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Abstract—In this paper we consider ad-hoc networks of input such that the resulting topology maintains connégtiv
robotic agents with double integrator dynamics. For such throughout its course of evolution. In [1], a connectivity
networks, the connectivity maintenance problems are: (i) d constraint was developed for a group of agents modeled as

there exist control inputs for each agent to maintain netwok first-order di te fi d . ¢ In 1 din th
connectivity, and (i) given desired controls for each agey ''fSUOraer discrete ime dynamic systéms. in [1] and in the

can one compute the closest connectivity-maintaining cordls ~ related references [2], [3], this constraint is used tosoén-

in a distributed fashion? The proposed solution is based on dezvous problems. Connectivity constraints for line-ighs
three contributions. First, we define and characterize adnssible  communication are proposed in [4]. Another approach to
sets for double integrators to remain inside disks. Secondye connectivity maintenance for first-order systems is pregos

establish an existence theorem for the connectivity mainteance . . . o
problem by introducing a novel state-dependentt{;jraph, catid N [5]. Inthis paper we fully characterize the set of adniiksi

the double-integrator disk graph. Finally, we design a distributed ~ control inputs for a group of agents modeled as second
“flow-control” algorithm to compute optimal connectivity-  order discrete time dynamic systems, which would ensure
maintaining controls. connectivity of the group in the same spirit as described
|. INTRODUCTION earlier. o _

. _ o _ L The contributions of the paper are threefold. First, we
This work is a contribution to the emerging discipline,yhgiger a control system consisting of a double integrator

of motion coordination for ad-hoc networks of mobile aUyith bounded control inputs. For such a system, we define

tonomous agents. This loose terminology refers to grouRgy characterize the admissible set that allows the double
of robotic agents with limited mobility and CommunIC"J‘t'onintegrator to remain inside disks. Second, we define a novel
capabilities. In the not too distant future, these groups %ftate-dependent graph — theuble-integrator disk graph-
coordinated devices will perform a variety of challenging, 4 give an existence theorem for the connectivity main-
tasks including search and recovery operations, Suree#ia anance problem for networks of second order agents with
exploration and enV|ro.nmentaI monitoring. The potentla1leSIoect to an appropriate version of this new graph. Finally
advantages of employing arrays of agents have recently, ‘;onsider a relevant optimization problem, where given a
motivated vast interest in this topic. For example, from Qg of desired control inputs for all the agents it is recire
control viewpoint, a group of agents inherently provides, finy he optimal set of connectivity-maintaining control

robustness to failures of single agents or of communicatiqﬂputsl We cast this problem into a standard quadratic pro-

links. _ o gramming problem and provide a distributed “flow-control”
The motion coordination problem for groups of au-;i,orithm to solve it.

tonomous agents is a control problem in the presence o

communication constraints. Typically, each agent makes de Il. PRELIMINARY DEVELOPMENTS

cisions based only on partial information about the state \yo begin with some notations. We &%, No, and R,

of the entire network that is obtained via communicatioRengte the natural numbers, the non-negative integer num-
with its immediate neighbors. On_e |r_nportant difficulty ISpers, and the positive real numbers, respectively.drem,

that the topolo,gy of the communication network dependge |et(, and1, denote the vectors whose entries aredall

on the agents’ locations and, therefore, changes with the,q 1 respectively. We lef|p|| denote the Euclidean norm
evolution of the network. In order to ensure a desireg p € RL Forr € R, andp € R?, we let B(p,r)

emergent behavior for a group of agents, it is necessaggnote the closed ball centered atwith radius r, i.e.,
that the group does not disintegrate into subgroups that amp r) = {g € R | |lp—gq| < r}. Forz,y € RY, we
unable to communicate with each other. In other words, sonpgtx’ < y denote component—w_ise inequali7ty e, < Yk
restrictions must be applied on the movement of the agerfs; ;. (1,....d}. We letf: A= B denote’a set-valued

to ensureconnectivityamong the members of the 9rouP-map: in other words, for eadhe A, f(a) is a subset of.
In terms of design, it is required to constrain the control

_ o _ A. Maintaining a double integrator inside a disk
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system as thdiscrete-time double integraton R? or, more B. Computing admissible sets
R d . . .
loosely, as a second-order system. Giyprw) € R** and We characterized? for d = 1 in the following result and
{ur}ren, S B(0a,7en), let ¢(t, (p,v),{u-}) denote the \ye jjlustrate the outcome in Figure 1.
solution of (1) at timet € Ny from initial condition (p, v) Lemma 2.3:FOr s, Terr € Ry, Al (rpos, Ter) is the poly-

with inputsuy, ..., 1. . tope containing the point, v) € R? satisfying

In what follows we consider the following problem: as-
sume that the initial position of (1) is inside a disk centiere ~_ 7pos _ m—-1 L P Teos M= LN
at 04, find inputs that keep it inside that disk. This task is m 2 = m = m 2 "

impossible for general values of the initial velocity. Inath for all m € N, and —7Tpos < P < Tpos
follows we identify assumptions on the initial velocity tha
render the task possible.
For rpes € R4, we define theadmissible set at time zero
by
A (1pos) = B(04, Tpos) x RY. 2)

For rpes, 7er € Ry, we define theadmissible seby

Ad(rpo& Tctr) = {(pa U) € R2 | 3{U7}76N0 C F(Oda Tctr)
s.t.o(t, (p,v), {ur}) € Ad(rpos), ¥t € No}, (3)
and theadmissible set forn time stepshy

Alrin = {(p,’l}) € de | EI{“’T}TG[OJTL*” - E(Odarctr)
s.t.o(t, (p,v), {ur}) € Aj(rpos), VYt € [0,m]}. (4)
The following theorem characterizes the admissible set.

Theorem 2.1:For all d € N and rpos, 7er € Ry, the Remark 2.4:The  methodology for  constructing
following statements hold: A (rpos, err) Closely follows the procedure for constructing
() for all m € N, A5, C A7 _, and there exists the so-calledisochronic regionsusing principles from
1m(7pos, Tor) SUCh thatAs, = A%, for all m > m; discrete-time optimal control, as outlined in [6]. O

(ii) -Ad(rpos, Tctr) = lim;,m— 4o Ag@;

(iii) Ad(rpos, rer) IS @ convex, compact set and is the Iarges&1
controlled-invariant subset ong(rpos);

(iv) Ad(rpos, rer) IS invariant under orthogonal transfor-
mations in the sense that, {p,v) € Ad(rpos, Terr)s
then also(Rp, Rv) € Ad(rpos, rey) for all orthogonad

| —"pos

Fig. 1. The admissible set! for generic values ofpos and rey

Next, we introduce some definitions useful to provide an
ner approximation ofA? whend > 2. Givenp € R? and
v € R?\ {04}, definep; € R andp, € R? by

v
D=Dp|7 o +PL,
[[v]l

matricesRk in R4, wherep, - v = 0. FOr rpos, 7oy € Ry, define
(V) |f O < Tl < 7‘2, then Ad(rp037 Tl) C ./Ad('f'pos7 Tg) and .

-Ad(rlarctr) C Ad(T27Tctr)- Aﬁ(rpo& Tewr) = {(P, v) € B(Odﬂ”pos) x R? |v=04 oOr
Next, we study the set-valued map that associates to oy, 1oll) eAl( T2 — HPJ_”QJ’ctr)}-

each state inAd(rpos, rer) the set of control inputs that

keep the state insidetd(rpos, rer) IN one step. We define Lemma 2.5:For rpgs, retr € R,

the admissible control set/*(rpos, 7ctr) : A% (rpos, Ter) = (i) Af(rpos e) is & subset 0fA? (rpos, Ter), and
B(04, rewr) by (i) Afl(rpos rerr) is convex and compact.

U (Tpos, Ter) * (p,v) = {u € B(0g, rer) | Remark 2.6:In what follows we silently adopt the inner
(p+v,0+ ) € Arpos rer)}, (5) approximationAf for the setA? anytimed > 2. Further-
more, we perform computations by adopting inner polytopic

or, equivalently, representations for the various compact convex sets.[]

U (rpos, Tetr) * (P, v) C. The double-integrator disk graph

= B(04,7er) {w —v | (p+v,w) € A% (rpos, rerr) }- Let us introduce some concepts about state dependent
Lemma 2.2:For all (p,v) € A%(rpos rer), the set graphs and some u_S(_afuI examples. For a)éetletdIF(_X)
U (rpos, Terr) - (p;v) is non-empty, convex and compact. ForPe the co_llectlon of finite subsets &f; e.g.,? € F(R ) is a
generic(p, v), the setd<(rpos, Terr)- (p, v) does not contaifl,. set of points. For a seX, let G(X) be thg set of undirected
graphs whose vertices are elementsxgfi.e., whose vertex

1A set s controlled invariant for a control system if therésexa feedback set be.'longs tdF(X)' For a setX, astate dependent gr_aph
law such that the set is positively invariant for the clofmap system. on X is a mapg : F(X) — G(X) that a.ssomates to a finite
2A matrix R € R%*4 is orthogonal ifRRT = RTR = 1. subsetV’ of X an undirected graph with vertex skt and



edge setfg (V) where&g : F(X) — F(X x X) satisfies rcmm € R4. We remark that the control bound, and the
Eg(V) CV x V. In other words, what edges existsgiil’) communication radius.mm are the same for all agents.
depends on the elements Bfthat constitute the nodes. We now state the control design problem of interest.
The following three examples of state dependent graphsProblem 3.1 (Connectivity Maintenancefhoose a state
play an important role. First, giveryes € R, thedisk graph  dependent grapBiarget 0N R?¢ and design (state dependent)
Gaisk(Tpos) is the state dependent graph &4 defined as control constraints sets with the following property: ifcha
follows: for {p1, ..., p,} C R%, the pair(p;, p;) is an edge in agent’s control takes values in the control constraintthe

Guisk(Tpos)- ({p1, - - ., pn}) ifand only if p;—p; € B(04,rpos).  the agents move in such a way that the number of connected
Second, givenrpes, rer € R4, the double-integrator disk components ofjiarget (€valuated at the agents’ states) does
graph Gi-disk(Tpos; 7crr) 1S the state dependent graph BAY not increase with time. O
defined as follows: fof{ (py,v1), ..., (Pn,vn)} C R?4, the This objective is to be achieved with the limited informa-

pair ((p;,v:), (pj,v;)) is an edge if and only if the relative tion available through message exchanges between agents.

ositions and velocities satis _ .
P fy B. A known result for agents with first-order dynamics

d . .
(pi = pjvi — vj) € A%(rpos, Terr)- In [1], a connectivity constraint was developed for a set

Third, it is convenient to define the disk graph also as a stafd 29ents modeled by first-order discrete-time dynamics:

dependent graph oR** by stating that(p;, v:), (p;, v;)) is pilt + 1] = p[t] + wilt).
an edge if and only ifp;, p;) is an edge of the disk graph o ) _ )
onR<. We illustrate the first two graphs in Figure 2. Here the graph whose connectivity is of interest, is the disk

graph Gaisk(remm) over the vertices(p1[t], ..., p.[t]}. Net-
work connectivity is maintained by restricting the alloab

motion of each agent. In particular, it suffices to restrict

the motion of each agent as follows. If agentsand j

are neighbors in thecym-disk graphGisk(remm) at timet,

then their positions at timeé+ 1 are required to belong to
’

B M, e ) In other words, connectivity between

andj is maintained if

uilt] € F(pj [t] — pilt] rcmm)7

2 T2
Fig. 2. The disk graph and the double-integrator disk grap®in wilt] € F(pi [t] — pylt] Tcmm)
for 20 agents with random positions and velocities. J 2 o9 )

The constraint is illustrated in Figure 3.

IIl. CONNECTIVITY CONSTRAINTS AMONG
SECOND-ORDER AGENTS

In this section we state the model, the notion of connec-
tivity, and a sulfficient condition that guarantees conmégti
can be preserved.

A. Networks of robotic agents with second-order dynamics

and the connectivity maintenance problem Starting f g A ted
. : . . . Fig. 3. Starting fromp; andp;, the agents are restricted to move
We begin by introducing the notion afetwork of robotic  ;cide the disk centered gt-;pj with radius Zemm

agents with second-order dynamias R¢. Let n be the
number of agents. Each agent has the following computation

i ol q icati bilit Fo 'Note that this constraint takes into account only the
motion control, and communication capabiliies. [oI€  —4qjtions of the agents; this fact can be attributed to the
{1,...,n}, the ith agent has a processor with the ability;

. . i Jfirst-order dynamicof the agents. We wish to construct a
of allocating continuous and discrete states and perfaymi

operations on them. Tha&h agent occupies a locatign €
R?, moves with velocityy; € R¢, according to the discrete-
time double integrator dynamics in (1), i.e.,

pilt + 1] = pilt] + vilt],
Uit + 1] = wi[t] 4 us[t],

"Limilar constraint for agents with second order dynamics. |
is reasonable to expect that this new constraint will depend
on positions as well as velocities of the neighboring agents

C. An appropriate graph for the connectivity maintenance
(6) problem for agents with second-order dynamics

We begin working on the stated problem with a negative
where the norm of all controlg;[t], i € {1,...,n},t € Ny, result regarding two candidate target graphs.

is upper-bounded by, € R. The processor of each agent Lemma 3.2:Consider a network of. agents with double
has access to the agent location and velocity. Each agentegrator dynamics (6) ilR?%. Let r¢mm be the communi-
can transmit information to other agents within a distanceation range and lety, be the control bound. Lefiarget be



either Gaisk(remm) 0N R24 or Gyigisk(remm, 27ctr). There exist Assume that agentsj are connected iGgi gisk(remm, V7ctr)
states{ (pi, vi) }ieq1,....n} SUch that at time ¢. By definition, this means that the relative state
(i) the graphGiargerat { (pi, vi)ticqi,....n} is connected, and (pi;[t], vi;[t]) belongs t0 A% (remm, vrer). If this connection

(iiy forall {u;}icqr,...ny € B(04,7ct), the graphGrarger at i_s to be maintained at time+ 1, then the relative control at
{(pi +vi,vi + i) Yieqr,.ny, is disconnected. time ¢ must satisfy

_ Remark 3.3:The result in Lemma 3.2 on _the double wilt] — u;[t] € U (remms vrer) - (Dij[t], vis[t]).  (7)
integrator graph has the following interpretation. Assume
that agent: has two neighborsj and & in the graph Also, implicit are the following bounds on individual coatr
Gai-disk(Temm, Terr)- By definition of the neighboring law for inputsu;[t] andu;lt]:
this graph, we know that there exists bounded controls for _ - _ -
i and j to maintain the((p;,v;), (pj,v;)) link and that uilt] € BOa, 7o), ws{t] € B(0a, rew)- (®)
there exists bounded controls férand £ to maintain the This discussion motivates the following definition.
((pi,vi), (pr,vx)) link. The lemma states that, for some Definition 3.7: Given remm, rerr, ¥ € R4 and given a set
states of the agents j, andk, there might not exist controls E of edges inGui-dgisk(remm: ¥7err) at {(pi, vi) }ieqa,... .}, the
that maintain both links simultaneously. O  control constraint sets defined by

The following theorem suggests that an appropriate scaling
of the control bound is helpful in identifying a suitabletsta u,%(rcmm, et V) - ({pi, Vitieqa,...on))

dependent graph for Problem 3.1. _ B n
'IF')heorem%AF:) [A scaled double-integrator disk graph is o un) € Bgod’mr) V(i vi), (b2 07) € B
suitable] Consider a network of, agents with double inte- ui = uj € U(remm; vren) - (pi = Py, vi = j)}-
grator dynamics (6) irR?. Let remm be the communication  Remark 3.8:The control constraint set for an edge #t
range and let be the control bound. Take is the set of controls for each agent with the property that
2 all edges inE will be maintained in one time step. [
ve ]0’ m} ‘ Remark 3.9:We can now interpret the results in Theo-

Then the following statements hold: rem 3.4 as follows.

(i) For all states{(p;, v;)}ie(1...ny SUCh that the graph (i) To mam;[jaln connectlwtyh b%wegn Iany pa:w hof
Gai-disk(Temm; Vrcr) is connected af (pi, vi) bieq1,... n} s g?nneaet a_lgtents, we s C()jl{ S;mlllj tancTOUSy fan-
there exists{u;}ieq1,...ny € B(04,7crr), Such that the € constrainis —corresponding t@? €dges - o
graph Gaigisk(remm, Vrerr) IS also connected aft(p; + Gai-disk(Temm, ¥7er). This might render the control con-
Uiy V; ) b1} _ straint set empty. _ _

(i) Let T be a sbéhning tree Ofaiqisk(romm, Vrer) at (i) However, if we only con_3|der constraints - corre-
{(pi>v1) Vieqr....my Then, there existbu:bicqr...ny C sponding to edges belonging mspdannlng treel’
F(Od’rctr)’ such that’ for all edgeqpi,vi), (p]7vj)) of gdi—disk(rcmma l/Tc.tr), then the Seﬂ/{T(’f'cmm, I/’]"ctr) .
of T', it holds that((p; +vs, vi +us), (pj + v, vj +uj)) ({pisvi}icq1,...,n)) is guaranteed to be nonempty.]
is an edge iNGgidisk(Temm, Tetr) at {(pi + vi,v; + Let us now provide a concrete representation of the control
wi)bief1,. . n}- constraint set. Given a paif,j of connected agents, the

T i i d . s .. i

These results are based upon Shostak’s Theory for syste%ﬁs?'zigleag??gg:n;? z(rzcsnmhyg;‘é)e Eﬁg’ggg ;ﬁ gomc/)fxto .

of inequalities, as exposed in [7]. We postpone the proof t0. pa T Yo polytop

a forthcoming technical report with Npay Sides inside it. This approximating polytope leads

Remark 3.5: [One-hop distributed computation of cont® the following tighter version of the constraint in (7):

nectivity] Each agent can compute its .neighbor_s iq the (C'Z-)T(uz' —uy) < w?j, ne{l,..., Nooy}, (9)

graph Gi-gisk(Temm, V7crr) just by communicating with its _

neighbors inGisk(remm) and exchanging with them position for some appropriate vectdr;, € R* and scalan]; € R.

and velocity information. O  Similarly, one can compute an inner polytopic approximatio
Remark 3.6:If Gyidisk(Temm, vrerr) at {(ps, vi) bicqr,....n} _of the t_JgIIB(Od,rctr) and write the following linear vector

is not connected, then the above theorem applies to its cdRequalities:

nected components. Without loss of generality, we assume AT n

this graph to be connected in what follows. O (Cig)" ui < wip, €L, Nooy},

D. The control constraint set and its polytopic represeiotat Where the symba? has the interpretation of a fictional agent.
In this way, we have cast the original problem of finding

a set of feasible control inputs into a satisfiability prable
for a set of linear inequalities.

Remark 3.10:Rather than a network-wide control con-
straint set, one might like to obtain decoupled constragig s
pijlt + 1] = pij[t] + viz[t], for each individual agent. However, (1) it is not clear how to
vt + 1] = v [t] + w5 [E]. design a distributed algorithm to perform this computation

(10)

We now concentrate on two agents with indigeand j.
For ¢t € Ny, we define the relative position, velocity and
control by pi;[t] = pi[t] — p;[t], vi;[t] = vilt] — v;[t] and
u;i[t] = u;t] — u;[t], respectively. It is easy to see that



(2) such an algorithm will likely have large communicationA. Solution via duality: Linearized projected Jacobi matho
requirements, and (3) such a calculation might lead to a very
conservative estimate for the decoupled control congtrain
sets. Therefore, rather than explicitly decoupling theticn

constraint sets, we next focus on a distributed algorithm to 1
search the control constraint set for feasible controlsaha minimize §UTU — Uded/,
optimal according to some criterion. O subj. to BT .U < w.

The quadratic programming problem stated in (12) can be
written into its equivalent standard form as:

IV. DISTRIBUTED COMPUTATION OF OPTIMAL CONTROLS The solution to this problem relies on using duality theory

In this section we formulate and solve the followingand is obtained by employing a technique which is known
optimization problem: given an array of desired controfts thelinearized projected Jacobi methdd the literature
iNPUtS Udes = (Udest; - - - > Udesn)” € (RY)", find, via local 0N network flow control problems ([8], Section 3.4). Ac-
computation, the array/ = (uy,...,u,) belonging to the cordingly, let \* be the value of Lagrange multipliers at
control constraint set, that &osestto the desired arrafjges  OPtimality. Then the global minimum fav’ is achieved at
To formulate this problem precisely, we need some additiona
notations. LetE be a set of edges in the undirected graph U* = Uges— Bruit\*. (13)
Gai-disk(Tcmm, VTctr) at {(pzavz)}ze{l ..... n}- To deal with the

linear inequalities of the form (9) and (10) associated t§¢ |inearized projected Jacobi iteration for each compbne
each edge off, we introduce an appropriat@ultigraph ¢ ) js given by

A multigraph (or multiple edge graphis, roughly speaking,
a graph with multiple edges between the same vertices. More
formally, a multigraph is a paifV, E), whereV is the vertex

T

Aa(t+1) = Aa(t) — ———-
( + ) max{ ( ) (Bmu'thuh)aa

set and the edge sét contains numbered edges of the form Nyoy(e+n)

(i,7,m), fori,j € V andn € N, and whereE has the prop- BT Udes— w)o -+ BL  Brut)asAs(t)),0},
erty that if(¢, j,n) € E andn > 1, then alsqi, j,n—1) € E. (( mulfges = 10) ﬁz_:l (BinueBmut)es Ao )) }
Two edgese; and e, of a multigraph areparallel if e; = (14)

(vi,vj,m) andeg = (v;,v5,1m2), i.e., if they share the same
vertices. With this definition in hand, léfnue = {(7,7,7) € wherea € {1,..., Npoy(e + n)} and 7 is the step-size
{1,...,n}? x {1,..., Npoy} | ((pisvi), (pj,vj)) € E, i > parameter. We can select = to guarantee
j} and defineGmue = ({1,...,n}, Emur). Note that to convergence.
each elementi, j,n) € Emu is associated the inequality
(CI)T (ui — uj) < w}l;. We are now ready to formally state
the optimization problem at hand in the form of the following
guadratic programming problem: Because of the particular structure of the matrix
B «Bmut, the iterations (14) can be implemented in a
distributed way over the original grapgh. To highlight the
distributed structure of the iteration we denote the compo-
o W . nents of\ by referring to the nodes that they share and the
J) (ui = uﬂ) wij, for (&,3,m) € Emar, inequality they are related to. In particular for each edye i
(C 79) < wip, Gmult, the corresponding Lagrange multiplier will be denoted
forz € {1, o,nhne{l, ..., Npoy} as\/; if the edge goes from nodeto nodej, i > j, and it
(11) is associated to the inequality constraﬁ]ﬁ u;—uj) < w.

o This makes up the firsW,qye entries of the vectoi. To be
Here, somehow arbitrarily, we have adopted hBOrm 10 consistent with this notation, the neXbo,n entries will be
define the cos.t func;tlon. ) denoted as\},, ..., )\]\;”"'V, ce Abg )\f:[g”y. Additionally,

Remark 4.1:If E is a spanning tree @ai-disk(Temm, Yrctr) defineN' (i) = {j € {1,...,n} | {p(i )’ ()} € E} U {0},
at a connected Conf'gdurat'of‘(p““i)}ié{la---vn}’ then the  1he symbold has the mterpretation of a fictional node.
control constraint S/ (remm 7etr, v) - ({Pi; Vitieq1,...n)) Defining A, := A7, for i < j, we can write equations (13)
1S ggaranteed to be. non-empty by Theorem 34. I.n trn, th?nd (14) in components as follows. Equation (13) reads, for
implies that the optimization problem (11) is feasible.O e{l,...,n}

The above problem can be written in a compact form as

1
Npoy(e+n)

B. A distributed implementation of the dual algorithm

- 1o
minimize 52 |u; — udesil|?s

subj. to (C

Npol
.. . 1 2 poly
— — * ) n \1
minimize o [|U — Uged|", 12) U} = Ugesi + Z Zﬁ cIAn (15)
subj. to B, U < w, KEN (i) 1=1
for appropriately defined matri®my: and vectorw. One can easily work an explicit expression for matrix

product BL .Bmut in (14). Then, equation (14) reads, for



(iv ja T]) € EmUh’

Al (t+1) = max 0, N/ (t) — W :
Npoly Npoly =T
>3 (emresa) + XY (emrenas)
kEN (i) o=1 kEN (j) 0=1

+ (CZ)T(Udesi — Ugesj) — W} ;

. 0 é 1‘0 1‘5 26 25 3‘0 35
together with, fori = {1,...,n}, n = {1,..., Npoy} t

A?e(t +1) = max {0’ /\;79 (t) Fig. 4. Velocities @, andwv,) of 5 agents for the flocking task

|

Npoly

- e (Y (CRA) +(C) m—u)

0 " peN (i) o=1

Remark 4.2:We distribute the task of running iterations
for these Npoy(e + n) Lagrange multipliers among the =
agents as follows: an agentarries out the updates for all
quantities\j, and all \}; for which i > j. By means of
this partition and one-hop communication, we find the global
solution for the optimization problem (11) in a distributed
fashion over the double integrator disk graph. O 1

0 5 1‘0 1‘5 25 2‘5 36 35
V. SIMULATIONS t

To illustrate our analysis we focus on the followinggy 5 |nter-agent distances of neighbors in the spanning tree for
scenario. For the two dimensional setting, i.e.dor 2, we  the flocking task
assume that there are= 5 agents with (randomly chosen)
initial condition and such that they are connected accgrdin
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