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Introduction
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Visual Feedback Control [6-10] )
Combination of Control Techniques with Vision ij ;l_ﬂ' Y e )
Advantages: suit to recognize unknown surroundings, Aﬁ. o b
especialy in dynamical environments = &/
In this work, Visual Feedback

Visua Feedback Cooperative Control Cooperative Control

Cooperative Control [1-5] ]\
A distributed control strategy using local information ~~ “-.. §r sr
so that the robotic network achieves specified tasks \ B
or behaviors

Pose Synchronization [5]
Tolead al rigid bodies’ posesto acommon (desired)
value by utilizing distributed control strategies
Motivated to analyze and imitates cooperative behaviors |
where vision playsa crucial rolein cooperative : -
behaviorsin nature

i i FI ocking of Blrds
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Introduction

—-— Tokyo Institute of Technology
Visual Feedback Cooperative Control [11-15] »,V
* Visual Feedback Attitude Synchronization [14] . T

Propose visua feedback attitude synchronization Iaw/ """" »/'

with theoretical guarantees b 2l *)"'
- not consider position coordination

- pinhole cameramodel for visual measurement
Visibility maintenance problems according to
[narrowfield of view J

Attitude Synchronization

wider
(% narow field field

z
Image of Panoramic Vision
Pinhole Camera Model

Panoramic Vision Model , 4 3’
’— Objective of Our Work sr

To present avisua feedback pose synchronization A~
control law with panoramic vision Pose Synchronizatioh

[14] T. Ibuki, T. Hatanaka, M. Fujitaand M. Spong, Proc. of the 49th |EEE Conference on
Decision and Control, pp. 2486-2491, 2010. _ﬂm
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Visual Robotic Network: Rigid Body Mation
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Klnematlcs of Rigid Bodies

Pose ‘(pwi,eégw') € SE(3),i€V .m.a?r ?.’k
J L
Rigid Body Set V := {1,---,n wi gu,, ¢ Sr

19w , /

Exponential Coordinate for Rotation y Vb
[€: € R: rotation axis [{_..' B - g@_ -2~ _’%’m‘-i
T World Frame ¥, )

0.i € R : rotation angle

Homogeneous Representation r o

o, | Al wy 0 =u
Gui = [ff: ",’,f,,!,’iij{z| R les] |-y we 0]
011 V : Inverse Operator of A
Body Velocity VEoi= g s [t € R® :linear velocity

vh = [ rl‘] e RS v kb, € R® :angular velocity

S

~b b

— |Ywi  Vwi 4x4
- [ wi ] eR

Rigid Body Motion

b b b |9wi = (Pwi» (,5’7\. 1)
Gwi = ngsz (D Guwi = QUL"U/Z
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Rigid Body Motion
Vb

wi

Visual M easur ement
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Relative Pose A JVE -
9i53= Gt i =(pij, ) € SE(3) — T ki
Body Velocity '
V,'j = gi;lgij b

Relative Rigid Body Motion "

194 Perspectiva fij
] Projection

b b b
Vii==Ad (o ViVt (2) |

Visual Measurement (Relative Sensing)

fi=(fii)jen: | =[5 - 51 er™
Vision Model (Perspective Projection) Frame £
T
WRET Xi € R :focd
Jin= [%jﬂ €R? Iength i
ke{l,---,m}

T Image Plane i Wi
ijk
Dij. = |yij. | . PoOsition of k th feature point |
’ [ 9 } of body j relative to body i Panoramic Vision Model

[14] T. Ibuki, T. Hatanaka, M. Fujitaand M. Spong, Proc. of the 49th IEEE CDC, 2010.
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Visual M easurement extracted by Panoramic Vision
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Pis

Panoramic Vision Model
Perspective Projection
+

Uyperhis Mirmor

Hyperbolic Mirror
X, body ; ‘smirror coordinate

(origin islocated on the focal point)
hy, : point on the hyperbolic mirror in 3D

Piny = [Ting Yinye 2ine)” € R

pOse Of Ay & Prnihi = [T, Ymihy Zmon, )" € R 1o
Hyperbolic nguaglon : i, biy i = Ja2 + B2
; + o
(z""”k; T i = Ymike _ 1 (4) : hyperbolic mirror parameters

i i

a

Pose of ¥, relativeto ¥; Perspective Projection
[pim; = [0 0 2)7

A [ Ai Ty
Wk s - 12
limi = T, Zing [Yine ] 275 + Zmihy [Ymibe
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Visual M easurement extracted by Panoramic Vision
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Pisi

L
Panoramic Vision Model
from theright figure,
Pmihy = CPm;j, (0<c<1)

substituting ppr.7; into (4),

(Bmije) = b (rizmjs + QillPmasil2)
mije) = 73 53 o)
- afwzmjk + a?yfnxjk - blgzm.jk

Aic(Pmij T je
fin = (D) |:I' x]k:|

2ri + c(Pmiji ) Zmijic [Ymade ¢ Function of pr, j, (from X, 10 X;)

Hyperbolic Equation

Visua Measurement } 2
(Zmihy +73)? _ zihhk + yfnlhk -1 &)
[i(gm.) = (fij)jen: ® | a; b7
fid 4 ~ Perspective Projection
| | Yule /i
fijm Zihg Wik | 275 4 Zming [Ymihe
|

8
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Visibility Structure

Visibility Structure among Rigid Bodies
Visibility Set Vi={1,---,n}

ECVY XV [ij,z‘i € &: body j isvisiblefrom bodyi}

Mvisibility
' Frame T

Assumption 1 (Leader-follower Type Visibility Structure)
« there exists aleader which has no visible body
(N = 0) G:=(V,€&) : Graph
« the other bodies have a fixed visible body * Graph: Directed Spanning Tree
(V| =1, and ; is fixed Yi € V'\ {1}) 5 _”l
« there exists avisibility path from each body to the leader /)).'" \m.\
(Yiev\{1}, Foi,- v €V st =1, v, =i

Ay
(g, vp41) €E R E{l,---,7 —1}) ¥ z:ﬁ 1‘\
Tokyo Ingtitute of Technology
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Visible Body Set
| N=lievIGes @]

Visual Robotic Networ k

— Tokyo Institute of Technology
fi Visual Robotic Network X I N
~n Rigid Bodies

Gwi = ngub,i,l ey Vui [ Rigid Body [Jwi 5 (Puwi, €*7"7)
Motion

r Visual Measurement

- Visibility Structure
Ni={jeV| (i) e&lieV®

Visibility
- ¥

i
iy -
’ G T
LA Sk
W = Frame ¥
Wonrkd Frame Y., Vi
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Definition of Visual Feedback Pose Synchronization
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Position Synchronization

im [[pwi — pujle =0Vi,j €V Ay 2
t—o0 -

In application, '
« Collision Occurrence
« Visibility Maintenance Problem

because of mirrors, weak to sense
right below area and its neighbor

Introduction of biases d;; € R*to overcome the above problems

| Suppose that each rigid body has a bias relative to its neighbord;;, j € |
Position Synchronization with Biases (dji = —dij, dix. = dij + dji)
Jim IPuwj — Puwi — dijlla =0 Vi, j €V

T — _HM




Definition of Visual Feedback Pose Synchronization
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Definition: Visua Feedback Pose Synchronization

A visual robotic network ¥ is said to achieve visual feedback

pose synchronization, if each velocity input consists of only

visual measurement (5) ( ;(fi)) and SR O ra——
tlggoﬂ(gij) =0%,j€V (® Gi= [eo Pij 1 ”]

Energy Function

1 5 : u\)' 1;
(gi) = 3 lpull + 6(cE%) > 0 /;];:3\ %’ %
. A S s MR g
; *J/r

(4’(@5%‘ )= %tr(lz — ef0ui)> 0) \\} \
/L'/:w‘ =7 T:f;%*

Pose {- All relative positions converge to desired onesd;;
n

[[(g00) = 0 gui = 1]

Synchronization | « All orientations asymptotically converge to acommon one

[5] Y. Igarashi, T. Hatanaka, M. Fujitaand M. W. Spong, “ Passivity-based Attitude Synchronization in
SE(3),” IEEE Trans. on Control System Technology, Vol. 17, No. 5, pp. 1119-1134, 2009.
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Preliminaries

Relative Rigid Body Motion fromX,,, toX;
Vinig = —Ad(g Vo, + Va;

— b
- —Ad(g;”)Ad(g:m‘+ Vi
. el
Body 7 ‘s Velocity Input ey

Measured Output: Visual Measurement fi(gm. ;) fk‘ 5
use avision-based nonlinear observer to estimate g., ;

Tokyo Institute of Technology.
Py

Then, estimate of relative pose gij: Gim,; Im,j
Estimated Relative Pose Estimation Error A
Gmij = (pm.pe5 i) € SE(3) Geij 7= G 30mij = (Peij, €*717) € SE(3)
Control Error , Gmii = gmaj (9eis = 1)
Geij = Gy Gimi Gmig = (Deij, €79 € SE(3)

Iy dij - _ If geij = Lu, geij =11 "j € Niyi €V,
(9dij = [U} 1]] — Gij 7gdz;gzj) g ]~ * gv.] X 4

then gi; = I, Vi,j € V (Pose Sync.)
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Visual Feedback Pose Synchronization Law
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Visual Feedback Pose Synchronization Law
va = k,-,jAd(gd”)erij } VelOClty Input
Vi = —Adg A1 Vi +uij (8) }Visual Motion Observer to

mij - )
model of (7) | estimate relative pose gm,
Uij = keij (eeij - Ad(e—éa“])ecij)

JEN; i€V Control Error Vector

- Ll Deij
- Wb €cij = éo
Gm; Ky wjl [Reative RI d Pan am f} Sk(e C"7)
| ke _\d‘ﬂn‘;k 1Ee ;ll'l_‘_H Bog);vlﬁotllgln VDr ic
(gm] aiyGim: G ])

[Visual Motion|J, k estimate
Lj s Control Input ' | Estimation Error Vector

Vo visual i e Peij
uuv not measurable  measurement eij = sk(ew“’)v

(5, Vb

Jmid Relative Rigid] 74 Panoramlc f ——

_’l ki Ad g, e [ Body Mot |%n Visi (geij = gmf]‘gmlj)
L

I = — . ’ 1 o N
. [Visual Motion|Jm,j estimate  gk(ef%i) := = (8% — =80
Fscomol inpu_|—— 3 GRRET () = 0 e
= 0

-

I nter pretation of Velocity Input
mcity Input for Visual Feedback Pose Synchronization

Vi = kijAd (g ecij ey = Lk(:{f,)v} Geid = GaisGim.Gm.i Ad(gy,) = [IS i‘;]
IT By = Bz » theEN )
9eij = giyGim: Imij = Guis9ii = [85(1;‘7 Pij Id”] s€eij = [pij % ]

Tokyo Institute of Technology

T sk(effi)V
Therefore,
Peij pij —dij +d lsk €043 )V
Vub;i = kiiAd(ydu)eCij = k"i}'Ad(gdz]) [ k(egﬂj_,) :| ! sjk(eé””)’/

[4] Velocity Input for Pose Synchronization ¥ etitudes are synchronized,
pij — dij then thisterm is 0 since
=ki E Lk €0is)V ] s.k(eéo”)V =0

JEN

| not the same velocity input completely, but almost the same |

[4] T. Hatanaka, Y. Igarashi, M. Fujitaand M. W. Spong, “ Passivity-based Pose Synchronization and
Flocking in Three Dimensions,” |EEE Trans. on Automatic Control, 2011 (conditionally accepted).

Visual Feedback Pose Synchronization Law
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V|suaJ Feedback Pose Synchronization Law

1 Ve " ved
b —_——— w] g NOtMeasureble _measurement
= kij » G i
Vi = k’]Ad’(gdu)e‘"‘J I['_ AL,
- .. =
. de = —Ad( o Ad ) Vi + uij | . estimate

rLemmal
Visua Feedback Pose Synchronization Law consists of only
visua measurement f; under the appropriate assumptions.

Sketch of Proof (Refer to Appendix 1)
+ feci; can be calculated by geij and geij = 9gij9im; Gmii

« o7 can be calculated as follows known - estimated
Priix — Pmije = €09 [ — pjje under the assumption that |0.;| << 1

O fijs Ofijs 9 fiji 5
[ﬁzm‘j‘ |p,..‘1~:5m',k Dmiin |pm,,k:ﬁm,,k Dy |p,..‘“,:i>m,,k (pm.jk - ;Dm,jk)

First-order Taylor expansion approximation

fi= i = Ti@mag)eeii = eeij = I Gmai) i = i)
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Visual Feedback Pose Synchronization

r Theorem 1: Visual Feedback Pose Synchronization
Suppose the leader does not move (V5 = 0) . Then, under
Assumption 1, avisual robotic network ¥ with control law

' ’ S keN;
(8) achieves visual feedback pose synchronization if
(kir+kein) Io—kin Diy —kein Ad e,y A | JEN;
[ *kmr\d(réam, keirls >0 i€V, )
kik < T, REN;, JEN;, i€V, (12) 1 E

(kij+keij) Is—kijDij —keijAd ¢ 1
(ef0cii) VI o T
ks Ad oy, (et = ki) I 0. k€N, JEN i€V Dij = 5Ad(g,,) Adgay)

Sketch of Proof
Introduce control and estimation error system ;.

foralGes A Fal

Lyapunov Function Candidate: »,
l_./ R U

U= Z > i (U(gei) + T(geis) > 0 !
_#=2jeNi  Control Error  Estimation Error % /1
Origin of the error systemz,. = 0 is asymptotically stable

x, = 0 meansVisual Feedback Pose Synchronization

Analysis of Gain Condition (12)
—-— Tokyo Institute of Technology
If dij =0 (ie. Dy = (1/2)I6) ¥i,j € V, gain condition (12) becomes keN;
kjk <%1‘A—L keN;, jeN, i€V, ;eAi
{k,k<ﬁ7% kEN;, jEN, i€V, A

These inequalitiesimplies that if the backward rigid bodies move fast, then
visual feedback attitude synchronization is achieved [14]

Schur Complements

(bt k)ls kD —keAdieor)| o
—keAd e kelo |~ Q) SEN e
y . S(z)" R(x)
(k + ke)Is — kD > 0 : necessary condition Q) >0
(3K + ke) Is —ikd <0 {R<z) - 5(@)Qx)'S@)" >0
—ikdT  (3k+ke) Is — LkdTd
k + 2k, k(k+ke) jrg o (K+ 2k k(k+ke), o
‘ 2 )13_ pran Lz (T ) B Lol >0
k+ 2k k(k+ ke )”d” o0 (ldll21s > d” d)
2 k+ 2k, —2 undesired!

Gain condition (12) depends on the distance of the desired relative position
Perhaps, this is because the energy function includesd;; explicitly
[14] T. Ibuki, T. Hatanaka, M. Fujitaand M. Spong, Proc. of the 49th IEEE CDC, 2010. M

Pose Synchronization with Desired Velocity
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From the practical point of view, it isrequired for bodies to move
in the desired direction while achieving pose synchron| zation

Assumption 2
’7AII bodies have a common desired velocity 3’ & Q’

initsown frame (i.e.Ad, «,,,Va) ) ?’

This can be implemented by a beacon in workspace
Visual Feedback Pose &/nch Law with Desired Velocities

Viti = ki Ad (g, ecij + Ad( o)V
Vhi= = —Adg- YA (1 (V) Ad(f,ww,)¥ W) + wij
Wij = keij (em‘j - Ad(e,ggw)erij) JEN, i€V

Corollary 1: Visual Feedback Pose Synch. with Desired Velocities
Suppose the leader’ s velocity iSAd ¢, ) Va . Then, under Assumption 1,
avisual robotic network[X with control law (8) achieves visual feedback
pose synchronization if gain condition (12) is satisfied.

Sketch of Proof: Note that relative rigid body motion (2) does not change a
Tokyo Ingtitute of Technology

Tracking Performance Analysis
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Theorem 1 V!, =0 _), _)
-
For amoving leader (V%) #0) , isthere sufficient \
tracking performance ? j 4 _) H

Evaluate attitude errors regarding the leader’s ;
velocity as an external disturbance

T : All rigid bodies' control and estimation errors
Quantitative Evaluation: £,-gain Performance Analysis
For any energy bounded input, the output will be bounded

lellcs < AViinlles +6 7,020

Qualitative Evaluation: Input-to-state Stability
For any bounded input, the state will be bounded

lze®ll2 < Bllzollz, ) + alllVirlle..), "6 >0 al) €K, B(,) €KL

H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002. —HM
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Summary
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In thistalk, we have
« presented, Visua Robotic Network with Panoramic Vision
« defined visual feedback pose synchronization
« proposed visual feedback pose synchronization law with
theoretical guarantees
« analyzed tracking performance of the network (omitted)
» conducted simulations for verification (omitted) i

Future Works |
« To conduct experiments
* To consider problem settings
* To deal with awide class of visibility structure
- eliminate the leader
- bidirectional visibility
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Appendix 1: Proof of Lemma 1

Prnii = Pnij = Pmig = Pmije) + (€807 — e0mid )y

Tokyo Institute of Technology

= mii g + &0mis (¢~ Emis Omis _ Lyp.

eégm'Jpeij + ef_’;"‘-lsk(eéem)pﬁk (Beij] << 1= €% » Iy + sk(eS0))

x

= 0mis (Peij — Dijw sk(eweu)\/)

= e[l = g, Jeei;

3 Ofiu 0fij 3fu 5
fijk _fijk =\az > |pm,1,ﬁP ik Py e k=P g S |1 miik =Pmiiy (pnhjk [)m,jk)
Suzils mijk

Afi _ 2riNica(Pmyy) [I".,j.] _ A,(’,(p,,,,“) [1]

0T (2ri + Co(Pmiji)Zmein)? [Ymii 2ri + Ca(Pm.ji ) Zmig [0
Ofi  _ _ 2ridicy(Pmiii) {Im‘]k] __ NieyPmii) [1]

Wi 2ri+cyPmii)2min)? Wmian] 2+ ey (pmij) 7m0
Ofi  _ _ 2ridic:(pmiji) [zm,“} __ ies(mii) [1]

Ozmig @ri+c:(Pmiin)zmian)? Wmiie] — 2ri 4 ¢:(Pmj) 2mii [0

(mis,) = Ac(Pmyz) _ GOIrYmizmiiPmailz + aibizm, iy (2, 5, + @G llpmil3)
T Oy (afa3, 5, +a3ym i, — Vizm )2 1P ll2
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Appendix 2: Proof of Theorem 1
Lyapunov Function Candidate: U := i 3 ai (Mgeij) + (geij)) > 0

i=2 jeN;

Tokyo Institute of Technology

Time Dneri vativeof U

U= Z Z i (‘T (ef¥cii) Vcbu + eeuAd(eéem)Vebij)

i=2 je
quz I" ~Ades | A Vel Lo sg v,
z] 16 Wi eij (e%%eii) wj
i=2 jEN; ij

n
T T ‘ (b + ko)l —kesAd e,
Z Z ( eijQijeij+eeijAd(eéﬁu, Q (Qu = [4-,.,.&11‘,5“.,1 [ D

i=2 jEN;
eliAd o, Vg = KikeligAd eo  Ad (g, e
1 ‘
3 el
2
1 - HAd<gd wecik = Ad, g, €cij )
kfk§BeTjkAdﬂdjuAd(gd,u%k ’ (e

Dy
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Appendix 2: Proof of Theorem 1
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Proof of Theorem 1
Define
—eTl _(kn + keir) Ie — kin Diy _k;az]Ad(eéeu]) en. i€V
T ke Ad e ke Is e
o [ (ki + keig) s —kM]Aa(esew)
Y __keijAd(e%e”;) (kw ) Jk) IG
vii= “kj ’Ad(gd]k)e”k - Ad, ,gs”])eei, LEEN;, GEN, i€V,
o [Fii + keij) Io = kijDij - —keijAd iy
—T
I P -’m)fs
. ’Ad(wm)eq‘k —Ad i eeii 2, EEN;, jEN, i€V,

Then, if gain condition (12) is satisfied, then ¢: <0ie v

Therefore, =3 g <0

=2
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