 — E, = 0.
(Invariance Principle)

This means attitude synchronization in the sense of (2). O
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Convergence Analysis (Spanning Tree Type)

Assumption
(A6) Spanning Tree Type Visibility % 7 ia 1
% 4 L ’ H
Similar Approach e %’ %3

(Only take care of indices of rigid bodies) 5/ Spanning Tree

Theorem 2 (Visual Attitude Synchronization)

Consider the n rigid bodies with visual motion observer represented
by (1) and (4). Then, under the assumptions A1, A2 and A4-A6, the
control input (5), (6) achieves attitude synchronization in the sense
of (2).

(Proof) Omit.
Extension: Desired Relative Attitude

Control Error: e80ecii ;= ¢=80aij g&0ij
Tokyo Insttute of Technology _mmmmn

Simulation

Initial Condition
pu1 =1505]" £0,,1(0)
Puz=1000]" €02(0) = [0 0 0]
Pus=[00 =57 €0,s3(0) = [o -z o]T
)
)

Pua=1-500" €00
Puws =[50 — 107 €6,5(0
Gain

Kij=3,K.ij=5"j € Njyi € {2,---,5}

02

o .. . f ..
o f\ feuz o 913?4
[ 04
o] \_ o
R — . B
-
oo 04
N Y
g -

Outline
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Convergence Analysis (Mutual Visibility Type)
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Mutual Visibility

2 Rigid Bodies
b 1 [—efleaz g 013 0 0 Tre1 Tg]
ecl o wl
b 0 L1 g @ 0L ,b 0
CeerT [ — v € © 3 N
b — 0 I} Ad—— 0 1/b
711’(312 Y Y “"‘(gm‘m) 4 WeT2 V'1?72
O O
LVee21] 0 0 —Adg | Lte2t Vo1

Energy Function:
By = ¢(e%ee12) 4 ¢(e*%1) + E(geer) + E(geear) (9)
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Convergence Analysis (Mutual Visibility Type)
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Differentiating (9) w.r.t. time
E2 = E(geCIZ) + E(QSCQI) + E(geeIZ) + E(95621)

= (sk(ec12)Y) Tl + (sk(e¥e21)V) Tl g
‘+6312Ad(e59ee12)‘/:812 + ez;lAd(géegezl)‘/e:l221

_ T b T b T T T T
= T€e1aWyl T €e21Wy2 T €elalel2 — €eaiUe21 T Ecialuwel2 T €oo1Uwel

T b T b

teer1oAd enoiny Vir + €ea1 Adéo,an) Vi

I, 0 0 - 0 Wi
0 I 0 0 —I b
== [5312 el €ia 6321} 0 03 I 0 N 77322
‘ =: r_f |_O 0 0 Is “_’U«z21J

— NT =
=: N, tu2

b b
+€Z12Ad(céemg>vw2 + 6321Ad(céew21)vw1
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Convergence Analysis (Mutual Visibility Type)

Control Input K ask(e€0eerz)V

Koysk(effeca1)V KioIy 0 0 0

_ . 0 . 0 Kolz 0 0

‘uQ = Ko Nseo Keizee12 — Kera Lk(e:‘au.z)v] Ky = 0 0 Kepls 0
9 il 0 0 0 Kenls

‘ lk}mcrel — Ken [Sk(eé”““‘)v“

By =l NTKyNoes + pineésm@Jr (sk(e80ec12) V)T Ky k(e€0ec )V
+PZa21359""2 ”ﬁ;l + (Sk(efg(-c'zl)V)TKlzsk(efsq m)v

(ADpb; =0, i€ {1,2}

E T NT 1 N 4 1 1l E0ecta AT 1 f EBecan\V o 1r (3 ( EBecan \WAT 1 ¢ £ o NV
2 = ey Ny Kalaea + Kon(sic(e™2) ) ske(e®=24 ) + Rip(sk{e*==2)") Tsk(e=2)

+ Appendix
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Convergence Analysis (Mutual Visibility Type)
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By < 5 Kuallewnl = 5 Kalleenl + 3 Kallecensl + & Kaolecen
*Kel2(‘|6612” - Heeel2‘|)2 - Ke?l(He(ﬂl” - Heee2l‘|)2
—gFalecl = lecensl)? = 3 Kanlectall = leceu])?
Candidate

1 1
Y12 = _§K12H€(:12”2 + §K21H€ee12|\2 = Keiz(lleciz|l = ||€ee12|‘)2

1 1
Pay = _§K21H€(;21”2 + §K12H€ue21”2 - Ke.21(||€<:21\| - ||eee?1”)2

k12 <0 K2 > 4K9 o
Contradiction!

fp21 <0 Koy > 4K

| It is difficult to find the gain condition where E2 uniquely decrease. |

_nmmmn
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Convergence Analysis (Mutual Visibility Type)

Direct Calculation
. 1 1 1 1
E, < —§K12H€c12||2 - §K21H8021H2 + §K21||€c(512||2 + §K12H€ce21||2

H6e521“)2

- e12(\|€c12|\ - \|€eel2\|)2 - KeZl(He(:Ql” -

1
—§K12(H€c21|| — llecer2ll)® — §K21(H€c12|| = llecean|l)?

Kotllecerz|® + Kizllecear || < V(12\|8c12||2 + Kotllecan ||
+2Ke12(||6c12|| - ||6ee12||)2 + 2Ke21(”6c21|| - ”eee2l|])2

HKia(llecall = llecerzl)? + Ko (llecizll = llecez|l)?

Hfic12|| ~ Hez:21” ~ He(:eIQH ~ Heec'zl“ s s -
Wh the condition is fragile
en {Hech” > He(:(:12||7 Hel:QlH > Hecc21” ’ g

Relative Amplitude
The above condition depends on relative amplitude.

Difficult to find boundedness like |leci2ll < | Future Work ﬁ
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Simulation
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A 1
1 ‘7/? ------- _ \\,/\ 09
%23 Mutual Visibility Z:

Initial Condition _
T T +°05

Pw1 = [0 0 O}T few](o) = [0 — E ()]
T [ 1 9. 17
Pu =[500° ey o) = [o %” 0}

(€ce21, €c21)

1

Gain 02 04 el 06 08
Kij=3,Keij=5"j € Niyi € {1,2} Want to find boundedness!

18
16|

14)
et
1

& 08
06

o 60122
0.0058 # 0

o
% 59125 4 6 0 i0 % z L 0 To
time (5

time [s]

Tokyo Institut

Outline
Tokyo Institute of Technology

* Introduction

* Problem Setting

= Convergence Analysis
- Chain Type Visibility (Information Structure)

- Spanning Tree Type Visibility

= Difficulty of Convergence
- Mutual Visibility

* Future Works

Tokyo Institute of Technology

Future Work
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Future Work

* Experiment
* Linear Velocity, Lead Rigid Body’s Velocity (¢, -norm Performance)

* Boundedness Analysis of Mutual Visibility
* Convergence Analysis of Multiple Visibility

(Linear Velocity)
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(Multiple Visibility) m




