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@ Motion Coordination

+ Each agent has no global knowledge of the network state and can only
plan its motion by observing its closest neighbors.

#® Technological Motivation

For example

» Robotic sensor network: Monitoring and surveillance for safety
® PreviousWork

+ A, Jadbabaie, J. Linand A. S. Morse, IEEE TAC, 48-6, 2003

» J A.Fax and R. M. Murray, |EEE TAC, 49-9, 2004

¢ R. O. Saber and R. M. Murray, I|EEE TAC, 49-9, 2004

keywords: consensus, flocking, coverage, rendezvous, etc.
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@ N. Chopraand M. Spong, SICE 2005, CDC 2006
* Passivity-based control

« Output synchronization for nonlinear dynamics

@ N. Moshtagh and A. Jadbabaie
« Coordination in three dimensional (3D) space, CDC-ECC 2005
» Vision-based (image processing) coordination, RSS 2005

® Inthistalk
* Passivity-based control
« 3D configuration space
+ Vision-based control

[ Vision-based Motion Coordination: A Passivity Approach ]
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| | Problem Statement | | Graph Theory
» Agent Model (i=1,--,n) ® Example
b =Ry, a p.eR®  position 1 .,
R=R& R e SO(3) orientation ) 1O 2 3 4
@, 0 -0 o v e Rs body velocity Fig.: Agent mn?dei 5
S B T R®  angular velocit y
o] |~ o o] @€ 9 Y V(G)={12345}

# Information Network

Graph G : Graph consists of apair(V (G), E(G)), where «
V(G) isafinite nonempty set of nodes and Fig:Multi-Agent r’nod'
E(G) cV(G)xV(G)isaset of pair of nodes, ’
called edges.

G:=(V,E) :Graph

V :={1,---n} : A set of verticesindexed by a set of agents

EcV XV A setof edgesto represent the neighboring relations

Neighbors N, : A set of agents whose information is available to the agent i
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V(G)={1234}

EG)={(12).(23).(24),35).(45)}  EG)={12.(23).(34).(45)}

N, ={2 N, ={2
N, ={134 N, ={l3}
N, ={2,5 N, ={2
N4 ={215}

N; ={34

® Assumptions (A) (for smplicity)
Graph isfixed, connective, undirected and tree.
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Iml Goal Iml Control Input
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» Assumptions (B) (for flocking) ® Control Input
\Vi\=l Vi each agent’s speed is constant and normalized. = ZeR(RJ.) 2
jeN,
_pT . . .
® Goal 3D Alignment R, =R'R; Reativeorientation o o ol
3 2 a)l
- T
R=R Vi,j toe (R)_Z(R R) o, 0 —wl} {wz
All agents attain the same orientation. N, : Agenti’s neighbors -o, @ 0 @
@ Example 2D
cosg -sing 0O
R =|sng cosg O
OF @ @ :
e @._. e . cos(s e) ~sinl6,-4)
gl =) , \snle,-0) cods,—0)
0 0
ot R
ld - IR Ry =
Fig.: 3D Alignment “’w*ew(R;)*zﬁ RY) .
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m Example m Graph Theory
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@ Example 2D 1 @ Graph Theory
0 + adjacency matrix + degreematrix + graph Laplacian + incidence matrix
a’l:lEZN:QQ(Rq)=eR(R12)= ) 0 N1:{2} 2 3 + adjacency matrix ; A
~sin(6,-6,) 4 A 1: nodei and nodej are neighbors
wfjZNeR(Rzi):eR<R21)+eR<R23>+eR(R24) =310 otherwise
<Nz
0 N 3 + degree matrix : D
. ) 0 _ . ={134 d, d, : degree of nodei
~ SN, ~6)~Sn(@, ~6)~<in,~6) D= E degree : the number of neighbors
0 egree : g
n
@, =Y &(Ry;) =6(Ry) +6x(Ry) = 0 N, ={2.4 ® Example
et —sin(@,—6,)-sin(,-6,) 01000 10000
0 10110 03000
_ _ _ A=|0 1 001 D=[00200
0= 2&R) =R T&R)=| o N, ={23 01001 50020
‘ —sin(g, —6,)—sin(6, —6,) 00110 00002 3
Tokuolngiurod Termoin _mmﬂ L Lengony
M Graph Theory m Theorem
Tokyo Institute of Technology Tokyo I nstitute of Technology

@ Graph Theory

+ adjacency matrix + degreematrix + graph Laplacian * incidence matrix
+ graph Laplacian
L=D-A D :degree matrix A adjacency matrix
4 incidence matrix
1: ¢ =(i,k)
Bi=b,<-1: g =(k.i)
0: otherwise
® Example
1 -10 00 10000
-13-1-10 1110 0
L=D-A=|0 -1 2 0 -1/B=[0 -1 0 1 0
0-10 2 -1 00 -10 1

0 0 -1-12 0 0 0 -1-1
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§=(12 &=
(23

&=(23 =39 ﬂl

(24 e=(49

Theorem 1 Consider the n agents given by (1). Under the assumptions
(A) and (B), the control input (2) achievesin 3D Alignment asymptotically,
namely, R =R;, Vi,j, t—oo.

(Proof)
Each agent model (1) is passive with the storage function (3).

1 1
E, ::EHpIHZJrEtr(Iz—R) ©)

position term  orientation term

So, relative rigid body motion between agents is passive with
the storage function (4).
1 2 1
By =m[ +5r0:-R) @ =R'(p.-P))

relative position term  relative orientation term
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W Pr oof

Therel ative1 orientation term of (4)
4(R) =5tr(|3— R)

The derivative of thisfunction (5) along

Tokyo Institute of Technology

sk(R) ::%(R— R)

sym(R) :=%(R+ R")

trajectories of the system isgiven as &(R) =sk(R)’
4(R)=-3t(R) t(RR'9mR)
I S =tr(R R sym(R,))
RERARL _=t{ymR )" RR))
- ZrRRIR))-SURRIMR)) | =TEMRIRRD)
1 =-t(R,R 9m(R]))

- SURRR) =0

I h I Proof
Tokyo Ingtitute of Technology

Define the potential function as the sum of the relative orientation term of (4).

Ly 1 R=[R - R
V== tr(l,—R)==tr[R"(L®I,)R) (6)
22;‘,%“ R ( IR I, Identity Mairix
So, the derivative of the potential function (6) is given as

V=Y ¥ (e(R)a-€R)o)

> SR rER)e) 0 -eR®)=€R))
Sincethe: grjapﬁ is undirected, the presence of the term — e[ ( R, + er (R,
in (7) impliesthat the term —€x (R; ), +€X (R )@ dso existsin (7).
Further ~&5(R ) +€L(R ) =4 (R ) ~€L(R )y (- €L(R,) = L(R))

Consequently, the equation (7) can be written

= e(R), ( %tr(éﬁ):—aTb) o R)
T T T T :22(_%('%1')0)'*—6;(%)&)’) o= eR::|:eR. J }V(i’j)EE
= _eR(RI)RIa)I_eR(RJl)a)I ( @y =7Riw|+wj) (i€ @, :
=-el(R)a -€L(R,)o, (- Rie(R) =&(R)) al =-2¢l(B®I,) 0 @ B incidence matrix |
? Proof ? Vision-based Motion Coordination
The control input (2) can be written as — a:)l » Agent Model
o= &(R) ﬁ 0=(B®l )6 (9 w, P =Rv @
jeN; —R®& i=1---
Substitute (9) to (8). e = [eR('RJ )} V(i, j)e E R R@ (| L n)
V=-2e}(B®I,) (B®I,)e, <0 L _ » Control Input
Using LaSalle's Invariance Principle B incidence matrix @ = jszNeR(Rj) @

V=2e(B®I,) (B®I,)e,=0
(B®1,)e; =0 (10)
Sincethe graphistree, rank B=n-1 and the number of the edgesis n—1.
Theseimply rank (B®1,)=3(n-1) and e;e R*"™>*,
Hence (B®1,)e,=0 ﬁ e,=0 (11
&, =0 meansthe orientation of every agent converge to that of it's neighbor.
The connectivity then implies 3D Alignment.

[ Each agent convergesto the same orientation ]

QED. ﬂ
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R, = R’ R, refative orientation
1 v
eR(R)::E(R_ R')

We can't directly measure relative
orientation because the only 2D information (V,- NN
can directly be measured using avision
sensor. We consider anonlinear observer to (Vi O, )
estimate the position and orientation of the '
other agentsin 3D configuration space.

Fig: Pinhole Camera

Not measurablg

~

(P,R)

Fig: Block Diagram of relative rigid body moﬁ I
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m Camera Model and Image I nformation
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aFrame

# Relative Feature Points
Po =l vo zl

= P+ Ry Py 12 Q\\Lm&h
® Perspective Projection
f= i{xﬂ } 13) P
ch ci
Target Object

( f; dependson P .) Fig: Pinhole Camera

# |mage Information (m points)

(pi'FS?Jmea&Jreble measurable
f, @, Ap.R) f

Vision

f=|i] (19 NN Sensor
f, (o) —fagfi 2

Fig : Block Diagram of RRBM with Camera
Imageinformation f includestherelativerigid body motion (P;:R;)

)

—
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m Vision-based Motion Coordination
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» Visual Observer (M. Fujita, H. Kawai, M. Spong, |IEEE TCST, 2007)

Rj.njv :{R;T —&Tﬁj}{\ﬁ}r KIT(f - f) @
(RR) ° R 4

K >0: Observer Gain
f : Image Information
J0 Image Jacobian

2 Control Input

a=3e®) W
N Eqimated relative orientation
(pj ’ RJ)
( j ’wj )

\J not measurable measurable
gent (me') Vision f

) -ﬂ— | (PR
Agent; =8 Visual ij 2
io.R)

Observer

input

Pl

&7
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W Leader Lessand L eader Following
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® Leader Lessand Leader Following

We consider the case that on additional agent, labeled O, acts as leader.
Agent 0 moves with the constant velocity V=1 (same as others) and
afixed orientation R, .

Herewe find acontrol law that results in a stable formation of the group
while following the leader.
We consider the input of each agent in the leaderless case.
o =3 &(R) @)
ieN;
We can separate the |eader from other agents and write
@ =Y & (R)+CE(R,) (17
ieN;
where ¢, =1 if agent i and theleader are neighborsand ¢, =0 otherwise.
In order to show that the error is asymptotically stable, diagonally dominant
matrix is necessary.
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|| Experiment || Thank you
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® Vision-based Motion Coordination .
Wireless Camera)
Thank you
Zokvoungiutedl Tednoion FultaLaboratory < I Techuolony _mm
l | Appendix If‘hl Nonlinear Observer
Tokyo Ingtitute of Technology Tokyo Institute of Technology
Estimated RRBM (B, R;) Estimated Body Velocity (V@)
@ Model of Estimated Relative Rigid Body Motion
- or A — o
{Vij|: RiPj :{R; -R F’u}{\’i}ru (19)
— —v = o
al |[RR) | (0 R |4
: (This model is reproduced just as Luenberger observer for linear systems.)
Appendix
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U, : Input for Estimation Error (1t will be proposed afterwards.)

@ Estimated Image I nformation — afx
R =P+Rp,, i :=j[, }(19)
i LYo
|
M%) [Edimation (P R) Sensor f

Model Model

Fig. 8: Block Diagram of Estimated Relative Rigid Body Motion
I Technology _M




Iml Nonlinear Observer Iml Property of Visual Observer
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® Estimation Error (Error between Estimated State and Actual One)
b, R'( ) Lemmal If thetarget isgtatic (V;, @;) = (0,0), then thevisual
[R”ﬂ [ NI } @) e :{ Piee @) observer (23) satisfies
jeo R'R, l&(Rie)] vedor F ToT
Relation between Estimation Error - (Vector Form) .[o UV dT2-f, (24
and Image Information f-f=2Je (22) -p ) -
J : Image Jacobian where v, ;:{ e } , B isapositivescalar.
v w) Agent Model —&(Re) passivity
i not measurable rable eeumaled
) 9 (P.VR)Vlson
’ - e - (v,.@)=(00p R)
(p, R) L ; (P R) ! hot'measurable mesurable estimated
Sensor
Fig.: Block Diagram of Agent Model and Visual Observer Visual Observer observe] Model imated
® Estimation Error System inﬁut Z%Im%
= . c ra 8| Estimation| i
Rl BJ U= Ri Rl HJ |: }"’Ue(ls)” |: } {&e _%epee:|ue+|:\ll:|(23) Model
RR)] LO RRY] [0 R "4
L 1emgcey
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m Property of Visual Observer
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. 1 2
® StorageFunction V =§H pijeeH +9(Riee) (25)
O(Rie) ;:%n(l —R;e) Error Function of Rotation Matrix }

(Proof) Differentiating the storage function (25) with respect to time aong the
trajectories of the visual observer v
e
¢ {a) }

V = _[puee eR(RJee)]T{ :| e F)II&é)e pl]ee

skew-symmetric matrices

e

= u Ve Ve
Integrating both sidesfrom 0 to T, we can obtain

[ ulvdr2v(m)-v(0)2-V(0):=-4, (QED)
(v, “‘)4, no(t rvlleyaﬁlr?b\lleigonmefas.lrle esimgted

) g
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