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Connection

A large number of agents ( network )
limited information ( local rules )
organize into a coordinated motion (  emergence )

~
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Flocking Problems

Dynamical Networks with Switching Topologies:
Each agent has limited capability.

In order to create a coordinated motion, what
kind of basic rules should each agent follow?

How to design distributed algorithms
so that these rules hold?

Can we guarantee stability of the
coordinated motion?
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>JTU Classical Boids Model

Velocity Matching (Alignment)

attempt to match velocity with nearby flockmates

Flock Centering (Cohesion)
Stay close to nearby flockmates

Collision Avoidance (Separation)
avoid collisions with nearby agents

How to design distributed control algorithm for eac h agent
so that these rules can be achieved?

Reynolds Flocks, Herd, and Schools: A Distributed BehavioraModel’, Computer
Graphics, 21(4),1987.
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Model Description

g Position

P Velocity

Goals of Control:

Velocity Alignment ~ [[p, p, || C

Cohesion g g || d C

Separation ] N

I . .
Quasi -lattice
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Basic Algorithm

o] (HqJH) V\{(P E))

J N (1) j N (1)

In Theory: G (v, E)

G(t) connected for all t m=) Flocking
In Practice:

G(0) connected =) Fragmentation

Problem: Can network connectivity be preserved so as to
guarantee flocking?
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>V Preserving Connectivity: Basic |dea
G(0) connected =) G(t) connected for all t

Our goal: Once an edge is added, it will not be lost.

Why previous algorithms fail?

U o (o w(p p)
J N () i Ni(t)
1 N

crergy: W 2 (o ¥
i1 ) N ()

b =fal o dap c o= al v




>""Preserving Connectivity: Basic Idea

Our goal: Once an edge Is added, it will not be los .

A simple idea:

Qo as fa] oor faf

Problem: Although no edges lost, no edges add!
(_i,_j) E(t) ff g () g r M
(,j) EQ) it [a@® g r

i.i) E@) if J|a@® g/t (i,j) EC)
(,j) E®) if [a® q@] r ol
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Neighboring Set
G,j) EQ) it Ja® q®| r  (Or)
(i,j)) E®)if Ja® q®| r @) EC)

b1 1 fa v @ET O |y

0, otherwise

(1, )It]

N (] Gl L i L N}

Hysteresis in addition of new links




Artificial Potential Function

Qo as ] oor faf

It attains unique minimum when [[g ;|| equals to the desired distance.

Zavlanos et al. 2007
r2

2 2 2
Hqu Hz r Hq,- Hz

(Hqu H)

Our example

(Hqij H)

I
ST Y




SJTU Main Result

Motion equations ¢ R R U

Control law U (Y
i N () i N (D)

where (Hqij H) as Hqii ‘

N (] GDIE 1, ]

Suppose that G(0) is connected. Then

1) G(t) will be connected for all t;

2) All agents asymptotically move with same velocity;
3) Collisions among agents are avoided.
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SJTU

Flocking Control Using Only Position Measurements

U . (o w(p p)

J Ni (1) J N (1)

U (o, al) Wy

J N

y, PTx P w(ag q)

T: a Hurwitz matrix; P, Q: PD matrices
TP PT Q
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Main Result

Suppose that G(0) is connected. Then
1) G(t) will be connected for all t;

lN

A

e

Energy: W 2 (a) #p %3{(& P

i1 ] N (t)

Assume G(t) switches at t,, i.e., G(t) Is fixed in [t -1, t,),
k=1, 2,... 1 .+

WS
W(t) W(t,)

No edges will be lost at time  t, :
No distance of existing edge will tend to

I
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SJTU Main Result

Suppose that G(0) is connected. Then

1) G(t) will be connected for all t;

2) All agents asymptotically move with same velocity;
3) Collisions among agents are avoided.

G(t) will not change for t>T
The whole system is an autonomous system

The set s.t. W(t) W, IS compact.

Lasalle’s invariance principle:

1/\T I\

W Ex(|N QX% 0== X Q== [
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Simulation -Previous Algorithm
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SJTU

Connectivity Preserving + Filter Algorithm
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Problem Description

g Position

P Velocity

Goals of Control:

Velocity Alignment P P

Cohesion g 0l

Separation ] N, Virtual leader:

Tracking Ip p Il G q p
p t(a.p)
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Previous Algorithm

b Yy g p
o ah—=

2o af

a(a(p Pp)

¢ q) o(p P

Always lead to flocking!
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SitmIatishs

Initial positions are chosen randomly so that the initial net is highly disconnected.
No. of edges increases and has a tendency to render the net connected.
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Flocking with minority of informed agents
A\ /4 Virtual leader:

4 y P
§Z} | @, py 1+ P
A, p O

9

Uninformed agent u (HqJ q| ) :

. (p,
PN A \/ qu qH

Informed agent 4 9, ¢

(g q) 2
o dl
c(@ qg) c(p P
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Cohesion and Velocity Matching of Informed Agents
q q

o ol
Suppose that the initial energy @ finite.

(B B ¢a @ dp P

u (o a|)
. \/1

J

1) The distance between any informed agent and the  virtual
leader is not larger than  /2Q, /¢ for all t O

i) All informed agents asymptotically move with th e desired

velocity p .

A\‘/(

-~

4
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SJTU
Cohesion & Velocity Matching of Uninformed Agents

. A
W (o q )\/1 qJqu qH2 J_N.(p, P) \‘/4 e
| .

j

Strong condition: The uninformed agent is influenced by at
least one informed agent at any time.

Weak condition: It gets in touch with an informed agent from
time to time, directly or indirectly

| | | | | |
| | | | | | >

Type | uninformed agent: If exists an infinite sequence of
contiguous, nonempty and uniformly bounded time-int ervals
such that across each time interval there exists a joint path
between this agent and one informed agent.
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Cohesive & Velocity Matching of Uninformed Agents

4, ¢
2 :
Lo of

(R R

i N

U (o q]) ]
i) The distance between an Type-l uninformed agen t and the
virtual leader is bounded by a constant

IvV) Each Type-I uninformed agent asymptotically mov  es with

the desired velocity A
\‘/ o

4@ A/\

A
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>'Simulation Results: N=100, M,=10
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Fraction of agents
that eventually
move with the
desired velocity
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Simulations

Fraction of randomly chosen informed agents




Comparison
o (ap  w(p p) ha(@ a) he(p p)

] N; () ] N; ()
Connectivity preserving Without

h,=0 for all i : Flocking of all agents Fragmentation

h;=1 for all i : Flocking of all agents

h,=1 for some i : 297 Flocking of

| most agents
Flocking of all agents
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Flocking with connectivity preserving and a
single informed agent

. Ja  w(p ) ha(g q) he(p p)

] N; (1) J N (1)

h,=1 for a singlei ==» Flocking of all agents

Suppose that G(0) is connected. Then
1) G(t) will be connected for all t;

2) All agents asymptotically move with the desired
constant velocity p;

3) Collisions among agents are avoided,;
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Flocking with a virtual leader

Connectivity preserving and only position measuren@s

_qi (o, alp Wy oy hy

J N

« P w(g @ PHig 9

j N

owla @) g

Q

h,=1 for a singlei ==» Flocking of all agents
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Flocking with a Virtual Leader of Varying Velocity

Previous Algorithm: Virtual leader:

U J

i (o qj) = (R P
iR N p f(aq,p) O
¢(@ q) c(p P

All agents asymptotically move with the same veloci ty, but
may not equal to p |

Revised Algorithm: _

All agents asymptotically move with the desired vel ocClity.

COM:
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10 agents in a 3-D space

Virtual leader

Initial network
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3-D flocking for 10 agents applying
previous algorithm
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3-D flocking for 10 agents applying

revised algorithm

Velocity difference(x axis, y axis, z axis)

X axis
y axis
Z axis
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SJTU
2-D flocking for 100 agents with 10 informed agents

and a virtual leader of varying velocity

u haglg g c(p P
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Motivation

Different communities may have
different goals
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Flocking Algorithm with Multiple Leaders

q b {2, M}

p f(@.p) i 1,2, N

. (a qf) a(d(p p)

i N () J N (1)
f@,p) ca(q q c(p P

It works only if the leaders will be sufficiently
apart from each other.
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Case |

Two leaders will be sufficiently apart from each
other for t>T
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Case |l

Two leaders close to each other from time to time
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Flocking Algorithm with Multiple Leaders

o (a o) 30e )

i N (1) i N (1) ”

f@,p) ¢a q ¢c(p P




Cohesive & Velocity Matching of all Agents

Suppose that the initial energy (3 finite.

(1) The distance between any agent and its correspo  nding
virtual leader is not larger than V2Q, far all t O

(2) Agent | asymptotically move with the desired ve locity P .

(3) Position of the center of mass (COM) of all age  nts will converge
exponentially to the weighted average position of v irtual leaders

_ 1 n _
ququ

N

ilqi

1
N
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Case |l

Two leaders close to each other from time to time
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Conclusion

Flocking without leaders
connectivity preserving  (New potential fun. +neighboring)

position measurements (Filter)

=== Flocking of all agents

Flocking with virtual leader(s)

A minority of informed agents can guarantee
flocking of a majority of agents

Flocking with virtual leader(s) and connectivity pr eserving
A single informed agent can guarantee flocking of
all agents
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