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Multi agent systems (MAS) > Examples

Nature behaviors

= J Sensor node
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Cooperative control of MAS > A brief review
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Cooperative control of MAS > A brief review
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988 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 48, NO. 6, JUNE 2003

Coordination of Groups of Mobile Autonomous
Agents Using Nearest Neighbor Rules

Ali Jadbabaie, Jie Lin, and A. Stephen Morse, Fellow, IEEE

Abstract—In a recent Physical Review Letters article, Vicsek! There is a large and growing literature concerned with
et al. propose a simple but compelling discrete-time model of n| the coordination of groups of mobile autonomous agents.
autonomous agents (i.e., points or particles) all moving in the planel 1..11.4a4 hara ic tha warl af Csieal a6 4l 121 wha aeaanca
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Result ( Thm 1, Jadbabaie et al. (2003), roughly speaking
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+ Vicsek et al. ( 19 95) 1520 IEEE TRANSACTIONS ON AUTOMATIC CONTROL. VOL. 49, NO. 9, SEPTEMBER 2004

Consensus Problems in Networks of Agents With
2000 + Switching Topology and Time-Delays

Reza Olfati-Saber, Member, IEEE, and Richard M. Murray, Member, IEEE
» Jadbabaie et al. (2003)

p Olfati-Saber & Murray (2004) ~
@ Average consensus problem Q\J@\O
X

ZI: ).(i:Uia I:177N %\Q\
2010 1 Ui == jenyn(Xi — X)) o g O

Result ( Thm 9, Olfati-Saber & Murray (2004))

If G is strongly connected and balanced Vt, then

tim X,'(t) = Z,,i1 X,'(O)/N, Vi
2020 ¢ =
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+ VICSek et al . ( 1 995) 1680 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL.. 52, NO. 9, SEPTEMBER 2007
Event-Triggered Real-Time Scheduling of Stabilizing tasks run for longer amounts of time using anytime implementations or
Control Tasks model predictive controllers; or by scheduling control tasks more fre-
) quently. All these approaches assume the existence of a performance
2000 1 Paulo Tabuada, Senior Member, IEEE: criterion for the control task such as a cost function used to design an
x(0)
¢ Jadbabaie et al. (2003) u = k(x)
p Olfati-Saber & Murray (2004)
©.

v Tabuada (2007)

2010 1 @ |dea: Only update u when x changes “significantly”.

Continuous control Event-triggered control
° u(t) = x(x(1)) o u(t) = k(X(t)), t€ [t k1)
@ if [[x(t) — X(&)|| > Threshold,
X(t1) = X(1).
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Cooperative control of MAS > A brief review

b

2000 t

2010 1

2020 ¢

s Vicsek et al. (1995)

Jadbabaie et al. (2003)
Olfati-Saber & Murray (2004)

Tabuada (2007)

1680

Event-Triggered Real-Time Scheduling of Stabilizing

Control Tasks

Paulo Tabuada, Senior Member, IEEE

Example:
X = AX + Bu,

0 1 0
A_OO’B_1

k(X) = =KX

with K = [1,1.7]
Threshold = 0.8||x(t)||
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IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 52, NO. 9, SEPTEMBER 2007

tasks run for longer amounts of time using anytime implementations or
model predictive controllers; or by scheduling control tasks more fre-
quently. All these approaches assume the existence of a performance
criterion for the control task such as a cost function used to design an

—— Continous control
—— With ETC

—— Continous control
—— With ETC
e When u is updated with ETC

3 6
t(s)
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Vicsek et al. (1995)

51st IEEE Conference on Decision and Control
December 10-13, 2012. Maui, Hawaii, USA

2000 An Introduction to Event-triggered and Self-triggered Control

WPM.H. Heemels ~ K.H. Johansson  P. Tabuada

Jadbabaie et al. (2003)
Olfati-Saber & Murray (2004)

Tabuada (2007) A nice tutorial about event triggered control and

2010 estimation!!!

Heemels et al. (2012)
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F. Martin, “A converse Lyapunov theorem for

ystems which undergo switching” IEEE Trans.

.4 . 751-760, Apr. 1999
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tiens and other o
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@ Apply idea in Tabuada (2007) for consensus problem
2 Xi = U,

@ A mechanism to decide when u; should be updated.

Distributed Event-Triggered Control
for Multi-Agent Systems

Dimos V. Dimarogonas, Emilio Frazzoli, and Karl H. Johansson

Abs Eve trategies for multi-agent systems are motivated

by the future use o emhcddcd microprocessors with limited resources that
updates.

will gather i
The controller updates considered here are event-driven, depending on the
ratia of a certain measnrement errar with resnect ta the norm of a fune-

i=1,..,N.
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@ Consensus control law

up=— Y (X(t) - %(t))

JEN;

where Xi(t) = Xi(tix) Vte (tik, tike1)
@ update u; when

2
85(6) = xi(0)] = ¢ (Ljen; (1) = (1))
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@ Consensus control law

up=— Y (X(t) - %(t))

JEN;

where X;(f) = Xi(tix) YVt e (fix, tikst1)
@ Broadcast x; when

[Xi(t) = xi(8)] = hi(t)
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Vicsek et al. (1 995) Transaction Automatic Control I2017
Synchronization of multi-agent systems using
event-triggered and self-triggered broadcasts

Jodo Almeida, Carlos Silvestre, and Anténio M. Pascoal

Jadbabaie et al. (2003) —0

Olfati-Saber & Murray (2004) 5

Tabuada (2007) Q‘/\O\O\O
g!

S Paroganas &t al. (2012) @ ET-broadcast for synchronizing MAS
Seyboth et al. (2013) . .
Yo Xi=AXx;4+u;, i=1,.,N.

Almeida et al. (2017) @ ET-broadcast decides when agents broadcast their
information (state).
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International Journal of Control 2020, to appear

Consensus/synchronization of networked nonlinear multiple agent
systems with event-triggered communications

Nguyen T. Hung® and Antonio M. Pascoal®

o/ 2
SRR

@ ET-broadcast for synchronizing MAS
Y )'(,-:Ax,-+f(x,-, t)+Bu;, i=1,..,N.

@ ET-broadcast decides when agents broadcast their
information (state).
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Consensus/synchronization of MAS > Problem definition

A multi agent system with N agents:

Yi: Xi= Ax;+f(x;, t)+Bu;, i=1,..,N,

Asm: f(x, t) is Lipschitz in x.

Paume

—q

\
O /?\Q)\Q

Problem (Consensus/synchronization)
Find u(x;,X;); j € Nin@ s.t.

@ lim;o0 X;(t) — X;(1) = 0,

@ limi o0 Xj = AX; + f(X;, 1),
Vij=1,..N.

4set of neighbors where i can receive information

Evolution of agents’ states

A o v o~ O
— .

tlseconds]



Consensus/synchronization of MAS > Continuous communications

Distributed control law: })« -
O~
u,_cKZx,-—xj (1) \Q\
jen T Jouny
From in-neighbors O‘ . J

Feedback gains

Result (Li et al. (2012))

The consensus/synchronization problem is solved with protocol (1) if
@ ¢, K are chosen properly and
@ G is strongly connected.

20



Consensus/synchronization of MAS with ETC > cConcept

Distributed control law:
ui=cK Y X — X (2)
JEN" T

estimated neighbor’s state

>

X = AX; + (X, 1) 3)

[l
'\xz
-:"j'_
ES
N—r
X
—
a
=
p—

Time instant at which

I recieves Time instant at which

J broadcasts

\ L%
/ (@)
o @
g
N
e = l’-*Xj
(2) & )
ui=cK > X —X+e
jEN,-“‘

@ e;: the estimation error of j at /.

@ Our wish: If e; “big”, j must transmit the
latest of x; to / to update )A(]’ . But how?
21



Consensus/synchronization of MAS with ETC > cConcept

Distributed control law:
u=cKk xi-% (2
JEN" T

estimated neighbor’s state

>

~.~
'\xz
—
-:"j'_
ES
N—r
X
—
P
=
p—

Time instant at which
I recieves Time instant at which
J broadcasts

A designed threshold Hel(t)H > hj(t).

n ;\(j = Aﬁj + f(f(]‘, t)
j - Gil4t ) (4)
RI(£4) = i(8,4)

If there is no communication delay:
Xi(1) =%(t) = et) =x(t) - %(t) Vvt

Monitor e;(t) and broadcast x;(f) whenever

22



Consensus/synchronization of MAS with ETC > lustrative examples

A multi agent system with 6 agents: /@—»
Bk A B =1, N

_ T
X; = [Xi1, X2, Xj3, Xia] -

0 1 0 0
2 4 2 0 T .

A=|5 o o a2 B=[0 100", f(x,t)=[000-0.333sin(xs)]"
195 0 -1.95 0

23



Consensus/synchronization of MAS with ETC > lustrative examples

[ i=1 i=2 i=3 i=4 i=5 i=6
+~5
0 2 4 6 8 10
1[s]

5 RN

[ —echat) —es()]
P S

0 2 4 6 8 10
5 RN

Lr\d —alt) —lles(0
0 e

0 2 4 6 8 10
5F

L\NN i) el
0 - o,

0 2 4 6 8 10
5 -

h/_L —hs(t) —lles(t)|
oY e N

0 2 4 6 8 10
5 T T

ﬂ —ha(t) —fles(t)|
0 i~

0 2 4 6 8 10
5 r - v

—m(t) —lle®)l

. —

0 2 4 6 8 10

@2020 7:1 2 2 o 6 8 10 4s)



Applications in cooperative control of autonomous vehicles

@2020 Nguyen T. Hung

25



Vehicle platooning

Vehicle model:

Si =V, Vi = 1,..., N (5)

Problem (original)
Find vi(s;, sj);j € N2 s.t.
@ lims, S,‘+1(t) — S,'(t) =d,

Vi=0,..,N—1.
@ limy oo 8 = vu(t),
Vi=1,..N.

AL Li—1,i+ 1}

V4

d —

=

S1 Si+1 SN

Change coordinate: ForVi=1,N

x; = s;— (i—1)d, vi £ vy(t) + u.

B)e xi=w(t)+u, Vi=1,.,N.

Problem (reformulated)
Find uj(x;, x;);j € N s.t.
@ lim¢ o0 Xi(t) — X;(f) = 0,
@ limi_oo Xj = Vu(1),
Vi=1,..N.




Vehicle platooning

@2020 Nguyen T. Hung
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Cooperative path following (CPF)

Problem formulation

Vehicle i — V;: Rot. matrix {Bl1} to {7}
pll = T(nhwl!
\

Orientation vector

Path i — P;:

(7

p! (7

A1 — pg (1)

path parameterizing variable
(e.g. path length)

28



Cooperative path following (CPF)

Problem formulation

Problem (CPF)
Find vl w1 311 to fulfill
@ Path following task:
p(t) = g (411(1))
@ Cooperative task:

A0t 5 o0, Vi
"}/[I](t) — W, Vi

ast— oo.




Cooperative path following (CPF)

Problem formulation CPF control system for V; @
o 7
( Network
Problem (CPF) -
= i h . H \ 4
Find vl w1 311 to fulfill R Yyt

v

o Path fo”ow,ng taSk Cooperative Cor‘;’rol
p[i](t) - pg] ('Y[i](t)) With ETC

@ Cooperative task:
7[’:](1‘) — l(1), Vi, j N iy Path Follwowing-layer
"}/[I](t) — W, Vi

ast— oo. [ PF Controller

(e.g. Nonlinear MPC, Lyapunov based)

!

2Reqo et al. (2019). Hunag et al. (2020)

Cooperative-layer

30



CPF - simulation examples

Setup (Hung et al. (2020))
@ 5 constrained under-actuated vehicles

@ PF controller: Nonlinear MPC
50

351

45
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CPF - real tests

Setup (Rego et al. (2019))
@ 3 Medusa class AUVs
@ PF controller: Lyapunov based controller

32



CPF - real tests

State Yaw=354.783

@State In Press=535.698
State alfitude=3.067

X D491871.7075492{HoldPos| | Copy
D4290796.832142| __ Stop

vIMode: WP
Peps ®mmu  ®BAT " THR
pvL “aco “AT “LEA

PROJECT START!
- "
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CPF - real tests

Setup Rego et al. (2019)
@ 3 Medusa class AUVs
@ PF controller: Lyapunov based controller

60 Coordinated Path Following

50

40}

-20
-20

o
ol
=}

80
Yim]

Red to Black:

Black to Red:

Red to Yellow:

Yellow to Red

+3 3 ~_
—

Communications between Red and Black

e 4 —FHE e

- -+ o+ S

0 100 200 300 400 500 600
Estimation error of Red

0 100 200 300 400 500 600
Communications between Red and Yellow
- —+ A
0 100 200 300 400 500 600
t[seconds]
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Other applications

To learn (model) nature’s behaviors

=} \
1 [=)

= J Sensor node

@ Gateway node

@2020 Nguyen T. Hung
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Thank you!

Other videos:

Wimust project: click here.
US navy: click here.
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https://www.youtube.com/watch?v=DhihaZx-4DQ
https://www.youtube.com/watch?time_continue=76&v=ITTvgkO2Xw4&feature=emb_logo

Almeida, J., Silvestre, C. & Pascoal, A. (2017), ‘Synchronization of multiagent systems
using event-triggered and self-triggered broadcasts’, IEEE Transactions on Automatic
Control 62(9), 4741-4746.

Dimarogonas, D. V., Frazzoli, E. & Johansson, K. H. (2012), ‘Distributed event-triggered
control for multi-agent systems’, IEEE Transactions on Automatic Control
57(5), 1291-1297.

Heemels, W. P. M. H., Johansson, K. H. & Tabuada, P. (2012), An introduction to
event-triggered and self-triggered control, in ‘2012 IEEE 51st IEEE Conference on
Decision and Control (CDC)’, pp. 3270-3285.

Hung, N. T. & Pascoal, A. M. (2020), ‘Consensus/synchronisation of networked nonlinear
multiple agent systems with event-triggered communications’, International Journal of
Control 0(0), 1-10.

URL: https.//doi.org/10.1080/00207179.2020.1849806

Hung, N. T., Pascoal, A. M. & Johansen, T. A. (2020), ‘Cooperative path following of
constrained autonomous vehicles with model predictive control and event triggered
communications’, International Journal of Robust and Nonlinear Control .

37



Jadbabaie, A., Jie Lin & Morse, A. S. (2003), ‘Coordination of groups of mobile
autonomous agents using nearest neighbor rules’, IEEE Transactions on Automatic
Control 48(6), 988—1001.

Li, Z., Liu, X., Fu, M. & Xie, L. (2012), ‘Global H,, consensus of multi-agent systems with
lipschitz non-linear dynamics’, IET Control Theory & Applications 6(13), 2041-2048.

Olfati-Saber, R. & Murray, R. M. (2004), ‘Consensus problems in networks of agents with

switching topology and time-delays’, IEEE Transactions on Automatic Control
49(9), 1520-1533.

Rego, F. C., Hung, N. T., Jones, C. N., Pascoal, A. M. & Aguiar, A. P. (2019), Cooperative
path-following control with logic-based communications: Theory and practice,
Navigation and Control of Autonomous Marine Vehicles, IET, chapter 8.

Seyboth, G. S., Dimarogonas, D. V. & Johansson, K. H. (2013), ‘Event-based
broadcasting for multi-agent average consensus’, Automatica 49(1), 245 — 252.

Tabuada, P. (2007), ‘Event-triggered real-time scheduling of stabilizing control tasks’,
IEEE Transactions on Automatic Control 52(9), 1680—1685.

37



Vicsek, T., Czirok, A., Ben-Jacob, E., Cohen, I. & Shochet, O. (1995), ‘Novel type of
phase transition in a system of self-driven particles’, Phys. Rev. Lett. 75, 1226—1229.
URL: https.//link.aps.org/doi/10.1103/PhysRevlLett.75.1226

37



	A brief review
	Cooperative of MAS with event-triggered communications
	Applications in cooperative control of autonomous vehicles
	Others applications
	References

