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Stochastic Consentability of Linear Systems
With Time Delays and Multiplicative Noises

Xiaofeng Zong, Tao Li

Abstract—This paper develops stochastic consentability
of linear multiagent systems with time delays and multi-
plicative noises. First, the stochastic stability for stochastic
differential delay equations driven by multiplicative noises
is examined, and the existence of the positive definite so-
lution for a class of generalized algebraic Riccati equations
(GARES) is established. Then, sufficient conditions are de-
duced for the mean square and almost sure consentability
and stabilization based on the developed stochastic stabil-
ity and GAREs. Consensus protocols are designed for linear
multiagent systems with undirected and leader-following
topologies. It is revealed that multiagent consentability de-
pends on certain characterizing system parameters, in-
cluding linear system dynamics, communication graph,
channel uncertainties, and time delay of the deterministic
term. It is shown that a second-order integrator multiagent
system is unconditionally mean square and almost surely
consentable for any given noise intensities and time delay,
and that the mean square and almost sure consensus can
be achieved by carefully choosing the control gain accord-
ing to certain explicit conditions.
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[. INTRODUCTION

ULTIAGENT systems have attracted much attention in
M recent years. The research progress in such systems has
provided valuable insights and benefits in understanding, de-
signing, and implementing distributed controllers for such sys-
tems; see [1]-[3]. To date, the consensus problem of perfect
models, which assume that each agent can obtain its neighbor in-
formation timely and precisely, has reached a reasonable degree
of maturity; see [4] for example. However, networked systems in
practical applications often operate in uncertain communication
environments and are inevitably subjected to communication
latency and measurement noises [5]-[7]. Hence, time delays
and measurement noises should be taken into consideration for
examining multiagent consensus problems.

In the literature, Olfati-Saber and Murray [7] gave optimal
delay bounds for consensus under undirected graphs. Bliman
and Ferrari-Trecate [8] studied average consensus problems for
undirected networks with constant, time varying and nonuni-
form time delays, and presented some sufficient conditions for
average consensus. Different types of time delays (communi-
cation delay, identical self-delay and different self-delay) were
investigated in [9] for output consensus. These works have fo-
cused on first-order multiagent systems. For second-order mul-
tiagent systems, Yu et al. [10] gave necessary and sufficient
consensus conditions related to time delays. Zhou and Lin [11]
showed that consensus problems of linear multiagent systems
with input and communication delays could also be solved by
truncated predictor feedback protocols.

For multiplicative noises (or state-dependent noise), Ni and
Li [12] studied consensus problems of continuous-time systems
in which the noise intensity functions are the absolute values of
relative states. Li ef al. [13] revealed that multiplicative noises
may enhance the almost sure consensus, but may have damaging
effect on the mean square consensus, indicating a distinct fea-
ture from additive noises which are always destabilizing factors.
These results have been established for first-order multiagent
systems. For linear discrete-time systems, Li and Chen [14] gave
the mean square consensus analysis by solving a modified alge-
braic Riccati equation. When the time delay and multiplicative
noise coexist, stochastic consensus conditions were examined
in [15] for second-order discrete-time models. However, little is
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known about the consensus for general continuous-time linear
multiagent systems with time delays and multiplicative noises.

All the aforementioned works have focused on the issue
of convergence to consensus, which is concerned with con-
ditions on the given control protocols under which the agents
can achieve certain agreements asymptotically. However, they
do not address the issue of consentability. Consentability is
concerned with conditions on system parameters under which a
consensus protocol exists, and is of great importance, both theo-
retically and practically, for cooperative control protocol devel-
opment such as flocking behavior, agent rendezvous, and robot
coordination. Note that Ma and Zhang [16] considered general
linear continuous-time multiagent systems and obtained nec-
essary and sufficient conditions on system parameters for con-
sentability. This problem was then generalized in [17] to the case
with input constraints and uncertain initial conditions in terms
of linear matrix inequalities (LMIs). For discrete-time models,
Zhang and Tian [18] investigated second-order multiagent sys-
tems with Markov-switching topologies, and proved that such
networked systems are mean square consentable under linear
consensus protocols if and only if the union of the graphs in
the switching topology has globally reachable nodes. For linear
multiagent systems, You and Xie [19] obtained necessary and
sufficient conditions for single-input multiagent consentability
and revealed how the agent dynamic, network topology, and
communication data rate affect consentability. Gu et al. [20]
employed a properly designed dynamic filter into local con-
trol protocols to relax consensusability conditions. For the issue
of structural controllability of multiagent systems, we refer the
readers to [21] and references therein. At present, consentability
for multiagent systems with multiplicative noises, even for the
delay-free case, remains an open problem, due to the lack of
suitable techniques to treat intrinsic complications from general
linear systems.

This paper aims to establish the mean square and almost sure
consentability and develop the consensus protocol design of
linear multiagent systems with time delays and multiplicative
noises. Our results accommodate different time delays in deter-
ministic (drift) and stochastic (diffusion) terms. Departing from
the feedback structure of [22], [23], where each agent’s state
feedback was used, our consensus protocol requires only lo-
cal relative-state measurements. In this case, each agent’s state
is not locally stabilized, leading to a more difficult consensus
analysis problem. It can be verified that a consensus problem is
equivalent to the stability problem of the corresponding closed-
loop system. Hence, for consensus analysis under measurement
noises, the key is to establish stochastic stability of the corre-
sponding stochastic equations driven by additive or multiplica-
tive noises, see [12]-[15], [24]. However, for linear multiagent
systems of orders higher than one, multiplicative noises are of-
ten degenerate and the existing stochastic stability theory does
not involve the issues for such stochastic differential equations.
Time delays add further difficulty in deriving consentability
conditions and consensus protocols of linear multiagent sys-
tems with multiplicative noises. New ideas and techniques are
needed to resolve these difficulties. In this paper, stochastic
stability and a generalized algebraic Riccati equation (GARE)
are established for obtaining multiagent consentability and

designing control protocols under time delays and measurement
noises. The contribution of this paper is detailed as follows.

1) Two new techniques (Theorems II.1 and II.2) are devel-
oped to study the multiagent consentability and consensus
under measurement noises and time delays. We first ex-
ploit the degenerate Lyapunov functional [25] to establish
the mean square and almost sure exponential stability cri-
teria of stochastic differential delay equations (SDDEs).
We show that the stability is independent of the time delay
with stochastic influence. Then, the existence of positive
definite solutions to GARE is obtained. The GARE plays
an important role in stochastic linear-quadratic control
problems [26]—[28]. Here, both sufficient and necessary
conditions are presented for guaranteeing the existence of
a positive definite solution to the GARE. As a byproduct,
necessary and sufficient conditions are given for the ex-
istence of stochastic feedback stabilization control laws.
That s, it is sufficient that the open-loop dynamics (A4, B)
is controllable and the product of the sum of real parts of
unstable open-loop poles and the square of noise inten-
sity is less than 1/2, while it is necessary that (4, B) is
stabilizable and the product of the maximal real part of
the open-loop poles and the square of noise intensity is
less than 1/2.

2) The necessary and sufficient conditions for multiagent
consentability and consensus are revealed. We first de-
rive the mean square and almost sure consentability con-
ditions for leader-free linear multiagent systems. a) It is
proved that if the agent dynamics (A, B) is controllable,
A0y 85162 < A, and the time delay 7 < 77, then the lin-
ear multiagent system is mean square and almost surely
consentable, where A denotes the sum of the real parts
of the unstable eigenvalues of A, N is the number of
agents, Ay is the algebraic connectivity of the graph, o
is the bound of the noise intensities, and 7 is a bound
of the time delay in the deterministic term. Especially,
some special cases are given to show that the stabiliz-
ability of (A, B) and the restriction on noise intensity
are necessary for the mean square consentability. b) For
second-order integrator multiagent systems under undi-
rected graphs, we show that it is mean square and almost
surely consentable regardless of noises and time delays.
Some necessary conditions on the mean square consensus
are also obtained for the delay-free case. Then, the con-
sentability and consensus results are extended to leader-
following multiagent systems which include stochastic
stabilization by delayed noisy feedback as the special
case.

The rest of the paper is structured in five parts. Section II
develops the main tools such as stochastic stability and GARE
for examining the consentability of linear multiagent systems.
Section III investigates consentability conditions and pursues
consensus protocols of leader-free linear multiagent systems
under undirected graphs. Section IV extends our investigation
to the leader-following case and stochastic stabilization with
delayed noisy feedback. Section V presents simulation results
to verify the theoretical analysis. Section VI concludes the paper
with some remarks that outline possible directions for future
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research in this field. For clarity of presentation, the proofs of
most technical results are relegated to the appendix.

Notation: The symbol 1y denotes the N-dimensional col-
umn vector with all ones; 7 ; denotes the N-dimensional col-
umn vector with the ¢th element being 1 and others being zero;
Iy = Ai 1y 1% ; Iy denotes the INV-dimensional identity matrix.
For a given matrix or vector A, its transpose is denoted by A” , its
Euclidean norm is denoted by || A||, and its maximum real part of
the eigenvalues is denoted by max(Re(1(A))). For a real sym-
metric matrix A, Ay ax (A) and A in (A) denote its maximum and
minimum eigenvalues, respectively. For two matrices A and B,
A ® B denotes their Kronecker product. For symmetric matri-
ces X and Y, the notation X > Y (respectively, X > Y') means
that the matrix X — Y is positive semidefinite (respectively,
positive definite). For a, b € R, a V b represents max{a, b} and
a A'b denotes min{a, b}. Let (€2, F,P) be a complete proba-
bility space with a filtration {F; },> satisfying the usual condi-
tions. For a given random variable or vector X, the mathematical
expectation of X is denoted by EX. For continuous martin-
gales M (t) and N(t), their quadratic variation is denoted by
(M, N)(t) (see [29]). We also denote (M)(t) := (M, M)(t).
For the fixed 7 > 0, we use C'([—, 0], R") to denote the space
of all continuous R"-valued functions ¢ defined on [—7, 0] with

the norm |||l = sup;e(_- o7 [ ().

Il. STOCHASTIC STABILITY AND GARE

When the control of multiagent systems with the delayed
and noisy measurements is studied, the consensus problem of
the closed-loop systems is transformed into the stability prob-
lem of SDDEs. Hence, the stochastic stability theorem (see
Theorem II.1) should be first established. After the stability the-
orem, we need to fix how to design the feedback control based
on the delayed and noisy measurements. The solution will resort
to a GARE (see Theorem II.2). This section is to establish the
two tools.

A. Stochastic Stability of SDDEs

This section aims to establish the mean square and almost

sure exponential stability of the following SDDE:

dy(t) = [Aoy(t) + Ary(t — m)]dt + dM (t) (1)
where Ag, A; e R™, M(t) =7, fof fily(s — m2))dw;
(5), 71,72 >0, fi : R = R", d > 0, {w;(t)}?_, are indepen-
dent Brownian motions. The functions {f;(z)}.; satisfy the
following assumption.

Assumption IL1: f;(0 ) =0, i=1,...,d, and there exist
positive constants {o;}?_, such that for any yi,y2 € R",
I1fi () = fiw)ll < eillyn —wall.i=1,....d.

We also give the initial data y(t) = <p(t) for te[-7,0], 7=
71 V 12, and ¢ € C([—7,0],R"™). Here, we assume that for each
Py > 0, there exists a Dp, > 0 such that

P fi(y) < y' Dp,y. 2)

I\Mm_

Theorem I1.1: Suppose Assumption II.1 and condition (2)
hold. If there exists a matrix P > 0 such that

AP+ PA+ (A"PA+ AT PA)T +Dp <0 (3)
where A = Ay + A, then there exist Cy, vy > 0 such that

Y0

Elly(0)|* < Coe ", limsup 3 log Jy(0)]| < -2, as. )

That is, the trivial solution to SDDE (1) is mean square and
almost surely exponentially stable.

In applications, the diffusion f;(y(s — 72))dw;(s) may
have various forms (see Sections III and IV). Note that
(M, Py M) (1) = Sy J1 ST (y(s — 7)) Py (s — 2))ds.
So we can use the following condition to replace (2):

d(M, PyM)(t) < y' (t — 1) Dp,y(t — m)dt 3)

which is a direct consequence of (2) that does not involve the
concrete form of diffusion. In fact, the proof of Theorem II.1
in Appendix is based on (5). Theorem II.1 also leads to the
following corollaries.

Corollary I1.1: Suppose Assumption II.1 and condition (2)
hold. If there exists a positive definite matrix P such that
Tp := ATP+ PA+ Dp <0, then for any 7, € [0,7(P)),
the trivial solution to SDDE (1) is mean square and almost

surely exponentially stable, where 71 (P) := %

Corollary I1.2: Suppose that A is symmetric, 7, = 0, and
fily) = 0;y, i = 1,...,d. Then, the trivial solution to SDDE
(1) is mean square exponentially stable if and only if 24 +
sz 19 I <0.

Remark II.1: Concerning Theorem II.1, first it can yield
an explicit delay bound (see Corollary II.1). Second, it pro-
vides a delay dominated stability criterion and improves the
LMI stability theorems in [30], which takes the SDDE dy(t) =
—y(t — 1 )dt + y(t)dw(t) for example, and gave delay bound
71 < 0.1339. Our Theorem II.1 yields a better delay bound
71 < 0.5. Third, it shows that the stability of stochastic delay
systems does not necessarily depend on the time-delay in diffu-
sion. In fact, the necessary condition of the mean square stability
is independent of such delay in Corollary I1.2.

Remark I1.2: Corollary II.1 shows that the mean square sta-
ble linear time-invariant SDEs can tolerate a certain time delay,
which depends on the original system parameters. Especially, for
the scalar SDDE: dy(t) = (aoy(t) + a1y(t — m1))dt + oy(t —

75)dw(t), we have a time delay bound 7} = 7%
1

for mean square stability if the delay-free SDE dy(t) = (ap +
a1)y(t)dt + oy(t)dw(t) is mean square stable, which is equiv-
alent to 2(ag + a1) + o2 < 0.

Remark I1.3: Note that the sufficient conditions for the mean
square and almost sure exponential stability in Theorem II.1
do not involve time delay 7» in the diffusion term. Corollary
I1.2 also shows that the mean square stability is independent
of time delay 7 when 71 = 0, which is consistent with the
scalar case in [31]. Theorem II.1 and Corollary II.2 also give
that if A is symmetric and f;(y) = 0;%, i = 1,...,d, then the
trivial solution to SDDE (1) is mean square and almost surely

dmin (—2A+ 3| 02,
[AT A+ AT Ay

exponentially stable if 7 < Y Compared
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with [32, Th. 2.1], not only does it improve the stability criterion,
but also avoids solving a complex quadratic equation.

B. GARE

In this section, we develop the existence and uniqueness of
the solution P > 0 to the following GARE:

AP+ PA—-2aPB(R+B"PB)'B"P+Q=0 (6)

where « > 0, Ae R"" BeR"™ R>0,and Q > 0. We
first derive a necessary condition for the existence and unique-
ness of the solution P > 0.

Lemma II.1: Assume that max(Re(A(A))) > 0 and (A, B)
is controllable. Then, the GARE (6) has a unique solution P =
P(a) > 0 only if & > max(Re(A(A))).

To find the sufficient conditions, we first note that the prob-
lem above, related to (6), can be considered as the following
stochastic linear-quadratic control problem in [26] with D =
o B, thatis, Minimize, E [*[z” (£)Qxz(t) + o*u” () Ru(t)]dt,
subject to

dx(t) = (Ax(t) + Bu(t))dt + o Bu(t)dw(t) (7

z(0) = zp € R", where 0 = (2a)"/? and u(t) = Kz(t) with
K to be designed. It is proved in [26, Corollary 4] that if (7)
can be mean square stabilized by u(t) for certain K, then
the GARE (6) has a solution P > 0 and the linear-quadratic
control problem is solved by the optimal control gain matrix
K =2a(R + BT PB)~! BT P. Therefore, we need to establish
the mean square stabilizability of (7) before examining the pos-
itive definite solution of (6).

Let {A¥(A)}; denote the unstable eigenvalues of A, that is,
Re(A¥(A)) > 0. Define Aj = >, Re(A}(A)).

Lemma I1.2: System (7) can be mean square stabilized
by u(t) = Kx(t) for certain K if (A, B) is controllable
and A§o? <1/2, and only if (A, B) is stabilizable and
max(Re(A(A)))o? < 1/2.

Remark I1.4: The “if” part of Lemma II.2 is based on the
relationship between the approximate solution and the exact
solution of SDEs in [43], and on the existence of the positive
definite solution to the discrete-time ARE in [33]-[36], where
a similar choice of the parameter o has been examined for
stabilization.

Remark I1.5: To see the stabilizability clearly, we here con-
sider the linear scalar system dx(t) = (ax(t) + bu(t))dt +
obu(t)dw(t), b > 0, with the stabilization control law u(t) =
k2(t). It can be proved that the closed-loop system

dx(t) = (a + bk)x(t)dt + obkx(t)dw(t) (8)

has the property that E||z(¢)||* = E||z(0)]|* exp{(2(a + bk) +
(02b%k?)t}. Then, the mean square stabilizability requires that
there exists a constant k € R such that 2(a + bk) + 0?b0*k* <
0, which is equivalent to ac? <1 /2. Hence, it is easy to see that
1) if a < 0, there must exists a k£ € R such that the closed-loop
system (8) is mean square stable; 2) If a > 0, ao? < 1/2 is
necessary for the mean square stabilizability.

Remark I1.6: The works [37], [38] considered the con-
trol problem of the following stochastic system with control

dependent noise:

€))

where u(t) = Kx(t) is the input control. The authors proved
that the stochastic system (9) can be stabilized for any given
noise intensity o > 0 if and only if (A, B) is stabilizable and
the columns of input coefficient matrix By (Rank(Bj) < n)
in the noise term belong to the subspace of A spanned by its
eigenvectors corresponding the eigenvalues with nonpositive
real parts. Here, we need to remark that this robust stabiliz-
ability for any given o > 0 above do not fall in the case of
unstable A and B = By (Hence, Lemma I1.2 is consistent with
the results in [37] and [38]). It suffices to show that the sta-
bilizability of (A, B) implies that the columns of B must not
belong to the subspace of A spanned by its eigenvectors. To
see it, we consider the two cases: a) (A, B) is controllable;
b) (A, B) is not controllable, but is stabilizable. For the case
(a), Rank(B, AB, ..., A" B) = n, which is impossible if the
columns of B belong to the subspace of A spanned by its
eigenvectors. For the case (b), there is an invertible matrix S
such that

SAS— — <A11 A12> SB - <B1> ’
0 Aso 0

where (A11, By) is controllable and Ayy has eigenvalues with
strictly negative real parts; see [39, Propositions 2.1.6 and 2.2.3].
It is easily seen that if the columns of B belong to the subspace
of A spanned by its eigenvectors, then the columns of B; belong
to the subspace of A;; spanned by its eigenvectors, which is in
conflict with the controllability of (A1, By ).

By using Lemmas II.1 and I1.2, we can have the following
the existence and uniqueness.

Theorem I1.2: Assume that max(Re(1(A))) > Oand (A, B)
is controllable. Then, the GARE (6) has a unique solution
P = P(a) >0 if a > A{, and only if o > max(Re(A(A))).
In particular, if B is invertible, then GARE (6) has a
unique solution P = P(a) >0 if and only if a > max
(Re(1(4))).

Remark IL.7: If B is full column rank, then BT PB > 0
for any P > 0. In this case, one can obtain the following
GARE:

dx(t) = [Ax(t) + Bu(t)]dt + o Bou(t)dw(t)

ATP+ PA—2aPB(BT"PB)'BTP+Q=0 (10)

with o > Ajj. Especially, if the matrix B is invertible, then
(10) has the form of A(a)T P + PA(a) + Q = 0, which ad-
mits a unique positive definite solution P given by P =
[ et @)t QeAl)tdt, where A(a) = A — al, is Hurwitz.

For simplicity, we consider R = I,,, and Q) = I,,. That is, the
GARE (6) has the form of

ATP 4 PA —2aPB(I,, + B'PB)"'B"P + 1, =0.
(11)
In what follows, we assume that B is not invertible (Rank(B) <
n), unless otherwise specified. For the case with Rank(B) = n,
Ay in Theorems II1.1, IV.1-1V.4, and Corollaries II1.1, IV.1, IV.2
will be replaced by max(Re(1(A))).
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In the following sections, we apply Theorems II.1 and II1.2
to establish multiagent consentability, consensus, and stochastic
stabilization.

[ll. LEADER-FREE LINEAR MULTIAGENT SYSTEMS
A. Linear Multiagent Systems

We consider a system consisting of N (N > 2) agents where
the agents are indexed by 1,2,..., N, respectively. The dy-
namics of the N agents are described by the continuous-time
systems:

ii(t) = Aw;(t) + Buy(t), t € Ry (12)

where i =1,2,...,N, =z;(t) e R", AeR"*", BeR"*",
and wu;(t) € R™ is the input control of the ith agent,
respectively. Denote z(t) = [z7 (t),...,z% (#)]T and u(t) =
[ul (t),...,uk (t)]7. Here, the input control u(t) is to be de-
signed. The information flow structures among different agents
are modeled as a connected undirected graph G = {V, €, A},
where V = {1,2,..., N} is the set of nodes with ¢ represent-
ing the ith agent, £ denotes the set of directed edges and A =
[a;;]ERYN *N is the adjacency matrix of G with element a;; = 1
or 0 indicating whether or not there is an information flow from
agent j to agent ¢ directly. Also, /V; denotes the set of the node
1’s neighbors, thatis, for j € N;, a;; = 1, and deg; = Zj\zl aij
is called the degree of 7. The Laplacian matrix of G is defined as
L =D — A, where D = diag(deg , ..., deg ). Itis obvious that
L is a symmetric matrix and admits a zero eigenvalue, denoted
by X1; other eigenvalues 0 < Ao < ... < Ay are positive due to
the connectivity of G.
We consider the distributed protocol in the following form:

wi(t) =K Y zi(t)

JEN;

(13)

where K € R™*" is the feedback gain matrix to be designed

zji(t) =a;(t — 1) —x;i(t — 1)
d
+ Z fiji(x;(t —m2) —zi(t — m))&;i(t), j € Ni (14)
=1

is the state measurement of the agent ¢ from its neighbor agent j,
1, T are the time delays, &;; (t) = (£15i (1), - .., &ji (1)) € R?
is the measurement noise, fi;;(-) : R” — R™ is the noise
intensity function. In this paper, z;(t — ) — x;(t — 1) is
called the deterministic term and Zle frjix(t —m) —
x; (t — 72))&;i(t) is called the stochastic term. We assume that
the noises are independent Gaussian white noises. To be exact,
they satisfy the following assumption.

Assumption III.1: The noise process &;;(t) = (&1i(¢), ...,
€4i(1)T € R? satisfies [ & (s)ds = w(t), t > 0,i = 1,2,
..., N,j € N;,where {w;;(t),i=1,2,...,N,j € N;} arein-
dependent d-dimensional Brownian motions defined on the
complete probability space (2, F,P).

Note that the update of state x(¢) depends on the past
states x(s), s € [t — 7,t) with 7 =7 V 75. We need to de-
fine the initial function on [—7, 0]. We assume that z(t) = ¢(t)

for t € [~7,0], and € C([—7,0]; R"") is deterministic. Let
f-() denotes the family of noise intensity functions {fi;; (),
i=1,2,..,N, j€N;, l=1,2,....d}. The collection of all
admissible distributed protocols with different control gain
matrices is denoted by

Z/{(Tl,TQ,f.(')): u(t)|ui(t)=K Z zjl-(t),tZO,
j=N

KERmX";i:l""’N'}' (15)

Under the measurement noise, the consensus definitions are
diversified due to the different asymptotic behaviors in the prob-
ability sense, where the mean square and the almost sure consen-
sus are two important topics. Here, we give the definitions on the
mean square and the almost sure consentability and consensus.

Definition I11.1: We say that the linear systems (12) are mean
square (or almost surely) consentable w.r.t. U (7,72, f.(+)), if
there exists a protocol u € U(7y, 72, f.()) solving the mean
square (or almost sure) consensus, that is, it makes the agents
have the property that for any initial data ¢ € C([—7,0]; RV™)
and all distinct 4,5 € V, limy_ E||z;(t) — 2 (t)||*> =0 (or
limy o ||z (t) — x; (¢)|| = 0, a.s.).

Remark I11.1: The delayed measurement (f;;;(-) = 0) or the
noisy measurement without delay (7 = 7 = 0) was investi-
gated in [7] and [13], respectively. In fact, in the complicated
environment, the information communication is often subject to
time-delays and measurement noises simultaneously. The gen-
eral measurement (14) is to describe this phenomenon and has
been examined in [15] for the first-order multiagent consensus.
It is worth noting that the current results are still new even for
the delay-free case (13 = 7 = 0).

Remark I11.2: Multiagent consensus and consentability
based on precise (noise and delay free) relative state measure-
ments were well studied in [7] and [18], [40]. Consensus based
on relative state measurements require less information than that
based on both absolute and relative state measurements, and for
many realistic cases, each agent may not have the ability to
get the absolute state information due to the limited perception
capacity and the lack of global coordinates. Multiagent con-
sentability has not been well studied in the delayed and/or noisy
environment. Here, the admissible protocol (15) can be viewed
as a natural extension from the precise relative state measure-
ments to the delayed noisy version. The skills developed in this
paper can also be used for the case with absolute state feedback.

Applying Theorems II.1 and II.2 produces the follow-
ing theorem, which gives the consentability conditions and
the consensus protocol design for linear systems (12) under
max(Re(A(A))) > 0.

Theorem II1.1: Suppose that Assumption III.1 holds, f;;; ()
= 0y;i%, 015 > 0, and max(Re(A(A))) > 0. Then, linear sys-
tems (12) are mean square and almost surely consentable w.r.t.
Z/{(Tl,TQ,f(')) if

1) (A, B) is controllable;

2) GG < ho;



1064

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 63, NO. 4, APRIL 2018

3) m €[0,7),
X 1 do 4L G2 (A +e) .
where 77 = STATTET 2 6(/\\g+e)/\l\? , P>0 is the
solution to the GARE (11) with o€ (A§,A§ +¢€), €€
(0 4—0’ g

gN-L \ l 2
the protocol (13) with K =k(I,, + BPPB)'BTP, k¢
(k, E), solves the mean square and almost sure consensus,
where k = [Ay — /A3 —2ap|/p, k= [ra + /23 — 2ap]/p,
P = (2%5’2 + 3)\]\/7’1))\2.

Remark I11.3: If A = 0, then condition 1) in Theorem III.1
implies that B is invertible. In this case, for any given 71, 72, and
oiji» 4 =1,...,N,l=1,...,d, the linear multiagent sys-
tems (12) are mean square consentable w.r.t. U (7, 72, f.(*)).
In fact, K = —kB~! with k € (0, > ) can be used to
achieve the stochastic consensus.

If A is stable (max(Re(A(A))) < 0), then deterministic con-
sensus of @; = Ax; follows because each x;(t) tends to zero.
Moreover, we can prove the following theorem, which shows
that small control gain does not affect the consensus of the
original system &; = Ax;.

Theorem I11.2: Suppose that Assumption III.1 holds, fi;i(x)
= 0y5i%, 015 > 0, and max(Re(A(A))) < 0. Then, the linear
systems (12) are mean square and almost surely consentable
w.r.t. U(1, T2, f.(-)) for any given 7,7, 0y;; > 0. Especially,
the choice K = kBT P can guarantee the mean square and al-
most sure consensus of the linear system (12), where k € R
satisfies |k|Ay || PBBT P||(2 + & )<L P=
foo ATy Atdt.

0

When 7, vanishes, we can obtain the following corollary,
which is a direct consequence of Theorem III.1.

Corollary II1.1: Suppose that Assumption III.1 holds,
fiji(z) = oyix, 0155 >0, 71 =0 and max(Re(A(A4))) > 0.
Then, linear systems (12) are mean square and almost surely
consentable w.r.t. U(7y, 7, f.(-)) if conditions 1) and 2) in
Theorem III.1 hold. Moreover, the protocol (13) with K =
k(I, + B'PB)"'BT P, k € (k, k), solves the mean square
and almost sure consensus, where P > 0 is the solution to
GARE (11) with « € (A}, 2p) k=[h — /A3 —2ap]/p, k =
[A2 + /A3 —2ap]/p, p 72 —L520,.

Theorem III.1 and Corollary III.1 focus on the suf-
ficient conditions on stochastic consentability. We now
examine the necessary conditions for the mean square
consentability.

Theorem II1.3: Suppose that Assumption III.1 holds and
71 = 0. Then, linear systems (12) are mean square consentable
w.r.t. U(m, o, f.(+)) only if (A4, B) is stabilizable.

The following example gives the necessity of certain restric-
tion on the noise intensities for the mean square consentability
of the two-dimensional dynamics.

Theorem II1.4: Consider the multiagent systems (12) with

01
n=2m1=mn=0A=
0p

and B = (0,1)". Suppose that Assumption IIL.1 holds
with d=2, >0 and fij;(z) = (0jiz1,0)", foi(z) =

— d .
)), g% =Yy max,\;_, oj;;. In particular,

1
AN T+ L‘(l o

(0,0;;22)", oj; > 0. Then, linear systems (12) are mean square
consentable w.r.t. U(7, 7, f.(-)) only if Ay > 4880
where o = minf\fj:l Oji.

B. Second-Order Integrator Multiagent Systems

In view of Theorems III.1 and III.4, we can see that if
max(Re(A(A))) > 0, the mean square consentability of linear
systems (12) might be destroyed by the large noise intensities. If
max(Re(A(A4))) = 0, then the consentability of linear systems
(12) holds for any given noise intensities if 7; = 0. However, we
need to solve the GARE (11) in order for finding the consensus
protocol. Moreover, we do not know whether the restriction on
the time delay can be removed if max(Re(A(A))) = 0. These
motivate us to give further investigation.

In this section, we consider the second-order integrator sys-
tems, that is, x; (t) = [y; (t),v;(t)]7 € R? with the dynamics

gi(t) = vi(t), vi(t) = wi(t), i=1,2,..,N

which can be considered as the special case of the linear system
(12)with A = () !),and B = (0,1)”". Here, y; () and v; (t) can
be considered as the position and the velocity of the ¢th agent,
respectively. It is easy to see that (A, B) is controllable and
A(A) = 0. We will show that second-order integrator systems
(16) must be mean square and almost surely consentable w.r.t.
U(T1, 72, f.(-)) for any given system parameters. Here, we focus
on the choice of the protocol for solving stochastic consensus.

For this case, we consider the different uncertainties in each
position and velocity communication. Then, the protocol (13)
can be rewritten as follows:

(16)

t) =k Z lei(t) + ko Z ZjS(t) (17)
JEN; JEN;
where K = [kl,kQ] S RIXQ,ZUZ‘(t) = yj(t—’l'l) —yl(t —Tl)

+ frji(yi(t = 72) = yi(t — 12))&1i (), 205i(t) = vj(t — 1) —
vilt =)+ foji(vj(t =) — wvi(t — 7))&;i(t) are the
position and the velocity measurements of the agent ¢ from
its neighbor j € N;, &j;(t) = [§1ji,§2j;lT is the 2-D Gaussian
white noise, that is, £ ;; and &j; are the scalar independent
Gaussian white noise, and fi;;(-) and fo;;(-) satisfy the
following assumption.

Assumption II1.2: For each (j,i), f1;;(0) = f2;;(0) =0
and there exist nonnegative constants 0&1;; and 09
such that [| f1;:(y1) — frji(y2)|l < Guillyr — vells [ f2)i (y1) —

faji ()|l < G2jillyr — y2l| forall yi,y, € R.

By using Theorem II.1 and choosing appropriate P in (3), we
can obtain the following consensus conditions.

Theorem II1.5: Suppose that Assumptions III.1 and II1.2
hold, and d = 2. Then, the protocol (17) solves the mean square
and almost sure consensus of the multiagent system (16) if
k1 >0,k >0, and

N —
ky <2)»NT1 +5’% N

1
> (2 —+ ]{31)\.]\[7'1) —+ kl)\.z’rl

—1
< 2hoko (1 — kgé’% ) - 4]9%)\?\[7-1 (18)



ZONG et al.: STOCHASTIC CONSENTABILITY OF LINEAR SYSTEMS WITH TIME DELAYS

1065

where 71 = maxN _101j; and 69 = mava7 102ji

Remark 111.4: Theorem II1.5 shows that for any time delays
71,72 and {01;, 02 }fY]:l, we can find the appropriate control
gains k1, k» to guarantee the mean square and almost sure con-
sensus. In fact, for any time delays 7, 75 and {alﬂ ,02ji }2 G=1s

Ay
such that ke < Tt T Let

ks be fixed. Then, we have p; := 2ok (1 — kgﬁg%) —
4k323 7 > 0. Based on the given ko, we choose k:l such
that kyps (k1) < p1, where po(ky) = (2AnTi + 072 )(2 +
k1AnT1) + A27i. Hence, condition (18) holds and consensus is
achieved.

We next aim to obtain necessary conditions for mean square
consensus of the second-order multiagent systems (16) without
time delay. We consider the following assumption.

Assumption II1.3: For each (j,7), fi;:(0) = f2;:(0) =0
and there exist some constants 0, 02jis T1jis Taj; > 0
such that &1j;llyr — vall = I f1i (1) — frji(y2)ll = @yjilly
=yl G2illyr — yall = 1 f25i (1) — f2i(W2)ll = ayjillyn —
Yol for all yy, 42 € R,

By Theorem III.5 and stochastic stability theorem of stochas-
tic ordinary differential equations, we can prove the following
necessary conditions and sufficient conditions.

Theorem II1.6: Suppose that Assumptions III.1 and II1.3
hold, d = 2, and 74 = 7 = 0. Then, the protocol (17) solves
the mean square consensus if

we first choose ko

—1 N -1
ki >0, k162 < koky — k353 Ao (19)
and only if
N-—1 SN —1
0< kol < koAy — k303 ~ AN (20)

where g, = minf’vjz1 Tiji and gy, = aninfj:1 Toji-

Remark II1.5: The  approach used in  obtaining
Theorems III.5 and III.6 can be applied to examine the
stability of the second-order stochastic differential equation

dy(t) = v(t)dt

dv(t) = —pry(t)dt — pov(t)dt
+o1y(t)dws (t) + ogv(t)dws (L)

2L

where (i1, 9 € R, 01,02 > 0 are fixed constants, w; () and
wsy (t) are two scalar Brownian motions. We also obtain that the
second-order SDE (21) is mean square exponentially stable if
and only if i1, s > Oand 07 < (2us — 03 )1, and the second-
order SDE (21) is almost surely exponentially stable if ji1, po >
0 and 07 < (242 — 03)ju;. This is a new finding for the scalar
second-order SDEs.

The stochastic stability and the GARE developed in Section II
help us to find the mean square and almost sure consentability
conditions and consensus protocols for the linear multiagent
systems under the undirected graph. These sufficient conditions
are explicit and easy to be verified. Note that for the case of
general digraph, even for the balanced graph, it is a difficult
task to obtain the explicit consentability conditions for the lin-
ear systems with multiplicative noises. However, for the linear
leader-following multiagent systems, our skills can be used to

solve the stochastic leader-following consentability and con-
sensus problems, where we only need the subgraphs formed by
the followers to be undirected. This is the following section’s
intention.

IV. LEADER-FOLLOWING MULTIAGENT SYSTEMS
A. Leader-Following Linear Multiagent Systems

In this section, we consider a leader-following multiagent
system consisting of N 4 1 agents where an agent indexed by
0 acts as the leader and the other agents indexed by 1,2,..., N,
respectively, act as the followers. Generally, the behavior of the
leader is independent of the followers. Here, z( denotes the state
of the leader and is assumed to have linear dynamic as

= Axy. (22)

For the ith follower, the dynamics is described as (12)
with u;(t) defined by (13). Note that this is different from
Section III-A since for each agent i, its neighbors /V; may con-
tain the leader 0. Considering the information flow from the
leader to the followers, we denote the topology by G = {V, A}
with V = {0,1,2,..., N} and

A= 0 Onxn c RN+ x(N+1)
aq A ’

where A = [aij} S RNXN, ay = [am7. .. ,CLN()]T, a;p = 1 if
0 € N;, otherwise a;o = 0. Let Dy = diag(aqo,...,ano). We
use G = (V, A) to represent the subgraph formed by the N
followers, where V = V' \ {0}.

Assumption IV.1: Assume that the graph G contains a span-
ning tree and G is an undirected graph.

Under Assumption IV.1, £y = £ + Dy is symmetric, and all
the eigenvalues of £ are positive ([40]), denoted by {Xo; }1¥ ;.
Hence, there exists a unitary matrix ¢ such that ST LD =
diag(Ao1, ..., Aon) =: Ag. Without loss of generality, we as-
sume 0 < Ag1 < ... < Apn. In what follows, the main results
are stated as theorems. Because the proofs are similar to that of
Section III, the verbatim proofs of the theorems are omitted due
to page limitation.

Theorem IV.1: Suppose that Assumptions III.1 and IV.1
hOld, f[jj(x) =015, Olji > 0, and max(Re(A(A))) > 0.
Then, linear systems (12) and (22) are mean square and almost
surely consentable w.r.t. U (7, 72, f.(-)) if condition 1) and

2/) 4)\85’2 < Aol»

3) 71 € [0,7) with 7f = gy A 22 G
where P >0 is the solution to the GARE (11)
with a € (M, A +e), ee (0,274 52—y
maXf\;m:o Ufji. Especially, the protocol (13) with
K =k(I,, + B'PB)'BTP, ke (kk), solves the
mean square and almost sure consensus, where
k= [ror — /A8 — 2ap]/p, k= [hor + /A5 — 2ap]/p,

p = (25> + 3ronT1)ho1- ~
Especially, if the overall network G forms a star topology,
then we have the following result.
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Theorem IV.2: Suppose that Assumption III.1 holds, g
forms a star topology, fii(x) =0y, o1 >0, and
max(Re(A(A))) > 0. Then, linear systems (12) and (22) are
mean square and almost surely consentable w.r.t. U(11, 72, f.(+))
if condition 1) holds and

2"y Mot < 1/2,

3"y 11 € [0,77) with 7 = sypy A L,

where P > 0 is the solution to the GARE (11) with a €
(A, M+ 6),e € (0,552, 6% = S| max]” of,. Espe-
cially, the protocol (13) with K = k(I,, + BTPB) IBT p,
k € (k, k), solves the mean square and almost sure con-
sensus, where k = [1 — /T — 2ap]/p, k = [1 + /T — 2ap]/p,
p=(5%+3m).

If we consider the special case: x¢(t) =0 and N =1
(one follower). Then, the stochastic consentability problem in
Theorem IV.2 is actually the stochastic stabilization problem of
(12), which is concluded as the following corollary and improves
the case with single and linear diffusion in [46].

Corollary IV.1: Suppose that Assumption III.1 holds,
:C()(t) = 0, N = ]., fl()l ((E) = 01017, a1 Z 0, and
max(Re(A(A))) > 0. Then, linear systems (12) is mean
square and almost surely stabilizable if conditions 1), 2”),
3”) hold with P > 0 being the solution to the GARE (11)

with o€ (A28 +¢), ee (0,202, 2=y o2 .
Especially, the choice K defined in Theorem IV.2 stabilizes the

linear system (12).

B. Leader-Following Second-Order Integrator
Multiagent Systems

Consider the ith follower’s state x;(t) = [y;(t),v;(t)]T €
R? with the dynamics (16), and the leader’s state zo(t) =
[yo(t),v0(t)]F € R? with the dynamic

Yo(t) = vo(t) = vo (23)

where v, is a constant velocity known to all followers. The
protocol is designed as (17), which includes the leader’s infor-
mation. Similarly to the linear case above, we have the following
theorems and corollary.

Theorem IV.3: Suppose that Assumptions IIL.1, II1.2, and
IV.1 hold, and d = 2. Then, the protocol (17) solves the mean
square and almost sure consensus of (16) and (23) if k; >
0,ky > 0, and k‘1 (2)»()]\ 7'1 + 5‘1)<2 + kidonT1) + k1o <
2k01k:2(1 — koG3) + 4k3A2 11, where &7 = max{5i;,i =

.,N,jeN,}andmax{agﬂ,z—l ,N.je N}

Theorem IV4: Suppose that Assumptions III.1 and IIL.2
hold, G forms a star topology, and d = 2. Then, the protocol
(17) solves the mean square and almost sure consensus of (16)
and (23) if k; > 0,ky > 0, and k; (27’1 + 0.56’%)(2 + k’17'1) +
kim < ng(l — 05k25’%) + 4]41;7'1, where 7, = mavazl 010i
and 9 = max;‘-wzl 0920 -

Corollary 1V.2: Suppose that Assumptions III.1 and III.2
hold, z((t) =0, N =1, and d = 2. Then, the second-order
system (16) can be mean square and almost surely stabi-
lized by (17) with the same choice of k; and ky as that in
Theorem IV.4.

200 :
o 1y, -y, O
< L
s 150¢ " = = = ly;(0-y, O[]
= P R AU AU
> 100174 :
| U] V.
— 2 \]
Rl L 7>
> S0 Y L0
= LY A IR
0 g (- — e ) ) )
0 50 100 150 200 250 300 350 400
time t
Vv, (0)-v, O] |
el A A
== v,V (D]
200 250 300 350 400

time t

Fig. 1. Relative state errors of the four agents: k; = 0.01, k2 = 0.065.

V. SIMULATIONS

We consider the almost sure and mean square consensus for
a second-order integrator multiagent system (16) composed of
four scalar agents. The control input u; (¢) has the form of (17).
We will choose the appropriate control gains k; and k5 to guar-
antee the mean square and almost sure consensus.

Consider G = {V,&, A}, where V ={1,2,3,4}, &=
{(1,2),(2,3),(3,4),(4,3),(3,2), (2,1)} and A= [aij]4><4
with a19 = as1 = as3 = azo = azq4 = a43 = 1 and other be-
ing zero. It can be obtained the eigenvalues of the Laplacian
matrix £: A = 0, A9 = 0.5858, A3 = 2, A4 = 3.4142. The ini-
tial states are given by y(s) = [2,—4,—2, 5|7 and v(s) =
[7,2,—4,-8]", s € [-(11 V12),0], where 71 = 0.2 and 75 =
0.5. Assume that the noise intensity functions fi;;(x) =
017 = 0.5z and fQ'jj(x) =095 = 0.32,4,5 =1,2,3,4.

We now use Remark III.4 to choose the control
gains ki, ko such that the four agents achieve the mean
square and almost sure consensus. We compute that ki =
% = (0.1246. Therefore, we choose ko = 0.065 <

233 T1+h2 65

k3. Then, we have p; := 2Aoks (1 — ko3 X2) — dk3A3 7 =
0.0365. Based on the given ks, we choose ki = 0.01,
and then 0.0323 = kyp2 (k1) < p1 = 0.0365, where po (k1) =
(2anT + a7 N 1)(2 + k1AnT1) + A27. Hence, the four
agents achieve the mean square and almost sure consensus (see
Theorem IIL.5).

In order to simulate the mean square and almost sure consen-
sus, we consider the behaviors of the relative states {|y; (t) —
y1(t)|}i=2,3.4. Generally, the almost sure asymptotic behavior
is reflected by one sample path. Here, by choosing one sample
path, we obtain that the relative states {|y; (¢t) — y1(t)|}iz2.3.4
tend to zero, which is revealed in Fig. 1. That is, four agents
achieve the almost sure consensus. By considering each agent’s
behavior and the sample path, we have Fig. 2, which shows that
the agents’ velocities achieve the almost sure strong consensus,
that is, the agents’ velocities tend to a common value. For the
mean square consensus, we generate 10* sample paths. Then,
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Fig. 2. States of the four agents: k; = 0.01, ko = 0.065.
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Fig. 3. Mean square errors of the relative states: k; = 0.01,
ko = 0.065.

taking the mean square average, we obtain Fig. 3, which shows
that the four agents achieve the mean square consensus.

VI. CONCLUDING REMARKS

In this paper, we developed consentability for linear multi-
agent systems with multiplicative noises and time delays. By
establishing stochastic stability theorem of SDDEs and the pos-
itive definite solution of GARE, we obtained the stochastic
consentability conditions and consensus protocols for the lin-
ear multiagent systems. Our results reveal that the stochastic
consentability depends on the essential properties of the origi-
nal systems, including (A, B), the graph, the noise intensities,
and the time delay in the deterministic term. In particular, the
second-order integrator system must be mean square and almost
surely consentable regardless of the values of time delays and
noise intensities.

There are still many interesting topics deserving further in-
vestigation. We have not obtained the optimal time delay bound

since it is difficult work to find the necessary and sufficient
condition for the stability of SDDEs. It can be observed that
the consensus analysis with measurement noises and time de-
lays under the general directed graphs is more difficult than the
case under undirected graphs, especially for the linear (includ-
ing second-order) multiagent systems. Moreover, the consensus
analysis of multiagent systems with nonlinear dynamics, switch-
ing topology, time-varying delays, and measurement noises has
not be given. Effort can also be directed to extend our analysis
to the heterogeneous multiagent systems with time delays and
measurement noises.

APPENDIX A
PROOF OF THEOREMS IN SECTION II-A

Lemma A.1: ([41]) For any positive definite matrix P and
positive constant 7, the following inequality holds:

([ ow) ([ )<,

provided that the integrals above are well defined.

Proof of Theorem IL1: Let z(t) = y(t) + A, ftiﬂ y(s)ds.
We choose the degenerate Lyapunov functional (see [25])
V(ye) =Vi(t) +Va(t), where g ={y(t+0): 0¢
[, 00}, Vi) = 2T (0P, Vat) = [7, [, " (6)
AT PA y(0)dOds. Note that the elementary inequality:
2¢7 0Oy < 27 Ox + y" Oy, for any positive definite matrix
O € R"™™ and z,y € R". Using 1t6’s formula and Lemma
A.1, we have

dVi(t) = y* (t)[AT P + PAJy(t)dt + d{(M, PM)(t)

x! (s)Px(s)ds

t
+ 2y (1) AT PA, / y(s)dsdt + dM; (t)
t—7

t
<y (t)S1y(t)dt + / y' (s)AT PAy(s)dsdt
t—71

+d(M, PM)(t) + dM (t) (24)

where S = ATP + PA+ 7 ATPA, (M,PM)(t) ="

i=1
Jo fF (s = )P fily(s — m2))ds, My (t) =2 [y 27 (s)P dM
(s). Then, we get from (24) and condition (2) that dV (y;) <
yT (t)Say(t)dt + F(t — 12)dt + dM (t), where Sy = AT P +
PA+ (ATPA+ AT PA))7, F(t) = y" (t)Dpy(t). Applying
the Itd formula to €7'V (y; ), for any v > 0, we have

[V (y1)] = 7€'V (ye)dt + €' dV (y;)
< eV (y)dt + €' y" (1) Say(t)dt
+ " F(t — 1)dt 4+ e d M (t).

Integrating both parts of the above inequality and taking the
expectations yield

t
&'EV(y) < EV(yo) + E / oy (5)Say(s)ds
0

t t
+ / ve*EV (ys)ds + IE/ e’ F(s—m)ds.  (25)
0 0
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Note that f[f eV F (s —1p)ds < '™ fiz F(s)ds + e fot

€7 F'(s)ds. Then, we get

t
w%wmscwwf/a%fwmmgw
0

t
+ / v EV (ys)ds (26)
0

where  Cy(y) =V (y) + €™ fiz F(s)ds, S;(y) =52+
€’™ Dp. By the definition of the functional V'(y;) and the el-
ementary inequality (z +%)7 Q(x + y) < 227 Qz + 2y” Qy,
z,y € R", Q >0, we have V(y,) < Cy j:iﬂ lly(w)|)?du +
2||P|||ly(s)||*, where Cy = 37;||A1||*||P||. Substituting this
into (26) yields

t
wmmmsaw+/a%f@&wmwm
0
t S
+®/7W/ Elly(u) |2 duds
0 S—T1

t
+4Mw/vaWM@W@. @7)
0

Note that

t s
[ e [ EllPduds
0 S—T1
0

U+T
s/ mmww/ & dsdu

t uU+T1
+/ IE||y(u)H2/ & dsdu
0

u

t
< el +ne™ [ Elyw)Pdu

0
Hence, we get e'EV(y;) < Cs(vy) + fof eV EyT (5)S5(7)
y(s)ds + Cy(y)y fg e Elly(s)||>ds, where C3(v) = Cy () +
Ci(y)yrie’™ ||lol|2 and Cy(y) = Come?™ +2||P||. Let
Sy(y) = S3(y) + vCys(y)I,. Then, it is obtained that

"BV (y) < Cs(7) —I—/O By’ (5)Sy(v)y(s)ds. (28)

Note that S;(0) <O under (3). Therefore, if (3) holds,
then there must exists a ~* >0 such that for any
vy<v*  Si(y)=ATP+ PA+ (ATPA+ ATPA))T +
e’ Dp +~vCy(y)I, <0, which together with (28) implies
Jo7 € By (s)(—S4(7))y(s)ds < C3(v). This also produces
E||y(t)||> < Coe 0!, Under Assumption II.1, the mean square
exponential stability implies the almost sure exponential
stability (see [42]). That is, (4) holds. [ |

Proof of Corollary I1.2: Let o = \/25:1 g? Note that A

is symmetric, then there exists a unitary matrix @ such
that 7 = &' and ®7 A® = diag(rs, A3, - ,A,) =: A with
Amin (A) =41 <+ <Ay = Anax(A4). In view of the trans-
formation, Ty = 24 + ¢*I,, < 0 if and only if 24; + 0* < 0,
i=1,...,d. Letting x(t) = ® 1y(t), then we get dz;(t) =

iwi(t)dt + 320 ojwi(t — m2)dw; (t),i = 1,...,n. Note that

w(t) = 25:1 0jdw;(t)/p is still a scalar Brownian motion.
Then, we can rewrite the equation above as

da;(t) = iz (t)dt + oxi(t — 7o)dw(t), i =1,...,n. (29)

Hence, the trivial solution to SDDE (1) is mean square stable
if and only if (29) is mean square stable, which is equivalent to
that 24, + ¢®> < 0 (see [31]). [ |

APPENDIX B
PROOF OF THEOREMS IN SECTION [I-B

Proof of Lemma IL1: Let A(a) := A—al,. If ATP+
PA—-2aPB(R+B'PB)'B"P+Q=0 has posi-
tive definite solution P >0, then A(a)' P+ PA(a)=
—2a(P7'+ BR!'BT)"! — Q <0, where 2a[P — PB(R +
BT'PB)'BTP] =2a(P~' + BR'BT)"! is used. Hence,
A(«) is Hurwitz, which implies & > max(Re(A(4))). |

Proof of Lemma I1.2: We first prove that the corresponding
discrete-time system is mean square stabilizable with a expo-
nential convergence rate under the given conditions, then we
get the sufficiency by applying the fact [43] that the mean
square exponential stability of the discrete-time models yields
the mean square exponential stability of the continuous-time
models. Consider the following discrete-time linear system:

which can be considered as the Euler—Maruyama approximation
to (7), where A > 0 is time-stepsize and Awy, is the Brownian
increment. Let A = I + AA, Bo = BA. Note that (A, B) is
controllable, then there is a A} > 0 such that for any A < AJ,
(Aa, B) is controllable. It can be proved that

1

lim [1 - ————| /(2A) = AL(A)) = Ag
i |1~ | /28 = 3 Reti (4) = 3
where {1%(A)}; denotes A’s eigenvalue(s) larger than one in
absolute value. Therefore, if 202Ag < 1, then there exista A* <
A} such that for any A € (0,A%), LA >[1— m]
Hence, for any A € (0, A*), the following ARE has a unique
positive definite solution P (see [36]):

AL PAp — %AAﬂ PB(R+ BT PB) 'B'PAA+QA =P

(3D
for R >0 and Q > 0. That is, the choice K = o 2(R+
BTPB)"'BT PA, guarantees the mean square stability of
(30). Note the mean square asymptotical stability and the mean
square exponential stability are equivalent for the linear time-
invariant SDE. By the mean square exponential stability of the
numerical and exact solutions (see [43]), we can see that the
linear system (7) is mean square stabilizable.

Now we show that necessity of conditions that (A, B) is
stabilizable and 2 max(Re(A(A)))o? < 1 for the mean square
stabilization. If (A, B) is unstabilizable, then for any K,
A — BK is not Hurwitz. Let Ax := A — BK. By the matrix
theorem, there exists a complex invertible matrix @ such that
QA Q' = J, Here, J is the Jordan normal form of A, i.e.,
J=diag(Ju, mrs Jusmss s Jpms )y Soe_y i =n, where
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f1, 2, ..., are all the eigenvalues of Ax and J,, ,, is
the corresponding Jordan block of size n; with eigenvalue
. Let Y(t) = Qu(t) and M(t) = 0Q [} BKx(s)dw(s).
Then, we have from (7) that dY (¢t) = JY (¢)dt + dM(t).
Note that Ay is not Hurwitz, then there must exist an
eigenvalue, denoted by p, with the nonnegative real part
(Re(py;) > 0). Considering the kth Jordan block and its
corresponding component ¢, () = [Ck,1(t), ooy Gy (D]F and
M(kv t) - [Mknl(t)’ ) Mkﬂbk (t)] > Where Ck, J( ) Yk ( )
and My ;(t) = My, (t) withk; = S g + j, we have d¢.n,
(t) = pCp.my (t)dt + dMj, , (t), which together with the vari-
ation of constants formula implies g, (t) = e**' (., (0) +
Jy e =) dMj ., (s). Hence, we get K|, (t)]?=
RN (O)]F + E fy et M, ()P > eRoli
[1Ckn, (0)]|2. This is in contradiction with the mean square
stability. Hence, (A, B) must be stabilizable.

By [38, Th. 1], if the linear system (7) is mean square
stabilizable, then there exists a positive definite solution to
(6) with 2a = 02, This together with Lemma II.1 implies
2max(Re(A(A)))o? < 1. u

Proof of Theorem I1.2: The “only if” part has been proved
in Lemma II.1. Hence, we need only prove the “if” part in the
two assertions, respectively.

By Lemma I1.2, we know that the system (7) is mean square
stabilizable. This together with Corollary 4 in [26] can yield the
first “if”” part by letting o = (2a)~'/2.

If B is invertible and o > max(Re(A(A))), we do not
know whether the linear system is mean square stabiliz-
able. Therefore, [26, Corollary 4] cannot be used to prove
the second “if” part. Here, we will develop a matrix ap-
proximate sequence to get the desired assertion. Let I'p :=
ATP + PA—2aPB(R+ BTPB) BT P + Q. Itis easy to
see that R+ BTPB > 0 for P > 0 since R > 0. Note that
A(o) = A — al, is Hurwitz. Then, there exists a ) > 0 such
that A(a)T Py + PyA(a) + Q = 0. We have

Ip, = A(@)T Py + PyA(a) + M(P)) +Q >0  (32)

where M(P) = 2a[P — PB(R+ BTPB)'BTP] = 2a
(P~ + BR'BT)~!. Let P, be fixed, then there exists a P, >
0 satisfying A(a)? P, + P A(a) + Q + M(Py) = 0. We can
see that A(a)T (P, — Py) + (P, — Py)A(a) = —M(Py) <0,
which implies P, > P,. Then, M(P,) > M(F,) and I'p, >
0. Assume that we have obtained P, > P, 1 > --- > Py, i =
0,1,...,k, we now define P;_ | as follows:

A(a)' Pyyy + Poy1A(Q) +Q + M(P) = 0. (33)

Note that M (P;) > M(P;_1), then we have A(a)? (Pyy1—
Pk)+(Pk+1 —Pk)A(a) = —[M(Pk) - M(P;gfl)] < 0, which
implies Pj;; > P. Repeating the same procedure iteratively,
we can find an increasing sequence {P,;}32,. It can be seen that
M(P;) < 2a(BR'BT)~! and then

o0
Pk+1:/ eA
0
o0
S/ et
0

(G)Tt[Q + M(Pk)}e/-l(a)tdt

(@"1Q 4+ 20(BR™'BT) e dt < oo,

Therefore, the exists a P* > Py > 0such that P* = lim; ., P;.
Taking the limit in (33) yields the existence of the positive
definite solution. This together with [44, Th. 4.2] gives that the
positive definite solution to GARE (6) is unique. |

APPENDIX C
PROOF OF THEOREMS IN SECTION IlI

For the linear multiagent systems, we denote 0(t) =
[(Iy — Jn) ® L,]x(t). Let §(t) = [6T (¢),...,0% ()]T, where

%;(t) e R", ¢ =1,..,N. Define the unitary matrix T, =
[\1/—%, @2, ..., On |, Where ¢; is the unit eigenvector of L asso-
ciated with the eigenvalue ;, that is, d)iTE = A; qSZ-T, i =
1, i=2,...,N. Denote ¢ = [¢s,...,on]. Let 6(t) = (I ®
1,)o(t) and 5(t) = [67 (t),...,0% (t)]T, then it can be veri-

fied that 6 (£) = 0. Denote g(t) = [6L (1), ...,
diag(k2,kg, s 7)\,]\]).

Proof of Theorem I11.1: Tt suffices to show that the protocol
(13) with K = k(I,, + BT PB)~! BT P solves the mean square
and almost sure consensus. The consensus problems will be
first transformed into the stability problems of a SDDE, then
Theorems II.1 and I1.2 will be applied to solve the stability
problems, which also solve the consensus problems.

Note that conditions 2) and 3) and the definition of
e imply that A% > 2(AY + €)p, which guarantees that k
and k are well defined for o € (AY,AY +¢). With the
protocol (13), the closed-loop system takes the form

6L ()T and A =

dx(t) = (Iy ® A)a(t)dt — (L ® BK)x(t — 7 )dt + dM, (t),
where M, (1) = >0, SN =1 Gij0uji [318i; ® BK|3(s — 1)
dwyji(s), Sij= [skl]NxN is an N x N matrix with
sii = —aij, S;; = a;; and all other elements being zero, i, j =
1,2,..., N. By the definition of §(t), we have di(t) = (Iy ®
A)S t)dt — (L ® BK)§(t — 71)dt + dMs(t), where M
(8) = 0y X aijous Jy [(Iv = Iv)Sij ® BK] (s —

Ty )dwy i (s). Th1s together with the definition of §(¢) implies

= Ad(t)dt + A 3(t — m)dt + dMs(t)

ds (1) (34)

where A(] = IN,1 ® A, Al =—-A X BK, Mg (t) = Z?:l
Yot aijoni Jy (@7 (In = Jx)Sij9) © BK] 8(s — )
dwy j;(s). This together with the definition of §(¢) yields that
the consensus problems equal to the stability of (34).

Hence, we need to prove 7the stability of (34) un-
der conditions 1)-3). Let P =1y, ® P. Note that
<M3,PM3>(t) Zl 1 Z/ J=1 aljaljz f() S - TQ)[((¢T

(In — Jn) L7¢) (¢T(IN _JN)SLJ¢)) ®KTBTPBK]
(s —m)ds, ¢ (In — In)Si ;¢ = ¢''S; j¢ and that Z” 1
aij (¢ Si ;)" (¢Si;0) = 7N U A. Then, we have

d(M;, PM5)(t) < 325 (t—7)D3(t — m)dt  (35)
where D = 281\ @ (KT BT PBK). We now show that con-
ditions 2) and 3) under K = k(I,, + BT PB)"'BTP im-

ply ATP+ PA+ (AT PA+ AT PA))7 + 62D < 0, where
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A = Ay + A;. Note that this can be guaranteed by
WEP+ PW; + W PWin

2 N-1,
+ | AT+ 24 N o

) K'(B"PB)K <0 (36)
W;=A—-MBK,i=2,...,N. By the elementary inequal-

ity (z49)"Qx+y) <22"Qr+2y" Qy. z,y eR", Q >
0, then W PW; < 2AT PA + 202 K" BT PBK. Substituting
this above into (36) and letting K = k(I,, + BY PB)"' BT P,
we can observe that (36) is assured by

[i:=ATP+PA+2rATPA

— ¢ PB(, +B'PB)'B'"P<0,i=2,...,N (37)

where (; = 2kx; — (2%5’2 + 3AnT1)Aik?. Note that P > 0
is the solution to GARE (11). By condition 3), we can easily get
from (37) that

I; < (2a — ¢)PB(I,, + B'PB)' BT P, (38)

Note that for k € (k, k), 2ac — ¢; < 0. Then, we get from (38)
that I'; < 0. Hence, by TheoremII.1, there existCy > Oandv >
0, E[[8(t)|]* < Coe ", limsup, ., 1 log[lo(t)[| < 3, as.,
which together with the definition of &(¢) implies the mean
square and almost sure consensus. |
Proof of Theorem II1.2: Note that max(Re(A(A4))) < 0.

Then, there exists P > 0 such that AT P + PA = —1I,,. In fact,
P=[> eA"teAtdt. Letting K = kBT P in (34) and applying
1t6’s formula to V() = 5 (t)(In -1 ® P)d(t) yield
18(t)11%)dt

+d(Ms, (Iy 1 @ P)Ms)(t) + dm(t)

< (Iklby — D67 dt + [K[b,[16(t — 1) > dt

+ o (b, p)k? ||5(t — 1p)||2dt + dmi(t)
where —2f0 )(Ix_1 @ P)dMs(s), b, =An
||PBBTP|| a(b,p) = *2 1‘ &b, |BBT P||. Hence, for any
v>0, we have d(e”V( )) < (k|b, — 1)t ||6(¢)|*dt

+ertdm(t) + [blbye? [3(t — )[Pde + 7e V (2)dt + o (b, )
k%e7||§(t — 2)||? dt. Taking expectations, we obtain

dV(t) = (2ks (t)(A® PBBTP)5(t — 1) —

t
CEV(D) < V() + (b, ~ 1) [ BB ds
0
t p—
+|k\bp/ e”S]EHé(s—Tl)HQdS
0
t p—
a(b,p)k2/ CUE|3(s — )| Pds
0

t
+’y/ e"EV(s)ds (39)

0

Note that V(s) < Amax(P)||0(s)||> and for i=1,2,
Jy € EllS(s = 7) [*ds < 7€ supsc(_ o) EIS()II* +

e fot e"*E||6(s)|/*ds. Then from (39), we obtain

t
FEV() < o)+ k) [ BB o)
0

(|klbym1e7™ + o (b, p)k*T9e7™)
SUPse(r o) E[I0(s)]%, h(v) = |klbp =1+ |k[bye™™ +
o(b,p)k*e’™ + Amax(P)y. Note that h(0) = 2|k[b, +
o(b,p)k* —1 <0, and h(y1) > |klb, > 0, where v, satis-
fies kb,e”'™ = 1. These produce that there exists v* >0
such that h(y*) = 0. Therefore, we obtain from (40) that
e 'E|6(t)||* < Co(y*). Note that mean square exponential
stability implies almost sure exponential stability under a linear
growth condition (see [42]). Then, the desired assertions follow.
|

Proof of Theorem I11.3: For  the  general  fi;;, we
can obtain form the definition of §(t) that dd(t) =
[(IN 1® A) (A® BK)]S(t)dt + dM; (t), where ]\/4\3(15) =
Zl 1ZU 1 @ij fo (1) ® BK fiji(x;(s B \5
79))dwy;i(s)].  Note  that  d(t) = [07 (t), ...,5% )7,
dsi(t) = (A= 2 BK)S (t)dt + dMy (1), i=2,...,N,
where My (t) = (nv,; ® I,)Ms(t). In the following, we fix
certain 4, and show that lim;_. E||5; (£)||> > 0 for &;(0) # 0
without the stabilizability condition of (A, B). If (A, B) is
not stabilizable, then for any x # 0 and K, A — kBK is not
Hurwitz. Let « = A; and Axg := A — X; BK. Then, the desired
assertion can be proved by the similar skills used in the proof
of Lemma IL.2. ]

For the 2-D dynamics (including the second-order in-
tegrator systems in Section II-B), we denote x;(t) =
[y; (t),v;(t)]T € R2. Then, we use another variable transfor-
mation. Let y(t) = [y1(t),...,yn (1)]T and v(t) = [v1 (1), ...,
vy (t)]". Denote 6, (t) = (In — Jn)g(t), g =y, v,and §(t) =
[0, (£), 00 ()" Let 6,(t) = [041(t), ..., 0,n (t)]", where
S,i(t) ER, i =1,2,...,N. Let §,(t) = Td,(t) and d,(t) =
[041(£), ..ry 0y (1)]T, T is defined before Proof of Theorem
1.1, then it can be verified that gql (t) =0, ¢ =y, v. Denote
B,(1) = [y (D), o (0] and 3(0) = 3, (0).3, (D]

Proof of Theorem I11.4: 1t is sufficient to show that with-
out the condition Ay > 403 %QQ, the mean square con-
sensus cannot be achieved for any K = [k, ko] € R%. We
first show that for any given K = [k, ko] € R?, the mean
square consensus implies k; > 0, koA — B3Iy 1 > 0. Note that
dv(t) = fklﬁy( )dt — (kQE BIN)v(t)dt + dM(t), where
M(t) =k X0 aign.i Jy 05i(yi(s) = wi(s)) - dwijis) +
ko 27 =1 QijNN i fo 0ji(vj(s) — vi(s))dws;;(s). By the def-
initions of 61, and §, and 7, = 7 = 0, it suffices to examine the
mean square behavior of the following second-order SDE:

dgy (t) - g’u (t)dt
db, (t) = —ki A8, (t)dt + dD, (t)
— (koA = BIy_1)3, (t)dt + AN (1)

where ]}741( )= ki 30 i fo (i) i (8y5(s) — dyi(s))
dwyji(s), My (t) =k 30—y i fy Q(3) 053 (805 () — b

where Co(vy) =V (0) +

— 1) —xi(s —
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dwsji(s) and Q(i) = ¢* (I — Jv)nn,i- Note that the mean
square consensus is equivalent to the mean square stability
of (41). However, the fact is that Brownian motions can
not contribute positively to the mean square stability of the
closed-loop system, that is, the unstable system can not be mean
square stabilized by Brownian motions (see [45]). Hence, in
order for the mean square stability of (41), the deterministic part
must be stable. Hence, in order for the mean square stability of

the SDE (41), the matrix L = ( ISA ” Iy A
- N-1 — k2

Hurwitz, which implies k; > 0 and Los := ko A — BIxy 1 > 0.

Then, based on &y > 0 and Los := koA — BIy_1 > 0, we
will show that the mean square consensus implies there is a
i such that h;(ks) == 8 — kak; + k30> 220 < 0. In fact, we
can choose the energy function as follows:

7T — —
Vi(t) = k18, ()AG, () + [[6, (1)]1*.

Applying the It6 formula to Vi (¢), we have
dVA(t) = — 23, (£)Laad, (£)dt + d(M)(E) + d(ME) (1)

) must be

(42)

+ 28, (£)d[ME () + Moy (1))

where (M1)(t) = k7 327 aij [y Ilbii;(s)[*ds and (My) (1)
= kQ Zz j=1 Gij fo [[b2i; (s )||2d5 buij(t) = ( i)0ji (0y; (t) —
8yi(t)))s baij(t) = Q(1)aji (3 (t) — dui(t)). Notlng that (Iy —
Jx)(Iy — Jy) = Iy — Jy, then we have @ (I)Q(i) =
n%,i(IN —JIN)nNi = % By the properties of undirected

graphs, we have thjs sum-of-squares (SOS) property ([7]):
8g (1)L (1) = § 20—y aijl|64(t) — 04i(t)]|*. Then, we get

> ko 27 Z a;j[|0y; (t)

i,j=1

(43)

(M) (t) > — d,i(t)|[*t

= ok20? N 15T (1A, ()

< (44)

and similarly,

N -1

AN () > 2/€§QZT§T( )AS, (t)dt. (45)

Hence, taking expectations on the both sides of (43) and noting
that (M, )(t) > 0, we obtain
t
EVi(f) > V3 (0) + 2E / 57 (5)h(ks, A3 (s)ds
where h(ky,A) := BIx_1 — ko A + kio? NNlA Hence, if
hi(ko) >0 for all i =1,..., N, then h(ks,A) >0, and we
must have liminf; .o EV;(¢) > V;(0) > 0 for 6(0) # 0. This
is in conflict with the definition of the mean square consensus.
Finally, we show that hi(ks) < 0 for certain i and ko im-
plies Ay > 43 NA? o“. Otherwise, Ay < 4[3 o2, then we
must have h; (k) := 3 — kok; + k302 Lo, 2 0 for all 4 =
2,...,N and ky € R, which is a contradiction. |
Proof of Theorem I11.5: We first transform the consensus
problem into the stability problem of a SDDE having the form
of (1). Then, we use Theorem II.1 to get the stability under the
given conditions by choosing a appropriate matrix P > 0.

1071
Similar to (41), we have
ds, (t) =6, (t)dt
ds,(t) = —k1 A8, (t — 7 )dt + dM; (t) (46)
—szgU (t — T1 )dt + sz (t)

where My(t) =k ZU 1 Qij fu (4) f15i (0y; (s — 7'2)

8yi(s —m2))dwiji(s) and  My(t) =hky 30, ai; [y @
fg(,‘i((sw‘(S — TQ) — 5U2(S — TQ))deJZ( ) Let L =1L+ L1

with
0In_ 0 0
L = .
0 0 —kiA —ko A

Then, we have the following transformed SDDE:

Ly =

dé(t) = Lod(t)dt + Lio(t — 71)dt + dM;z(t) + dMy ()
47
where Mg( ) = ]{71 Zz = 1(1” f() th Tg)dwlji(s)7
My (t) = ko 3205y aij Jy Baij(s — 7a)dwai(s), Buyj (t) =
[0, b14; (1], biij (t) = Q(4) fr5i (3,5 (t) — 6,i(t))),
Byij(t) = [0,b2ij ()", baiji(t) = Q(4) f2ji (0 (t) — ui(t)).

Hence, in the following, we need to prove the mean square and
almost sure stability of SDDE (47).
To apply Theorem II.1, we choose

A OIy_
p=| M TN (48)
OIn 1 Iy
with 1,0 >0 to be designed. In fact, we need

0% < uky to guarantee the positive definiteness of P.
Let @1( ) <M3,PM3>( ), @2(75) = <M4,PM4>(t), and
Ms4(t) = M3(t) + My(t). By the properties of the sum-of-
squares (SOS) property ([7]), the similar estimations as (44)
and (45), and Assumption II1.2, we get

N

A0 (t) = ki Y aij|buij(t — 7

i,j=1

< 2/4%5?%5T (t —T9)A, (t — 72)dt

)|t

and similarly, d©,(t) < szUgf\ L3 (¢ — ) A8, (t — 7)dt.
Hence, d{Msy, PM34)(t) < 5 (t — 72)US(t — 12)dt, where
kot AA 0

U=2
0 k3o3 A

By Theorem II.1, the mean square and almost sure stabil-
ity of (47) can be assured by S := LT P+ PL + (L" PL +
LTPLy)7 + U < 0. Itis easy to see

72k19A (M — kl — OkQ)A

L'P+PL=
(,u — k‘l — 9]4)2)1\ 2(9[]\[_1 — ]4}2/\)

and LT PL+ LT PL, =
[ 2k2 A2

2k ko A% —

2k1 ko A% — k1 OA
k1OA (11— koO)A — koOA + 2k3 A2
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Let it = k1 + kof + k16071 Note that

0 2k kaA2
2y ky A? 0

22A% 0
<
= 0 2kA?

Therefore, we have

S <

S11 (9) 0
0 S99 (9)

where s11(0) = =2k 0A +4k3A* 1y + 2kF LG A, 599(0) =
2(01]\771 — kgA) (M kg )ATl — k26‘Aﬁ -+ 4k2A2T1 —+
2k353 2L A. Then, we need s11(6) < 0 and s95(6) < 0. It is
easy to verify that 6 > 60y := 2Ayk 7 + ki 25167 implies

koo (1-ky o5 Mgh) —(kido +4k305 )71
s11 <0, and 0 < 0 = 2222k 2+k1)xv(7§2 S L

plies s92(0) < 0. Note that condition (18) guarantees ; < 6s,
and then s11(0) < 0 and s92(0) < 0 for 6 € (6;,02).

We now show that the choice p = ky + k20 + k1071 with
0 € (6;,0,) can still guarantee the matrix P to be positive def-
inite. From 62 < puis and p = ky + 0ky + k1071, it is enough
to show that for 6 € (91,92),92 — 9)\2(]62 + lel) — k1he < 0.
This can be guaranteed under the condition 0 < 6 < 6%, where

9*: )\.Q(kz“l_lel)“F\/)\%(k2+k1T1)2+4k1)\.2:|/2. (49)

It is easy to see that 0 < 0*. That is, for any 6 € (0,,6,),
we have P > 0 and S < 0. Hence, from Theorem II.1 and the
definition of §(t), the mean square and almost sure consensus
follow. |

Proof of Theorem I11.6: The sufficiency follows directly
from Theorem III.5. Note that condition (20) contains three
parts: 1) k; > 0,ky > 0; 2) The choice of ky should satisfy
1-— k202 N—1 - 0; 3) Based on the choice of ks, k; must obey
kot N < koiy — k33 2L, The proof will be given ac-
cordmg to the three cases.

We first show that the necessity of k1 > 0,ky > 0 for the
mean square consensus. Similarly to (41), in order for the mean
square stability of (47), the matrix L must be Hurwitz, which
implies k1 > 0 and k2 > 0. Then, we examine the necessity of
1 — kyo3 %=L > 0. By the definitions of 6, (¢) and &, (t) given
by (46) and the Itd formula to V; (¢) given by (42), we have

dVi(t) = —2ks8, ()AS, (t)dt + d(M)(1) + d(Ma) (1)

+ 25, (¢)d[M, (t) + Mo (1) (50)
where (M1)(t) = k7 320 aij [y Ilbiij(s)|*ds and (My) (1)
= kYN =1 Qi fo |27 (s)||*ds. Using the similar estimations
of (44) and (45) and Assumption II1.3, we can obtain

N —1-

3, (AT, ()t

d{My)(t) > 2kio? (51)

and
(52)

d(Ms)(t) > 2kia QNT(S (t)AS, (t)dt

Hence, integrating and taking expectations on the both sides of

(50) yield
¢
1) IE/ SLT,(S)AE (s)ds
0

since (M;)(t) >0 and (Ms)(t) > 0. Therefore, if 1 — ko
03871 <0, we must have lim inf, .o EV; (t) > V4 (0) > 0 for
0(0) # 0. This together with the definitions of §(¢) and the
mean square consensus gives the necessity of the condition
1-— ]ﬂgO’ L>0.
Fmally, we prove the necessity of kijof&d < kody —

k303 2L, We choose the Lyapunov function

N —
EVi(t) > Vi(0)—2k; (1—1@03

Va(t) =3 (t)P3(t)

where P is defined by (48). Applying the It6 formula to Va(t)
with §(t) being defined by (47), and combining (51) and (52),
we can get

(53)

EV(t) > Va(0) + 2Ry (11, O)E tEyT(s)A&, (s)ds

0
+2E| /0 30 (s)Hy (0)3, (s)ds + /O 50 (s)H3(0)3, (s)ds]
(54)

where hl (,LL,Q) on— k‘l — ng,ﬁz(ﬁ) kla%N 1A k‘19A
and H3(0) = 01y, — koA + k303 ¥ 1A Note that koly —
k3o3 A Ay > 0, which is proved above. Let 0 := koy —
k3038t (> 0) and 0y = kiof 52 A 0, where 67 is de-
fined in (49) with 7 = 0. It is easy to see that 6* > 6;.
If kla L < kohny — k%gg% fails, we would have that
for any 00 € [01,0:], Hy(6y) >0 and Hj(6y) > 0. Let p =
k1 + k26, which together with ) < 6" gives P > 0. Then, itis
easy to deduce from (54) that lim inf; . EV5(¢) > V5(0) > 0
for (0) # 0, which is in conflict with the definition of the mean
square consensus. That is, condition (20) is necessary and the
proof is completed. ]
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