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Semistability Theory for Differential Inclusions with Applications to
Consensus Problems in Dynamical Networks with Switching Topology

Qing Hui, Wassim M. Haddad, and Sanjay P. Bhat

Abstract— This paper focuses on semistability and finite-time
semistability for discontinuous dynamical systems. Semistability
is the property whereby the solutions of a dynamical system
converge to Lyapunov stable equilibrium points determined by
the system initial conditions. Using these results we develop
a framework for designing semistable protocols in dynamical
networks with switching topologies. Specifically, we present
distributed nonlinear static and dynamic output feedback
controller architectures for multiagent network consensus with
dynamic communication topologies.

I. INTRODUCTION

Modern complex dynamical systems are highly intercon-
nected and mutually interdependent, both physically and
through a multitude of information and communication
networks. Distributed decision-making for coordination of
networks of dynamic agents involving information flow
can be naturally captured by graph-theoretic notions. These
dynamical network systems cover a very broad spectrum of
applications including cooperative control of unmanned air
vehicles (UAV’s), autonomous underwater vehicles (AUV’s),
distributed sensor networks, air and ground transportation
systems, swarms of air and space vehicle formations, and
congestion control in communication networks, to cite but a
few examples. Hence, it is not surprising that a considerable
research effort has been devoted to control of networks and
control over networks in recent years.

Since communication links among multiagent systems are
often unreliable due to multipath effects and exogenous
disturbances, the information exchange topologies in network
systems are often dynamic. In particular, link failures or
creations in network multiagent systems result in switchings
of the communication topology. This is the case, for example,
if information between agents is exchanged by means of
line-of-sight sensors that experience periodic communica-
tion dropouts due to agent motion. Variation in network
topology introduces control input discontinuities, which in
turn give rise to discontinuous dynamical systems. In this
case, the vector field defining the dynamical system is
a discontinuous function of the state, and hence, system
stability can be analyzed using nonsmooth Lyapunov theory
involving concepts such as weak and strong stability notions,
differential inclusions, and generalized gradients of locally
Lipschitz functions and proximal subdifferentials of lower
semicontinuous functions [1].

In many applications involving multiagent systems, groups
of agents are required to agree on certain quantities of
interest. In particular, it is important to develop information
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consensus protocols for networks of dynamic agents wherein
a unique feature of the closed-loop dynamics under any
control algorithm that achieves consensus is the existence
of a continuum of equilibria representing a state of equipar-
titioning or consensus. Under such dynamics, the limiting
consensus state achieved is not determined completely by
the dynamics, but depends on the initial system state as
well. For such systems possessing a continuum of equilibria,
semistability [2], and not asymptotic stability, is the relevant
notion of stability. Semistability is the property whereby
every trajectory that starts in a neighborhood of a Lyapunov
stable equilibrium converges to a (possibly different) Lya-
punov stable equilibrium. From a practical viewpoint, it is
not sufficient to only guarantee that a network converges to
a state of consensus since steady state convergence is not
sufficient to guarantee that small perturbations from the lim-
iting state will lead to only small transient excursions from
a state of consensus. It is also necessary to guarantee that
the equilibrium states representing consensus are Lyapunov
stable, and consequently, semistable.

To address vector field discontinuities, in this paper we
develop semistability and finite-time semistability [3] the-
ory for differential inclusions. Using these results, we de-
velop distributed control algorithms for addressing consensus
problems for nonlinear multiagent dynamical systems with
switching topologies. The proposed controller architectures
are predicated on the recently developed notion of system
thermodynamics [4] resulting in discontinuous controller
architectures involving the exchange of information between
agents that guarantee that the closed-loop dynamical network
is consistent with basic thermodynamic principles.

II. LYAPUNOV-BASED SEMISTABILITY THEORY FOR
DIFFERENTIAL INCLUSIONS

Consider the differential equation given by
i(t) = f(z(t)), 2(0) =mz, t=0, ey

where f : R? — RY is Lebesgue measurable and locally
essentially bounded [5]. Assume that the equilibrium set

—1(0) £ {x € R? : f(x) = 0} is closed. The Filippov
solution [5] of (1) is defined by an absolutely continuous
function z : [0, 7] — R? such that

z(t) € K[f](z(t)), a.a.te][0,7], 2)

where

Kifl)= () () co{f(Bs(@)\S)}, 3)

6>0 u(8)=0

u(-) denotes the Lebesgue measure in RY, Bs(z), z € RY,
denotes the open ball centered at x with radius 0 > 0, and
“co” denotes the convex hull. Dynamical systems of the form
given by (2) are called differential inclusions in the literature
[6]. Note that it follows from 1) of Theorem 1 of [7] that
there exists a set Ny C R? of measure zero such that

Klfl(z) = CO{.hm f@i) 2 — a2 Ny UW}7 “)

11— 00
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where YW C R? is an arbitrary set of measure zero. Since the
set-valued map given by (3) is upper semicontinuous with
nonempty, convex, and compact values, and is also locally
bounded, it follows that Filippov solutions to (1) exist [5].
We say that a set M is weakly invariant (resp., strongly
invariant) with respect to (1) if for every o € M,
contains a maximal solution (resp., all maximal solutions)
of (1) [8], [9].

To develop Lyapunov theory for nonsmooth dynamical
systems of the form given by (1), we need to introduce
the notion of generalized derivatives and gradients. Here we
focus on Clarke generalized derivatives and gradients [10].

Definition 2.1 ([10]): Let V' : R? — R be a locally
Lipschitz continuous function. The Clarke upper generalized
derivative of V(x) at x in the direction of v is defined by

h —
lim sup Viy+hv) = V(y)
y—>m,h—>0+ h

VO(x,v) £ (5)

The Clarke generalized gradient of V(x) at x is the set

oV (z) £ co { lim VV (x;) :

11— 00

ZCZ'—>(E,(EZ'¢NUS}, (6)

where V denotes nabla operator, N is a set of measure zero
points where VV does not exist, and S is an arbitrary set of
measure zero in RY.

In order to state the main result of this section, we need
some new notation and definitions. Given a locally Lipschitz
continuous function V : R? — R, the set-valued derivative
of V with respect to (1) [9], [11] is defined as

LV (z) £ {a € R : there exists v € K[f](z) such that
p-v=a for all p € OV (z)}. 7

If V(z) is continuously differentiable at x, then LV (x) =
{VV(z)-v,v € K[f](z)}. We use max LV (x) to denote
the largest nonempty element of £,V (z).

Recall that a function V' : R? — R is regular at x €
R? [10] if for all v € RY, there exists the usual right
directional derivative V (x,v) and V (z,v) = V°(z,v). V
is called regular on R if it is regular at every x € R9.
In this section, we assume that f(-) is locally Lipschitz
continuous and regular. The next definition introduces the
notion of semistability for Filippov dynamical systems. For
this definition, Lyapunov stability for the solution x(t) = 2
to (1) can be found in [5] and [9].

Definition 2.2 ([3]): Let D C R? be a strongly invariant
set with respect to the differential inclusion (1). An equi-
librium point z € D of (1) is semistable with respect to D
if it is Lyapunov stable and there exists an open subset Dy
of D containing z such that for all initial conditions in Dy,
the Filippov solutions of (1) converge to a Lyapunov stable
equilibrium point. The system (1) is semzstable with respect
to D if every equilibrium point in f~ 1(0) is semistable with
respect to D. Finally, (1) is said to be globally semistable if
(1) is semistable and D = RY.

Next, we introduce the definition of finite-time semistabil-
ity of (1).

Definition 2.3 ([3]): Let D C RY be a strongly invariant
set with respect to the differential inclusion (I). An equi-
librium point z, € f~'(0) of (1) is said to be finite-time-
semistable if there exist an open neighborhood ¢/ C D of z,
and a function T : U\ f~1(0) — (0, 00), called the settling-
time function, such that the following statements hold:

i) Forevery x € U\ f~1(0) and any Filippov solution v (t)
of (1) with ¥(0) = z, ¥(t) € U\f~1(0) for all t €

[0,T(x)), and limy_,p(,) 1 (t) exists and is contained
inU N f710).

i1) T 1S semistable.

An equilibrium point z, € f~'(0) of (1) is said to be
globally finite-time-semistable if it is finite-time-semistable
with D = U = R". The system (1) is said to be finite-
time-semistable if every equilibrium point in f~ 1(0) is finite-
time-semistable. Finally, (1) is said to be globally ﬁmte time-
semistable if every equilibrium point in f~1(0) is globally
finite-time-semistable.

Given a curve 7 : [0,00) — RY, the positive limit set of =y
is the set Q(y) of points y € RY for which there exists an
increasing sequence {t;}5 satisfying lim; oo v(t;) = y.
Let D C R? be a strongly 1nvar1ant set with respect to the
differential inclusion (1). For 2 € D, let v(-) denote the
Filippov solution to (1) with ¢(0) = z and let ©2(¢)) be the
positive limit set of .

Theorem 2.1: Let D C RY be a strongly invariant set with
respect to (1) and let V : D — R be locally Lipschitz
continuous and regular. Assume that for each * € D and
each Filippov solution v (-), ¥(t) is bounded for all ¢ > 0,
and 9(0) = . Furthermore, assume that max £V (z) < 0

or L;V(z) = @ forall z € D. Let Z £ {z € R? :
0 € L;V(x)}. If every point in the largest weakly invariant
subset M of ZN D is a Lyapunov stable equilibrium point

with respect to D, where Z denotes the closure of Z, then
(1) is semistable with respect to D.

Corollary 2.1: Let D C RY be a strongly invariant set
with respect to (1) and let V' : D — R be locally Lipschitz
continuous and regular. Assume that mafoV(y < 0 or
LyV(x) = O for all x € D\f~'(0). If (1) is Lyapunov
stable with respect to D, then (1) is semistable with respect to
D. If, in addition, maijV( z) < —e<0or LyV(z) =0
for all z € D\ f~1(0), then (1) is finite-time-semistable with
respect to D.

A set £ C RY is connected if and only if every pair of
open sets U; C R?, ¢ = 1,2, satisfying &€ C Uy UlUy and U; N
E # O, i =1,2, has a nonempty intersection. A connected
component of the set £ C RY 1s a connected subset of £
that is not properly contained in any connected subset of
£ [2]. Given a set £ C RY, let co& denote the union of
the convex hulls of the connected components of £, and let
coco £ denote the cone generated by co £. Given x € RY, the
direction cone F, of f at x relative to R? is the intersection
of all sets of the form coco (f(U )\{O}) Where U CRYis
an open neighborhood of z. Let z € £ C R?. A vector
v € RY is tangent to € at z € £ if and only if there exist
a sequence {zz} ©, in £ converging to z and a sequence
{hi}2, of pos1t1ve real numbers converging to zero such
that lim;_, o - " (z; — z) = v. The tangent cone to £ at z is
the closed cone T.€ of all vectors tangent to & at z. Finally,
the vector field f is nontangent to the set £ at the point
z € € if and only if T.E N F, C {0} [2].

Definition 2.4: Given a point z € R? and a bounded open
neighborhood U/ C R? of z, the restricted prolongatzon under
Filippov solutions of x with respect to U is the set RY C U
of all subsequential limits of sequences of the form {1/)1( ti)}
where {t;}$2, is a sequence in [0, 00), 9;(-) is a Filippov
solution to (1) with ¢;(0) = z;, i = 1,2,..., and {z;}32,
is a sequence in U converging to = such that the set {z €
RY: z = );(t),t € [0,;],4:(0) = x;} is contained in U for
every 1 =1,2,....

For the next result, we say a set N' C R? is weakly
negatively invariant if for every z € N, there exist z € N
and a Filippov solution ¢(-) to (1) with ¢(0) = z such that
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P(t) =z and (1) € N for all T € [0,¢], where ¢ > 0.

Theorem 2.2: Let D C RY be a strongly invariant set with
respect to (1) and let V' : D — R be locally Lipschitz
continuous and regular. Assume that V(z) > 0, z € D,
V(z) = 0 for 2 € f71(0), and maxL;V(z) < 0 or
LiV(z) = O for all x € D. For every z € f~1(0), let
/\/IZ denote the largest weakly negatively invariant connected
subset of Z N D containing z, where Z = {z € R?: 0 €
LV (x)}. If f is nontangent to N, at the point z € f~(0),
then (1) is semistable with respect to D.

Example 2.1: Consider the nonsmooth dynamical system
given by

.Il(t) = SigH(IQ(t) — T (t)), X1 (O) = T10, t Z O, (8)
ZCQ(t) = sign(zl(t) — X9 (t)), i) (O) = T20, (9)

where 71, 22 € R, sign(x) £ x/|x| for x # 0, and sign(0) =
0. Let f(z1,72) = [sign(xg —x1),sign(x; —x2)]T. Consider
V(zy,z2) = (@1 — a)® + (22 — @)?, where a € R.
Since V(:cl,x;) is differentiable at (x1,x2), it follows that
LV (x1,22) = [x1 — o, z2 — a]K[f]. Now, it follows from
Theorem 1 of [7] that

[t1 —a, 22 —a]K[f] =

([#1 — a, 22 — alf]

[— (21 — @2)sign(z1 — x2)]
(x1 — z2)K[sign(z; — x2)]
—(.Il - .IQ)SGN(Il - IQ)

K
K

—|z1 — 2|, (z1,32) € R?,
where SGN(-) is defined by [7], [12]
-1, z <0,
SGN(z) £ [-1,1], z=0, (10)
1, x> 0.

Hence, max LV (z1,72) < 0 for all (z1,22) € R2. Now,
it follows from Theorem 2 of [9] that z1 = x2 = « is
Lyapunov stable. Finally, note that 0 € LV (z1,z2) if and
only if 71 = z2, and hence, Z = {(z1,22) € R? : 21 = 22}
Since the largest weaklg invariant subset M of Z is given
by M = {(z1,22) € R? : 21 = 29 = o, € R}, it follows
from Theorem 2.1 that (8) and (9) is semistable.

Finally, we show that (8) and (9) is finite-time-semistable.
To see this, consider the nonnegative function U (z1,z2) =
|x1 — x2|. Note that

{sign(z1 — z2)}

U (x1,x2) = x{sign(xe — x1)}, w1 # 22,
[—1,1] X [—1,1], Tr1 = T2.
Hence, it follows that
_ {_2}7 T1 # €2,
eyt ={ (G D23 (h
which implies that max £L;U(z1,22) = —2 < 0 for all

(z1,22) € R?\Z. Now, it follows from Corollary 2.1 that
(8) and (9) is globally finite-time-semistable. Figure 1 shows
the solutions of (8) and (9) for x190 = 4 and x99 = —2. A

Example 2.2: Consider the nonsmooth dynamical system

Time

Fig. 1. Solutions for Example 2.1

given by
Z1(t) = sign(as(t) — x4(¢)), 21(0) =210, t >0, (12)
By (t) = sign(za(t) — x3(t)), 22(0) = w20, (13)

23(t) = sign(x4(t) — x3(t)) + sign(xza(t) — z1 (1)),
r3(0) = 230, (14)

24(t) = sign(xs(t) — x4(t)) + sign(z1 () — z2()),
z4(0) = x40, (15)
where 21, 22, 23, 4 € R. Let f : R* — R* denote the vector

field of (12)—(15) and = = (X1, X2, x3,24] € R*. Consider
the function V(z) = |21 — x2| + |23 — 24]. Note that

{sign(z1 — x2)} x {sign(zxs — 1)}
x{sign(zs — x4)}

x{sign(zq — x3)}, 1 # X2, T3 7 Ty,
[—1,1]) x [-1,1] x {sign(z5 — x4)}

oV (z) = x {sign(x4 — x3)}, T1 = T, T3 # T4,
{sign(x; — x2)} x {sign(xs — z1)}
X[_lvl]x [_151]5 I17£I27 T3 = T4,
E{(lv 1)7 (_17 1)7
(—1,—1),(1,—1)}, 1 = T2, X3 = T4.
Hence,
{2}, 21 # @2, 13 # 14,
_ ] 9, T1 = T2, T3 # T4,
LeV(@) = 0, Ty F o, T3 = Ty, (16)
{0}, T1 = To, T3 = T4,

which implies that max £V (z) < 0 for z € R* and Z =
{x € R*: 2y = 29,73 = 24}. Let N denote the largest
weakly, negatively invariant subset contained in Z. On W, it
follows from (12)—(15) that &1 = @5 = 0 and @3 = @4 = 0.
Hence, N = {z € R* : 2y = 2y = a,23 = 24 = b},
a,b € R, which implies that N is the set of equilibrium
points.

Next, we show that f for (12)-(15) is nontangent to A
at the point z € N. To see this, note that the tangent cone
T.N to the equilibrium set A is orthogonal to the vectors
u 2 [1,-1,0,0]T and uy £ [0,0,1,—1]T. On the other
hand, since f(z) € span{u;,us} for all 2 € R%, it follows
that the direction cone F of f at z € N relative to R*
satisfies F, C span{uy,uz}. Hence, T,NNF, = {0}, which
implies that the vector field f is nontangent to the set of
equilibria V" at the point z € N. Note that for every z € N,
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Time

Fig. 2. Solutions for Example 2.2

the set \V, required by Theorem 2.2 is contained in V. Since
nontangency to implies nontangency to A, at the point
z € N, it follows from Theorem 2.2 that the system (12)—
(15) is semistable.

Finally, note that max L,V (z) < =2 < 0or LV (z) = O
for all z € R*\ Z, it follows from Corollary 2.1 that (12)-
(15) is globally finite-time-semistable. Figure 2 shows the
solutions of (12)—(15) for 19 = 4, x99 = —2, 30 = 1, and
T4 = —3. A

III. CONSENSUS PROBLEMS IN DYNAMICAL NETWORKS

In this section, we develop a thermodynamically motivated
information consensus framework for multiagent nonlinear
systems that achieve semistability and state equipartition.
Specifically, consider ¢ continuous-time integrator agents
with dynamics

ii(t) = ui(t), (17)

where for each ¢ € {1,...,¢}, x;(t) € R denotes the
information state and w;(¢t) € R denotes the information
control input for all ¢ > 0. The general consensus protocol
is given by

z;(0) = 250, t>0,

D dulai(t)z;(t),

j=1j#i

where ¢;;(-,-), 1, 1,...,q, are locally Lipschitz con-
tinuous. Note that (17) and (18) describe an interconnected
network with a graph topology & where information states
are updated using a distributed nonlinear controller involving
neighbor-to-neighbor interaction between agents. The follow-
ing assumptions are needed for the main results of the paper.

(18)

Assumption 1: For the connectivity matrix C € R?*¢
associated with the multiagent dynamical system (17) and
(18) defined by

if ¢ij (,Ti, ,Tj) = O,

0

Ay )

Ciig) _{ 1, otherwise, (19)
for i # j, 4,5 =1,...,q and C(; ; £ > k#C(lk
i =1,...,q, rankC = ¢q — 1, andforC(” = 1,71 # 7,

¢ij(x;,x;) = 0 if and only if z; = ;.

Assumption 2: Fori,j =1,...,q, (

0, z;, Tj € R.
For further details on Assumptions 1 and 2, see [4].

T —x;5)Pij (i, ) <

Proposition 3.1 ([3]): Consider the multiagent dynamical
system (17) and (18) and assume that Assumptions 1 and
2 hold Then f;(z) = 0 for all ¢ = 1,...,q if and only if

-+ = x4. Furthermore, ae, o € R is an equilibrium
state of (17) and (18).

IV. NETWORK CONSENSUS WITH SWITCHING
ToOPOLOGY AND FINITE-TIME SEMISTABILITY

Communication links among multiagent systems are often
unreliable due to multipath effects and exogenous distur-
bances leading to dynamic information exchange topologies.
In this section, we develop a switched consensus protocol to
achieve agreement over a network with switching topology.
First, we design a switching nonlinear consensus protocol
for (17). Specifically, consider ¢ mobile agents with the dy-
namics G; given by (17). Furthermore, consider the switched
controller Gg; given by

Z ¢ (i(t), 2;(1)),

J=1,j#i

(20)

where ¢ : [0,00) — & is a piecewise constant switching
signal, S is a finite index set, and qS;"j :RxR — R is
locally Lipschitz continuous and satisfies Assumptions 1 and
2 for every o € S. Furthermore, we assume that C = CT in
Assumption 1, where C = C(t), t > 0.

Theorem 4.1: Consider the closed-loop system G given
by the multiagent dynamical system (17) and the switched
controller (20). Assume that Assumptions 1 and 2 hold for

every ¢ € S. Furthermore, assume that C = CT, where
C = C(t () in Assumption 1 and ¢ > 0. Then for every
a € R,y = -+ = 2y = « is a semistable state of

G. Furthermore, ;(t) — 523:1 x;o and 523:1 Tip is a
semistable equilibrium state.
Proof. Consider the Lyapunov function candidate

21

Viz) = (

—(z — ce)" (x — ae),
where © £ [r1,...,2,]T € R? and @ € R. Then the
Lyapunov derivative along the trajectories of the closed-loop
system (17) and (20) is given by

q

q
PG

V() = (z—oe)Ti= le
i=1 J=1,j#i
qg q-1
= Z x;)7 (zi, ;) <0, = €RY,
1=1 ]:z+1
(22)

which establishes Lyapunov stability of z = ce.

Next, we rewrite the closed-loop system (17) and (20)

as the differential inclusion (2). For any v € K[f], let

VO(z,v) £ 2Tv and maxV°(z,v) £ max,exps{z v}

Now, it follows from Theorem 1 of [7] and (22) that
a'Klf] = K[ f]

e S e

1=1 j=1i4+1

(23)

'rlax]) )

and hence, by definition of a differential inclusion, it fol-
lows that maxV°(z,v) = maxco{) j_; > I zl-l—l( -
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z)¢7; (i, 2;)}. Note that since, by (22), >77_; >29° l+1(
— :cj)qﬁ” (xi,x;) <0, z; € R, it follows that maxV"(x v)

cannot be positive, and hence, the largest value max V°(z, v)
can achieve is zero.

F1na11y, note that 0 € LyV(x) if and only

DY 1+1( — x;)¢7; (i, x;) = 0, and hence, Z

—1 .

{x eR?:>7 th i1 (T — 25)97; (i, x5) = 0}. Now, it

follows from Proposition 3.1 that Z = {zr e R? : ¢y = --- =

x4}. Since Z consists of equilibrium points, it follows that

J\/l Z. Hence, it follows from Theorem 2.1 that x = ae

is semistable for all o € R. O

=

Next, we extend Theorem 4.1 to the nonsmooth controllers
Gn; of the form

q
u; = Z Ci,jsign(r; — x;).

j=15#i

(24)

It is important to note that the consensus protocol (24) is a
logic-based, distributed decision-making protocol. Although
a similar consensus protocol based on nonsmooth gradient
flows is proposed in [13], the key difference between (24)
and the one 1n [13] is that (24) is a distributed protocol while
the consensus protocol in [13] is a centralized protocol.

In [3], the authors prove that the consensus protocol given
by the form

q
Z Cs,j)sign(z;

j=1,j#i

LL‘l)|JJ7 — LL‘i|a (25)

is a finite-time consensus protocol for 0 < o < 1. Next, we
show that (25) is also a finite-time consensus protocol for
«a = 0. Note that in this case, (25) reduces to (24).

Theorem 4.2: Consider the closed-loop system G given by
the multiagent dynamical system (17) and the nonsmooth
controller (24). Assume that Assumptlons 1 and 2 hold.
Furthermore, assume that C = CT in Assumption 1. Then
for every « € R, ; = --- = x4 = « is a finite-time-

semistable state of G. Furthermore, x;(t) = %Z;I:l Zi0
for t > T(x10,...,24) and %Zgzl Tio iS a semistable
equilibrium state.

Proof. Consider the Lyapunov function candidate (21).
Since V' (z) is differentiable at z, it follows that £,V (x) =
(z — ce)TKC[f]. Now, it follows from Theorem 1 of [7] that

(z — ae) K[f] = K[(z — ae)" f]

- [Xq:ijcm

— xj)sign(z; — Ij)}a

i=1j=1,j7#i

a q

< - Z Z Ci,jy (wi — x5)Klsign(z; — x5)]
i=1j=1,j#i
q q

- _Z Z Ci,jy(w; — 2)SGN(2; — ;)
i=1 j=1,j7i
q q

= =Y D> Cuplei—zl, zeRY,
7,:1] 1)77&1

which implies that max L ¢
it follows from Theorem

V(x) <0 for all z € RY. Hence,
of [9]that z; = - - =24, =« is

Lyapunov stable. Finally, note that since

q q
=3 Cagplei—al]

i=1 j=1,j#i

LoV(e (26)

it follows that 0 € £,V (z) if and only if 21 = ---
and hence, Z = {x € R? : 21 = --- = x4 }. Since the largest
weakly invariant subset M of Z is given by M = {x € R? :

-+ = x4 = a,a € R}, it follows from Theorem 2.1
that (17) and 24) is semistable.

Finally, we show that (17) and (24) is finite-time-
semistable. To see this, consider the nonnegative function

U(z) = QZ ZJ 12 Clajylri — x5]. In this case, it
follows, using 31m11ar arguments as in Example 2.1, that

= xq’

{—2 23:1 Z?:l,j;ﬁi C(i,j)} )

T #Ijv Z?]: 17"'7q7i¢j7
LsU(x) = D, x = x; for somek,l € {1,...,q},

k#1,
{O}a Ty =

.:xq,

which implies that max £, U () < =231 339, ., Ciij)
< 0or L;U(z) = O for all x € R\ Z, and hence, it follows
from Corollary 2.1 that (8) and (9) is globally finite-time-
semistable. O

Finally, we design a nonsmooth dynamic consensus pro-
tocol for (17). In contrast to the static controllers addressed
in [14] and [15], the proposed controller is a dynamic
compensator. This controller architecture allows us to design
finite-time consensus protocols via quantized feedback in a
dynamical network. Specifically, consider ¢ mobile agents
with the dynamics G; given by (17). Furthermore, consider
the nonsmooth dynamic compensators G.; given by

ST Clusign(ae (t) — zei(t))

alt) =
j=1,j#i
q
+ 30 Cagpsien(ai(t) — (1), @D
=1
wi(t) = Y Chasign(re(t) — zei(t), (28)
=157

where x.;(t) € R, t > 0, and z¢;(0) = x¢0. Here, we
assume that Assumption 1 holds and C = CT.

Theorem 4.3: Consider the closed-loop system G given
by the multiagent dynamical system (17) and the non-
smooth dynamic controller (27) and (28). Assume that
Assumptlon 1 holds and C = CT Then for every
a € andﬁeRxlz--- zq = « and
Tel = o0 = Xeg = [ is a finite- t1me semlstable state
of G. Furthermore, z;(t) = ;ZZZI 0 and e (t) =

1
E E i=1 Tci0 fOI' all t Z T(ZElo, . ,Iqo,xclo, . ,Icqo) and
1 q

(E i=1 Ti0s 5 23:1 Zeip) 1s a semistable equilibrium state.

Proof. Note that for every a,b € R, z(t) = ae and
x.(t) = be are the equilibrium points for the closed-loop
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system. Consider the nonnegative function given by

1 q
52
=1 j

q q
Z Z C(i,j)|$ci_$cj|u

i=1 j=1,j7i

q
V(E) = > Cuplwi — ;]
=1,j#i

+
N =

(29)

where & = [z, 2T]T € R?9. In this case, it follows using
similar arguments as in Example 2.2 that

EE) 5 NI S

5 xi#xjuxci#xc‘juiujzlu"'7Q7i7éju
LV (2) = O, Tp = X OF T = Tel
for somek,l € {1,...,q}, k #1,
{0}7 Tl =" ==xgy, Tcl =+ = Lcq,

which implies that max LV (Z) < 0or LV (Z) = O for all
7 € R%. Next,define Z £ {7 € R*1 12y = -+ = 24, Te1 =
.-+ = ¢y} and let N denote the largest negatively invariant
set of Zq On W, it follows from (17), (27), and (28) that
#; =0and &c; = 0,7 =1,...,q. Hence, :jéiE]RQq
x = ae,z. = be}, a,b € R, which implies that N is the set
of equilibrium points.

Since the connectivity matrix C of the closed-loop sys-
tem is irreducible, assume, without loss of generality, that
Ciit1) = C1y = 1, where @ = 1,...,q — 1. Now,
for ¢ = 2, it was shown in Example 2.2 that the vector
field f of the closed-loop system given by (17), (27), and
(28) is nontangent to N at a point & € A. Next, we
show that for ¢ > 3, the vector field f of the closed-
loop system given by (17), (27), and (28) is nontangent to

at a point £ € N. To see this, note that the tangent
cone TN to the equilibrium set A/ is orthogonal to the 2¢
vectors u; = [le(iq)ac(i,wl)? _C(i,i+1)701><(2q7i71)]T €
R%, uy £ [=C(41), O1x(q-2),Clg,1): O1xq)T € R, v; £
(01 (q+i-1)s —C(s,i+1)> Ciyi1)s O1x (q—i—1)] T € R?7, and
Vo £ [01xq:Cig1)s O1x(g-2): —Cig)]T € R, i =
1,...,¢g — 1, ¢ > 3. On the other hand, since f(Z) €
span{uy,...,ug,v1,...,v,} for all Z € R, it follows that
the direction cone F; of f at & € N relative to R?? satisfies
Fz C span{uy,...,u4,Vi,...,vg}. Hence, ToN N F; =
{0}, which implies that the vector field f is nontangent to the
set of equilibria AV at the point & € N. Note that for every
z € N, the set N, required by Theorem 2.2 is contained
in V. Since nontangency to /\/y implies nontangency to N,
at the point z € N, it follows from Theorem 2.2 that the
closed-loop system (17), (27), and (28) is semistable.

Finally, note that max £y V() < 2370, 39,
Ciijy <0or L;V(Z) = O forall z € R*\ Z, it follows from

Corollary 2.1 that (17), (27), and (28) is globally finite-time-
semistable. O

The dynamic compensator (27) and (28) is a state feedback
controller. A natural question regarding (17) is how can
one design finite-time consensus protocols for multiagent
coordination via output feedback. To address this question,
we consider ¢ continuous-time integrator agents given by
(17) with the output y; given by

q

S Cagplay—x), i=1,....q.

j=1,j#i

Yi = (30)

Next, consider the dynamic output feedback compensator
given by

q
Feilt) = Y Clpsign(e; (t) — zei(t) +yilt), (31)
Jj=1,j#i
q
u;(t) = Z Cj.iysign(ze;(t) — zei(t)),
Jj=1,j#i
where z;(t) € R, t > 0, and z.;(0) = z.;0. Here, once
again, we assume that Assumption 1 holds and C = C™.

(32)

Theorem 4.4: Consider the closed-loop system G given
by the multiagent dynamical system (17) and the nons-
mooth dynamic controller (31) and (32) with (30). As-
sume that Assumption 1 holds and C = CT. Then for

every « € Rand 8 € R, 2y = -+ = 2, = « and
Tel = 0 = Teg = (3 is a finite-time-semistable state
of G. Furthermore, x;(t) = 30 zio and zi(t) =

1 \q

E Zi:l Tci0 for all ¢ Z T(l‘lo, ce oy L0, Tcl0y - - - ,,’Ecqo) and
123 1 g . . e

(E i=1 Ti0s > i1 Zeio) is a semistable equilibrium state.

Proof. The proof is similar to the proof of Theorem 4.3.
O
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