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Cooperative Control

m Objective
o Achieving specified tasks in multi-agent systems

m Motivation
O Interests in group behavior of animals
o Engineering applications (Sensor network etc.)
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Cooperative Control

m Major problems

o Consensus problem

to reach an agreement regarding a certain quantity of interest that
depends on the state of all agents

o Flocking problem
to make all of agents’ speeds be the same

to make all of the agents’ attitudes or poses (attitudes and positions)
be the same

o Coverage problem
to spread out agents as much as possible (efficiently) over a given area

And so on
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Kinematics of Wheeled Robots
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8; : Rotation Angle

Vi, W; : Body Velocity Wheeled Robot
N: - Setof Neighbors (Mobile Inverted Pendulum)
i

World Frame Xi

Tokyo Institute of Technology Fujita Laboratory

Information Graph Structure

m Information graph structure is expressed by the
digraph, and there are some classes of them:
o Fixed
Topology of the graph never changes
o Strongly connected

The graph contains a directed path from i to j and a directed path from
jtoifor every pair of agents u,v

1@4_@2
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Attitude Synchronization

m Goal

To achieve attitude synchronization of the system with n
wheeled robots:

v =vj, im (6; —0;) =0 Vi,j
m Proposition

Under the follower assumptions, this control inputs achieve
the attitude coordination:

Control Input: Assumptions:
{ % = V(i) = 6:(0)| < T Vi
—_ - T Pa— .‘ x .
wi = ki Zj sin(0; — 0] 5 € Ni|| o information graph is fixed
Relative Attitude of neighbor and strongly connected
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Information Acquisition

m Early in the study, the method of information
acquisition is not studied sufficiently

m Recently, information acquisition have
been studied intensively [1] [2] [3]

[11 Nima Moshtagh, A. Jadbabaie and K. Daniilidis ,

“Vision-Based, Distributed Control Laws for Motion Coordination of
Nonholonomic Robots”, 2008

[21 Nima Moshtagh, N. Michael, A. Jadbabaie and K. Daniilidis,

“Vision-Based, Distributed Formation Control and Flocking of Multiagent
Systems”, 2005

[3]1 René Vidal, O.Shakernia and S. Sastry,

“Omnidirectional Vision-based Formation Control”, 2002
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Information Acquisition

m Problems of the earlier studies
o They rely on only the image-recognition techniques

o They have not considered dynamical characteristics of the
camera and the target sufficiently

. =

m In this study, | design the visual observer to estimate
the position and the attitude of the target object
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Formulation

m Relative position and

attitude of the object
from camera (p,R) : )
T Object Frame Ba
P= ch(pwo - pu;c) . oo
— BT ea—
R= chRwo (pwo, Rwo) ' H (p,R)
. [I] Camera Frame
D: y

World Frame
sinf cosé

=
i

cos@ — sin 9]
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Formulation

m Body Velocity

%)

World Frame
v, A:
Ve = wc:| : Body velocity of camera mWedge /:
e 0 —
= [ ] =Wuw
w

U,
Vo, := | °|:Body velocity of object
Wo 0-1
w=|] 5| =Ry
._ | P| :Relative body velocity
V=
mVee V:linverse Operatorto A

of object from camera
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Perspective Projection

m Perspective projection is Image Plane
defined by the following (xy)
equation: \ 3
f=°z
Y

Camera Center X .
m The reason why the A :FocalLength

image planeis 1D:

In the inverted pendulum or
the vehicle, the vertical
coordinate is affected by
the uncontrolled motions
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Visual Observer

Vo

“+ RRBM [&
Image Jacobian &

Camera

a0 —

Camera Image

EsRRBM Camera Model

F—edo—]

Estimated Camera Image

Block Diagram of Visual Observer

RRBM: Relative Rigid Body Motion
EsRRBM: Estimated Relative Rigid Body Motion
Image Jacobian: Matrix describing the relationship between the image
information error and the estimation error
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RRBM

m RRBM represents the relation between the body
velocities of three coordinate frames

m [tis calculated from temporal differentiation of (p, R) :

RTp RT RTW
V=] =[5 v

Ve
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Passivity of RRBM

m Proposition 1
If the target object is static, i.e., V,=0,

5[5 )

(RTR)Y 0 1
Then, the following inequality holds for the above equation
where 7 is a positive scalar

sk(R) := %(R_RT) _ [ 0 —sina]

sind 0
er(R) :=sk(R)Y =sind
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Passivity of RRBM

® Proof

Consider the positive definite function
1
v, = 3lIpl? + (R)
where ¢ is the error function of the rotation matrix:
#(I)=0
$(R) = eR(R)(RRT)" = ex(R)(RTR)Y

Temporal differentiation of V:
Ve = p"p + eR(R)(RTR)"
= pRRTp + eL(R)(RTR)Y
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Passivity of RRBM

= o7 ] [ 3] [y
e 89 [
=~ [p" eR(R)] [é uip] Ve
= — [p” &(R)] Vo =TV = (Vo) Twe

T T
=) /; (Vo) Tvedr = /0 Vidr = V,(T) - V,(0)
> —V,(0)[> —2 O
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Camera Model

m Assume that the target has m feature points
o The position of feature point i in the object frame:

Poi = [";Of] i=1,2,...,m

0ot
o The relative position of feature point i in the camera frame:

Tei .
pci:[m]:Rpoi"_p i=12,...,m

Yei

. =

Object Frame
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Camera Model

m Perspective projection of pg; :

A
fi=—xu
Yei pc
Pc1 fi
pe=|: | £=1|: A P
Pem fm
Camera Frame
lpoi (i=1,2,..,m)
(p,R) - Ppc - f
4 Relative Feature .| Perspective
Points Model "] Projection

Camera Model
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Estimated RRBM

® RRBM in the observer
m We choose estimates (#; R) and V of the RRBM,
respectively as
- R™p RT RTwp
- [(RTE)V] - [ 0 1 ]‘““e
m The new input u. is to be determined in order to drive
the estimated values to their actual values

Ve lue (p.R)
— ESRRBM —

Passivity of Estimated RRBM

m Proposition 2
If there is not input, i.e., u,=0,
= RTp RT R™Wp
V=] =[5 17w

Then, the following inequality holds for the above equation
where 7, is a positive scalar

T T 2 P
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Passivity of Estimated RRBM

m Proof
Consider the positive definite function
1,_ _
Ve = 3119l + $(R)

Temporal differentiation of V:
Vi = oD + 4 (R)(RTR)Y
=...= (V,';)Tllel

T T
T _ T dr — Vo(T) — Vo
=) /0 (V) Twirdr = /0 Vedr = Va(T) - Vi(0)
> -V;(0) > —7; O
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Passivity of Estimated RRBM

m Proposition 3
If the camera is static, i.e., V=0,
_ [ RTp
V = —_ = = U,
[(RTR)" ‘
Then, the following inequality holds for the above equation
where 7, is a positive scalar

T 2 — L
/(; Ue VeadT 2 % Ver : [6R(R)]
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Passivity of Estimated RRB

m Proof
Consider the positive definite function

1,_ _
Vi = S 11B11° + 9(R)
Temporal differentiation of V:
Vi = 57h + ch(R)(RTR)

= ... = ufyez
T T |
=) / ulvepdr|= / Vidr = Vi(T) — Vi(0)
0 0
> -V:(0) > - O

Estimated Camera Model

m Similarly to camera model, modeling the estimated
camera model in the observer:
_ [ = _ = A
Pei = [_cf] =Rpui+P fi=_—%u
Yei Yei
ﬁcl fI
Per=| i | fi= |
p_nm. fm
poi (i=1,2,..,m)
Relative Feature pc‘ Perspective f
Points Model Projection

Estimated Camera Model
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Image Jacobian

m Image Jacobian represents the relationship between
the image information error and the estimation error

m The vector of the estimation error is given by

e. = Pee DPee = I?T(p - ﬁ)
°7 |er(Ree) Re.:=RTR
Estimated Agent

Observed Agent

“p

Agent §

World Frame

Image Jacobian

m Relation between the actual feature pointiand
estimated one is expressed as
(Pei —Pei) =R[I Wpoi] ec
m Using a first-order Taylor expansion approximation,
the relation between the actual image information
and the estimated one is expressed as

fi—fi= [g':,- _'\_;gf‘] (Pei — Pei)

= [gi‘_ —A—;gf_'] R [I me'] e, = Jiee
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Image Jacobian

m Hence, the relation between all the feature points on

the image and the estimation error is expressed as
J
_ Ja
f—F=Je. J=|.

I

m If Jis full column rank, the estimation error can be
uniquely defined by the image feature vector :

ee=J"(f - ) =" NI - )
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Estimation Error System

m The estimation error system will be derived in the
same way as RRBM, and it is calculated from temporal
differentiation of (p,,, R..) :

_ Rz;zl’ee o RT RT Wpee
Vf-ze = [(RZ;REB)V - 6e e 1 Ue +‘/o
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Passivity of Estimation Error System

m Proposition 4
If the target object is static, i.e., V,=0,
V.. = Rg;_i)ee — Rg; R;I;eWpee u
e (RZ;Ree)V 0 1 b
Then, the following inequality holds for the above equation
where v is a positive scalar

T
/ uT (—eg)dr >~
0

Passivity of Estimation Error System

m Proof
Consider the positive definite function

Ve = 5 1Pecll + 6(Rec)
Temporal differentiation of V:
Ve = Pobee + €f(Ree) (R, Ree)¥
=...=ul(—ee)

T T
=) /(; ul(—e.)dr =/0 Vedr = Vo (T) — V(0)
> —Ve(0)> —* O
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Estimation Error Feedback

m Based on the above passivity property of the visual
observer, we consider the following control law
u. = Kee,
K, := diag{ke1,ke2,kes} > 0 (Positive Definite)
m Proposition 5

If V,=0, the equilibrium point e,=0 for the visual observer is
asymptotic stable

Estimation Error Feedback

m Proof
Consider the positive definite function

Ve = 5 Ipecl? + 9(Rec)
Temporal differentiation of V:
Ve = PrePec + €fy(Rec) (R  Ree)”
=...=uf(—e,)

) |V, = (K.e.) (—e.) = —eTK.e, < 0

(ee#0) O
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Visual-Feedback Cooperative Control System

Vi

Camera
Image Jacobian &%

EsRRBM Camera Model
'

Block Diagram of Agent i
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Setup

m Assume 3 agents on the field

o Agent O: It has 3 feature points
Control Input:

Vo = 14
wo = cos At

o Agent 1, 2: They have camera "
Control Input: PR 0
=V .
{ T & i=1,2
w; = sin B;

@0 : Estimated relative attitude 4 k
of agent 0 from agent / 1 5

Simulation Result

Visual-Feedback Cooperative Control

20m

ol.l.
LY

0

Camera Image 1

Camera Image 2

Estimated Camera Image 1

Estimated Camera Image 2
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Simulation Result

. 4 2
s s s
2 2 '
1, J7a i, I Ee
£ | £ fal
2 2 -t
s s s
* 1 2 3 4 5 & 7 40 1 2 3 4 5 & 7 8 -20 1 2 3 4 5 6 7 8
Time [s] Time [ Tine[s
£ 8 Estimated Agent
? A B Observed Agent
o
P Te _
p De = =P—D
_ye W Agent1
0.:=0—-10 H Agent2

Camera Frame

Simulation Result
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Theta [rad]
o

Time [s]

Attitudes

3 W Agent0
W Agent1
l Agent2
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Summary

m Attitude synchronization problem
o Achievement of attitude synchronization requires
neighbors’ information
m Visual observer

O By the use of visual observer, the position and the attitude
of the observed agent can be obtained

O The estimation error system has passivity
m Simulation
o We confirmed the effectiveness of visual observer

o Attitude synchronization is achieved by use of the
estimates of visual observer
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. Future Works

m Verification experiment
m Proof of convergence

.
Image Data o '<L/

Receiver

e-nuvo WHEEL
with Onboard Camera Controller (PC)

: \ I ‘_ Contral Input
H N

Wireless Communication Device
(Wiport)




