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Introduction

B Cooperative Control
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* Cooperative control is a distributed control strategy that achieves
specified tasks in multi-agent systems.

« It’s been motivated by interests in group behavior of animals,
formation control of multi-vehicle systems and so on.

« It is hoped to be applied to sensor networks, robot networks and
many other multi-agents systems. . :

School of Fish Automated Highway System
http://www.yunphoto.net/ http://www.its.go.jp/ITS/
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Introduction

B Cooperative Control
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* Consensus Problem
: to reach an agreement regarding a certain quantity of interest
that depends on the state of all agents.

* Flocking Problem
: to make all of agents’ speeds be the same.

» Coverage Problem

* Formation Control Problem

* Pose Synchronization (>
: to make all of the agents’ positions and ~ oy

attitudes be the same. E/

in particular I address ...

leader following problem of l_,
pose synchronization

Pose synchronization
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Introduction

.. . Agent Frame X ;
B Vision-based Cooperative Control %
Mounted camera (local camera) configuration ~ #~-. ~

. 9, -
- Each agent can have its own “eyes”.
— autonomous agents system
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Agent Frame £

World Frame 2,
Mounted camera configuration
We have to get necessary information (neighbor’s relative positions
and attitudes) from camera images to achieve pose synchronization.

. B

H Visual Observer [4]

- Visual observer that is proposed in [4] can
estimate relative positions and attitudes

5 Target Object X,
between camera and target objects. Visual feedback system

with visual observer
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B Last Seminar(FL08_01_1)
* Experiments (bird’s eye camera configuration)
« Simulations towards experiments(mounted camera configuration)

. i

B This Seminar (FL08_09_1)
« Simulations (mounted camera configuration - leader following -)

» Experiments (mounted camera configuration - leader following -)
« Convergence analysis (for easier problem)
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Problem Formulation

P :position
R (= Ef) rattitude
v :linear velocity

s ow angular velocity

Agent Frame X i
_-7¥ ,Leader Frame
\ subscript 45 :from frame § to
frame 7

superscript § :see from frame ¢
w :world frame
i J :agent frame

g'mj
Agent Frame 2]- A
" 0
World Frame X, Wy W Wy
wy| = | we 0 —Wg
Wy —Wy  Wg 0

V' :inverse operator to A

Problem Formulation
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» Agents’ kinematics
P = Ruivl,;
. ni 1=0,1,2,...,n
Run'. — wiw:” i Et ] ?

(1)
* Information Graph
- Fixed : topology of a graph

height
does not change. t

- Rooted tree :
one vertex has been designated
the root, in which case the edges
have a natural orientation,
towards or away from the root.

Problem Formulation
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« Control Objective
~ Pose Synchronization in SE(3) (Leader following)
: Make all of the agents’ positions converge to a certain region
near the leader and make their attitudes be the same with the leader.

\lPwo — Pauil| <L, L>0
R’wo=Rwi

Rooted tree World Frame £, m
Analysis Analysis
EStructure of Agent ; with Visual Observer ( Mounted cahlera) V B 1 Leader (standstill) and 1 follower ' V
e Visual observer [2] * Pose synchronization (leader following)
_ — Velocity Input
ij Camera Djk (k=1,..,m) . k . d .
Vi . - P - fi 2 ne At
wi o [Relative Feat ijk [P, 1 i . . . ..
[eave |- P;;::Aoz:r“Hp:;;s:;;rﬁf Vi | v(Pij — z\3/)
5 . .. .4
® Wi kosk(R;;) )

€
-
K [T (fin )| J.F -
i i) | e Vasobian
A

®
U, Camera lpﬂ" (k=1,..,m) 7
ij N ij
EsRRBM % [Relative Feature| Piik [Perspective
|Points Model Projection

(6)

. . Velocity Input L(é") (1 )
Pose synchrjonization T - - ] Yui

n Velocity Input Kinematics >
(leader following) n
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* J : parent of agent B
P : estimated position ~ R: estimated attitude

ij - | | ﬁ:;| | J (for collision avoidance and
guarantee of visibility of camera)
h—DILL
h : height of the information graph

l =i :safety distance
1,




Analysis

W 1 Leader (standstill) and 1 follower
* Pose synchronization (leader following)
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Difference between [1] and proposed velocity input (4)

(1] |:’U1iui P;:j |:U;iui:| — I:kﬂ(p::j _d::j)

ki -2 [ I el o 3

* (9) consists of relative position / | e« (4) consists of estimated relative
attitude, but the way to get the position / attitude which can be
information is not showed in [1]. obtained from visual observer.

i,
wi,

« Safety distance dji are vectors

on followers’ body coordinates.
* strongly connected graph « rooted-tree graph (because a
mounted camera can sense only

forward direction)

Problem Formulation (easier problem)

B 1 Leader (standstill) and 1 follower » '

* Information graph « Control objective

[lzto —pll < £>0

e Ass. 1
Leader 0 is standstill.

RwO = Rwl (3

World Frame X,
Tokyo Instiute of Technology 1

Analysis

H 1 Leader (standstill) and 1 follower
* Pose synchronization (leader following)
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— Velocity Input

vyt | _ [ko(Pio — dio)
wlq kosk(Ri0)Y | @

* D : estimated position R: estimated attitude

l

d%o = Tﬁ%o : safety distance

| |p10| | (for collision avoidance and
guarantee of visibility of camera)

*1<L

Analysis
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B 1 Leader (standstill) and 1 follower
* Visual observer [2]

- Relative Rigid Body Motion (RRBM)
between leader 0 and agent 1 (with camera)

G - RTo_f‘%o
wio (RfpR10)"

—_ ero —R?oﬁ%o v}ul + ngo )
0 R Way Wao
- Estimated Relative Rigid Body Motion (EsSRRBM) [:(1,0] =0
w0

- )
@ (RfyRa0)¥

- [R% —R_lToﬁ%o] [viul} +u
=7 lo RL | |wl,| 7Y (6

Analysis

B 1 Leader (standstill) and 1 follower
¢ Visual observer [2]
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- Estimated error

e = |  Pee — Riy(po — Plo)
e "= |sk(Ree)” sk(R1,T10)Y (7)

- Estimated error system
Rze_z.’ee __ RT, —RT p,. e+ 02
(RiRee)¥ 0 R, |77 |wg

Wwo,

0
* V0| g
L’go}
Input to observer
|_ Ue = ke €e g| B Estimation error will converge to 0.

Analysis
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B 1 Leader (standstill) and 1 follower

Assume that there are 1 leader at standstill and 1 follower (1)
mounting camera. Then with some assumption on the velocity
gain k,, and estimation gain k. , velocity input (4) and
estimation input (8) achieve (at least) position synchronization
(defined as upper equation of (3) ).

*attitude synchronization is under consideration.
Proof :

Consider the potential function
V= Sllpeel? + 5 Ik — kol
"= gllPee 5 !1P10 ~ %10
Derivative of this potential function is
’ T - =1T 1Ty (=1 71
V = peePee + (P10 — d10) (P10 — <10)

=..: 18
Tokyo Institute of Technology Fujita Laboratory




Analysis

B 1 Leader (standstill) and 1 follower
Proof :

v =pg‘cﬁee + (ﬁ%g‘ - d%g')(ﬁ%o - d%O)
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1 3||ploll =1, | Piopls 12
=—k dio) — = I+ d
Bll(plﬂ ) 2 ||1710|| Ilp 0“3 )(plO 10)”

1 D : -
- 4—”,3%0”4@%5 — diD) {1153l P{ (4K — ke)l|D3ol12
— (4ky — 2ke)l||Plol| — kel®H

+ {(4ky — 2ke)||Blol| + kel Hpioptg }(Blo — dlo)
If k. <2k, ,then

?? This assumption seems unnatural...
- mistake on calculation?
V<o

I have to consider the meaning of this assumptiol
nology —mmm
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Analysis
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B 1 Leader (standstill) and 1 follower

Proof :
If ke <2k, ,then
V<o
The maximum invariant set E that satisfies V =0 is
E = {(p10,Plo) | Pio =DPio = dio}

Then Lasalle’s Invariance Principle implies that position
synchronization ( defined as upper equation of (3) ) is achieved.

—mmmmﬂ
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Simulation
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B 1 Leader (standstlll) and 2 follower - Information graph

leader agent agent
S - 0 1 2

« Initial condition

= e
g w - [z”d

World Frame 2,

* Control objective 7 |: |:;§ g:|
0
0 < ||e10(0)|| < 0.25
R0 = Ry i= 1

0 < ||ee21(0)]] < 0.25 @)

Simulation

Tokyo Institute of Technology

B 1 Leader (standstill) and 2 follower

Velocity input
1 L =1 dl 1 l _1
U1f1 = w(Plo — 10) dig = | — leo
Wil kwsk(Rlo)v p;O
_ d3, =
2] _ (@@ T T
w?vz kwsk(Rgl)V £ >1=1.0
2 .

'UO 0
0 | =0 leader is standstill
[7%)

w0

Input to observer

Ue = ke€e a

Simulation
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B 1 Leader (standstill) and 2 follower

Simulation

B 1 Leader (standstill) and 2 follower

—agent(|
—agentl
—agent2

—agent0)| et
DI s s W agent]
l = agent2 8
0 o
- 5
o ' o 1 2 3 510
A N pos1t10n
. = =, i 00
b g2 —agentd
6 e agentl]
3 ---- agent2
TR, S .S 0 2 4 6 8 10
-8 \ —~ 10 , 5i)
-10-~ g 0 b
-2 0 2 4 6 10
.. . X 2 2 4 6 10
position + attitude , )
2

’ atti;ude (‘s &) Time £m° Bl
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Simulation

B 1 Leader (standstill) and 2 follower

—8
S
G
\
4\
\
N
TNl —pl0,
ST eept0, |
pt1o, |
_pbar:gx Z
Poar! Py
N Poar 0 4
0 2 4 6 8 10 0

. . Time ¢ [s]
relative position( P10 , P10 )
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—Ppar2l)

Poar2 !
= Poarl !y
4 8 10
Time t [s]

relative position( P21 , P21)

—EM

Simulation

B 1 Leader (standstill) and 2 follower

Tokyo Institute of Technology

15
E
14
05 /." jxii’of —xi2l,
/ xil0, . %21 |
Vi - xi10, =" e i1,
-1 ——Xiy 10, — iy, 21,
xip, 10 705 Xigg 21
~15 Xl 10, o Xipa 21y
0 2 4 6 8 [ 2 4 6 A 10
Time ¢ [g] Time t [s]

relative attitude ( €19 , €19 )
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relative attitude(&21 , &2 )
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Simulation

B 1 Leader (standstill) and 2 follower
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—_— peel0 — O
= S b sk(e*'%)
——peelg,) —— k(™)
05 peel0] 05, sk(e®10)]
0 =epee 0z - - sk(e*0)
-05 05+
-1 -1
0 2 4 6 8 10 0 4 6 8 10
pee2l skeee?!)
—— sk(e*e2h)]
sk(e®2)
=== sk(e®2)f

Time ¢ [s] A

relative position estimation error

* ® Time { [sl L

relative attitude estimation error

( Pee) ( Sk(Ree)v)
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Simulation

B 1 Leader (standstill) and 2 follower

Estimation errors €, converge to 0.

2 followers converge to
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a certain region near the leader.

the same attitude with a leader.

llPwo — Posll <L 5 _
Ryo = Ry =
. =

Pose synchronization is achieve
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Q)

d.
2

Simulation

H 1 Leader (moving) and 2 follower
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Simulation

B 1 Leader (moving) and 2 follower

0
[350]=[0 010 0 05" °
w0 leader is moving
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—agent(
— agont!
—agent2
0
5
1 2 3 4 5 10
position
xi (x)
——agent0
aaent]
-=-- agent2|
2 4 6 8 10
xi (y)

-5
-10
— 0
—agent(]
""" agent]
10 L agent2 —
el
5 A0
2
2
N 0 R
B
=5 | - W
S e
- -0
-10 44— vl 0
-2 0 2 4 6 10

osition + attitude

Tokyo Institute of Technology




Simulation

B 1 Leader (moving) and 2 follower

8

= A
is\‘

8 1
. .. Time ¢ [s]
relative position( 210 , P10 )
* estimation error
* synchronization error
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error

Time ¢ [s]
relative position(P21 , P21 )
—>  Lostable?

* Bigger I orsmaller [ than the case with standstill

_mmmn

leader is needed.
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Simulation
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B 1 Leader (moving) and 2 follower

Crror

[rad] z

—xil0,
o, |

-m==xi10,

| — xiper10]
Xy, 10,

--== Xy, 10,

4 8 10
Time ¢ [s]

relative attitude ( €19 , &19 )

relative attitude(€21 ,521 )

—» Lo stable ?

mﬂmﬁ

* estimation error
* synchronization error
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Experiment

B 1 Leader and 1 follower
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followm

L/

Velocity input

1
Va1

=1 1
P10 — dio

wl - Sk(RlO)V

wl
Input to observer
Ue = keee
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l
dl = pl
T e
I = 0.35[m]

_mmm@

Experiment

B 1 Leader and 1 follower
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Experiment

B 1 Leader and 1 follower
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o0 e —p0
g v leader g =
= == 07
s
G N S
7=
e 065 follower
3-15
; 06
-20  follower
25, 0.55 leader
—agent
30 agent 1 o
o 2 4 6 8 10 12 0 05 1 15
. : Time ¢ [8 it
attitude (&w (v) ) i position Zuw|m]

Tokyo Institute of Technology

wm

H Experiment
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B 1 Leader and 1 follower
_ 05 o g 26 : : :
~ —le g
Loe Xiy 10y "5 3-5://\/\/\/_\/\
3¢ 4
W
23}
2.2
—pXIO
ol —p,10
o} P10,
‘pzlobar

12 o 2z 4 & 8 10 12
b Time ¢ [s]
relative position (P10 )

0 2 4

6 8 10
. Time t [s]

relative attitude( € (y) )

{ * estimation error

« estimation error
* synchronization error

* synchronization error
- 0 —» Lo stable !‘7
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Experiment
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M 1 Leader and 1 follower

a certain region near the leader.
A follower converge to ] ]
the same attitude with a leader.

||pawo — Pasll < L, L >0
R0 =Ry, Q)

. B

Pose synchronization is achieved.

*Generally, bigger L or smaller I than the case

with standstill leader is needed. ﬁ

.
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Conclusion / Future Works
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H Conclusion
* Problem formulation ( vision-based leader following of pose
synchronization)
*Convergence analysis (for easier problem)
« Simulations
» Experiments (1 leader and 1 follower)

B Future Works

» Convergence analysis (moving leader, multi-follower)
» Experiments ( 1 leader and 2 follower )
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