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«Collective emergence of natural groups:
Individual intelligence and inter-agent connections create
highly-coordinated collective behavior




*Top journals have used more
and more pages to report the
relevant results

*The publication proportion is
surging to about 20%in IEEE
[AC gn,d Automatica
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(The New York Times, Nov.10, 2007)
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Physical, Chemical and Bio-molecule Torus

Water Floating nanowires Computer-
surface controlled
barrier

Vertically vibrated granular rods,
Physical Review E, 67: 031303

" and wires'.

Bio-molecule actin filament, Nature, 467:73—77 Nature 425,243
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Problem description

* Individuals are indistinguishable.
®* No reference beacon exists

* What can each agent perceive?
o Neighbors’ moving angels

o Relative positions

* No attraction
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Model
* Agents

X =V, cosf,y, =v.sinb. 0, =w,i €{1,---,n}
* Neighbors

N ={iflo] <} =[x )"

e Control

v, o] = | N «(p;.6.6))




Torus motion

* Atrajectory p(t) of multi-agent group is
called a torus if there exist T>0,r >0,
and qo — [goi CO]TSUCh that

p(t+T)=p(t). p(t)-c=rLs (t)
q5i (t)zO,VtzO,Vi EN




Objective

* Find a control algorithm for each
individual agent such that the trajectory
p(t) of the closed-loop system converges

to a torus motion p(t), i.e.,




Main results

* Forward velocity controller (form circular behavior)

e
w=ro- 3 aflpflleesssna]) 1 r=

JEN, =i

. = wm,,1 €N

C; =Cos6, —cosb;,S; =sing, —sing,
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Main results

* Coordinate transformation (edge ->center)

®:(p,6)—(9.6)=

r E =X -rsng

G =[’§i’§i]T’i EN

G =Y. +rcoso.
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Main results

® (Closed-loop system

qa(t)-q(t)=0(1/w,),q=-f(7,6) +O(1/ w,)

®* Average system
q=-1(0.0),0 =w.e
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Main results

® Convergence of torus motion center
Suppose there exists an infinite time sequence {; <t, <t; <---

such that, for any [ti , ti+1)’i =1 2,-.-, thetrajectory p(t) IS
uniformly jointly connected. Then, there exists a collective circular

motion f)(t) such that p(t)asymptotically converges to r)(t) ie,

im._.. (p(t) - p(t)) =0
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Main results (IEEE TAC 56(2) 2011 and Automatica-\=—=
regular 47(9) 2011 )

* Rotational controller (control phase distribution)

S+ E (ngH)sgN(sinHij), iEN
jENj;éI

0,s=0

\>QS<G

B(s) =+

o= 2rSin((p/2) >0 where Q<@ <2z /n isthe minimal

arc angle between each two agents
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Main results

* Phase distribution

1) If p(t)=p(t), V(i,]) € E holds for t =0, then so doesit for
allt=0.

2) Thelimit p. =lim___|p. (t)|existsand p. = o for all (i, ])€EE.
J ] J

In particlualr ¢ =27 / n, then p (=), i € N areequally loated over
thecircle
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Simulations
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Simulations

® Case 2: Multi-layer torus

t=0s t=100s
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® Case 3: 3-D multi-layer torus

t=0s t=100s




Experiments (IEEE TCST, to appear 2012)

* Multi-robot system

DP nication
with other robots

Onboard
Rear Control ethernet Front

sﬁ%oncli/ o0
=)=

Caster Drive wheel




Experiments

Information exchange -
o the robot i’'s own moving direction with respect >~ é \

to its reference frame 2i -

/ } p /

- - - / VY,
the direction of the robot j observed by the \/ g \\
robot i using sonar sensors with respect to its \\ N \\ 4 r” 0,
reference frame Xi. o - P !

. . . - N a pj . ’
the distance between the robots j and | / N ) A\é: .

I N T\ =k

measured by the robot i using sonar sensors. \ éi q, /\ q, /‘

. . \ /
Moving angle difference measured by the robot - - \ L/
J and transmitted to the robot i through UDP Vi
connection
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Experiments

* Real movie




Experiments

* Practical issue 1: bi-wheeled dynamics




Experiments

* Practical issue 2: obstacle avoidance

Obstacle avoidance
trajectory 4

Obstacle

Sonar detection ~ (robot or wall)

obstacle range
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Experiments

* Practical issue 3:

|

UDP communication loss

V‘\UUU&S punin

(DP communication

with other robots
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Experiments

* Moving trajectories
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Experiments

®* Consensus procedures of the centers and moving angles
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Conclusion

Collective circular behavior or torus is prevalent in both living and

non-living natural groups

Decentralized control algorithm is designed with leader-free and no-

beacon environment

Collision avoidance, phase distribution, communication loss are

considered

Fulfilled by DX Il multi-robot systems



Thank you!
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