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Mobile Sensor Network
A network consisting of multiple mobile sensors or
robots with sensing devices
Network : Performance or Robustness against failures
Mobile: Dynamical environments

Environmental Monitoring

TR

Applications i
« Environmental Monitoring &S b) :ﬁ:’
¢ Search - = .
« Exploration and Mapping Oceanic Pollution i

Ocean Sampling

* Management System of Infrastructure

Operation of Mobile Sensor Network

Each sensor isrequired to act cooperatively using
only limited information.

Cooperative Control Coopertive Control
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Cooperative Control of Robotic Network e

A distributed control strategy using only local information ‘ B
so that the robotic network achieves specified tasks @; -}

Cooperative Control Problems for Mobile Sensor Network

formulated as )
Ocean Sampling
Pose Coordination Problems _

Attitude Synchronization 2
Tolead all agents' attitudes to a common one by ‘:t'
utilizing distributed control strategies - et X

Available Information v o

Pose Coordination

Only Visual Information: each agent has vision
Objective of Our Work
To present vision-based attitude synchronization control laws for
robotic networks in 3-dimensional space, prove the convergence

mathematically and analyze the performance. a
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Visual Robatic Network: Rigid Body Mation
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Kinematics of Rigid Bodies

Pose (pui,et’') € SE(3) .w?’ 3.’
Elui | gy w
- ‘ p _

| o o
Exponential Coordinate for Rotation 2 1”" -------- - Frame &
. . -- jorld Frame ¥2,, W
le.; € R?: rotation axis S ) N i
0.: € R : rotation angle Ppuwi € R”: position - . 0w
wi €7 €0ui ¢ R3X3: attitude B
Body Velocny Common (vy,; = vy,; "i.j) V- Inverse Operator of A

1“

wi

~ B f
b b Wi Ve 3L !
[ ] eRrt Vi = [ o 0 ] e R l%; € R® :linear velocity
“u 1. ki, € R® :angular velocity
Control Input (= g2 gus) v ’

Rigid Body Motion ("R ative Rigid Body Motion Ad -1, € RV

~ b 1. Vv b b i
i = Gui V0o (1 Vii=1(9i 9ij)" =—=Ad g1y Vi +Vig; |+ coord. trans.
Guwi Gwi Vi (1) o) f1OM T 10 T
9i5:= Gt 9wy = (pij, %) : pose of rigid body j relative
to body ¢
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H Visual Robotic Network: Visibility Structure and Measured Output
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Visibility Structure among Rigid Bodies
Rigid Body Set  Visibility Set
V:={1,---,n} ECVxV [(j,i) € £:body j isvisible from bodyz'}

V|5:b|||ty
Visible Bodies ;)_ﬁ)\;(

| M::{j€V|(j,i)€€}(3)| o '\
Measured Output Tk _,%

" T m
fi= (fij)je/\/, @ | fij = [fijjl fz‘?m] eR? measured
not measurable  output

Vision Model (Perspective Projection) ,
i [zis i : focal length — Projection
fij= [x]k] eR? Ai € R :focal lengt
Ziji [Yide ke{l,---,m )

Tij i
_ [ } position of k th feature point
DPij.

1 Frame 2, A~

Frame £
W L

Yi
¥ | of bodyj relative to bodyli ’
]magL Plane
A ——




Visual Robatic Network
Visual Robotic NetworkEi Visbility Sruct
T " ISIDIItY Structure. ——————
77 Rigid Bodies
g Ni= V]G €EEnLicV®

lgwi = guiVii i€V @

Mvi_sibility
- Measured Output ———— ey = L.
fi=(fij)jens, i€V (4

Assumption 1 (Leader-following 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 })f' \m;
(Yiev\{1}, Foi,- v €V st =1, v, =i /

.
(g, vp41) €E R E{L,---,7 —1}) ¥ z:ﬁ 1‘\
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Visual Feedback Attitude Synchronization
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Definition: Visual Feedback Attitude Synchronization
A visual robotic network ¥ is said to achieve visual feedback
attitude synchronization, if

’Ub = ’U,b

wi wj . Ve s (5)
1 lim ¢p(e SPwietlui) =07 77 =~
t—o0

Energy Function of Rotation
2 1 s X 2 2
B(es0wi):= 5‘31‘(13 —efvi)>0 (o(ew“"): 0 & effvi = 13)

Attitude « All rigid bodies' linear velocity is the same
Synchronization | « All attitudes asymptotically converge to acommon value

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

Visual Feedback Attitude Synchronization Law
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Visual Feedback Attitude Synchronization Law Fij, keij >0 € R
(vhi=v v e R® : common body
Velocity Input linear velocity

b — Lo ok(e€0i )V
Wi = Kijsk(E)Y i red Value N : visible bodies
b . (m—1% . b .
Vi = (335 93)" = —Adggon Vi + i Visual Observer to estimate

L relative pose of neighbors[10]

£0,i5 )b
Peij + KGE R
uij = keij —

sk(ef0ei5)Y — sk(e€0:)V JEN;, i€V
; cancel term of velocity input
Estimated P0§e to prove synchronization ed
Gij = (Pij, e%9) Vb, measur
9ij Dijs Co———= wj J_not measurable  output
. . _ 13
Estimation Error ) | o Vil [Reative rigia|Yisperspectival s
Geij = !71';19:‘)' = (pe,-j,ego“l) | s sh (%) v Body Motion Projection —|
9eij = 14 bis = 9is : Jij estimate
|

Input (7): calculated only
by measured output f;;

[10] M. Fujita, H. Kawai and M. W. Spong, | EEE Trans. on Control System Technology, Vol. 15,
No. 1, pp. 40-52, 2007. m

Visual Feedback Attitude Synchronization
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Theorem 1: Visua Feedback Attitude Synchronization

Suppose the leader does not rotate [« = 0) . Then, avisual

robotic network ¥ with control law (7) and Assumption 1

achieves visua feedback attitude synchronization if . m

2kiike; . . “
kjk < AR, kEN;, JEN:, i€V, 10) -.*JGNi
2kijkei . .
kje < 5 tais, KEN;, JEN, i€V, A

Vo={i€VI]igN;YjeVvhVo={iev\{1}|FjeV, ieN;}

Gain condition (10) implies that if the backward rigid bodies move
fast, then visual feedback attitude synchronization is achieved.

Sketch of Proof
Lyapunov Function Candidate: 4 = {1,2,---}
Lyapunov Argument

I A ae885y 4+ Ly 2 €0cis
}D =>>u ("’(6 )+ 2”‘"“1H2 +ole >> 20 (Asymptotic Stability)

=2 JEN; Control Estimation n
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Tracking Performance Analysis
Td(y;lnsnuteai Technology
Theorem 1: w!,; = 0 ;
-

.

tracking performance ?
Evaluate attitude errors regarding the leader’s ;
angular velocity as an external disturbance
Te : All rigid bodies’ control and estimation errors
Qualitative Evaluation: Input-to-state Stability
For any bounded input, the state will be bounded

llze Ol < B(llzollz, t) + alllwrlle.), 't >0 al) €K, () €KL

)
For arotating leader (w5, # 0) , is there sufficient j ;\ \
» ; )

Quantitative Evaluation: £,-gain Performance Analysis
For any energy bounded input, the output will be bounded

llzellcs < Mwhnllc, +6 7,020

H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002. _HM

Tracking Performance Analysis based on

r Theorem 2: Tracking Performance based on ISS

i

Suppose the leader rotates(wy,, # 0) and Assumption 1 is satisfied.
If 16,;(0)] < g 60:;(0) < =, j € N;, i € v and for any positive scalars
lei, € (¢ > €), inequality (12) is satisfied, then there exists classk £

functiong(-, -) and class-k functiona(-) satisfying inequality (13).
keij > € Y3
{@>6,,]’6M,iev, (12 FF
Kijtkeij—€ i
i FRei; —ei N »
lze(®)ll2 < Blae(0),tll2) + allwballe)- (13) ¥~ F

ISS
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Control Error Vector: eqij = sk(efP4)¥
] Error Vector:

Estimation Error Vector: e;; = [sk(%‘;j W
£00is

z. : Stack Vector of eceij, j €N, i€V

€cij
€ceij = [EV‘J]

2ij
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Tracking Performance Analysis based on 1SS
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1
Proof 3 _ _)

Step 1: 2rigid bodies _3,
) 1 . ‘
Energy Function: U := ¢(ef%21) + §|\pem|\§ + ¢(ef0emr)
Time Derivative of =
K r U2 - Oy = (k21 + kea1) I —kenn I € ROX9
Uz = —€ls1 Qarecen + elyywhy e —ken I kear I
Here, I:=101)
72|, b

2
206 12 1 2
+ 5 llwiall3 + 2_72He€21”';

2

<0

Thus, for any positive scalar e ,

g T Y2006 12 T 2 2
Uz < —€cen Q21€cent + 5 llwunllz + ecens Woecezt Fellecen [l — ellecealz
=1

(W-z := diag(Ogxe, —2; I3)>
. 72 2 :
= _ecle21P2e¢e'21 + o5 ||wﬁ,1||§ - 6”8“21”5

(P2 := Q21 — Wy —ely)
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Tracking Performance Analysis based on I SS

Ua < el Paceens + 5 [wh 3 = ellecen|}

Tokyo Institute of Technology

T
2/-)

< 0 (Gain Condition (12): ¢ J‘ +e] ¥

< Bl = ellecen3
Integrating from 01 to 7" yields

V2 T T
Ua() - Ua0) < B [ ballide = [ llewn e
> () 2 Jo o

Thus,

g 2 1 72 r b 2
[lecear ()l2dt < ~U»(0) + % [lewny ()15
0 € €Jo

Here, if [f(0) < 5. 61(0) < 5. j €N, i€V

Us(0) < |lece21(0)]13 (Refer to the resume)
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Tracking Performance Analysis based on I1SS
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Thus, 3 _ _)T

T . 1 . T
[ lecen @It < Zlecen I+ 3 [ lbu ol ¥
From [16, pp. 95, Theorem 1], we get the following from I SS definition
llecear (D12 < Balllecear (0), tll2) + aa(llwhyllen)  a2(5) €K, Ba(--) € KL

Step 2: Chain Type Visibility Structure (m Rigid Bodies) _;,v !
P
Using the ISS property: ,? 2
Cascade connection of ISS systemsisalso ISS - )}3

We get the following from ISS definition 3

Zem ()2 < Bon([|Tem (0), tl]2) + am (Wi llce)  @m() €K,y Bm(-) € KL

Erra
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Tracking Performance Analysis based on I SS

Step 3: Multiple Chain Type Visibility Structures (Assumption 1)
For each[S....i, i € V,, we get the following Seoter 230

llzei ]2 < Billles (0), tll2) + i(|lwhillzo) i € Vy 4
i) €K, Bi(-,-) € KL ._'-al';'
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For I - [l2, Bi(-,-), thefollowingsis satisfied Pealct SefY
Vy =1{4,5,6}

2ol < Meeillz + lloeslla

Toj R > eill2 ejll2

et + 8501t < (|22 )+ (2] )

eills ejlla

Thus, summation of the above inequality for i € v, yields

el < Billlze(0),tll2) + Y ailllwlille..)

i€V, i€V,
Bi=S B a=Y a Inequality (13) O
i€V, i€V,
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H Tracking Performance Analysis based on £- -gain Performance
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Assumption 1 = Multiple Chain Type Visihility Structures
For each [Ecotci, i €V, o
Real Symmetric Matrix: P; € RO(m—1)x9(ni—1) A

(refer to the resume for the definition) '3"
n; : number of bodies of ¥.,;.;

Identifier: {1,2,---,n;} Vy ={4,5,6}
r Theorem 3: Tracking Performance based on £, -gain Performance —
Suppose the leader rotates(wy,; # 0) and Assumption 1 is satisfied.
Then, for any k1), k-1, | € {2,--+,n;} and positive scaaryi, i € V,
satisfying LMIP; > 0, i € V, , tshere exists anonnegative scalar
> o ) N
satisfying the following inequality. Fi¥ b2

leclles < lltlles +6, =[S0 ) _h \g 4
iev, ¥

7Y evaluate cont. and est. errors Barometer of Tracking Performance

Tokyolnsituteof Techogy _EM

Ccotes N

Proof of Theorem 3
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Proof
For each X.o1ci, i €V, .
Energy Function:; := >~ (¢< Biin) + %npau,nnz + ¢<ef*’~<~>))

=2

Time Derivative of U;
2

. Yi 1
i= _-TZ;Pimu ”wwlllz ||zel||2 2@ le Tei
<0 Y M
<
H will3 = Hzeillg
b
Integrating from 0'to 7' yields ]
v [T b2 17 2 I
Udr) - Ui0) < 5 [ talBde = 5 [ llilBar
0 0

>0
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Proof of Theorem 3
Tokyo Institute of Technology
) ) 'Yl 1 2
Ui(T) - Ui(0) < 5 IIwwlllzdt IIlelzdt
T >0 al
Summation of the above |nequa||ty foriey, ylelds _ “ ]
’Yz > Conservative
Yoo XY [ a3 [ o
i€V, i€V,
Extract the sguare root e
\/ / lee®)l3d < | S / ()13 +2 3 Ui(0)
0 i€V, i€V,

Thus, we get the following inequality

lzellz, < [ villwhalle, + 23 Ui
i€V, i€Vq

= | 5 6= 23 Ui(0) i
g; 7 g Inequality (14) O

Tokyo Institute of Technology.

+4)

Analysis of Gain Condition
3 Tokyo Institute of Technology
3 RigidBodies P;>0 «— ;4/
(ko1 + kear — %) I 0 @l ; —kea1 I3 0 0 *%kmfs
BT (1 11 S R O -0 ___o
) — —keo1 I3 0 keot =5 — 57 ) I3 0 0 0
Py = 0 0 | (ka2 + kess — §) Iy 0 —kesaIs
0 0 : 0 0 (kesz —3) I 0
—LkaIs 0 S;F| Ry O —kes2 I3 0 (kes2 — 1) I

Affineon ki(i—l) 5 kez‘(i—l)

Schur Compl ements

zeR™,Q(z) = R(z) = R(z)"and S(x) depend affinely on z .
Q(z)  S(x) — [R(
[SJT R(%] w0 = { :

) >

Q(z) - ( ) R(x) 'S ()T > 0
) >
) -

(223
Rix

2) Sa(K: ;
oo [ T o= B e o Rl )

S. Boyd, L. E. Ghaoui, E. Feron and V. Balakrishnan, Linear Matix I nequalitiesin
System and Control Theory, SIAM Studiesin Applied Mathematics, Vol. 15, 1994

S(@)Q() "1 S(x)T > 0 '3”])

Analysis of Gain Condition
3 Tokyo Institute of Technology
F— F—
P; >0
az—1
= (T T 2ot T (W oo — 2y — oo T~ (T 7260 =17 = ¥
LMI Solutions too complex

Minimize 7 Condition: k;(;_1y, kei(i—1) < 10

Far =872, kg2 = 9.98 leslle, < 04T, + /2T5(0)
keo1 = 9.97, kego = 9.98 (v=047)

Linear Matrix Inequality
P, >0

| Gain condition or solvability has not found yet. |
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Simulation

Initial Condition
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Visibility Structure o
¥ P =[5 —557 a0 =[0F0]
3 '}/92-\” Puw2 =00 o]T ) £0,,2(0) =[00 O]TTF ,
/‘H 1 Pus=[00 —5] E0.3(0) = [o -7 0]
9“' 4 [ 7 T
’ pus =[5 —5 — 5] Bua(0) = [0 5 0]
Pus =[=50 —10]" €8,5(0) =[0 00"
[m] [rad]

Tracking Performance

lzellco < Allwglles +6

(iv=2 (i) v = 0.49 (better performance)
kot = 2.73, gy = 4.45, ka1 = 11.28, ksp = 19.93,
ki = 5.69, k54 = 8.38, kso = 18.99, k54 = 19.99,
kear = 3.37, kezz = 3.94, ke21 = 19.98, kezo = 19.92,
kea1 = 6.65, kezo = 7.72

ka1 = 19.99, keso = 19.99
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Simulation Results
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Leader’s Body Angular Velocity Visibility Structure

ooro”  tefo.s)
o _JIm0a00]" te[s10) g)'\
T 0 010" ¢ e 10,20 [rad/s /%\”
oo’ t € [20,30) /% 1
Synchronization 9“3 4
Positionsin ¥,
0 v, ()

20 10 20

%, Im]

1 ! T !
_ 2)42)5 or:': _ 2)435 or,,.:
= w L1 = w L1
S Pus S Pus
o 0 o

y Im M0 -0 g % ) y Im M0 -0 ;

Good Tracking and Synchronization !
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Simulation Results

Rotation Angle Errors
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(i)™ (i)
044 0.4 —_— ”-._-
s=“"‘;: s=“"‘ |9ij| 15 ”:
0.1 i | | Better Tracking !
" 3 I|||I|:|\| i 3 10 I'inl|£|»| 0 & L
2-norm of Synchronization !
(i) (i)
o \llzella < oo lloell2

i 5

0 23 30

15
Time [s]
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Conclusion and Future Work
Conclusions

* Proposal of Visual Robotic Network

* Proposal of vision-based attitude synchronization law
* Proof of visual feedback attitude synchronization

* Analysis of tracking performance
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 Simulation and experiment for verification
Future Works
idirectional visibility (too difficult: local report)
* Tracking performance analysis of visual feedback pose synchronization
* Panoramic camera model
G)?i gid bodies with actuators (dynamics)
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