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=€ (1) € €SO3 orientation
¢ =6& \/XS Rr3 body velocity )
ol [0 -o o @’eR®  angularvelocity
{wz o, 0 -n feR rotation angle
o, —0, @ 0] &eR®  rotation axes
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Graph G : Graph consist of apair (V(G), E(G),W(G)), where W5
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lim(e®® ey =0
t—eo R N
» Control Input @ = Y w;sk(e¥'e”)" W, isweight of edge

JeN;
2 Analysis (07 5/15 FL semi) A
Assumptions - (A1) Attheinitial timet =0, the agents’ orientation matrices, € ©Vi
are positive definite
(A2) M =1Vi each agent’s speed is constant and normalized.
(A3)Graph isfixed, strongly connected and each weights are
positive. i.e. W; >0 Vi, j
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301, Y9N Technology
strongly connected graph
graph considered previous seminar

¥ balanced graph N

A undirected graph

_EIIME&

- )
E(G) cV(G)xV(G) isaset of pair of nodes A9y L,=0" 7' =l - y] n>0 Vi
,called edges and W(G) is a set of weights over the set of edges. L,,: Weighted Graph Laplacian
G:=(V,E) :Graph ) ) .
F Lifoi= i
V :={1,---n} : A set of verticesindexed by set of agents Potentia uncfion N L N iEZN:‘W” ifi=]
EcVxV :A seof edgesthe represent the neighboring relations \% :Z;f,¢(e§‘)::2—;/ltr(l3—e§‘) Ly ={Lyg}=1 —w, if je N,
w . A set of weights over the set of edges i= =2 o if jeN,
neighborhood N, A set of agents whose information is available to agent i a .
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# Remark on Previous Result

In this my presentation, we first show that the assumption (A4)
YL=0¥=[n - 7]l x>0 Vi
L., : Weighted Graph Laplacian
is satisfied if the graph is strongly connected.
assumption (A3)
This means the assumption (A4) is redundant.
We prove the following lemma.

lemmal Consider the weighted graph and each weights are positive, i.e. W; > 0
Vi, j. If theweighted graph is strongly connected, there exists a positive vector
Vsuchthat Ljy=0 ,where L, :isweighted graph laplacian defined by

Dwif iz
JeN;

Lo={Lu} =9 -w; if jeN,
0 if jeN,
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IfX’l Reducible and Irreducible Iml Irreducible and strongly connected
In order to prove lemmal, we use the following things. Example
« reducible(AT$91%) and Irreducible (BE#91%) 001 011
* nonnegative matrices (3£ £ 4751l) and Perron-Frobenius theorems A,=|0 O Ofisreduciblee. A =|1 O O] isirreducible.
100 100

Definition ([1], pp. 361 6.2.21 Definition, [2], pp.11) reducible

Amarix Aec R™ issaid to be reducibleif either In fact, there is relationship between irreducible matrix and strongly connected graph.

(@ n=1and A=0; or Theorem ([1], pp. 362 6.2.24 Theorem, [2], pp. 24 T 1.2)
(b) n> 2, thereisapermutation matrix P ¢ R ™", and there is some integer Let Ae R™". Thefollowing are equivalent:
r with 1<r <n-1 suchthat (@ A isirreducible;
PTAP = B C} (b) T'(A) isstrongly connected.
0 D

where Be ™. De R™ ™ Ce R™™ and 0 R"™"isazero matrix (* T'(A) means the graph having the adjacency matrix A. )

— — - - From definition and theorem, If matrix Ae R™" isirreducible, then — A and

Definition ([1], pp. 362 6.2.22 Definition, [2], pp.11) irreducible weighted graph laplacian L, are rreducible.

A matrix Ae R™" issaidtobeirreducibleif itisnot reducible.
[1] R. Horn and C. Johnson, **Matrix Analysis’, 1985 [1] R. Horn and C. Johnson, **Matrix Analysis’, 1985

[2] RE. BH: S RTLHIEDI-HD TR REE, 1978. [2] RE. BH: D AT LKIHDI=H DTN HREH, 1978.
Tokyolnsituteo Technolog Fuilta Laboratory hi Technology Fuiita Laboratory
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H Nonnegative Matrix and Perron-Frobenius theorems Lemmal
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Wetry to prove the following lemma

Definition ([1], pp. 359 6.2.17 Definition, [2], pp.295) nonnegative matrix

Let A=[a;]e R™. Wesay that A isnonnegativeif dl itsentries &; lemmal Consider the weighted graph and each weights are positive, i.e. W; > 0
are nonnegative. We say that A is positiveif al itsentries &; are positive. Vi, J. If theweighted graphis strongly connected, there exists a positive vector
Ysuchthat Liy=0 ,where L, :isweighted graph laplacian defined by
Example S Wif =
2 10 1 2 10 i
A,=[10 2 0|isnonnegativematrix. A=|-1 2 0|iSnhotnonnegative matrix. Ly={L}=1-w; if jeN,
1 0 3 0 01 0 if jeN,

Theorem Perron-Frobenius Theorems ([1], pp. 508 8.4.4 Theorem, [2], pp. 304 E#11.4)

Let Ae R™"and supposethat A isirreducible and nonnegative. Then Proof:

Define the weighted graph laplacian as the following

@ p(A)>0; (* P(A) isthe spectral radius) ) S Wi = j

(b) p(A) iseigenvalueof A = .71

() Thereisapositivevector X suchthat Ax=p(A)X; and L, ={La}=1 -w;if jeN,
0 if jeN

(d) p(A) isan agebraicaly (and hence geometrically) simple eigenvalue of A

C* Positive vector is a vector whose elements are posa'tive) and matrix p asthefollowing max L,;; is the maximum diagonal deﬂ’llent
*“Matri is’ . of matrix L, .
[1] R. Horn and C. Johnson, *‘Matrix Analysis'’, 1985 p= miax qul T (1) w

[2| RE. AR VAT LFEED =D I REH, 1978ﬂ w | iselementary matrix. 10
JLokyolngitute of Technoloan L Jechnology. Fuiita Labor atorv

Lemmal Attitude Coordination in SE(3)
e Tokyo Ingtitute of Technology Tokyo Institute of Technology
If the graph is strongly connected and each weights are positive, the matrix » Agent Mode (i=1,---,n)
. o _ P hasthe following properties. p = e v, pe Rr? position
(a) the matr?x P !swreduu bl.e. ¢ = & a’.b @ e e SO(3) orientation d
(b) thematrix P isnonnegative. PRy Ve R3 body velocity
Using Perron-Frobenius theorems, there is positive vector 7 such that ol ! 0' ' o o @PeR®  angular velocity o
Py=p(P)y. (2 p(P) isspectral radius of matrix P. ol=lo 0 - 6eR rotation angle
From Definition matrix P , the following equation is satisfied o, —w, o 0] EeR? rotation axes v
ﬂ(P):m‘awa“ -AL,) 2 UsingagraphtoreprAwtthe‘Interssction topology 2 :
whereA(P)is eigenvalue of matrix Pand A(L,) is eigenvalue of matrix L,, . Graph G : Graph consist of apar (V(G), E(G),W(G)), where Wis
V(G) isafinite nonempty set of nodes,
So we can show E(G) cV(G)xV(G) isaset of pair of nodes
p(P)=maxA(P)=maxL, . (3) ,called edges and W(G) is a set of weights over the set of edges.
Substitute the equation (1) and (3) to the equation (2) G:=(V,E) :Graph
( L T}},,( }y V :={1,---n} : A set of verticesindexed by set of agents
MaX L = I"T’ = max L EcVxV :A setof edgesthe represent the neighboring relations
-Ly=0 w : A set of weights over the set of edges

Ly=0 7 isapositivevector. Q.E.D. ﬂ neighborhood N, : A set of agents whose information is available to agent i ﬁ
Tokyo Inditute of Technology I Jechnoloay.
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2 Goal

Attitude Coordination in SE(3)
Attitude Coordination

lim(e* ¥ —e"") =0
» Control Input @’ :_ki_zV\/ijSk(e{‘ €)Y W

N,

? Analysis
Assumptions -

« (A2) \V \ 1Vi each agent’s speed is constant and normali

Potential Function

YL=0" =[x
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isweight of edge

zed.

« (A3)Graph isfixed, strongly connected and each weights are
positive. i.e. W; >0 Vi, j
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(A1) Attheinitial timet =0, the agents' orientation matrices, e Ovj
are positive definite

L., : Weighted Graph Laplacian

n n \'.f |=
IR W ENIE S ¥ ; g =1
V—IZ=1: 7¢(e5)_|z=1:§Etr(l3_e;) LW:{LWU}:: _Wﬂ If ]‘EN‘

I - o if jeN,

% >0 Vi
2

Outline

digraph sag{ Technology

strongly connected graph
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Problem Statement

Rigid Body Moti i=1:-,
» Rigi ly Motion (Ip,jé’Ry)

2 Using a graph to represent the I nter section topology
Graph G : Graph consist of apair (V(G), E(G),W(G)), where
V(G) isafinite nonempty set of nodes,
E(G) cV(G)xV(G) isaset of pair of nodes

G:=(V,E) :Graph
V :={1,---n} : A set of verticesindexed by set of agents
EcVxV A setof edgesthe represent the neighboring relations
\WVi : A set of weights over the set of edges
neighborhood N,

Tokvo ngitute of Technology

p = eg position Frame §
i - ) X %
& =6 ) ® eie %(3) orientation s ‘% 25
G = 9.":. VVeR body velocity
2 b 3 .
v :[p‘ ewJ w’eR angular velocity % 3
ol 0 -w, o) R rotation angle "W
o =| o, 0 £eR®  rotation axes
o, ~w, @ 0| yeSE3) output

Wis
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,called edges and W(G) is a set of weights over the set of edges.

: A set of agents whose information is available to agent i ﬁ

Tokyo Institute of Technology

2 Goal Output Synchronization ([3], pp. 109 Definitionl)
In the absence of communication delays, the agents are said to output synchronize if
limy, () -y, ®)[=0 Vi,j=1-n
A group of agentsis said to output synchronization,when all agents converge to the
same output between the agents.
Inreference[1] and [2], ¥, (t) € R™ Inmy case, Y, (t) € SE(3) .
Thisisadifferent point between reference [1] and my case.

Inthiscase, ¥i = lp. & . So, if output synchronization is achieved, all agents

have the same position and orientation.

[3] N. Chopraand M. W. Spong, ‘* Passivity-Based Control of Multi-Agent Systems' in Advancesin Robot Control:

From Everyday Physics to Human-Like Movements, pp. 107-134, Springer-Verlag, Berlin, 2006

Technology.

Control Input

in %, DI
P; — B Position error
e ¢’ Relative orientation

N, : Agenti’s neighborhood
[ Attitude Coordination }

@ = Y kwsk(ee)"

jeN;

T w
World Frame
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» Control Input k, >0
b =& —_
vV _ ZV\II kpl| 0 e 0 pj . pl (2) ke >0
@ E0 Kkl o 1| sk(Eeter) Vil
Control Input Weight Gain  Translatematrix ~ Output error in X,

n}

_Mﬂﬁ

® Assumptions (A)

(A1)Atthe|n|t|al tlmet—O theagents orientation matrices, e vj ae
o - . oo POSitive definite

Assumptions

Tokyo Institute of Technology

- (A2)Graph is balanced, fixed, strongly connected and each weights are
postlve iew; >0 vi,j

lemmal Consider the weighted graph and each weights are positive, i.e. w; > 0

Vi, ] . If theweighted graph is strongly connected, there exists a positive vector
Ysuchthat Li,y=0 ,where L,:isweighted graph laplacian defined by
S Wit =
jeN;
Lo={Li}=q -w if jeN,
0 if jeN,

I Technology.
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I Passivity

In this case, the following equation is satisfied.

Tokyo Institute of Technology

(1). Then the following equation hold for the each rigid body motion.
T
_[0 vipdt=2-f  B>0

wherev] =\ o [ w7 =€ p)" (x(e))|

Lemma2 ([4] pp. 42, Lemma 1) Consider the rigid body motion given by

the positive definite function V, .
=3Pl +9e)=Flpl + 50 &)

the output 4

[5] H. Khalil, Nonlinear Systems, 2002

Proof: Thislemma can be easily proven by direct calculation of the derivative of

Let usconsider v astheinput and 4 Asits output. Then, Lemma2 says that the
Basic representation for the rigid body motion is passive [5] from theinputV; to

[4]M. Fujita, H. Kawai and M. W. Spong, " Passivity-based Dynamic Visual Feedback Control for Three Dimensional Tar get
Tracking: Stability and L 2-gain Performance Analysis,” IEEE Trans On Control Systems Technology Vol. 15, No. 1, pp. 40-52 (2007)

W Theoreml

Theorem 1 Consider the each rigid body motion given by (1). Under
the assumptions (A), the control input (2) achieves output synchronization,
Namely limly (t) -y, (=0 Vi,j=L--n

Sketch of Proof
Define the potential function as the following function

Vv Zr[ p+— (e‘)J
wherey, Vi={1---,n} areelementsof apositive vector such that
2 Wif i ]

jeN; .
rL=00 7 =ln o] Les(lad=g owif 1N,
0 jf ieN,

Vo 27[ " sk )}[e; ﬂ{k%ﬂ k?l'}

Tokyo Institute of Technology

Tokyolnditute of Technglog Fuiita L abor atorv 19
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Theoreml
oo [ sTTE ofki o v
Ve ‘zlx[p‘ ) )}{o J{ 0 ki LJ
From [y, ka| 0 ef{i 0 P, - P,
= W. oL
L’J e, I{ 0 kel} 0 || sk(ebe?)

X (M*Sk(ef‘y)@(efe@)]

1 1
G R GRS

Tokvo ngiitute of Technology

Theoreml

Tokyo Institute of Technology
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Using a b———tr(ab) we can show

> Swy @) T 6 =3 S wrole)+ 3. S o)

i=1 jeN; i=1 jeN, i=1 jeN;

—722 ytr((e4 +ei)(-et "))

I1JEN

So, the following equation is satisfied.

V:anij%(pT(pj —p)+lske)  skete ))

i=1 jeN,

=SSl el o["+4e)-fin-pif Sl rer-e¢)

=V, =V,

=3 S -V, - Hm - pof Sl ety e e

I Zechngogy —mm

Theoreml

Tokyo Institute of Technology

Theoreml
Equationn
ZZWJ'%(—Vi +Vj)
i=l jeN;
can be changed to
\/1 Zku if i=]
—}/TLW 7TLk:OT Lk:{Lku}_ _K if ie N
\Vi 0 if ie N
S,
ZZVVU}/I(_\/I +VJ):0
i=l jeN;
Consequeiwtly
Ay 1 2 1 ( f et —eted )
V=X >wr-Z|(p-p)| -StriE +e*)(1 —e7e)
i=1 jeN; 2 2
Now rotation matrices € Vi are assumed to be positive definite, therefore
they satisfy the following inequality
Ain(B+BT Mr(A)<tr((B+BT)A)< 4, (B+B")tr(A) 2

Tokyo Institute of Technology

Therefore the derivative of the potential function reducesto

V<3 S - 2P - Sl re o)

i=1 jeN;

13 : o
=—5;§W.mw(p.—p,-)HZMnm(e;‘ +e“)¢(e“e§'))
i=1 jeN;
Using LaSaIIesInvarianoePrincipIe

0= V<ZZ ( %H(n—pﬂ\\z—limm(ef‘+e*f-)¢(e’f‘ef‘)jso

|1|

_EZ ZW]%(_%H(Q - P,-)HZ lmm(e{‘ +ed)pe b ))

7% >0
V=05|(p-p) ~0ge’e) -0 G.0<E ke 270
Now the graph is assumed strongly connected, so Wi > 0

H(p.;p,-)H2= (i)eE mmp ln-p)l = i

e
o(e ey =0 pefe’)=0 B
Jechnoloay. Fuiita Laboratorv.
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&

rigid body converge to the same value and now ¥ =[P e’] .

[ Each agents conver ge to the same output ]

Tokyolnditute of Technglog

H(pI - pi)H2 -0, g el )=0 means position and orientation of every i-th

QED.

Tokyo Institute of Technology

Fm ita Laboratorv 2

o

Summary

Tokyo Institute of Technology

s Rigid Body Motion (i =1:-:-.n) .
p =P peR position

& =@ o ei‘)e 513)(3) orientation

¢ =6& vVeR body velocity

y=|p €] @’eR?®  angular velocity
o] [0 -0 @ GeR rotation angle
{"’2] :{’“‘ 0 o EeR®  rotation axes
@ -o, @ 0

» Control Input y, € SE(3) output

kI 0 Jet Ky >0
MQW{ . }{e 0}{ PP } k, >0
b R -l
2= kil | 0 1 |sk(e“e) Vi:{lu-,n}

» Assumptions (A) K
(A1) Attheinitial timet = 0, the agents orientation matrices, & i are
ositive definite
(A2)Graph isfixed, strongly connected and each weights are P

2 Potential Function positive. i.e W; >0 i, j

vy Lo+ toe)| @ Goal limy (t)-y,(®]=0
I T e H

Outline

AN

5. Simulation

7. Future Works

Tokvo ngiitute of Technology

4. Extension of Output Synchronization in SE(3)

6. Effective Coverage Control using Visual Sensor

Tokyo Institute of Technology
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Extension of Output Synchronization in SE(3)
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In section 3, we choose the input as

vl ki 0 7Je? of pi-n
[U)‘b}_g&lw‘j[o ke|:||:0 |:|Lk(e’f‘e'[‘)v:|

If output synchronization is achieved i.e Ilim‘ VAORSY (t)‘ =0 Vi, j=1--,n ,then

)

It means that if output synchronization is achieved, then all output don’t change.
In Kuramoto oscillator, phase changes even if synchronization is achieved.

Flocki ng “\\

Kuramoto oscillator

[peu] aseyd
[peu] aseyd

V=
ol [ \
time[s]

o “0 20 40

time[s]

6 80 100 120

I Technology.

We change the input to the following.

Refinethe control input

w,(t) = PRACINAC
&40 v, (t) are the same valuefor al rigid body. ©)

vi_led o O
o] o ef e

v, =0 v,=0.

[w]

o0

[w] =

0

w,=0 w,#0

.
. -
. .

3 %

Tokvo ngitute of Technolog,

e1flet o w0 ksl 07e 0
L}."} [o e*f}[e"l“’wc(t)} IZ,:,W.[B kﬁ"}{o ' '}[

If output synchronization is achieved i.e limly, (t) -y, ()] =0 Vi, j=1--,n , then
t—oo!

Using thisinput, the output change even if output synchronization is achieved.

Tokyo Institute of Technology

Pi- P
sk(e“e)

Refine the control input

Tokyo Institute of Technology

v _[ed o w® S kol 0 Je? of p-p
@] |0 ef]eam] &0 ki o 1|xEfe)

Attitude Coordination
\4 \ =1Vi eachagent’s speed is constant and normalized.

.

* w,=0
Kuramoto Oscillator K': Gan
« Not consider about positions. N : The number of oscillator
cosg -sing O cosat —sinat 0 K
« € =|sng cosh Of, e =|sinat cosat O ,Wijka*ﬁ
0 0 1 0 0 1
Consensus
« Not consider about orientations.
e v.=0
I i
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W Relationship between Flocking and Kuramoto Oscillator

Tokyo Institute of Technology

Now wetry to prove that output synchronization is achieved using the input (3).
When we prove the convergence, we use the following idea.
Flocking in 2D, the closed loop is (* We omit the grain to be simplified.)

6 =-Ysn(@-9,). (4)

jeN,

Kuramoto Oscillator'smodel is  (* We assume the natural frequencies @

6= zsm(gl -6, ©) are the same for al oscillator.)

jeN,

We can trandate froml the equation (5) to the equation (4).

W Trandation
® Rp|gldeEzIOdy Motion (IpTéR':p) position Frame $
¢ —gigb () € SO(3) orientaion ‘?{ i
“oc VeR'  boyveosty o7 P
y=lp &| @PeR® anguavelocity '
ol [0 -o o] BER  roionage '
alcla o EeR? rotation axes
S T S o

@ Control Input

Consider v, ::Q—J.a)dt. Wizé’i—w |:\/ih _ ed 0 AVc(t) +ZW kil 0 ed 0 pj—pt

. o —-Ysn(¢,-6)) o] o effeCan] U0 ki] o 1]xEhe)

vy == 2 sinw; -y) 2 S ’

et =-Y"sin( - ja)dt o, +ja)dt) » Closed Loop (position)
jeN;

; : =v () +

G--Yang-0)  —-Ysn-v) b =%+ 2 k(P =)
e e = FitaLaboratory r Tesng
Translation Trandation

Now weconsider P, =P, — _fv dt .

jt[p, jvdt] v,

—e;‘V -V,

v =y, )+ Y wk,e (p, - p)

jeN;

=e¢‘[e’§‘vc(t)+ > wikye  (p; p.)J—Vc

jeN;

=V (0)+ 2 wika (P = ) - Ve

jeN;

= > wk,(p,—p)

;[ jvdt ZWJku[ jvdt p,_ivcdt]]pl;:pl_lvcdt

Z ij P'(pl

jeN;

(if v, =0)

Next we consider éf‘ = efgcef‘

A () bl bst
-~ . E(e feh)oghieh retied
=Y wkyl b, —fvcdt—[ P —jvcdtJ e bt
jeN; 0 0
d ! ! P =(@) e +e (e @)
a P _J.Vcdt Z ij Npi pj —chdt— P _.[Vcdt ¢ '
N; A _F P _F P A
0 e 0 0 =—@ele reledp
Trandgation Trandation
Tokyo Ingtitute of Technology —— Tokyo Institute of Technology

=—@ee +ee D @ =€ e m+u
— (e beeli\T
=(e"€e") w, +uy,
U= Y wk, ket

jeN;

_ —c?)ce’&ef‘ +ebeed {(effcef‘ ) c?)c(e’fcef‘ )+ﬁ}
=@t +a(ece) reten
—e el =(e%e") d,(e¥e)+0

d( . ¢ IR
7(e£ce§‘)=e§ce§‘u

u = z WKy (sk((e’fc &) (e e )))
[ehed )=etee ZW” K, (Sk((e—fce; ) (et ))f ef =etel
¢ =e Tuk ey e)
T

& =" Yw, e e

Toooinsiivieo Tednology JENi _mmmﬁ

Sle o

Consequently if we use the control input (3), then the closed loop systemis

B =2wki(p-p) b= 2wk, (p-p))

jen; jen;
¢ =o' Tuihdleye) ¢ =¢ Suplkderen)

jeN;
So we can show .
i D_p)— i *5_*51 —
lim(p,~p;)=0 lim@e" -&")=0 V: 27[

i=1

e +E¢(e4 )j

using the same way of proof in theorem1.

IR -P)=0 g IR - ) =0
Ilim(é-f‘—é{'):O Iim(ef'—efl):o

H(p P, )H =0, ¢(e” 5-e§f) 0 means position and orientation of every i-th

rigid body converge to the same value and now ¥ =[R €],

[ Each agents conver ge to the same output_] a
I Jechnoloay.




Output Synchronization in SE(3) -Passivity
Approach-

m Theorem?2 W Outline
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Consequently the following theorem is satisfied.

Theorem 1 Consider the each rigid body motion given by (1). Under v

the assumptions (A), the control input (3) achieves output synchronization

Namely fimly, (1)~ y,()]=0 Vi,j=1--n e
Sketch of Proof 4

Define the potential function as the following function

o n 1 . 1.,
\ ::Z%[ka P +k¢(e§)J
=1 pi

el

v
4+ 5. Simulation
After that, we can prove using the same way of theorem1.

6. Effective Coverage Control using Visua Sensor

7. Future Works

Tokyolnditute of Technglog Fuiita Laboratory 37 I Technology.

Simulation Simulation

Tokyo Institute of Technology

Tokyo Institute of Technology

2 Simulation ® Simulation V,=0 @, =0
1 021 w =01 w, =02 w,=0.3 w, =04
e YO o .
p(=|0| &(0=|-050 OO of Ex \/ QK‘_’g ~
3 0.77 =02 ‘ \ osO s 2
2 052 w, =05 % 3o e
Z A 3 2 &
0)=|-1| &,(0)=| -0.76 _ S B ;
P.(0) ¢(0) 01 —01 6 0 0 o R
2 0.52 X ) um |
3 —021 -02 04 -02 0 O . . = \
pO=|1| &O=| 077 | L= 0 0 03 -03 0 e B . S e
2 _050 0 0 0 04 -04 = 3 = - E
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Simulation Simulation
Tokyo Ingtitute of Technology Tokyo Institute of Technology
@ Simulation @ Simulation cosat
« Kuramoto Oscillator v, =| sinat ®,=0
. V,\ =1Vi eachagent'sspeed is constant and normalized. 1
cosg, —sing 0 cosat —sinat 0
¢ € =|sng cos§ 0| et =|snat coset O =
)
0 0 1 0 0 1 4w ss~= °*
2
w s w 90 — 0 w20 > b
o i ~— i3
e O ER & Z o ‘s
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o 0 =X um ! 23 2 44
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0s ] &) o 20
L o~ LI E :
S - = - -1ff 7 2
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W Outline W Simulation
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+ 6. Effective Coverage Control using Visua Sensor

7. Future Works
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Problem Statement Sensor Model

Tokyo Institute of Technology Tokyo Institute of Technology

» Sensor Model A(S) (i=1--,n)

» Rigid Body Motion in visual sensor (i =1,---,n)

p=0 p e RE position SM1: Each visual sensor has a peak sensing capacity of M, exactly at
& =l g e e S0(3) orientation theview angle § of thevisual sensor. That is, we have
a-gg O @eR' g vaony AGS)=M,>As)  Vs<i
ol [0 -0 a GeR rotation angle SM2: Each visual sensor has alimited sensory domain W, (t) with alimited
ol = o 0 {; EeR® rotation axes visual angle ¥, . The sensory domain of each visual sensor is given by
2| = 3 - !
o) |-@, o 0] deR® lightofsight W(t)={ge D:e; <y}

D : compact subset of R 2 which represents aregion

in R ? that the visual sensors are required to cover. SM3: Sensor Model A (§) ispositiveVge W and 0 Vge W, .

4 points of region of D Example
» View Angle M; _r)2 . s
View Angle of the visual sensor is represented by Als)= a-r)? (§-r)"if s2r,
o —cost@-P)" e, 0 if s<r -
e f, = cosy, :
_(g-p)'ed X

S = L = C0oS¢

H i H 45 - 46
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Information Model Objective Function

Tokyo Institute of Technology Tokyo Institute of Technology

2 Information Model # Objective Function (error function)
The effective coverage achieved by avisua sensor surveying 4 from _ . Ry
theinitial time t, =0 totime t is defined to be &)= [, hC - 1s@Dk@da s:=fifi=f-.n}}
L (qt)= J'; A(s)dt I,(q,t): Information map where h(x) havetgefollowing pro;zjerti&s
)
and the effective coverage by asub set of visual sensor N, in surveying d ¢ h(x) >0,&h(x)>0, @h(x) >0
isthen given by P) PR hx)
b ¢ h(x)=—h(x)=——h(X)=0 Vx<0 X
L @h=X1,@n=] XA (9= 3" =55,"¥
jeN; 0 jeN; Example
d . h(x) = (max(0,x)”)" A>1
glNl(q,t)=ZA(a)20 A(S.): Sensor map of avisual sensor. (eX—l i )i>0
() ={ o x
We assume 0 if x<O0
® Goal
ICL: I (q,t)=0 qeD ; _
) lime{t) =0
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IWI Control Input Iml Theorem
Tokyo Institute of Technology Tokyo Institute of Technology
® Control Input (Fully connected case) Theorem 1 Consider the each rigid body motion in avisual sensor given
) P dre (9-p) by (1). Under the Sensor Model SM1-3 and IC1, the control input (2)
@ =K‘J'a—h(x) a—A(s)¥¢(q)dq K >0 achieves 1 4(g,t)=C"in W,(t) .
b 9X x=C'-1 (at) 9 Hq— P H 2 !
@) Sketch of Proof

Integral evaluation over\W, (t) instead over D sufficient.
)
— #0onlyin W (t
[BS A(s) yin Wi( )]
Inputiszeraif 15(q,t) =C"in W(t) .

#(g):D — R" Distribution density function.

Define the potential function as the following function

V =-&(t)
d

-2, ne -1 @ oo

-2 h(xﬂ A($)0(0)dg 20
ieS D x=C"~14(q.t)
a

V = —&(t)
22 :
=—[55,h(x) ZA(s)] g(a)da
pd X x=C I (qt) \ €S .
d d (a-p)'€d
- —h(x) —A(s) ! Lg(q)dq |
Z{ 1" o 03 NS sl
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Theorem Theorem
V:_lﬂh(xﬁﬁwq.n(;A(S)J o V=0s1(q)=C VgeW vies S=fili=fln}
d # d (@-p)'éd
- —h(x —A(S)————¢(a)dgq
gs:|:[£ ox ( x=C"~14(q.t) aﬁ A i —
9 d'e(a-p)
——A(s)——~¢(a)dq
CRIETS IR e Ty
. 92 2
V=- j Fom h(xﬂx:c‘,.sm,‘,[;“w] #(a)dq
s A T
d 3 4 @-p)ed, ]
- —h(x —A(S) - ——¢(@dq
Ezsmax e O
9 )( 9 (9- p)Tef‘&
7h X — AM O H7 - d
(j Pt - A(s) o= sl 9(0) qﬂ <0
oo nsituied Tengon Fllta Laboratory 01 I Tesnoioay
i Simulation Future Works

1. Experiments

2. Extension to Visual Attitude Coordination

3. Connection this result and game theory or MPC

4. Extension of Effective Coverage Control using
Visua Sensor




