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Abstract— In this work we present several implementation been oriented towards networks in which the global agree-
strategies answering to different classical problems in miti-  ment cannot be reached and only local ones are obtained
agent systems. The model under consideration consists of a[Morérescu & Girard(2011)], [Touri and Nedic(2012)]. @th
discrete-time dynamics multi-agent system in which two ag#s ’ o
are able to communicate when an algebraic relation between ers p“’p_o_se _Contm"ers that are able to malntaln. the. nétwor
their states is satisfied. As emphasized in the literature,ne  CONNectivity in order to ensure the global coordination-[Za
connectivity of the communication network is essential for vlanos & Pappas(2008)], [Bullo et al(2009)], [Fiacchini &

global coordination objectives. Thus, the primary goal of @r  Morarescu(2012)], [Fiacchini & Morarescu(2014)].

methodology is to oharacterize the cor]trol]ers that presare a The aim of this paper is to provide implementation
given topology allowing the global coordination. In a secod step tratedi for the th tical tools d | d i
we choose the controller appropriated to the main agreement SU@l€gles for the theoretical 1ools developed in our pre-

objective by solving a convex optimization problem assoctad ~ Vious works [Fiacchini & Morarescu(2012)], [Fiacchini &
to the minimization of a well-chosen cost function. Example ~ Morarescu(2014)]. Precisely, we consider a multi-aggst s
concerning full or partial consensus of agents with doublerite-  tem with discrete-time dynamics and a dynamic intercon-
gratrc])r(;jylnamics illustrate the implementation of the proposed  action topology. Two agents are able to communicate if
methodology. . an algebraic relation between their states is satisfied. The
Index Terms— Multi-agent systems, LMI, consensus, decen- connected agents are called neighbors. The agents updates
tralized control. their state in a decentralized manner by taking into account
their neighbors state. A connection is preserved as far as
. INTRODUCTION the algebraic relation is verified. Thus, we choose a minimal
h h " ; ¢ d d all nymber of interconnections ensuring the network connec-
€ research on mulli-agent systems and decentralizg, ty and making use of set theory [Fiacchini et al(2010)],
control received an increasing interest during the lasadec Fiacchini et al(2011)], we design a decentralized corig
This is certainly due to the fact that they found many uses | at ensures the satiéfaction of the corresponding algebra
applications going from biology and medicine to transporta, ;- iraints
tion, communication and sociology [Reynolds(2001)], lo As shown in [Fiacchini & Morarescu(2014)], the condition

del et al(2008)], [Colizza(2007)], [Ratmann et al(2009)]l=.-nsuring the topology preservation rewrites as a convex con

[Paviopoulos et al(2011)]. The consensus problem has begtrf’aint that may be posed in Linear Matrix Inequality (LMI
studied under different assumptions such as directed ybep q y (LM])

di di i h ; & q frm, [Boyd et al(1994)], [Boyd & Vandenberghe(2004)].
undirected interaction graph, connections afiected or nq“nerefore,we not only proposed a new tool for decentralized

by deloys, oiscrete or cootiouous, I?near or nonlinear a.QeEOntrol but also an easy implementable one. It should be
dynamics, fixed or dynamic interaction graph, synchronize, oted that our procedure is quite flexible and, as we shall

or desynchronized interactions [Pecora & Carroll(1998) ee. additional e :

. . , global objectives can be addressed. Bhgcis
[Jadbabaie et al(2003)], [OIfan-Saber.& Murray(2004)]We focus on the implementation of the topology preserva-
[Ren et al(2005)], [Moreau(2005)], [Olfati-Saber et algZy, tion, presented in [Fiacchini & Morarescu(2014)], to teck

[Morarescu et al(2012)]. It is noteworthy that control- pecific problems concerning multi-agent systems. The sub-

ling multi-agent sys_tems n a dec_entrahzed manner _O'ystems composing the network are mobile agents moving
fers great opportunities for computation and communicatio

. . . . on the plane and whose communication capability is subject
cost reduction [Shakkottai & Srikant(2007)], [Jadbabatie S0 constraints on their distances. Different coordinatasks,

al(2003)], [Ren & Beard(2005)]. On the other hand the CO0f3s flocking, consensus and predictive control, are coreider

dination and performances of interconnoct.ed systems are Ig,q go|ved employing the LMI conditions for avoiding the
lated to the network topology. Most of existing works asSUMEqnnections loss. Numerical illustrative examples allosv u

the connectivity of the interaction graph in order to guarary, analyze the results and to compare the different control
tee the coordination behavior. However, some works havset

rategies.
The work of 1.-C. Morarescu was partially funded by the pobjANR- The paper is organl_zed as follows. In Section II W_e
13-BS03-0004-02: Computation Aware Control Systems. formulate the decentralized control problem under anslysi
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Some LMI conditions for network topology preservation areagent. We suppose that any agent has access to the state of a
recalled in Section Ill. Control design strategies for fullneighbor only if a constraint on the distance between them is
or partial state consensus of identical systems with deublsatisfied. As the loss of the communication network connec-
integrator dynamics are discussed in Section IV. In Sedfion tivity may hamper the system to reach the global objective,
we present some numerical examples illustrating the cbntreome of such constraints are required to be preserved. Then,
strategies proposed in section 1V. Some conclusions arttide primary problem underlying any cooperative task in the
remarks on further works are provided at the end of theulti-agent context is the connection topology preseovati
paper. Theoretical results on this topic, presented in [Fiaccl8ini
Notation: The set of positive integers smaller than oMMorarescu(2014)], are recalled hereafter and appliedhén t
equal to the integen € N is denoted afN,, i.e. N, = {xe€ following sections.
N: 1< x<n}. Given the finite sete C Ny, |&] is its
cardinality. Given a symmetric matrif € R™", notation
P> 0 (P> 0) means thaP is positive (semi-)definite. BAT
we denote the left pseudoinverse of the ma&ixGiven the ) )
matrix T € R™™ andN € N, 2y(T) € R™N*MN is the block- In a genera! fra_mework we can conS|der_ the dynamics of
diagonal matrix whos&l block-diagonal elements are giventhe i-th agent is given by (2) for all € Ny, with A€ R™,
by T, while Z(A,B,...,Z) is the block-diagonal matrix, of B €R™™ and whereq € R" is the state andi € R™ is the
adequate dimension, whose block-diagonal elements are #htrol input of thei-th agent.
matricesA, B, ..., Z. Given a set oN matricesAy with k € Ny, Let us suppose that the initial interconnection topology
denote by{Ac}ken, the matrix obtained concatenatidg in IS given by the graplG = (7,&") where the vertex set is

column. Given a square matri, denote withAma(A) the #*=Nv and the connecting edge s€tC 7" x ¥’ represents
maximal eigenvalue oA. the set of pairs of agents that satisfy a distance-like ¢mmdi

Precisely, given the real scalar- 0, d € N with d < n and
T € R¥*" such thafT T is invertible, the initial edge set is

. . given by
Throughout the paper we consider a multi-agent system

with V > 2 interconnected agents assumed identical. Let & = {(i,j) € Nv x Ny | [|[T(xi(0) —xj(0))||2 <r}.

us assume that each agent moves in a two dimensional ]

space and is able to select the variation of its velocityln€ Set of edges that must be preserved is denoted’hy
Modelling the input as a velocity variation or, equivalgntl ¢ - e suppose that every agerknows the state of thg-th

the variations along the two Cartesian axis, the dynamics 8¢ if and only if(i, j) € 4. _
eachi-th agent, withi € Ny, along thex axis is given by Definition 1: For alli € ¥ we define the set of connected

. N neighbors of the-th agent as
{ pr(k+1) = p(k) +tvii(k),

IIl. SET THEORY RESULTS FOR TOPOLOGY
PRESERVATION

Il. PROBLEM STATEMENT

vkt 1) = (k) + (k). @) H={ieN:(.])en}.
Given the set of connectiong”, the objective is to design
a decentralized control law ensuring that none of these
connections are lost. In other words, the aim is to design
the state-dependent control actian&k) independently from
— 1 t — 0 uj(k), for alli, j € Ny andk € N, such that every connection
A[ 0 1}’ B[ 1} in ./ is maintained.

. . As usual in multi-agent systems we consider ittle input
where the ;ampllng time h"."S been chosen equal 8. to be the sum of terms proportional to the distances between
The dynamics along thg axis are clearly analogous. Then

agenti and its neighbors. That is, denoti = X| — Xm for
the full dynamics of the-th agent is algljl me Ny, we gefine Bn =X = Xm
X" =A% +Bu, 2)

wherepX is the positiony the velocity,u* the control input

andt the sampling time. So, the overall dynamics of the
th agent along the axis is given by a linear system with
matrices

U= > Kijxi—x)= > Kija,j. @)
with _ — jeZM jez./i{
A0 B O . . .
A= [ 0 g} 5 B= [ 0 B_} ; The design of eachy is reduced to the design of the

controller gainsK;; chosen such that the linKi,j) is
where the state is; = [pX(k), v¥(k), p/(k), W(k)]" and the preserved where the dynamics of tiesystem results in

input uj = [u¥, W] ", K] ket

The usual objectives of the control of multi-agent systemg — (A4 BK;  +BK; )&, + Z BK; k& « — Z BK; x&j
concern the achievement of cooperative tasks by means o ' T &y T o
decentralized control laws, acting on every agent. In order 4)

to pursue such collaborative tasks in a decentralized walgr all i, j € Ny. It is not difficult to see that, in the centralized
the agents exchange some information. The informatiacase the dynamics of the error can be imposed by an adequate
available to every agent is supposed to be partial, as onlychoiceu;, for all i € Ny, provided that the agents dynamics
portion of the overall system is assumed accessible to evepystabilizable.
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The dynamics of thé] system is given by the matrik+ ij dynamics by the non-common neighbors. Precisely, the
BKi,j + BK;, if no perturbations due to the presence of otheeffect of the non-common neighbors can be modelled as
agents are present. Such perturbations, which complicate ta perturbation on thej system bounded by an ellipsoid
decentralized control design, can be bounded within a sdetermined byT'T and of radiusv/dr. Therefore the
depending on the radius and on the information on the conditiond < 1, implicitly imposed by (9), is necessary to

neighbors common to thieth and j-th agents. ensure the preservation of the connectian).
Consider the sets
M= MO, IV. APPLICATIONS TO DECENTRALIZED CONTROL OF
M= M\ (AjU{i}), (5) MULTI-AGENT SYSTEMS
N =M\ (A U{i}), In this section we illustrate the application of our results

published in [Fiacchini & Morarescu(2014)] and recalled i
Section lll, for controlling the multi-agent system pretezh

in Section Il. Different strategies (based on optimal and
predictive control) to achieve the collaborative objeethare
presented hereafter and numerically implemented.

then, 4/ ; denotes the common neighbors of ik and the
j-th agents and4{; the neighbors of théth one which are
neitherj nor one of its neighbors, analogously fof];. We

define the cardinalities

N=2/A | +1, N=[A|+ A, | Denotent; = pf—pf. vy =i v P =P =PV =
where the indices are avoided here and in the following —Vvjand
definitions to improve the readability. e =[P, W p?’j, ViYJ.]T =x' —ij, (10)
The problem addressed in this paper can be state as ' o
follows. andu; j = [uX— u’j‘, uiyf u}']T. The control inputs are given by
Problem 1: Design a procedure to find at each step 43) and Definition 2 with feedback gains
condition on the decentralized control gaifs;, with i, j € 5 kip% k}’x- 0 0
Ny such that the following algebraic relation is satisfied Kij= 4 Voo | (11)
loo KW

HTqJ,rj||2<r’ V(|,])EJV, .. . V .
_ _ ’ for all (i, j) € .#". Once obtained a value fé% j, we define
if the constraints the nominal selectiok j = K;; = 0.5K; j for all (i, j) € .#".

[Taxl2<T, vk e Ji{:j, Moreover, the following constraint on the norm Kf; is

ITekll2<T, vke A, 7 imposed .
hold. Ki'iKi,j < In, (12)
In order to ease the presentation, we introduce differet limit the effect of the control of théj nominal system
notations for the controller gains. on the neighbors. Recall, in fact, that the perturbationhen t

Definition 2: Denote withE; j € R™ the vector obtained neighbors of the agenisand j depends on their states and
concatenating j with all g x ande; x whereke .4/ ;. Denote on the gaing j andKj ;.
with Ri,j e R™N(N-1) the matrix obtained concatenatirgy Remark 1:It is worth recalling that thej system, with
and —K;j x wherek € .4/ and with Ri,j € R™™ the vector (i, ]) € .4/, considered and analysed hereafter, is the generic
obtained concatenating al;x wherek € .4; and —K; ~ model of connected agents. The overall system concerns
wherek € .4 ;. We also define several analogous models, one for every pair of connected
. . + dxdN agents, represented by the elements©f Hence, several
A=T ['AA‘JF BKi,j, BKij] ZN(T)T € R ’ distance constraints have to be maintained and severdl loca
M =TBK;; Zx(T)" e RN, (8)  optimization problems to be solved.

Z=9n(T)Eij e RN,
whereKi,j =Kij+Kj,. A. Topology preservation constraint

We recall here an important contribution presented in [Fi- We suppose that the distance between two agents must be
acchini & Morarescu(2014)], namely the sufficient corafiti smaller than or equal to to allow them to communicate.

for the constraint (6) to hold. o _ Thus the topology preservation problem consists of upper-
Theorem 1:Problem 1 admits solutions if there exigts=  bounding byr the euclidean distance between the connected
Z(A1lg, ..., Aqla) with A > 0, for all k € N such that neighbors. The constraint on the state of thesystem to
r2_r25 A 0 ZTAT preserve is
i P (02 + (k)2 < r. (13)
0 A rrT > 0. (9)

Notice that the effect of the inputs’ and u at time k
has no influence op’ and p! at timek+ 1 (see (1)). Thus,

Furthermore, any solutiofA, ") of the previous LMI any algebraic condition involving the positiops, piy of the
defines admissible controller gains for the Problem 1. systems atk+ 1 would not depend on the control action

The quantityd = Jyen Ak can be geometrically inter- u, uiy at timek. From the computational point of view, every
preted as a bound on the perturbation generated in tlenstraint concerning only the agents positions, would lea

AZ roolg
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to LMI conditions independent on the variatﬁ@j. Thenthe qp, av € R, the cost to minimize is

results provided in Theorem 1 are not applicable directly in s

this case for the state at timier 1. On the other hand, the ~ Qe(@.i(K)Kij) = qg(pfiy(k+2)2j P (k+2)%)+ (15)
controlsuX(k), u’ (k) affect the position (and the velocity) at (V] (k+ 1)+ v (k+1)%).

time k+2 and a condition on the feedback g&iry to ensure  Proposition 2: Any optimal solution of the convex opti-
the preservation of thé, j) connection at tim&+2 can be mization problem

posed. The distance constraint can be imposed on the states

i . Ta T .
atk+ 2, as nothing can be done at tirkén order to prevent min &,j(k) "M Me,j(k)

its violation at timek+ 1. Then a constraint og_j (k) can be A’;Q:KI‘J’('\;), (9),(10), (16)
determined characterizing the region of the state spade suc L, K
that p*; (k)2 + p!; (k)? < r? andp; (k+1)2+p! ; (k+ 1) < r? [ R 1) ] >0,
in terms of matrixT. Since the former constraint does not b
involve the input, onlyp¥;(k+1)2+ p!; (k+1)2 <r? might ~ with 0 0
be taken into account for the control design. qop 9 0 0
Proposition 1: The condition (13) holds at timk+ 2 if M= 0 cg, ¢ (A+ BKH), a7
and only if we have thafiTe j(k+1)||2 < r with 0 0 qg G
Qv
|1t 00 (14) andT as in (14), minimizes the cost (15) subject to the norm
0 0 1t ]° gain constraint (12) and the distance constraints (1B)2.

Proof: The region of the space o# j(k) such that  Pproof: From standard algebraic manipulation, it can be
the topology constraint (13) is satisfied lat- 1 is given proved thatQq(e j(k),Ki j) = & j(k\MMe j(k). From (8),
by pY(k+1)?+ p/;(k+1)? < r? which is equivalent to (9), and Proposition 1, any feasible solution of (16) assure
[Ta,j(K)fl2<r for T as in (14). Hence imposing that thethe distance constraints to hold kt- 2. Finally, (12) is
system error state belongs to such a regiok-atl implies  equivalent to the last LMI constraint in (16). [
assuring that the distance between the agetitaand j-th is 2) Partial state consensus: flockingAn alternative ob-
smaller than or equal to at k+ 2, preserving the topology jective, often considered in the framework of decentralize
atk+2. Thenpy;(k+2)?+p/;(k+2)?<r?if and only if  control, is to steer a part of the staggj to zero, for all
(i,j) € A In particular, the problem of flocking consists
[ITe,j(k+1)ll2=[IT(Aa,j(k) +Buj(K)[2<T, in designing a decentralized control such that the diffegen
. . between the speeds of every pair of connected agents con-
with T as in (14). . ._verges to zero, avoiding violations of the distance conda
Prop(_)smon 1 then, implies that the top_ology preserwatlo.l.hen, if the graptG = (¥,.#) is preserved connected and
constraint for timek + 2 can be expressed in termsepf (k) the speed differences converge to zero, the agents reach and

and the inputl; ; (k). The results presented in Theorem 1’maintain the flocking. For this purpose, the cost to minimize

Wlt.h Tas |n.(14), aIIow- to characterlze the sets of feedt_)acllé a measure of the difference between neighbors speeds, for
gains ensuring the satisfaction of the distance constedint

instance
k+ 2, for every pair of connected neighbadrand j. Such set .
would depend on the current stagg (k) and on the gains Qr(a,j(K),Kij) = V¥(k+1)2+W;(k+ 1) (18)
designed to compensate the errors and enforce the topolog

yI'his is achieved by solving a convex optimization problem
analogous to (16), as stated in the proposition below. The
proof is avoided since similar to the one of Proposition 2.
B. Relevant multi-agents applications Proposition 3: Any optimal solution of the convex opti-

mization problem (16) with
Among the local feedback gains which guarantee the
M — [ 01 00

preservation.

connection preservation, different selection criteria ¢ee

applied, depending on the collaborative task to be achieved 0001

Hereafter three popular criteria are illustrated and s®ly andT as in (14), minimizes the cost (18) subject to the norm
1) Full state consensusthe first criterion is to select the gain constraint (12) and the distance constraints (1B}&2.

feedback gain, among those satisfying (9), to achieve the Clearly, changing opportunely the matii would permit

full state agreement. In other words, the objective in thito regulate different part of the state of thie system and

case is to both steer all the agents at the same point aaldo any linear combination of the state.

align all the velocities without loosing any connection.eOn  3) Predictive control:Finally, we present another interest-

possibility is to compute at any sampling instant the matriing optimization criterion. One of the most popular control

Ki,j minimizing a sum of nominal values of the positiontechnique suitable for dealing with control in presence of

distance atkk+ 2 and of the speed difference lat- 1. By hard constraints is the predictive control. These control

nominal values we mean the values of positions and speestsategies exploit the prediction of the system evolutind a

in absence of the perturbation on thesystem due to the the receding horizon strategy to react in advance in order to

other agents. Then, given the positive weighting pararaeteprevent the constraint violations and to avoid the poténtia

] (A+BKi ), (19)
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dangerous regions of the state space. Moreover, the contasld then
input that would generate the optimal trajectory, among T
the admissible ones, is usually computed and applied. In e2=[ 1215 1215 1215 18125] , .
general, the longer is the prediction horizon, the higher is  €2=[ —1.215 -0.486 1458 18225] .

the capability of preventing unsafe regions and constraint _
violations. Based on this idea, we propose to optimize a The distances between the connected agents, the 12 system

measure of the future state position, in order to react iﬂnd the 23 one, are close to the boundary as seen in Figure

advance and prevent the states to approach the limits of tﬁeThe initial speeds are pushing the agents away one of
distance constraints. In particular we minimize a measu ch others, towards the boundary of the connection region.

of the nominal distance between the positions of the AIthoug_h the _2-nd and the 3-rd agent are very CIO.S(? to the
th and j-th agents at timek+3 in function of the input constraint limit, the control succeeds to reduce theirtiada

; ; ; d and to stop their drift within just few sampling times.
gain at timek, that is (pX; (K+2) +tv<; (k+1))2+ (p (k+ SP€€ _ )
2) + v (k+1))2 The( éé)(ntrol horizlgrg can be e(xtléjrgded toThe same happens with the speed difference between the 1-
I :

values 'higher than 3, but the predicted statg(k + N) st and 2-nd agent. Therefore, the connection graph is kept

. d one gets a formation that moves with the same speed
would depend on the future inputs and the cost would result. : . . o
. . > L .~ with relative position distances close to the connectionit)i
in a non-convex function oK; j. A simplifying hypothesis

can be posed to obtain a suboptimal control strategy boge Figure 2. Obviously, increasing the initial distances b

with greater prediction capability. Let us denote the hamiz ween nelghbors or the initial velocities the confcrol peot

. . formulated in Section IV-B.2 may not have solutions and the
Np € N and suppose that only the nominal control aCt'O%raph connectivity is lost
ui,j (k) = Ki j&i j(k) is applied, i.eu j(k+p) =0 for p€ N,,. '

The minimization of the nominal position &t+ Np, i.e.
Qp(&,i(K),Ki ) = P (k+Np)?+ p/;(k+Np)2,  (20) +80

leads to a suboptimal control with high predictive power. L8y
Proposition 4: Any optimal solution of the convex opti-
mization problem (16) with

o O 1 0 O .. ) O‘.l 0.‘2 013 014 015 0‘.6 0.‘7 018 019 1
MT+(Np1)t({ 0 0 0 1} +K.,J>, (21)

Speed error 12
T T T

Position error 12
T T T

andT as in (14), minimizes the cost (20) subject to the norn
gain constraint (12) and the distance constraints (1B}&2.

The benefits of the prediction-based strategy will be higt
lighted in the numerical examples section.

V. NUMERICAL EXAMPLES 04 05 06 07 08 09 1

Two numerical case of studies and different global ob
jectives are considered in this illustrative section. The-s
ulations have been performed in MATLAB. At every time L8y
instant, the solution of the convex problem, based onthe LN~ [
conditions for connection preservation, is solved indepet 1o2
dently for each agent. Every connecti@inj) is considered 1.9
by the agents and j leading to the same LMI-constraint. 188
The only information employed by any agent is, as assume
above, the knowledge of the states of the neighbors involve
in the connections to be preserved. Every agent computes &
applies a feedback control according to the LMI conditions
no information interchange between agents is considere
although it could and should in future works.

Example 1:Firstly, let us consider the problem of flocking
for a simple system consisting of three interconnectedtagen
Suppose that the 2-nd agent is a common neighbor of both
the 1-st and the 3-rd one, which are not neighbors each oth€&g. 1. Flocking: errors 12 and 32.

The distance bound assuring the connections between the
agents ig = 2. The initial states are Example 2:Consider now the six interconnected agents
with the initial conditions given in [Martin & Girard(201D)

Position error 32
T T T

1.94r-

1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Speed error 32
T T T

0.4 0.5 0.6 0.7 0.8 0.9 1

-
x1(0) = [ 243 1215 0 O] ’ T and connected by the minimal robust graph computed in the
%(0)=[ 1215 0 -1215 -1.8225] , same work. Thatis:# = {(1,2), (2,3), (3,4), (4,5), (5,6)},
x3(0)=[ 0 —0.486 0243 0 ]T, r = 3.2 and initial conditions:
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Trajectories

0.5 T T : . . . a5 Tra]e(‘:tories
ot 1 N 1
25 A
sk |
2 i
-1 7 15 |
-15} E * |
0.5 i
o ‘ ‘ ‘ ‘ ‘ ‘
-0.5 0 0.5 1 15 2 25 3 or B
054 i = o 2 P 6
Fig. 2. Flocking: trajectories.
. Position error 12
25
x10)=[-4 —vo 30", x0)=[4 v 30",
x(0)=[-2 v 2 0, x%(0)=[2vw 20,
x3(0)=[-1 —w O O]T7 x4(0)=1[1 vo O O]T7 2% 01 02 03 04 05 06 0.7
wherevg is used as a parameter to analyze the maxim. 25 Speederer e
initial speed that may be dealt with by different control 2r
strategy. It is noteworthy that, as shown in [Martin & i
Girard(2010)], for the classical consensus algorithm th os
preservation of the minimal robust graph is guaranteed for o

(o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

critical speed valug; ~ 0.23. Nevertheless, it is numerically

shown that the sufficient condition is conservative sinae fo

Vo = 1.5v¢ (generating approximately a 4 times higher globafFig. 3. Flocking: trajectories and errors of the 12 system.
velocity disagreement) the robust graph is not broken. We
also note that the classical consensus algorithm is not at
to preserve the connectivity when the global disagreensent
5 times superior to the one guaranteeing the consensus (
Vo > 2.1ve).

In the sequel, we show that our design allows to increas
considerably the initial speed value (and consequently tt
initial global disagreement) avoiding the loss of conrmudi . ‘ ‘ Speed error 23
Let us first give the initial error vectors between the state ol
of the neighbors: al i

2
1
o]

Position error 23

@20 =[-2 0 1 0", e(0)=[-20 -1 0,
&3(00=[-1 02 0, es0=[-10 -2 0",
e4(0)=[-2 —2v 0 0.

[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

y
Position error 34

A. Flocking

The control problem formulated in Section IV-B.2 has ad
missible solutions fovg = 19v. and the connection between 25f 1
the third and the fourth agent is lost fgy= 20v; as shown in R
Figure 4. It is worth noting that the control acts like spsng
between agents’ velocities (compare the bottom of Figure 10
3, 4 and 5). First, the control cancels the speed differen:
between neighbors with opposite velocities creating adpe:
disagreement in both symmetric branches of the graph. Ne:
it cancel the disagreement between 2-nd and the 3-rd ag¢
and between the 4-th and 5-th one, mimicking a gossipir
procedure where the choice of active communication link
is given by the error between neighbors speeds. Doing S8g. 4. Flocking: errors of the 23 and the 34 systems.
either the flocking is reached before the connectivity i$, los
or the graph splits into two groups that will independently
agree to two different velocity values.

L L L L L L
[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Speed error 34

JCET Vol. 4 Iss. 3 July 2014 PP. 183-191 www.ijcet.@@phmerican V-King Scientific Publish



Journal of Control Engineering and Technology (JCET)

Position error 45 Trajectories
T T T T

L L L L L L
“o 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Speed error 45
5 T T
atb i
s i
2k i
1h i
o -0.5
[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 - -4 -2 [¢] 2 4 6
Position error 56 Position error 34
2.6 T T 3.5 T
251 —
3k ]
2.4r —
2.5 q
23r —
22 . . . . . . > . .
[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 [¢] 0.5 1 15
Speed error 56 Speed error 34
2.5 T T 10 T
2t B 8 B
15r b 6 b
1t B 4t B
o5f B 2t g
o L 0o
[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 [¢] 0.5 1 15
Fig. 5. Flocking: errors of the 45 and the 56 systems. Fig. 6. Flocking: trajectories and errors of the 34 system.

Trajectories
T

The performances can be improved by heuristics. Fc
instance, requiring to maintain an euclidean distanceimfe
to 3.1 even though the connection bound i2.3The flocking
is reached forky = 20v;, see Figure 6. It is interesting to note
that the control action is not able to maintain the error 3.
inferior to 3.1 but once the constraint is violated (since th
agents are still connected= 3.2) the priority is to minimize
the euclidean distance in order to respect the constrail
Notice how the regularity of the behaviour is lost after the
constraint violation, at time .85.

B. Full state consensus

Position error 34

The control problem formulated in Section IV-B.1 with

0x = 10, gy = 1 has admissible solutions fap = 23v; as e 7

shown in Figure 7. 2 7

1r i

C. Predictive control strategies % o5 1 is
The control problem formulated in Section 1V-B.3 with 12 Speed error 34

Np = 3 works forvg = 21v but the trajectories are far from
ideal. The behaviour is largely improved wily = 21, see
Figure 8 representing the trajectories and the time ewiuti
of the 34 dynamics fowg = 28v;. Notice how the position
error of the critical system, the 34, approaches the bour
avoiding the constraint violation, also for an initial sgee
much higher than those used for the other approachédy. 7. Consensus: trajectories and errors of the 34 system.
i.e. o = 28v.. Furthermore, the evolutions and trajectories

present a much smoother and regular behaviour. All these

desirable properties are due to the predictive capability o

L L
[¢] 0.5 1 15
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