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Cooperative Control

B Cooperative Control
« 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. ‘ :
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Automated Highway System
http://www.its.go jp/ITS/

School of Fish

http://www.yunphoto.net/
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Tasks of Cooperative Control
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B Tasks of Cooperative 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

* Pose Synchronization [1] (D
: to make all of the agents’ positions and ~ oy
attitudes be the same. E/
Pose synchronizationn
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Vision-Based Cooperative Control
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.. . Agent Frame X ;
B Vision-Based Cooperative Control %

* On-board camera configuration
- Each agent can have its own “eyes”.
— autonomous agents system o/

World Frame 2,
On-board camera configuration

Agent Frame £

B Researchers

*R. Vidal et al. [2]

* A. K. Das et al. [3]

« F. Morbidi et al. [4]

* N. Moshtaga et al. [5]

*2D
* Nonholonomic constraint
*» Formation or attitude synchronization

We’ll consider “Position and attitude (pose) synchronization” in
“3D” space “Without nonholonomic constraint” in on-board camera

configuration.
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Visual Observer

H Visual Observer [6]
- Visual observer proposed in [6] can estimate
relative positions and attitudes between camera
and target objects in 3D space.

Tmage

Target Object 5,
Visual feedback system
with visual observer

We’ll combine pose synchronization control and visual observer.




Achievements

B Achievements
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* Modification of visual feedback system [7].

* Proposal of pose synchronization control law that only needs
the information of relative pose between neighbors.

« Simulation

« Experiment.
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Multi-agent System with Cameras

Tokyo Institute of Technology
B Multi-agent System with Cameras _ P :position
effwi :attitude
k)
léwill =1 6, eR
v :linear velocity

Agent Frame X,

W :angular velocity

Agent F z. int 74 A
gentirame & subscript ij :from frame § to

frame J
superscript 4 :see from frame ¢
w :world frame

1 J :agent frame

World Frame X, A
A
» Agents’ kinematics [&] - [ E() _OE‘ _EE ]
N v = z T
Pl = ehvin, & % & 0
2 £0.: £00i i 1=0,1,2,...,n
e =e€ Wi ) V' inverse operator to A
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Visual Observer
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W Visual Observer (review) [6]
* Relative motion
J _ i ]
V,-j = Ad(g;jl)vm + ij
« Estimated relative motion
. .
.Vij = —Ad@;l)V,]“ + Ueij
 Estimation error 2 3 .
Geei 1= 01 i; = G Peeij ==& %4 (P§j - P)
g 4 g 0 1 eéagr.ij = E—éeijefaij
« Estimation error vector
foes 1 pf,eij
eif - Sk(egoeu—j )V ) ) )
_ J(y) :image jacobian
=J t (S_]ij)(fij - fij) fij :coordinate of feature points

on the image plane
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Visual Observer-based Control System
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B Visual Observer-based Control System (review) [6]
+ agent j doesn’t move (V; =0 )
estimation error vector converges to 0.
* agent j moves(VZ; £0 )
estimation error vector is L2-gain stable.

Ueij = Keijeeij

estimation error

vector
’ Camera
lVe‘r{w P/A (k=1,...,m)
Viri 9ii | _[Relative Feature]_ [Porspoctive] Jis
RRBM }_’| Points Model Projection |

In this way, pose
i synchronization controller
h“""mi:,?m ?;)d:dl ) is much affected by

oo Feanrd]__ [Fempecive] | Ju — y T | estimation error...
Points Model

P Vi
¥ Pose Synchro. Ctrl. n
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Modification of Visual Observer
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W Derivation of the Quasi Relative Pose [7]
* Relative pose
9ij = gijgi_jlgij = GijJeeij
estimated relative estimation error

pose (known) (we can calculate
this from e )

 Derivation of the estimation error
eéoceij

L Deeij o Peeij
€eij = I:sk(efg“ij)v] — Geeij [ Q 1 ]

* g SOV gy =
EBeeis = Wﬂk(# VY <O
We can know the almost real relative pose (quasi-relative pose)
if the estimation error is sufficiently small.
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Modified Visual Observer-based Control System Quasi-relative Pose
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B Modified Visual Observer-based Control System [7] B Reasonability of the Quasi-relative Pose
R [Camera
lV;,f_,, ) ;
Vaus 9ij | [Relative Feature]_ [Perspective i
RRBM }7"{ Pm[mu Mu.:cl Pmruz;un I

Estimated Camera Model
pr (h=leam) |

Estimated | 947 | _[Refative Featare] _ [Perspective | fi —
RRBM Points Model Projection |

Agent | estimates the relative pose
with agent 0 by visual observer.

€eij Image

Js T‘
gqi{i“ 9i7)

F4ij(~gij )

In this way, we can use almost real relative pose (quasi-relative pose)
to construct the pose synchronization controller if the estimation error

is sufficiently small.

Quasi-relative Pose Outline
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We can confirm that quasi-relative pose is almost same as the real relative B Conclusion / Future Works
pose when estimation error is sufficiently small.

We regard the quasi-relative pose as real relative pose when

we consider the pose synchronization control problem.

Pose Synchronization Control Laws
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B Pose Synchronization B Original Pose Synchronization Control Laws [1]

Pose Synchronization in SE(3)
: Multi-agent system is said to achieve the pose synchronization if
the following condition is satisfied.

ull <L, L>0 i — K “"'e—éo,,,.- 0] [ Gwj — s
||1§z0_7|| > ’éo Vi, j € Vi Ktjgr. Wij [ o T| [sk(e¢PwietPui)V
es’wt = e>7wi ]

As. A1 : There exists g% such that ¢—£0wig—E0acéui 5 0 V; .
As. A2 : Graph is fixed and strongly connected.

—&0uw: 8uaqgyd
e s 0 efbudyd |

+

« Original definition [1] 0 €| |efluagd

{ Qi = ‘1$j

These terms are not composed of

£0uwi _ éowj > <2 . S .
e =e gl = g g I ‘NKD AN \ relative pose information.
TV Y —
\ X’\ v d? ! bias for formation * ki 0
4 Xz K= I kpi > 0,ke; >0
)— Y construction é Y E ' [0 kﬂ'] ®h v > 0k
Sl e

w & 18
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Control Laws

B Modified Control Laws
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As. B1 : There exists €% such that g0« >0 Vi .
As. B2 : Graph is fixed, undirected, connected and wg; = wj; ¥(3,5) € £ .

(1- 7,
VJ,.=KiZwij|: ||go ||)v‘-":| i€(l,---,n) d>0 nd<l[L
JEN: sk(e=%) desired distance @)

Proposition 1
Consider n agents represented by (1). Assume that As. B1, B2 are
satisfied, then velocity input (2) achieves attitude synchronization and

agents converge to the position that satisfies ¥, wy;(1— A TP =0 Vi
JeN:

« Position synchronization might not be achieved.
« Collisions between neighbors might occur.
 To make agents follow desired trajectory, we have to consider leader following.
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Control Laws

Tokyo Institute of Technology
W Collision Avoidance L _pepji<r
r
« Collision 2
Il <7y >0 7,

p;
* Collision region
Q:=Uy, Q= 0" BY eR™IBISTE  *p¥ i pef - p2TIT
i

* Potential function for collision avoidance [1]

. llgg;II° = R*\?
U;; = | min< 0, ,jEN; T<R<d

S s B

2 2
Ilpg;112 —
0 fR< ||Pij|| i
Wy _ ) ifr<|lphll <R
o}, not defined if | 2j||=7'
0 if | :J” <r
; (B = )(lpisI* - B ' ;
s=4 T j 0 R Ipjl
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Control Laws

B Modified Control Law with collision avoidance
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As. B1 : There exists e%=such that ¢ £%¢f= > 0 Vi .
As. B2 : Graph is fixed, undirected, connected and w;; = wj; ¥(5,7) € £ .
As.B3: pW(o) éQ

. (- b)Y
Vai = Ki Z Wij k ”gx,” V'J + | %2 i€ (l,---,n)
JeN: sk(et%7) e

Proposition 2
Consider n agents represented by (1). Assume that As. B1, B2and B3
are satisfied, then velocity input (3) achieves attitude synchronization
while collisions between neighbors are avoided. Moreover, agents

iti i a( (1= gt~ Y g v
converge to the position that SatlSﬁes,-sme“((l "p::j")p,] ap:'_.) 0vi

* Position synchronization might not be achieved.

*» To make agents follow desired trajectory, we have to consider leader following.
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Control Laws
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B Proof of Proposition 2
See [1] as to proof of attitude synchronization.
We’ll only show proof of linear motion part.
Define the potential function regarding agent i’s linear motion as
vi=7+U;
1 .
where 4; := 3 Z (A —d)? and U; = ;N wyUsj .
€N JEN;
Fast, we show that linear velocity part of the input (3) is actually kp,( 6"" ) .
ok
aU;
ap'. i 311' _('Ys + i)
- 5 walls~8%+ 3= v v)
JEN;

= Z( wvap‘_(”p']m pm“z—Zd”p,,,, p"‘"ll+dﬂ)+w"6p:::)

Control Laws

B Proof of Proposition 2

By, 1 ; ; i + Phi) v,
L4 B 3 (Ewi.‘i (2(—1’:”1 +7h) —2d 2ty ) )+ Wij J)
JEN:
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Al 2ly,; — Pl
d ;4
=— wii| (1— ——}oiF — ."J)
2 o (- et - o
1
=_va1;

Now, defu}‘e the potential function for the all agents’ linear motion as
w= Z i

Time derlvatlve of ¥ yields

B dp’
3p’ & PI wn 1pwn]T
2 .
=— Z E||fu",,,'||2 -+ graph is undirected
i=1

<0
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Control Laws
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B Proof of Proposition 2

¢ < 0 implies that collision between neighbors don’t occur because of

P (0) ¢ Q and ”puli[fl_lw+ p=+00 Y(i,j) €& .
The largest invariance set that satisfies ¢¢ = 0 here is

E={p vy =0 Vi}

. aU;
(1 3w (- el — ) =0 ¥
2w (O s~
Now, by LaSalle’s theorem we can show that agents’ position converges to
the set B . [




Simulation (control input (2))
B Problem Formulation ‘ ‘
* Graph

agent agent agent agent
0 1 2 3

Wor =Wy Wiz =W W3 =W3
=04 =06 =01

« Control input (2)

4\ d = 3.0[m]
Vii=Ki Y wy [(1 Il’fé"")p:j ] L =12.1]m]
JEN; Sk(eE )V K;=1IgVi

Simulation (control input (2))
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B Simulation Result
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Simulation (control input (2))

B Simulation Result
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X . gowi(x)
1 = 05 =0 —agent(
9 et agent]|
| lIo23] [ T agentd
8 N e R I - agent3)
0 0 X 0 15
o 05, Sowi(y)
5 obTmm
4 —
0'50 10 15
i <0 wi2)
2 L —
T —
% sy " 15 % 5 10 15
5
Distance between neighbors Attitude

« Attitude synchronization is achieved.
* Agents converge to the position that satisfies ||p};|| =d.

Simulation (control input (2))
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B Simulation Result

0.

w El21 €021 Elg21

0.1}

N - - =
0.1
i —xi21,
-02/// xi21,
/ -eeexi2l,

-03} — iy, 21
—xi 21
o

5 10 15

[s]
Relative attitude

[s]
Relative position

* Quasi-relative pose is almost equals to (real) relative pose
when estimation error is sufficiently small.
« Estimation error soon be small enough.
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Simulation (control input (3))

B Simulation Result
« Control input (3)
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(- F‘fm)p::j:l . [%?] ) R=20[m] d=23.0[m]

Vi = K"J_%,:‘ ""’J’( [ sk(ef0is)v r=16[m| L =12.1[m|

¥ X

X X
Control input (2) Control input (3)

Collisions between neighbors are avoided with control input(3).
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Experiment
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B Experimental Environment

S T——— + HALCON (MVTec)
Nideo s'é“i‘,]’ - SIMULINK (The Math Works)
’ - DS1104 (dSPACE)

Digital Control Dcvicc+

-<—-=--

Control input

e-nuvo WHEEL (ZMP) Wiport (Lantronix)

with RC-12 (RF SYSTEM)

« Experiment is performed on 2D plane.
* A local controller due to Astolfi[As] is embedded so that it tracks to the position
and orientation given by T,V., where we choose T, =1[s] .

wé’
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Experiment

B Problem Formulation
* Graph

agent agent agent .
: Leader following

Though the graph used in this experiment doesn’t satisfies As. B2,
we can confirm rough property of the input (2) .

Tokyo Institute of Technology

* Velocity Input (2)
V‘.=K,-Zw.~j [(1 e II)p‘J ”::;1 i=1,2
w
JEN; Sk(eéa”)v wi; =1
d = 0.40[m)
wO - [ ]
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Experiment
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B Experimental Result

on-board camera ( blue ) on-board camera ( yellow ) bird's aye camera

Experiment

B Experimental Result
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16

—agent
14 30 agent 1
agent 2
12 2 .
e ®, i A r |
£, i
=
06 B
<
04 -10
—agent 0
s s bl agent 1 -20
o ===agent 2
05 1 15 2 -30 . " .
0 5 10 15 20 25 30 35
[m] 1
Time[s}
Position Attitude

« Attitude synchronization is achieved.
* Agents converge to the position that satisfies ||p};|| =d.
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Experiment
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B Experimental Result

—pl0,
pYOY
p10,

——p,10,
P10,

[m]

iy "‘w F =
w"'mi{;m“ Wﬂﬂ»{w"vx”w

5 20 5 20
Time[s) Time[s)

1 .1
P1o> Pg10 f10, Og10

Experiment

B Experimental Result
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1 - . 05—

j—Ty — 2,
p2t, 04 021,
p21, ol 021, |,
P21, 21, i
. P2l . ) 02 w021
p 2! e e ¥ & : 20,21
= = e
5 g
\ £ 70 HP\
01
TS A0
\V \/ AR 02
-03
-04
0% 5 10 15 20 25 0 3% o 5 10 15 20 25 30 35
Timels] Timel[s)
P31, Pom 21, Yg21

* There remains a little error between real relative pose value
and quasi-value.

« It is due to calibration error and distortion of camera image.
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Conclusion / Future Works
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B Conclusion

* Modification of the visual observer-based control system
* Proposal of modified control laws

+ Convergence analysis

* Simulation / experiment

B Future Works

* Master thesis
* Visibility maintenance (formation control)
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B Comparison between my study and [5]

my study [5]
- — efﬂ.,,.-vi i &; = cost;
kinematics pé"; _ oo ,.':-" 9 =sin;
e = eE Wy 0, = w;

original V-‘(=Ki‘§”:‘("ii [‘7:‘ ﬂ] [Bk(:i’}:ﬁ,)v]) wi =K Z sin(6; — 0;)

control law R [ JEN;
L P <0
* position and attitude « attitude only
* 3D space « planer space
3:?::12; « pixels of 4 feature point * bearing angle, optical flow and

vision-based time-to-collision (which can be

controller gotten by image processing)
Tokyo Institute of Technology w

Appendix

B Comparison between my study and [5]
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my study [5]
vision- o d Y —5 ¥ jen (7 sin Bij + Bij 00s Biz)
based Voi=Ki E Wi [(1 leé;;,.!!)i’m] “= - 1 +"ij</~& cos Gij
control law JEN; sk(e*%au) k<0

*we don’t have to consider vision-

based part when we consider « using exactly measurable values

cooperative control part when « equals to original control law

estimation error is sufficiently «attitude only

small. « planer space

* position and attitude

* 3D space

* (estimated) quasi-relative pose

values can be used to many

application (collision avoidance,

coverage, etc.) .




