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B (Cooperative Control

*Cooperative control is a distributed control strategy that achieves
specified tasks in multi-agent systems.

*It’s been motivated by interests in group behavior of animals,
formation control of multi-vehicle systems and so on.

«It is hoped to be applied to sensor networks, robot networks and
many other multi-agents systems. i :

Automated Highway System
hitp://www.its. o jp/ITS/

Flock of Ducks

http://www.flickr.com/photos/
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EQutput Synchronization
*Output synchronization means that all of the agents’ output become
the same.
This can be applied to the docking control of setellites, tracking
control of multi-vehicle system and so on.

EPassivity-based Output Synchronization in SE(3) [1]
*Output synchronization in SE(3) means that all of the agents’
positions and attitudes become the same.

*Consensus problem[2] and flocking problem[3] are included in

reference[1].
[1]Y. Tgarashi, T. Hatanaka and M. Fujita, Output Synchronization in SE(3) -Passivity-based Approach- ,
Proc. of the 36th SICE Symposium on Control Theory, 35/38, 2007.
[2]R. O. Saber, J. A. Fax and T. M. Murray, Consensus and Cooperation in Networked Multi-Agent Systems,
Proc. of the IEEE, 95-1, 215/233, 2007.
[3]N. Moshtagh and A. Jadbabaie, Distributed Geodesic Control Laws for Flocking of Nonholonomic Agents,
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IEEE Trans. on Automatic Control, 52-4, 681/686, 2007. ﬁ
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WPassivity-based Output Synchronization in SE(3)
Information of neighbors’ relative positions and attitudes is necessary
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B Cooperative Control System with Visual Sensors
emounted camera (local camera)
— Each agent can have its own “eyes”.

— autonomous agents system 7

How can we calculate relative positions and attitudes between
each agent and its neighbors by using cameras?

_mma
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WVisual Feedback Observer [4, 5]

*Visual feedback observer can estimate relative positions and
orientations between camera and target objects.

*Our goal is realize the autonomous agents system by applying visual
feedback observer to mounted cameras.

[4] M. Fujita, H. Kawai and M. W. Spong, Passivity-based
Dynamic Visual Feedback Control for Three Dimensional Target
Tracking:Stability and L2-gain Performance Analysis, IEEE Trans.
on Control Systems Technology, vol. 15, no. 1, 40/52, 2007.

[5] HEHE, RHIEICEIERIASHEDIRTHIHERL
Ta—R X, #RKFELR, 2005.

TargeNObject X,
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W Introduction
BVisual Feedback Observer [4, 5]

*Application of visual feedback observer to cooperative control system
with mounted camera (eye-in-hand configuration) is a little difficult.

to make the problem easier
I’1l apply visual feedback observer to cooperative control system with
bird’s-eye camera (fixed camera configuration).
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Robot
Manipulator.

L Note : Our goal is the autonomous agent
World Frame  SYStem with m.ount.ed f:ameras (dlsm_buted).
This system with bird’s-eye camera is mere

= Guo

first step towards the goal and not distributed nl
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*Agents’ Kinematics P, € R’ :position

D= pbuib e € SO (3) :attitude
Pui=e€mv, v?. e R* :body linear velocity
Py s b 3. 1
Cui — i . !, € R’:body angular velocity
¢ =eT O (=12.m) " g,
v, = ( Dui e( wi )6 S, E(3) ) £ eR’ :rotat?on direction
6., € R :rotation angle
X A
Y. . X; Agent Frame b9 ] 0 -0 o
WA Z o =lo 0 -
Camera Fram\é*z . @y -0, o 0
e Y ¥, ¢
S P _|e" Pu
N 8w =
e ™ 0 1
we gy z,

:homogeneous representation

Ag:ethlEme pH i
; / of g, =(p,.e")eSEG

g wi,ci :jth agent frame seen from
world frame, camera frame

World Frame 2,
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agent
l

undirected graph

*Information Graph
- Fixed : A topology of a graph
does not change.
- Balanced (undirected or cyclic)
: In-degree and out-degree
are same. ...(As])

*Neighbor: N, :={j|jeV:(i,j)e &}
Agents connected with agent

*Graph Laplacian : Zl i=j

l
JeN, /
L=[L;]=4-1 JEN, @

0 jeN,

cyclic graph m
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Problem Formulation
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Y, X; Agent Frame 3,
. i 2

Camera Framé.E

World Frame 2,

to make the problem easier

«[ assume that world frame and camera g Z
frame are the same. That is

2. =2
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Probelm Formulation

*Control Objective

- Output Synchronization in SE(3)
: Make all of the agent outputs (position /attitude) be the same.

lim(y'y,)=1, Vi,j
[—300
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*Review
*Visual Feedback Observer [4, 5]
*Output Synchronization [1]
*Output Synchronization with Visual Feedback Observer
*Proposal of inputs
*Convergence Analysis
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BVisual Feedback Observer [4, 5]

Visual Feedback Observer i

V)W. Camera D (k=1,..,m) f
- 2
wac =0 M Yei +Relative Feature| Peik Perspective|
RRB Points Model Projection |
Cei -
JNf-f) | I -
cUief) [<——{Image Jacobian
A
ci Camera p;, (k=1,..,m) 7
gm', |R H T? ik i ‘
L, | elative Feature| “cik [Perspective|
EsRREM |P<>ints Model Projection
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w

Analysis
BVisual Feedback Observer [4, 5]
Input to ESRRBM
u,=Ke, (2
K 0
K@ = ev e R6><6
0 K,
K, =diaglk, .k, .k, e R k, >0
K, =diagik,,.k,,.k, L€ R k,,>0
oty -
Peei =€ (pci pci)
ol = gFa gl : estimation error
Peci + 7
e. = 5 =J. (f—f
ei |:Sk(€{m )v:| i (f; f;)

w
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BVisual Feedback Observer [4, 5]

*Estimation error e,; is asymptotically stable with input (2)
when Vji =0 .

Tokyo Institute of

1 R
Vossi :E | 2o H2 +¢(e{m)

Vopsi = peTcipeei + ¢5(e;m)

= (uei )T (_eei )

_ T
=—¢,K,e,<0

_ P{ei
‘ eq(= |:sk(e§”’ )Y :|) —0

mmmﬁ
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HQOutput Synchronization [1]

Analysis

*Velocity Input
b i =D
V‘Z _ Z e 0 P ) P},‘ (i=12,...n)
a,, jen| O 1 Sk(e_g‘“e ")

*Velocity input (3) achieves output synchronization.
n 1 s
Vo= 245 PLP +9(e))
i1

VS)’” = z {p::xpm + ¢(€{“" )}
i=1

=... . -1 _ -
<0 ‘ lim(y;"y,) =1, Vi,j

w

Tokvo Institute of Technolog




W Analysis

B Structure of Agent ; with Observer ( Bird’s eye camera)

Visual Feedback Observer i

Vo Camera | Py (=1,..,m) P

w70 | e e [Relative Feature] Peit [Perspective
Points Model Projection
%)
ei
; -
Image Jacobian
P ——
2) Camers )y (=L) 7
= i
[Relative Feature| Peit [Perspective
[Points Model Projection
% Velocity Input @
— b
wj p i 3 3 Jui
Velocity Input P Kinematics f——>

(©)
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BProposal of Inputs

Input to ESRRBM
ue[ = Keeei (2)

KL’V 0 6X6
K, = ER
0 K,

K, =diaglk, .k, k,}te R

ev?

K, =diagik,, .k, .k,}€ R

k, >0
k,,>0

*Velocity Input

Vb- e*fm 0 ﬁuy' - ﬁwi
wi | _ Y (=120 3
|: b:| Z Sk(e—f\we{w) ( )

w, JjEN; 0 I

wi
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M Analysis of Output Synchronization
<] analysed synchronization of agents’ position and attitude separately.
« I have proved that position synchronization is achieved already, but
have not proved that attitude synchronization is achieved yet.
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M Analysis of Position Synchronization

Input (2), (3) achieve position synchronization when the condition
(K, ®1)-(L®I,)=0 is satisfied.

Proof:
Define the energy function as follows.

S 1
V=D o pea IP +5 1 I
= 2 2

Observer Output Synchronization
Diffegentiating this energy function yields

V= Z {peTeipeei + p;ipwi} = ﬁ
izl
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M Analysis of Position Synchronization
V= Z {pZeipeei + pzipwi}

i=1
\ ¢
— T oCeiy,b -
- Z {pﬁcie Veei + pwipwi}
i=1
eei

n ” a 2
= Z {pT et (_[e{m —et Peei ]uei + vfui) + Pﬁ,-l'?m-}
i=1

n s

_ T T Ceiq,b T

= Z T PeiK o Pt + Dok Vi ¥ Pri P}
i=1

Z {_peTeiKevpeei + 2p17¢->ipwi - ﬁ::ipwi}

w
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M Analysis of Position Synchronization

V= Z {_peTciKevpaei + zp»Tvipwi - ﬁfzpm}
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i=1

Define Pwo and Pee as stuck vector of Pwi and Peei  as following.

P Peear
pWO :: .: pee :: :
pVVVl p@ﬁ'n

Then usingPwo and Pec, V is rewrited as

V=DK@ L)Pe + 2P0, Py = ProPrs .4
where ® denotes the Kronecker matrix product.

A4,\B - A4,B
* Kronecker matrix product A4® B = :
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B Analysis of Position Synchronization
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Using graph Laplacian L , P, is expressed as
| X (B =P
Pw=| + |= : =1p,,
v, || X (=P ~)
Substituting (5) into (4) yields
V=-p.(K,®I)p,~2p, (L®L)p,, +p,,(L®L)p,,
=~(pl, ~ P (K, ®L)~(L®L)}(p,, = P..)
-, (L®L)p,,

w
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W Analysis
M Analysis of Position Synchronization
V=~(py, = Pu (K, ®L)~(LOL)}(p,, - P.,)
-p,(L®L)p,,

If the condition (K,, ®1,)—(L®1;) =0 is satisfied, the first term
satisfies

—(Pye ~ P )UK, ®L) = (LOL)}(p,, ~ D,,) <O

Then by the positive-semidefinite property of graph Laplacian L
V<0 ( - balanced graph)

Tokyo Institute of Technology

Define set £ as
E={p,eR p,eR Yie{l,. . n|V=0}

W Analysis
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M Analysis of Position Synchronization
Because of the following property of graph Laplacian
1
L:|=0
1
set E can be rewrited as follows.
E={p, R, p,eR “ie{l,..,n
| o =0 Vi {l,...,n} and p,, =Dy Vi, je{l,...,nt}

Then by LaSalle’s Invariance Principle, it is proved that estimation
error is assymptotically stable and position synchronization is
achieved when (K, ® I,)—(L®1;) 20 is satisfied. |
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M Analysis of Position Synchronization
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Sufficient Condition
(K, ®1)-(L®I1,)=0

- Bigger A, , faster convergence.
- Bigger A,,,, shorter time-delay limitation.

* limitation of time-delay [6] : = %

(* in case of undirected graph) max

[6] R. Olfati-Saber and R. Murray, Consensus Problems in

Networks of Agents with Switching Topology and Time-Delays,

IEEE Trans. on Automztic Control, vol. 49, no. 9, 1520/1533, 2004,

7] Y. Igarashi, Consensusfé BB 4T FIIBERISDULVT, FLO6_12_2, 2006.)

[
- K, have to be sufficiently large to estimate
agents’ position promptly.

M Analysis of Attitude Synchronization

*] have not proved attitude synchronization yet. ﬂ
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Simulation

MProblem Formulation for Simulation
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z. A Input to ESRRBM
- observer i }4— Vi
= o' MaTKer g
velocity input i i
] BT P—

b "ﬁ, _ e’f“
m.(—{w\?l}—;[ N

observer J

velocity input;

b
Vi

=" o'

. agent j

Simulation
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EProblem Formulation for Simulation

*Number of Agents : 4 agents
* Initial Condition :
Pa@=[0 0 2] ¢, =0 0 of
AT

pa@=[t 11 ;‘,,w){o 0 7]

Pa@=[11 2] ;,;«h{o ,g }

@< -1 1T L0111
o= 0 2 Z,0=[ o of
.= 0 2] Z, 0= o of
P.0=[0 0 2] Z,©0=[ o of
o=l 0 2 Z. = o of

*Graph: B B B
agent \—>( agent \—>( agent _)(,_qflnl
0 J&e— 1 )=\ 2 |j=—\ 3
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«Simulation Results
- Output synchronization is achied whenK, = 5x/; >3.55X [
- Output synchronization is not achieved whenK, =3x 1, <3.55%

_mmu@
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I 2y l Simulation I T l Simulation
Tokyo lnsttue of Technalogy Tokyo Institute of Technology
EWSimulation Results : K, =5x/ WSimulation Restllts o K =5x1 Ko X
4 B 0 0% = tq
‘ pro agen
2 Saent 0 seentl
o O s —— agent2 Y agent2
- agentd 0 2 4 agent38
sk(e®w)” Y
o 05 1 15 2 1
: sk(etu) 0
-~ agentd = amm - : -1y - )
sk(e®w)’ Z
[ — 1
o .
-4
0 . 0(5 1 15 2 —10 2 n 6 ]
Estimation Error —agenw Attitude Error Vector
= it
25— agent2
——agent3
2
NS /
! -1
0
08 -1 0 . 1 Position
X
Tokvo Instute of Technology Tokvo Insttne of Technolog
Simulation Simulation
e ———— Tokyo nstitteof Technolagy Tokyo nsttute of Technology
ESimulation Results : K, =3X/ ESimulation Results : K, =3x/ )
4 Peci | sk(e®w)’ X N ;
0 ntl
2 :::::1 0 :::ml
o . e - agentd] - agent2
d agentd 0 4 6 agentd
sk(e®w)’ Y
% 2 4 6 8 k
ok(efee) 0
4 -1
2 0 4 6 8
sk(e®w) Z
] S .| 1
- 0
-4 A -1
o L2 4 6 8 0 2 4 6 8
Estimation Error ‘ “ Attitude Error Vector
== ) U
25| — agen
——agent3
2
NS
! =1
05 [ P e
3 T ; [ osition
okvo losiiute of Technology _mm& Lokvo Institute of Technolo
Simulation Outline
Tokyo nstitteof Technolagy Tokyo nsttute of Technology
ESimulation Results _ _ ) )
'{yw»é& yf‘ni\ \—> éymr —>/ ayl'n>
( o A )
. .. A s N_/ W Pl
Sufficient Condition - - - -
Assume Lo
* |- 2 -0 Introduction
K, =kxI;, k>0 =lo -1 2 -1 .
ev *Problem Formulation
-1 1 .
Then 00 *Analysis
(K, ®I)-(L®I,)20 k=355 *Simulation
*Experiment
K, ®I)-(L®I,)<0 k<3.55 -
(K., D= ( 3) *Conclusion / Future Works




W Experiment

BModification of the Esperimental Environment
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*Double Bird’s Eye Camera System

ZTw
Yu

=g g
/ = , Iere2™9e109 " c20
/ E

y / %/ / /\ camera 2

‘ camera | F Ty f?}
. Yar Jeag,
Largen sencing field / N \

= ety

T /- Yezaz
Vo /. ma hlatiou

agent 1 ,97' P /

T
/ 2

y

How can we know the relation of each camera’s coordinates?
Tokvo Instute of Technology mmﬂ

e, T

W Experiment
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EModification of the Esperimental Environment
*Double Bird’s Eye Camera System
- Using visual feedback observer, two cameras estimate the
configuration of common marker (8eci mark,8c2 mark ) -
Then we can calculate the relative configuration between cameral
and camera2 (£, .2).
) ym o108 20

camera 2
camera | Ty
gmm o 757

\g
17
agent | y
%o

Tokyo Institute of Technolog

Experiment

EModification of the Esperimental Environment
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*Double Bird’s Eye Camera System
- Problem : S-function block dosen’t work when Simulink model is
built and implemented into dSPACE.

— build ~ A/
Simulink model orror dSPACE

bug(?)
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EConclusion
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*As a first step toward the autonomous agents system (with mounted
camera), I study on output synchronization with bird’s eye camera
system.

*Position synchronization has been proved.

«] validated this results by numerical simulations.

*Due to some problems, I have not performed experiments yet.

mmﬂ
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Future Works
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EFuture Works

«as soon as possible

- remove bugs and make experiments on output synchronization
with bird’s eye camera

enear future
- proof of attitude sunchronization with bird’s eye camera

future
- proof of output synchronization with mounted camera

- experiment on output synchronization with mounted camera

w
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*Note : Notation is different in some part.
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Visual Feedback Observer -Outline-

HQutline

®Relative Rigid Body Motion
®Camera Model
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®FEstimation Errpr System

Camera
Py (i=1...m)

P-R)| | _[Relative Feature| Pe | Perspective
| Points Model Projection

I

.

u= [”w} Estimated Camera Model
P (i=1...m)

Estimated | (P.R) | [Relative Feature| Pe_| Perspective
RRBM Points Model Projection

i

Visual Feedback Observer -RRBM-
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HRelative Rigid Body Motion

Image

> :world frame Camera

2

Robot
Manipulator

Z‘ :camera frame
za :object frame

b 9eh
8y = (Pupre™) z T
fs \ " Gue
=\ Pa| eSEQ®) )
0 1

:configuration of a frame Zh
relative to a frame )

o o
8o = 8we8wo Target Object

L o
8eo = &we8wo T &we&wo

_ -1 . -1 -1
=88 w&we&wo T &we&wo (1)
Tokvo Institute of Technolo:

Lok s of Techpolop
Visual Feedback Observer -RRBM- Visual Feedback Observer -Camera Model-
Tokyo Insttate of Technology Tokyo Institte of Technology
HRelative Rigid Body Motion ECamera Model
~ 5 — ol -1 -1 -
Vi =gilg, 8o =8 ue&uc&uc&uwo T &ue&uo (1) P, € R® :position vector of the i-th
b be =Plg +g. Vb feature point relative to 2,
=|¢ "¢ € " Pa P = ol P, € R® :position vector of the i-th
0 0 w0~ 88 feature point relative to 2,
_ _olph b
" vsb =-8,V80 Vo P = [xci Yei Za
ab =| — ) P
@Dy 7 7 . 8eoPoi _Tmage Plane_
V:=—=Ad V. +V.  :RRBM model P
75 . co (g.,) We wo _ [f ]T .
_| € by . 2 fi=Ua S 2y Yo z,, z,
(e—inhe-ﬁnh ) Ad, = e Pu :perspective projection of ey Yo
o 0 e the i-th feature point onto World Frame

Vb e se(3)

b
: loci Vo
Ve RS body velocity y [l} '
V= ;
vbb € R® :body translation velocity e 7
’ —  — o RRBM — >
@), € R® :body angular velocity

ZLokvo Institute of Technology

. Target Object
the image plane 8 d

i Camera
_ A Xei vib | vue l"“"” lrm(r 1...m)
Ji= o P
cature! 2

[ RRBM | r
P P (Y O A |
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I ml Visual Feedback Observer -EsRRBM- IfX’ l Visual Feedback Observer -EES
— Tokyo Institute of Technology — Tokyo Institute of Technology
BEstimation Error System
_ _ lee
b_ b = e
V= _Ad@;!)Vwc tu, : 8ee Epl“e
: =g.,8., ‘estimation error
u, :input to ESRRBM g””{.g ¢
Pee=€ " (Pey = Pey)
e = gt ghe
e, = [pT ey ef““ ]7 :estimation error vector 3 1 ¢ ~Cu\v
R R e ") =t )
f—f=J(g.,)e, :estimation error of feature point
Estimated Camera Model —
lpm(i:l...m,) i 0 - Axa,
Relative Feature| Pe | Perspective I J(g.,)= Za Eﬁz’ B [[ -D ] :image jacobian
4’{ Points Model Projection ’> e 0 i _ ﬂ,y” o
- = _
Za  Zy J@)=ble) - i)
1055 o o ek, _mmmﬂ Tokoo e Tl ﬁ

Visual Feedback Observer -EES Visual Feedback Observer -EES
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BEstimation Error System
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BEstimation Error System

)= V= ()" {( . }

e gbee )V
*take 3 or more feature points so that J(g,,) be column full rank ener)

Camera et V) =-Ad ohHe F V! :estimation error motion model |
Dy (i=1..m,
WPassivity of the Estimation Error System
|, |Relative Feature| e[ Perspective || 7
Points Model Projection , o K T,
If V,, =0, then estimation error system satisfies I u, (—e)dt=-p,

o

*5,>0

proof : Consider the following positive definite function

L]

F =l po I +9(e™) * gty = L(r—ete
u,:["“’} Estimated Camera Model ) 2 ee ] . . Pe) 2tl'([ et
o (i=1...m) differentiating ¢ with respect to time yields

- _ _ i T . T Lo
Estimated | (.R) | |Relative Feature| P- | Perspective | | | T H PeePee T €1 (e b )wje
RRBM Points Model Projection 7
= 2)
Tokvo lnsi S “Lokvo Lostitut o Teshuole

Visual Feedback Observer -EES Visual Feedback Observer -EES
= Tokyo Insttate of Technology = Tokyo Institte of Technology
WPassivity of the Estimation Error System B Estimation Error System
- = T - ., Vi Camera Dy (i=1..m)
S8, e ed, | -0 ]
= L 1@ | [Relative Feature| Pe [ Perspective | |
e ‘ RREN ‘ ‘ Points Model Projection
T
=u, (=e,)
- Image Jacobian
integrating ¢ from 0 to T, we obtain . c

JH (=TT e

[[ul (-eydz=[ %ar
=@ -TD)2-TD) =24, |

u= [L} Estimated Camera Model
“ Do (i=1..m)

Estimated | (7.F) | _[Relative Feature| Pe erspective ‘L2-oai
u, =Ke, K>0 4’{ RRBM ﬁ etats Model ’{ II)’ij()-,Lt‘ion ’“*] 7 :L2-gain
=1 <0 Choose u, = Ke, , then
Dee *Estimation error is asymptotically stabl% itV =0. 1 1
=e(= z. )—>0 «Estimation error is L2-gain stable if V,, #0, K———I1-—120
2
ep(e™) 2087 2
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