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s Introduction: Background
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— Tokyo Institute of Technology —
Socia Problem w.r.t. Energy Generation
« Environmental Issues
Nuclear: Air/Oceanic pollution caused by
radioactive contamination (3.11) Nuclear Plant

Visual Feedback Attitude Synchronization
Thermal : Global warming, ecosystem change

Integrating a Velocity Obser ver caused by CO,, NO,, SO,
* Search and Rescue in the Time of Disaster

* Surveillance at Hazard Area

m Measurement of such a damage level is an urgent
need.
Tatsuyal buki However, such pollution spreads through awide area.
Mobile Sensor Network
FL12-2-1 Consisting of Networked Multiple Mobile Sensors
April 2314, 2012 Network: good performance, robustness
against failures

Mobile: adaptation to environment changes Mobile Sensor Network a

Technology

Thermal Plant

Air Pollution Oceanic Pollution

Fuiita Laboratorv
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s Introduction: Research Objective || Today’s Outline
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Control of MSN Pose Coordination
= Introduction

Cooperative Control of Robotic Networks

Tokyo I nstitute of Technology,

A distributed control strategy using local information .
0 that the aggregate system achieves specified tasks * Previous Works and Schedule Plan
or behaviors Pose Coordination )
- Pose (Position and Attitude) Synchronization : ;Erl;‘ 791 * Problem Settings
Tolead all rigid bodies’ posesto a B . Main Results
common/desired value by distributed control )__ -7 ]’..]_
Pose Synchronization - Visual Feedback Attitude Synch. Integrating a Velocity Observer
- Visual Feedback Pose Synch. Integrating a Velocity Observer

IRformiation Flow for Cooperative Control

Most of works do NOT consider how to get necessary
information to implement control laws . » Conclusions and Future Works

It is desired for agents to be distributed and
use only relative sensing devices

we use only vision _ .
Visua Information ﬁ ﬁ

Technology

Technology

s Previous Works iy Schedule Plan
— Tokyo Institute of Technology | — Tokyo Institute of Technology |
Pose Synchronization; CDC12 9 ¥
iz ODCL2 tveddigaphs . AN [ e e e e oo e T e e
« Based on only relative information — ’;@z | OFL Seminar OFL Seminar OFL Seminar OFL Seminar
« NOT consider how to obtain necessary information / . . OACC Submission ~_»CDC SubmissionO
+ NO collision avoidance algorithm ] ) ~ OCDC Findl Submission
Visual Feedback Pose Synchronization: CDC11, 10, 09, ACC11 Study of Flocking Algorithm, Wider Class| Study of -+ -
« Based on only visual information RO of Visibility Structure, Pursuit Evasion Visibility Maintenance
+ Leader-following visibility topologies "y
« Synchronization for the static |eader / ' e OD. Submission
« Unnatural gain conditions @ 6 @ o : ' )
Writing Doctor Thesis | OD. 1*OD. Fin

Visua Feedback Pose Control Integrating a Velocity Observer: CDC12 . .
Present Plan of Doctor Thesis Outline

« Integrating a velocity observer for the target object )
C,. NOT consider multiple rigid bodies case » @M;\ “Passivity-based Visual Feedback Pose Synchronization (Flocking Algorithm)”
Today's Challenge g + Introduction
* Problem Settings
Other Challenges d « Passivity-based Pose Synchronization (Flocking Algorithm)
+ Relative information-based flocking algorithm * Passivity-based Visual Feedback Pose Synchronization
 Passivity-based VFPS Integrating a Velocity Observer

* VFPS under awider class of visibility structure ’ DA - -
« Other configuration problems such as coverage or pursuit-evasion control ﬂ . \c’:';PC? under aWider Class of Visibility Structure (Flocking Algorithm) ﬂ
. NClusions

Technology
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h Visual Robotic Network: Rigid Body Motion

Kinematics of Rigid Bodies

POSE (pui, %) € SE(3), i€ V
Rigid Body Set V := {1,---,n}

EExponential Coordinate for Rotation }

Tokyo I nstitute of Technology

£ui € R%: rotation axis
0, € R :rotation angle

¥
l/ i
# Workd Frame ¥,

Homogeneous Representation s Lo
£l . . {
Gwi = [r- Pm] € R.lx.l V: |;1ve-rse Op;rator of/l\ )
Body Velocity Vi= gt i vi; € R? :linear velocity
- [g’:,] cRo _ [d;ﬁ,, vg,,] c Rixt wh; € R* : angular velocity

Rigid Body Motion Rigid Body Motion

” Vb ——, = L0
v L b | YJwi Duwi, €
gw sz
Techngiogy _WM

s Visual M easurement
S Tokyo I nstitute of Technology |
Relative Pose ] . : 9i; Vi = :
gij = g;ilgw :(pi],cw”) € SE(3) /I_. |.,..u_‘_‘£?:":___"_’ e
Body Velocity
Vb = g5y - I" Relative Rigid Body Motion | Visual
Relative Rigid Body Motion "+ 7u: = gV R —

b rb b
Vij==Ad (o) VitV

wi

Visibility Structure among Rigid Bodies
Rigid Body SetV :={1,---,n}
Visibility Set (Edgesin Graph Theory)
SCVx V[(J:, i) € & : body j isvisible from body z]
Visible Body Set (Neighborsin Graph Theory)
| Mi={ieV|G.iee)
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h Visual Measurement
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Visual Measurement (Relative Sensing: Vision)

fi = (fij)jen: @ | fij = [fl fi?m}T € R2m

Pinhole Camera (Perspective Projection)  Frame¥
2 A € R :focd 2

N [zi5 - -QL : ]
fi=— [ TeR length o i
Zijy, | Yiix kel m) : . Image Plane
g EERLL " World Frame ¥

Tiji
Pij. = |¥ij. | : position of k th feature point
of bodyj relative to body i

Generalized Camera (Panoramic Vision)
_ AP,y ) Tij | - 2
Jui= 2ri+ (P, iy )2,y [ eR
i.e. perspective projection scaled by
the shape of the hyperbolic mirror
ey i N

R/ ‘V
. . ider field |
R 3 orver

Ziji

Vil

Visual Robotic Network

Visual Robotic Network 3 I

— - Visibility Structure
7 Rigid Bodies ———— . ..
_ . Ni={jeV|@Gie&}
Guwi = GuwiVypis 1€ {l,---,n}
Input: V.2, (body velocity)

Tokyo I nstitute of Technology,

- Visual Measurement (T : -

Aic(Pmaji) |:flTijk:| 2

v v e R
Fis 27+ ¢(Pm, gy ) Zmad [Yidn

Assumption 1 (Leader-follower Type Visibility Structure)
« there exists aleader which has no visible body G :=(V,€) : Graph

M =0) « Graph: Directed Spanning Tree}
« the other bodies have afixed visible body 0]
(IN;| =1, and A, is fixed Yi € V\ {1}) “TN

« there exists avisibility path from each body to the leader / | /®
(i e v\ {1}, Fo1,- -0 €V st =1, v, =i @ v

(vpvee) €E ke {1, r—1}) OI0)

s Visual Feedback Attitude Synchronization
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Definition 1: Visual Feedback Attitude Synchronization
A visual robotic network ¥ is said to achieve visual feedback
attitude synchronization, if each velocity input consists of
only visual measurement (8) (V,%;(f:)) and

{ limgy oo (vh; — rf'u} =0

lims—y oo ca(r-é”'l} =0

Yi,jev @

t'}(f-'ie"" )= ltr(.i";‘ — bt )20 - - —
2 _ ST _—
|¢[,.£n....) =0 & effvi = I | > w-.|jj1'_:r-
L sme-- /

Eq. (1) effui _y 80 Vi p >~
Definition 1 can be readily extended to desired !

relative orientations ¢4
Assumption 2

« the leader (rigid body 1) moves with a constant body velocity 1” = (., (1)

(can be readily extended to afinite Fourier series expansion) ﬁ
Jechnology

M| Visual Feedback Attitude Synchronization Law

= Tokyo I nstitute of Technology,

Control Error:effe := ¢t (€805 1= 8Os 0

—— Estimated Value .
Visual Feedback Attitude Synchronization Law Vi = (#:,0): estimated bod
v, = velocity
whi = keisk(eff )V lVeIocity Input
Ui = Uypi
Uooi = KpiPeis Velocity Observer v .
' = (Fold )Y = —Ad, o1 VP + Vi 4w jeN;, i€
Vi {gu i) '\dl..ri,, 31.“_{ + Vi + ug Pose Observer J

keiskyiskes >0
Uy = (Uowis Uowi)

Vb vistal Estimation Error:
wj J_nm measurable  measurement R
Beij == Ui Bij

o v | P
€ij = h_k([,{ti,.,)v

Control input (7)
feedbacks

| only visual measurement
ol iy _Y%ME _________

[k,.sk{eé”-u)"

tei = Ketliy —

oRigdld f
Relative Rigid | JIPer spective][ 7
Body Motion Projection

Velocity
Input
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M|  Visual Feedback Attitude Synchronization
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r Theorem 1: Visual Feedback Attitude Synch. 7 . >
Under Assumption 1 and 2, the present control s -"’-‘r‘_‘-..l——,- S
law on the visual robotic network ¥ achieves ,-:—'-r- i
visual feedback attitude synchronization in the F '
sense of (1).

Proof

Definesubsets V; € V, i € {1,---
Vii={ieV|N:i=1}
Vii={ie V|N eVi,}

Wefirst consider the rigid body group V. Then, since each body in the present

group sees only the leader (body 1) moving with 1, all bodies achieve the same

attitude and body velocity as the leader’s one.

(The proof is omitted. refer to [1])

.m}asfollows.

[1] T. Ibuki, T. Hatanaka and M. Fujita “ Passivity-based Visual Pose Regulation for a Moving
Target Object in Three Dimensions: Structure Design and Convergence Analysis’, Proc. of the

51st | EEE Conference on Decision and Control, 2012 (submitted)
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M|  Visual Feedback Attitude Synchronization
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We next consider the rigid body group V. Then, each rigid body i in Vi sees
abody inV.
The orientation part of the total control/estimation error system of body i is
formulated by

J_j = f.;.jr",.)k Gl

A vij = sk(eft )
—efleiit  tueui , k€N, jEN; eij = skie

1= sk(etfi)¥

: Upi = (Byvis Yowi)
= —gtleis b e
Weij = € Uewi T Wy Uei = (Uewis Yewi)

We define the following storage function
Ui = (."(‘..é-l'l.-;] + o((;ép—uj
Then, the time derivative of 1, satisfies

b

U; = eljwbi; + elijwli

u-fl, + Uewi) + €055 (—Uewi + i)

= —[e%; eT)T (Kei + Kei)ls  —kKeida| [eeij
- cij L35 ] _k(.l ;_‘ k{-, Ij

=0 =0
Techuology _WM

s Visual Feedback Attitude Synchronization
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o _ 1T o (Kei + Kei) s —keils| [ecii| . 7 s

Ui = —ledis et)" | "L L J\.Ji] [; P €eisuj
=0

We consider the case «’,; = 0. Since ¢+, n" are rotation matrices, there exists
apositive scalar satisfying
N el i+ kel —keids
i "”QEPHU s-a ”!“”” e [‘—.1] ke [ —’"‘-f:l I J-;.f:s{l
Since I’; monotonically decreases except for «...;; = 0, there existsfinitetime T = 0
satisfying 17,(T) < 1. Then, é¢(e**) < 1, ¢(e") < 1hold, and thus there exist
nonnegative scalars ;. s (o < auy) satisfying the following inequality [2].
milleceis (W? < Uilt) < anilleceis (DI "t = T
Therefore, the following inequalities hold.
Uit)  _ ailleces; (DI
Uilt) = enillece; (£)][2
Namely, when «t,; = 0, the equilibrium point ¢..; = 0 of the orientation part of
the total control/estimation error system is exponentialy stable after time T".

[2] F. Bulloand R. Murray, “ Tracking for Fully Actuated Mechanical Systems: a Geometric
Framework,” Automatica, Vol. 35, No. 1, pp. 17-34, 1999.

Technology

Yi>T Ui(t) < Uy(T)e~ (sl omdt=T) Vg 5

s Visual Feedback Attitude Synchronization
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We next write down control and estimation error systems in matrix representation;
€0 = —kisk(e€0 )e0eis 4 kyietfei (sk(ef0es) — sk(e0is))
fileiy = _ke_‘;.iu.-.j(hk( LT )= :\]\[‘w.-., ‘.l) + ‘iﬂ,.,‘.‘;‘.:lj
Since sk(-)* : R*** = R isbijective for ¢*°, # & (-, x), the error systems can be
written by
€cij = flecij, €eij)
€eij = gleei;) + k(e o) ;)Y
Since the equilibrium point « i = 0 of the nominal system (%, = 0) is

exponentially stable and Jim w! ; = 0 holds, we can conclude Nim eceij = 0from
[3, lemma 9.6].

We finally consider the position part of the total control/estimation error system.

uj _;'r)pu‘-
Vei = r‘,,, i , kENj, jEN; v =ab, — B

£
Peij = el ij

[3] H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002.
Jechnology

s Visual Feedback Attitude Synchronization
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We substitute the present control law as follows.
Vei = —kypiPeij + KejDejn

Peij = —Hewi = Ui + Peijliewi — 790l
b
= —keiPeij + Vei — Vo; + Keibieij(€eis — €eij) — € £0eis i

Then, we obtain

Uei | _ |03 —kpils| [ves + kejpeji _y )
Peij) — (I3 —keils] |peij] " |87 = Yol + kei(sk(fy — e8%u) — sk(l — 8740 ))p.i;
Hurwits —0 —0 =0

Thus, similarly to the orientation part, we can conclude r|_im (VeisPeij) = 0.

Namely, all bodies eventually achieve the same attitude and body velocity as the first
group’s one.

The convergence analysis for the other groups Vi, i = 3.4.---.m arethesame. O

Ieindoy _mmmn

h Discussion
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Assumption 2'
« the leader (rigid body 1) moves with a constant body velocity 1" = (1, )

Visual Feedback Attitude Synchronization Law 1 = (i, & ): estimated bod

Vi = Ti—Wipeij velocity
wh . = Kosk(eifr )V pefleirg, }Velocity Input
Vi = _
",‘_ : }Velocny Observer
upi = Kui€ij ) VR
i;ﬂ = (-‘;,'_J].’-‘.,]V = —_-\d[. ||1-"J + Vi +u, Pose Observer J i

. Diesj
Uej = keic iy = [lkriﬁk{l' .||}'\"]

The orientation part of the total control/estimation error system is formulated by

Vi i= V= Vi = (e, wed)
L kEN;, JEN

b
*.u—'i'-.r‘-.rl wj
-|—-,,J ”u_a

R— {er

Sl iy + g

€804 (e +3) +

Leindoy _mmmﬁ
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Discussion

Ui o= ol EI"““) + o(r'ﬂ‘“'”) +

U;=el +elwl, +

Eeij Ceij

—kyily

fu“' cij eijWeij T k
vi

We define the following storage function

II».,II

Then, the time derivative of {7, sat|sf|es

i,
W Wei

= r.f,j( Wb + @+ Uewi) +f”j(—u st — & + .a.:u] +

- [l DT (kei + kei) Iz LJ;] [ |IJ]

L,,I;

€eij

Tokyo I nstitute of Technology

kvi€eij

+ o wii(kegéein + (0 )
—+ 0 if Vis constant

No information about

synchronization.
Future Work

Technology

Namely, we have to take another approach for exponential stability of attitude

_mmmﬂ

s Conclusion
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Conclusions
« Visual feedback pose synchronization under leader-following visibility structures

* Integrating a velocity observer
« Eliminating unnatural gain conditions ISCIE(JCMSI) or Tech. Report?

Next Challenges
« Acyclic Directed Spanning Tree

» Cyclic Digraph Local Report
» Completed Graph
« Study of Pursuit-evasion Problems
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