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'1' Introduction

MCooperative Control

Tokyo Institute of Technology

« 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. b 1.2

Automated Highway System
http://www.its.go.jp/ITS/

School of Fish

http://www.yunphoto.net/
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'1' Introduction

MCooperative Control

« 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

Tokyo Institute of Technology

In cooperative control problems, we
assume that agents can get
information of only thier neighbors.

distributed control

flocking ( leader following) n
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'1' Introduction

B Pose Synchronization in SE(3) [1]

« Pose synchronization in SE(3) means that all of the agents’
positions and attitudes become the same.

Tokyo Institute of Technology

« Consensus problem[2] and a kind of flocking problem[3] are
included.
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'1' Introduction

Tokyo Institute of Technology

B Pose Synchronization in SE(3)
eInformation of neighbors’ relative positions and attitudes is necessary

How can we know relative positions and attitudes between each agent ?

WVisual Observer [4]

*Visual observer that is proposed in [4] can
estimate relative positions and orientations
between camera and target objects.

Target Olject X
visual observer
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Introduction
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EMounted / Bird’s Eye Camera Fonfiguration
» Mounted camera (local camera) configuration

- Each agent can have its own “eyes”.
— autonomous agents system

« Bird’s eye camera configuration
- Our goal is realize the autonomous agents system by applying
visual observer to mounted camera fonguration.

- To make the problem easier, | applied
visual observer to bird’s eye camera
fonfiguration at first.

mounted camera fonguration

»ne
bird’s eye camera configuration ﬂ

Tokyo Institute of Technology
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Introduction
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B | ast Seminar(FL07_27_2)
*Proof of the position synchronization (bird’s eye camera configuration)
«Simulation analysis (bird’s eye camera configuration)

!

B This Seminar (FL08_01_1)

under-some-assumptions)
«Simulations towards experiments(mounted camera configuration)
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Problem Formulation (review)
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&

*Agents’ Kinematics

P, € R¥:position
e € SO (3) :attitude
v’ e R :body linear velocity
. " e R*body angular velocity
(i=12,...,n) oo,
&,; € R® :rotation direction
0., € R :rotation angle

3 — aluyb
pwi_e Vwi
Sui — alu ;5P

e =e"ay;

Yi = (pwi.' eCWi) € SE(3) ()

X ) X
¥ o “%i Agent Frame £ Y 0 -~ o
. - .'.;'_'_ Z w,| =| o 0 -
Ny -
Camern FraméZ | " g ¥ @ m% @ 0
K e, ol e Swi p
[ ]

:homogeneous representation
of g, =(py.e)eSE(

wi, ci :ith agent frame seen from
world frame, camera frame

World Frame £
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Problem Formulation (review)

eInformation Graph
- Fixed : A topology of a graph

does not change.

- Balanced (undirected or cyclic)

: In-degree and out-degree
are same. ...(Asl)

Neighbor: N, :={j|jeV: (i, j)e&}

Agents connected with agent

*Graph Laplacian : I
=]

L=[L]=1-1 jeN,

0 jeN,;

Tokyo Institute of Technolog
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agent
i agent
bl 1

Fi
Ky

.’:
L] ¥
agent

J

o agent
ke

undirected graph
agent -
i {agent
1

/
'

¥ /
agent

2

cyclic graph ﬁ

- u_u,lr}‘rrf

Problem Formulation (review)

&

«Control Objective

- Pose Synchronization in SE(3)
: Make all of the agent poses (position /attitude) be the same.

|!Lrg(yi‘1y,-)=l4 Vi,i|

,{g .
Ty

*1 assume that world frame and camera frame are the same.

Thatis D, =D,  ..(As2) a
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l h I Analysis (review) l h I Analysis (review)
WStructure of Agent i with Visual Observer ( Bird’s eye camera) mVisual Observer [4]
Vistal Feedback Observer -Input to ESRRBM
x4y L - Camera iz (=1,.m) Keem ..(2)
+ RRBM (— %
Ij K — Kev 0 c Rexe
¢ 0 K,
_ dlag{kev' ev? ev}E RSXB kev > 0
[]@ 7 = diagfk,, .k, k,,} € R*® k,, >0
I\mtli\l| N
Peei = e_4c| (pci - ﬁci)
Velocity Input « | - = a
: e ’— ; ‘ plei = g Cagta  estimation error
b buck( 0 Peidl Vetocity tnpat ucH K e ﬁ—
s I B = . peei _ 1+t 3
[va IIrc-ll\_..k.I"l'_‘r ©) C = |:s|(((35A~EEV)v - Ji (f' f')
Observer k * N=jk
R R A— _mnmﬁ Lok g of Techoglop _mmﬂ

'1' Analysis (review) '1'

Analysis (review)
mVisual Observer [4]

WPose Synchronization [1]

Tokyo Institute of Technology

*Estimation error €, is asymptotically stable with input (2)

*Velocity Input
when v =0 .

Vb' eiim 0 pwj - pwi -
i = . =12,...,
L:J JZN:{ 0 J[sk(efwie%)J ( n

*Velocity input (3) achieves output synchronization.

Z{ Py Py +4(e7)}

(UEi) ( Ei) q eEi( S :(eeé‘;.)v ) >0 Z{ T I ( |)
| i< =...
<( ‘ !Iw(y; yj)—|4 Vi,j
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Vi = || P I +6(°)

ob5| - pee: peel +¢(ecw)
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l h I Analysis (review) l h I

WStructure of Agent i with Visual Observer ( Bird’s eye camera)

Visual Foedback Observer

Analysis (review)
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WProposal of Inputs

«Input to ESRRBM
w0 '1'-" . Camern | (h=1,...m) F Uy = Keeei (2

catur] Pt

Moge! J :»‘n'?.iﬁﬂﬁ‘ | K ::|:K 0 } R

ev

P ': > 0 Kew
_E\J. — | 2
L = diag{k,, k., K., } € R** k., >0
. (2) §i - dlag{kefu’ ew! em}e R3X3 kea) > 0
I\E(Itli\l|

*Velocity Input

; pust i i b oz — —

! [ V. Cui Pui — Pui .
el Bl wloyle O PP o
O § - ps @ o] R0 1] sk(eve™)

[Visual ---1|~_..t..."’-_1‘7 ) -
Ohserver k * N=jk
R A e A— _mﬂmﬂ L0 syt of Tchioin _mmﬁ




'1' Analysis (review)
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MAnalysis of Position Synchronization

Input (2), (3) achieve position synchronization under the assumptions
Asl, As2 if the condition (K,, ® I,) —(L®1,) > 0 is satisfied.

Proof :
Define the energy function as follows.

51 1
V= 2 {7” peei ”2 +7|| pwi ”2}
T 2 2

Observer Position Synchronization
By differentiating this energy function, we can prove that

position synchronization is achieved. Q.ED

WAnalysis of Attitude Synchronization
*| have not be able to prove attitude synchronization yet.
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'1' Simulation (review)
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mSimulation Results : K, =5x 1,

—oagentd
==-agentl
2.5 " agent2 ==

e agen:t:! a -
2 =]
L

N5 ‘_ y
&

05- = D
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'1' Simulation (review)
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mSimulation Results : K, =3x I

—agent0
""'agentl_
25 agent2
=~ agentd

15 ‘

05 S | 0
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'1' Simulation (review)

ESimulation Results . . y_ § "
« Sufficient Condition SN
Assume . _11 ’; _01 g

Ko =kxl; k>0 Sl 12 a1
Then 0011

(Ky®1)-(L®1,)>0 k >3.55

(Ky®1,)-(L®1,)<0 k <3.55

*Simulation Results
- Output synchronization is achied when K, =5x I, >3.55x |
- Output synchronization is not achieved whenK, =3x I <3.55x |
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'1' Experiment
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WEXxperiment
« Experimental system schematic
- HALCON, SIMULINK, DS1104
- Vehicle (Mini-z), RF Transmitter, Camera
- Experiment is performed on 2-Dimension plane

Bird's Eye Camera Digital Control Device
—_——
ﬁ Video Signal
|

* SIMULINK (The Math Works)
* DS1IM (dSPACE)

+ PicPort Calor (Leutron Vision)
* HALCON (MVTec)

Rsdio Transm
Voltage Input

Vehickes

e

RF Signal

Vehicles : Min-z (Kyosho)

RF Transmitter

Tokyo Institute of Technolog

'1' Experiment

Tokyo Institute of Technology

WEXxperiment
* Problem formulation
- graph : balanced graph

et e gt e gent e agent
0 e 1 3 3

- initial states
pO(0) =[0.92 —0.59 2.05]",£0(0) =[0 0 ~1.48x10"'"
p1(0) =[-0.90-0.18 2.05]", £1(0) =[0 0 2.36x10°']"
p2(0) =[-0.93 0.28 2.05]",£2(0) = [0 0 3.31x10*]"
p3(0) =[~0.87 0.69 2.05]",£3(0) = [0 0 ~1.66x10™]" 1

Tokyo Institute of Technolog,




I h I Experiment I h I Experiment
— Tokyo Institute of Technology | p— Tokyo Institute of Technology |
MEXperiment MEXperiment
* Results * Results

Tokyo Ingtitute of Technolog

orientation . X-Y position

Pose(position and attitude) synchronization is achieved.

*Note : for collision avoidance, | assume that position synchronization is
achieved when distances between each vehicle become less than 20cm.

Tokyo Ingtitute of Technolog
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m Problem Formulation

*Agents’ Kinematics

Tokyo Institute of Technology |
P, € R¥:position
e e SO (3) :attitude
v?, e R® :body linear velocity
. b e R3:body angular velocity
i=12,...,n) Pu€
( e ) i = 0w
&,; € R® :rotation direction
0., € R :rotation angle

3 — aluyb

pwi_e Vwi
Sui — alui b
g =e"ay;

Yi =(pwi'e:Wi)ESE(3) (1)

.v\gcmFran:': Z; o7 0 o o
5 o =l o, 0 -
@, -0, o 0
é
efs p
- 8y 9ui = o lw'

:homogeneous representation
of g, =(py.e)eSE(

wi :i th agent frame seen from
world frame

World Frame I m
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m Problem Formulation
eInformation Graph

Tokyo Institute of Technology|

- Fixed : A topology of a graph : -_".j.wj.u‘ \
does not change. —
- Cyclic : a graph that consists of a / f,f
single cycle. |"'.'-'f‘2"" \ "',“:'";.-”.'.'
(very strong restriction) NS NS
...(As3) cyclic graph

«Control Objective

- Pose Synchronization in SE(3)
: Make all of the agent poses (position /attitude) be the same.

. oo, !im(yi’lyj)= 1, Vi, j| .
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mStructure of Agent i with Visual Observer ( Mounted camera)

m Analysis

Tokyo Institute of Technology|

Visual Observer if

", Camern  pyy (F=1..m)
i Relative Feature] it [Perspective ]
L il | Points Model Projection

e A -

) Camera — py (k=1,..m)

it [Perspective
Prajection

Relative Feature
|Points Model

1 S
Kinematies f——

r i
_\'u-u.ut Oibserver il . N=j k1
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'1' Analysis

WProposal of Inputs
eInput to ESRRBM
Uy = Ky ..(4)

K 0
K, Z:{ Oev K }ERSXS

K., = diag{k,, k, K.} R K, >0
K., = diagjk Kewi Koo} € R*® K., >0

Peeij = e ( Pij — ﬁil)

Tokyo Institute of Technology

e

ew?

e —eligh estimation error
Peci . £
= e =3y (f =,
i Sk(eseeu)v} g ( g J)

*Velocity Input

V\;bvi o Eljl -
Lﬁj_;[sk(e;')} (=120m) ()
_mmﬂ
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'1' Analysis

MAnalysis of Position Synchronization
*Assumption
- Visual observer can estimate relative positions and attitudes of
neighbor agents wherever they are.  ...(As4)

™ impossible assumption

Tokyo Institute of Technology

*Proposition

ut (4), (5) achieve position synchronization under the assumpti
As3, if the condition (K, ®1,)-(L®1;)>0 iss/at,i,s'f"r{‘Dﬁ
Proof : Define the € function as follows,

VATl o)

i1 jeN,

Sition synchronization is achieved.

Tokyo Institute of Technolog,

'1' Analysis

MAnalysis of Position Synchronization
As4 is not proper assumption : a camera cannot see targets which
l are too near nor behind it .

Tokyo Institute of Technology

*New Assumption
- Agent i can sense its neighbors N; those satisfy  Zj > Oaon
‘ 71 : distance in the direction

. . " of the optical axis
approch the neighbors whom agent i can see

I have to investigate if the position (quasi-)synchronization
is achieved under this assumption. ;

WAnalysis of Attitude Synchronization oo v
«| have not be able to prove attitude synchronization yet. '

_mmﬁ
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'1' Simulation towards Experiments

Tokyo Institute of Technology

* Note : Following simulation is not a simulation for the foregoing
theory but for the preparation for experiments in terms of that
it considers only one camera on each agent (s.t. they can see
only forward).

However if we consider two camera on each agent, they can see both
forward and backward. This is almost the same situation with foregoing
theory.

*Assumption

- switching topology
(i,j)e€ if ziij > Agone

e Agent Frame £

i cgn detect others
/]

cannot detect others  dgor

- each agent knows initial
relative configurations with
other agents approximately.

eInitial states
p0(0) =[0 0 3]",£0(0) =[0 0 1"
PU0)=[3 4 2]",£1(0) =[£ 0 4T
p2(0)=[-311]",£2(0)=[0 01T

p3(0) =[1-1-2]",£3(0)=[0 0 0] ﬁ

Tokyo Institute of Technolog,

'1' Simulation towards Experiments

eAssumption
- switching topology
@i,j)e€ if ziij > dgon

: .

, | —— ——
NO —  attitude
= —agentd
-2 ==-agent] §
agen

v oot - In some case,

- -5 . . .

4 c L 47 ¥ pose (quasi-)synchronization

posttien is achieved.

Tokyo Institute of Technolog

'1' Simulation towards Experiments

Tokyo Institute of Technology
connection {with agentD] connection (with agent1)

connaction

t t
connection (with agent2) connection (with agent3)

- Agent0 cannot detect any
other agents so it does not move.
(a kind of leader following)

connaction
. 5 -

tswitching of topolody

- If there are more than 2 agents
—rl that cannot detect any other

i agents, synchronization is not
achieved.

., want to prevent this situation in experiments,

Tokyo Institute of Technolog,




'1' Simulation towards Experiments

Tokyo Institute of Technology

To prevent such a situation ...

- limit the initial configuration

( line-configuration, center-directed configuration, ...)
- By mounting the another camera to each agent to see backward,
they come to be able to detect all other agents.

1 the easiest experiment is ...

Leader following with line-configuration

| ,;;ff‘ffa? ,

Tokyo Institute of Technolog

- I’ll do this experiment ASAP.
After that, I’ll try to modify the
theory of mounted camera
configuration.
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'1' Conclusion / Future Works

EConclusion

« Bird’s view camera configuration
- Review of the previous seminar (FL0O7_27_2)
- Experiments

» Mounted camera configuration

- some simulations towards experiments

Tokyo Institute of Technology

mFuture Works
« I’ll modify experimental systems (camera, image board and etc).

|

« I’ll do experiments of mounted camera configuration ASAP.

« I’ll make theories of mounted camera configuration.
Tokoo \ositue of Tectrglog _mmﬁ
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*Note : Notation is different in some part.
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l'ﬁl Appendix l't‘l Visual Feedback Observer -Outline-
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EOutline

®Relative Rigid Body Motion

®Camera Model

®Estimation Errpr System —

v _ v N
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'1' Visual Feedback Observer -RRBM-

Tokyo st ofTechmolooy
HERelative Rigid Body Motion
> world frame Loaiei
>, :camera frame
>, :object frame
Gap = (pahvem)

gdb Pas
= @ SE(3
o) | <o

:configuration of a frame .,
relative to a frame "

Robot
Manipulator

oo = e Ouo

Target Object

G0 = GreGuo + Icluo

— -1 4 -1 14
=000 0utluo + Gt uo (1)

'1' Visual Feedback Observer -RRBM-
HERelative Rigid Body Motion
\73?7 = g;;gab

Tokyo Institute of Technology

e = ~FucOucTucuo + GucGuo (1)

[eee eip,, N :—j’fgw +GeoVuo
0 0 ch =009
{v" } =0V Teo + Vi
Vl; — ab
al b
,
” IVC‘; =—Ad ;. Vo +Vis, :RRBM model |
_| &P eln pyele
(e{abécah)v Ad(gm) :l: 0 :b:}n }

V) e se(3) )
V2 eR® :body velocity

Ve

4

b
RRBM
g = [p.e*’)

Vi, € R® :body translation velocity

%, € R® :body angular velocity

Tokyo Institute of Technolog)

'1' Visual Feedback Observer -Camera Model-
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MCamera Model

Camera Frame

p,i € R? :position vector of the i-th
feature point relative to ZG

p,; € R® :position vector of the i-th
feature point relative to ZC

Pei = [Xci Yo o Za 4 py
= gcu pai i
P
fo=[f, f, _Jx
:perspective projection of ik

the i-th feature point onto
the image plane

{ :i[xci} ] " =
Zei | Yei ! rrnm | .‘,I ey Eont

1 |
L L o L R A |

Tokyo Institute of Technolog

Target Ohject

'1' Visual Feedback Observer -EsSRRBM-

Tokyo sttt of Tchnology
b _ b
Vo =—Ad LV +u,

U, :input to ESRRBM

ﬁci = [XCI yci ch ]

= 0o Poi
_ A X o . o ~
fi="" AR N F=[fr - T
Zci ycl
= | " Estimated Camern Model
Ve | e | — " L
| Estimated | (5.H) Relative Feature| P Pempective | 7
RRBM [ Points Model | ™| Projection | [ "

.

Tokyo TsTitte of Technolog

'1' Visual Feedback Observer -EES
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MEstimation Error System
oo = (Pecr )
= G{olgcc :estimation error

R -
Pee =8 " (Peo ~ Pro)
efe —glaghe

=|(p! T (g% ]r imati ’ 1, ;. ’
€ [pee ez (e°)] :estimation error vector *eR(e"“):E(e’“—e’"“)v

f—f =J(7,)e, :estimation error of feature point

J.(9,) = Ze P /12),;' é¢‘“[| —ﬁui] :image jacobian
0o £ -2
Z; z

Tokyo Institute of Technolog:

; 3@) = (0.) JL(gm)Tﬂ

'1' Visual Feedback Observer -EES

Tokyo lnstitute of Tech OToTy
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MEstimation Error System
e, =3"(3.,) (f- 1)

*take 3 or more feature points so that J(J,,) be column full rank

. Camera
v
1 ol I

= RRBM

Perspective |
Projection ||

P L
Eatimated | (.5
™ rueM

i
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'1' Visual Feedback Observer -EES

MEstimation Error System

Lo 1
Vo=(glg.) =| &P
(e’geee";ee)v

Tokyo Institute of Technology

| V.o =—Ad U, +V,, :estimation error motion model |

WPassivity of the Estimation Error System

=
If V. =0, then estimation error system satisfies _L u] (-e,)dt>-p,
* ﬂe >0

proof : Consider the following positive definite function
¢ = 1 2 le sy 1 :
=5 1P Il +4(e™) *gle) =l —e™)
differentiating ¢ with respect to time yields
T H L. +er (el

Tokyo Ingityte of Technolog _mmﬁ

'1' Visual Feedback Observer -EES

MEstimation Error System
e P
Vo L]

Tokyo Institute of Technology

| RELBM o t;:-lrl-lgl..l.l‘...:.
In Jacobian
Ke . —
e K = - 3 (=TT e .
", Estimatod enern A
J 1
v r
Estiitrunt (e cermnective 1 9-qai
"1 mmnm o Tompeetive (. 7 :L2-gain

Choose u, = Kee , then

«Estimation error is asymptotically stable if V.2 =0 . 1
«Estimation error is L2-gain stable if V,, #0, K 27

I—EIZO_
2

&

Visual Feedback Observer -EES

WPassivity of the Estimation Error System

G H pLp. ter(e=)al, | @

Ul (-e)

integrating 4 from 0 to T, we obtain

jgu;(—ee)dzzj; $dr

- W) W) W) 4,

u, = Ke,

e

=% <0

= e

K>0

pEe
€r (efee )}) -0 ﬂ
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