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CONSENSUS CONDITIONS OF CONTINUOUS-TIME
MULTI-AGENT SYSTEMS WITH ADDITIVE AND
MULTIPLICATIVE MEASUREMENT NOISES*
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Abstract. This work is concerned with the consensus problem of multi-agent systems with
additive and multiplicative measurement noises. By developing general stochastic stability lemmas
for nonautonomous stochastic differential equations, stochastic weak and strong consensus condi-
tions are investigated under fixed and time-varying topologies, respectively. For the case with fixed
topologies and additive noises, the necessary and sufficient conditions for almost sure strong consen-
sus are given. It is revealed that almost sure strong consensus and mean square strong consensus
are equivalent under general digraphs, and almost sure weak consensus implies mean square weak
consensus under undirected graphs; if multiplicative noises appear, then small noise intensities do
not affect the control gain to guarantee stochastic strong consensus. For the case with time-varying
topologies, sufficient consensus conditions are given under the periodically connected condition of
the topology flow.
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1. Introduction. Consensus is a typical collective behavior and has a wide
range of applications that involve coordination of multiple entities with only limited
neighborhood information to reach a global goal for the entire team, such as multi-
agent systems in robotics [15], flocking behavior and swarms [26, 29], and sensor
networks [1, 17, 33]. Related algorithms and theoretical developments were reported
in [6, 36, 37, 39, 40, 46]. Since real networks are often in uncertain environments,
and each agent cannot measure its neighbors’ states accurately, multi-agent systems
subject to the phenomenon of stochasticity have been a topic of increasing investi-
gation in recent years (see [2, 7, 18, 19, 25, 32, 47] and the references therein). The
stochasticity is often modeled to be additive or multiplicative noises, and then the
overall system becomes a stochastic system. For such stochastic systems, the con-
vergence analysis shows more complexity and involves various convergence concepts

*Received by the editors May 4, 2015; accepted for publication (in revised form) June 13, 2017;
published electronically January 2, 2018. Partial results of this paper were presented at the 54th
IEEE Conference on Decision and Control, Osaka, Japan, 2015.

http://www.siam.org/journals/sicon/56-1/M101977.html

Funding: This work was supported by the National Natural Science Foundation of China under
grant 61522310, the Shu Guang project of Shanghai Municipal Education Commission and Shanghai
Education Development Foundation under grant 17SG26, the Fundamental Research Funds for the
Central Universities, China University of Geosciences (Wuhan) under project CUG170610, and the
National Key Basic Research Program of China (973 Program) under grant 2014CB845301.

tSchool of Automation, China University of Geosciences, Wuhan 430074, China, and Hubei Key
Laboratory of Advanced Control and Intelligent Automation for Complex Systems, Wuhan 430074,
China (xfzong87816Qgmail.com).

fCorresponding author. Shanghai Key Laboratory of Pure Mathematics and Mathematical Prac-
tice, Department of Mathematics, East China Normal University, Shanghai 200241, China (tli@math.
ecnu.edu.cn).

$Key Laboratory of Systems and Control, Institute of Systems Science, Academy of Mathematics
and Systems Science, Chinese Academy of Sciences, Beijing 100190, China, and School of Mathe-
matical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China (jif@iss.ac.cn).

19


http://www.siam.org/journals/sicon/56-1/M101977.html
mailto:xfzong87816@gmail.com
mailto:tli@math.ecnu.edu.cn
mailto:tli@math.ecnu.edu.cn
mailto:jif@iss.ac.cn

20 XIAOFENG ZONG, TAO LI, AND JI-FENG ZHANG

(see [28, 48]). The mean square convergence and the almost sure convergence are
two very important convergence concepts and refer to mean square consensus and al-
most sure consensus, respectively, in the stochastic consensus problem of multi-agent
systems. To date, much literature has contributed to the stochastic consensus prob-
lem with additive measurement noises, where the intensity of noise is independent
of agents’ states. For discrete-time models, the distributed stochastic approxima-
tion method was introduced to attenuate the impact of communication/measurement
noises, and conditions were given for stochastic consensus. For the case with inde-
pendent channel noises, Huang and Manton [13] investigated the decreasing control
gains for mean square and almost sure consensus under fixed topologies. For the
case with martingale difference-type noises, Li and Zhang [22] gave the necessary
conditions and sufficient conditions for mean square and almost sure consensus under
both fixed and time-varying balanced topologies, respectively. This was extended to
the case with more general observation noises in Fang, Chen, and Wen [10]. Huang
and colleagues [12, 14] considered almost sure and mean square consensus under ran-
domly switching digraphs. Xu, Zhang, and Xie [45] examined the almost sure conver-
gence rates for stochastic approximation methods under fixed topologies. Aysal and
Barner [5] considered the general discrete-time consensus models and gave sufficient
conditions for almost sure consensus. For continuous-time models, Li and Zhang [21]
gave the necessary and sufficient conditions on the control gain to ensure mean square
strong consensus under balanced digraphs. For the case with linear dynamics with
absolute state feedback, Cheng, Hou, and Tan [9] studied mean square strong consen-
sus conditions. Wang and Zhang [42] investigated the sufficient conditions for almost
sure strong consensus. Tang and Li [41] gave the relationship between mean square
and almost sure convergence rates of the consensus error and a representative class
of consensus gains. Recently, some researchers have also paid attention to the case
with multiplicative noises, where the intensity of noise depends on agents’ states. Ni
and Li [31] investigated the consensus problems of the continuous-time systems with
multiplicative noises, where the noise intensities are proportional to the absolute value
of the relative states of agents and their neighbors. Then this work was extended to
the discrete-time version in [27]. Li, Wu, and Zhang [19, 20] studied the distributed
consensus with the general multiplicative noises and developed some small consensus
gain theorems to give sufficient conditions for mean square and almost sure consensus
under undirected topologies.

Most of the above works deal with the consensus problem with additive and
multiplicative measurement noises separately. When the two types of noises coexist,
the continuous-time consensus problem has not been considered before. In fact, even
for the case with only additive noises, there is no unified result under general digraphs,
and some basic problems still remain open, for example, the necessary and sufficient
conditions for almost sure strong consensus, the relationship between mean square
and almost sure strong consensus, and the necessary and sufficient conditions for
mean square and almost sure weak consensus. Moreover, for the case with time-
varying topologies, little is known about the consensus conditions if the digraph is
not strongly connected all the time.

In reference to the existing literature, this paper furthers our recent quest [19,
21, 41] on continuous-time stochastic consensus by developing unified tools under
directed networks and different types of noises. Based on the matrix theory and
the algebraic graph theory, by utilizing the variable transformation, the closed-loop
system is transformed into a nonautonomous stochastic differential equation (SDE)
driven by additive or compound noises. There is no existing result to deal with the
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stochastic stability of such SDEs. To this end, we first develop some useful stability
criteria, which involve sufficient conditions and necessary conditions, for the stability
of nonautonomous SDEs with additive noises. The criteria show a powerful ability
in examining the consensus conditions. Then similar analysis tools are developed for
the cases with compound noises and time-varying topologies. The contribution and
findings of this work are summarized as follows.

(a) Networks with fixed topologies.

(i) Additive noises case: (i-1) Stochastic stability is established for the
nonautonomous SDEs with additive noises. By the matrix theorem
and the semidecoupled methods, we develop the necessary conditions
and sufficient conditions for the mean square asymptotic stability. By
the semimartingale convergence theorem, the law of the iterated loga-
rithm for martingales, and the variation of constants formula, we es-
tablish the necessary conditions and sufficient conditions for the almost
sure asymptotic stability. (i-2) By the conditions for the mean square
asymptotic stability, we prove that the sufficient conditions on control
gain c(t) to guarantee mean square weak consensus are [ c(t)dt = oo
and lim;_, fot e 22 JJ e(u)du g2 (s)ds = 0, and that the necessary condi-
tions are [ ¢(t)dt = oo and lim;_, fg e~ M I e(wduc2(g)ds = 0, where
A and A are the minimum and maximum real parts of the eigenval-
ues of the Laplacian matrix, respectively. (i-3) By the conditions for
the almost sure asymptotic stability, we get that fooo c(t)dt = oo and
fooo c*(s)ds < oo are the necessary and sufficient conditions for almost
sure strong consensus, and we show that almost sure weak consensus
can be achieved if [ ¢(t)ds = oo and limy_,o c(t) log fg c(s) ds = 0,
and only if [ c(t)ds = co and liminf;_, c(t)log fot c(s)ds = 0 for the
case with undirected graphs. We also reveal that almost sure consen-
sus and mean square strong consensus are equivalent, and for the case
with undirected graphs, almost sure weak consensus implies mean square
weak consensus.

(ii) Compound noises case: We develop necessary conditions and sufficient
conditions for mean square weak and strong consensus, and sufficient
conditions for almost sure strong consensus. It is revealed that multi-
plicative noises with small noise intensities do not affect mean square
and almost sure strong consensus.

(b) Networks with time-varying balanced topologies and the frequent connectivity
condition.

(i) Additive noises case: We introduce some sufficient conditions on control
gain ¢(t) for guaranteeing mean square weak consensus, and we show
that mean square and almost sure strong consensus can be achieved if
S50 JI T e(u)du = oo and Jo° A(s)ds < oo, where {7;}32, is the
sequencej of switching time instants of the graph flow, and {7;, }?2, C
{7:}52, are the time instants when the digraphs are strongly connected.

(ii) Compound noises case: We obtain sufficient conditions on the control
gain for mean square weak consensus and show that 7 f:f{“ c(u)du

J

)
= oo and fo c*(s)ds < oo can guarantee mean square and almost sure
strong consensus if the upper bound & of multiplicative noise intensities
is so small that 62 < ———~— where N is the number of agents.
(N-1) Sup;>g c(t)
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The rest of the paper is organized as follows. First, the networked system and
consensus problem are introduced in section 2. Section 3 presents a stochastic consen-
sus theorem for multi-agent systems with fixed topologies, containing two subsections
for the cases with additive noises and compound noises, respectively. Section 4 ex-
tends our study to the case with time-varying topologies. Section 5 introduces the
simulations to demonstrate the theoretical analysis. Section 6 concludes the paper.

Notation. Throughout this paper, unless otherwise specified, we use the following
notation. For any complex number A, Re(A) and Im(A) denote its real part and
imaginary part, respectively. 1, denotes the n-dimensional column vector with all
ones. 7y, denotes the N-dimensional column vector with the ith element being 1
and others being zero. Iy denotes the N-dimensional identity matrix. For a given
matrix or vector A, its transpose is denoted by AT, and its Euclidean norm is denoted
by ||Al|. The eigenvalues of the matrix A € RV*¥ are denoted by {A1(A),...,An(A4)}.
If A€ RVXN is a real symmetric matrix, its eigenvalues are arranged as Apin(A4) =
AM(A) < Ma(4) < --- < An(A) = Anax(A). For two matrices A and B, A ® B
denotes their Kronecker product. Let (€2, F,P) be a complete probability space with
a filtration {F; },>¢ satisfying the usual conditions; namely, it is right continuous and
increasing, while Fy contains all P-null sets. For a given random variable or vector X,
its mathematical expectation is denoted by EX. For a continuous martingale M (t),
its quadratic variation is denoted by (M)(t) (see [38]).

2. Problem formulation. We consider the consensus control for a network of
agents with the dynamics

(2.1) i) =ui(t), i=1,2,....N, t>0,

where z;(t) € R™ and u;(t) € R™ denote the state and the control input of the ith
agent, respectively. Here, each agent has n control channels, and each component
of x;(t) is controlled by a control channel. Denote z(t) = [z (¢),...,2%(t)]T and
u(t) = Wi (t),...,uk(t)]T. Theinformation flow structures among different agents are
modeled as a directed graph (digraph) G(¢) = {V,£(t), A(t)}, where V ={1,2,..., N}
is the set of nodes with ¢ representing the ith agent, £(¢) denotes the set of directed
edges, and A(t) = [a;;(t)] € RV*Y is the adjacency matrix of G(¢) with element
a;j(t) = 1 or 0 indicating whether or not there is an information flow from agent j to
agent 7 directly at time ¢t. Also, N;(G(¢)) denotes the set of the node i’s neighbors;
that is, for j € N;(G(t)), ai;(t) = 1. And deg;(t) = Zjvzl a;j(t) is called the degree
of i at time ¢. The Laplacian matrix of G(t) is defined as L(t) = D(t) — A(t), where
D(t) = diag(deg; (¢t),...,degy(t)). If G(¢) is balanced, then E(t) = M is the
Laplacian matrix of the mirror graph G(t) of G(t) [35].

In real multi-agent networks, for each agent, the information from its neighbors
may have different types of communication/measurement noises. Hence, we consider
that the measurements of relative states by agent ¢ have the following form:

(2.2) zji(t) = zj(t) — zi(t) + 1nojiaji(t) + fiilz;(t) — 24(t))&25i (1),

where j € N;(G(t)), &;i(t) € R, I = 1,2, denote the measurement noises, o;; > 0,
and f;;(-) is a mapping from R™ to R"™. We assume that the measurement noises are
independent Gaussian white noises.

ASSUMPTION 2.1. The noise process §;;(t) satisfies fot &yi(s)ds = wy(t), t >
0, i,j =1,2,...,N, I = 1,2, where {w;;;(t), ¢,j =1,2,...,N, I = 1,2} are scalar
independent Brownian motions.
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Also assume that the noise intensity f;;(-) is Lipschitz continuous.

ASSUMPTION 2.2. f;;(0) =0,4,5=1,2,..., N, and there exists a constant & > 0
such that for any x,y € R",

(2.3) 1f5i(@) = fr@l < allz =yl 45=1,2,....N.

Remark 2.3. Distributed consensus problems with additive and multiplicative
noises for continuous-time models were studied, respectively, in [21] and [19], where
the measurements of x;(t) — x;(t) have the forms z;;(t) = x;(t) — ;(t) + 1,0;:&15:(t)
and z;;(t) = x;(t) — x;(t) + fji(x;(t) — xi(t))&25:(t). The case with compound noises
is motivated by the demand in applications. In many real models, the measurement
by multiple sensors is often disturbed by both additive and multiplicative noises in
multisensor multirate systems [11, Chapter 16]. The measurement model with com-
pound noises was also proposed in [43, 44]. In those papers, the consensus algorithm
was proposed with the constant control gain, and mean square weak consensus was
achieved by assuming zero additive noises. Different from [43, 44], here time-varying
control gains are used to attenuate the additive measurement noises, and sufficient
conditions and necessary conditions for the stochastic (mean square and almost sure)
weak and strong consensus will be established for continuous-time algorithms. Our
methods and results can also be applied to the discrete-time models.

We introduce the following definitions to describe the stochastic consensus on the
protocol u(t) for the system (2.1).

DEFINITION 2.4. A distributed protocol u is called a mean square weak consen-
sus protocol if it results in the systems (2.1) and (2.2) having the following property:
for any given z(0) € RN™ and all distinct i,j € V, limy_ oo Ellz;(t) — 2;(t)]|* =
0. If, in addition, there is a random vector x* € R™, such that E|z*|?> < oo
and limy_o0 E||lz;(t) — 2*||> = 0, i = 1,2,...,N, then u is called a mean square
strong consensus protocol. Particularly, if Ex* = %Z;\Izl x;(0), then u is called
an asymptotically unbiased mean square average consensus (AUMSAC) protocol, and

Ellz* — & ;.Vzl z;(0)||? is called the mean square steady-state error.

DEFINITION 2.5. A distributed protocol u is called an almost sure weak consensus
protocol if it results in the systems (2.1) and (2.2) having the following property: for
any given x(0) € RN™ and all distinct i,j € V, limy_, ||2i(t) — z;(t)] = 0, a.s.
If, in addition, there is a random wvector x* € R™, such that P{||z*|| < oo} =1
and limy_,o0 ||2;(t) — 2*|| = 0, a.s., i = 1,2,..., N, then u is called an almost sure
strong consensus protocol. Particularly, if Ex* = ﬁ Zjvzl x;(0), then u is called an
asymptotically unbiased almost sure average consensus (AUASAC) protocol.

It is obvious that mean square (or almost sure) strong consensus implies mean
square (or almost sure) weak consensus. The weak consensus aims to describe the
generalized asymptotic behavior of the agents, and implies that all agents will get
together but may not converge to a finite value (or random variable). For the strong
consensus, all the states must converge to a common value, which may depend on
the initial values, the noises, and the consensus algorithm. The average consensus
is the special case of the strong consensus and means that the state of each agent
converges to the average of initial states, which is usually investigated under balanced
digraphs [34].

Note that the additive noises are included in the measurement (2.2), and then
the fixed control gain fails to solve the consensus problems. In order to attenuate the
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effects of additive noises as ¢ — co, we use the following stochastic consensus protocol:
N
(2.4) wi(t) = c(t) Y ai;(t)zi(t), i=1,2,...,N,
j=1

where the time-varying control gain ¢(t) : [0,00) — [0,00) is a continuous function.
The central issue of stochastic consensus lies in how to choose the control gain c¢(t)
for guaranteeing mean square or almost sure consensus. There are many works on the
choice of control gain ¢(¢) for multi-agent systems with additive noises, such as [21, 22]
and [24], where the following conditions on the control gain ¢(t) were addressed for
stochastic strong consensus:

(C1) [;7 c(t)dt = oco.

(C2) [,° A(t)dt < oo.

(C3) limy oo c(t) = 0.

It will be revealed that (C2) is not a necessary condition for the stochastic weak

consensus, and some new conditions on the control gain ¢(¢) will be proposed.

3. Networks with fixed topologies. In this section, we consider the consensus
problem with additive noises and the fixed topology, i.e., G(t) = G. The other notation
related to the topology will also be given in the simplified form free of the time ¢ and
the topology G(t); for example, a;;(t) will be denoted by a;; for short.

It is well known that the existence of a spanning tree is a minimum requirement
for the deterministic consensus and the mean square strong consensus under the fixed
topology [21, 42]. Hence, the following assumption will be examined.

ASSUMPTION 3.1. The digraph G contains a spanning tree.

We first develop an auxiliary lemma, which generalizes Lemma 4 in [14]. The
proof is given in Appendix A.

LEMMA 3.2. For the Laplacian matriz L, we have the following assertions:
1. There exists a probability measure w such that 7L =0. _
2. There exists a matriz Q € RN*N=1) gych that the matriz Q = (iNlN, Q) €

o
RNXN s nonsingular and

(3.1) o =(%5 ) awe-(y )

where Q € RV-DXN e RIN=-DX(N=1) " 4nd 1 is the left eigenvector of L
g T 1, T1. _
with v L—Oand\/ﬁy 1y =1. B
3. Assumption 3.1 holds if and only if all the eigenvalues of L have positive real
parts. Moreover, if Assumption 3.1 holds, then the probability measure 7 is
unique and v = V/Nr.
Especially, if the digraph is balanced, then m = %IN, and Q) can be constructed as an

orthogonal matriz with the form Q = (ﬁlm @) and the inverse of Q) is represented
in the form

Q—lz [ \/16%;% }
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3.1. Stochastic consensus under additive noises.

3.1.1. Stochastic stability. By Lemma 3.2, the consensus problem will come
down to the mean square and the almost sure asymptotic stability analysis of the
SDE with the following form:

d
(3.2) dX(t) = —c1 () DX (t)dt + Y _ oico(t)dw;(t), X (0) € R™,
i=1
where D € R™* ™ o, = [0y1,...,0im]|T, m and d are integers, o; # 0 for some

i, c1(t),ca(t) : [0,00) — [0,00) are continuous functions, and {w;(t)}¢_, are scalar
independent Brownian motions. To facilitate the consensus analysis, here we develop
the stability criteria of the solution to (3.2) with the proofs given in Appendix A.

Let A = min;<;<m,m Re(A;(D)) and A = maxj<;<m Re(A;(D)). We first give the
mean square asymptotic stability of the solution to (3.2).

LEMMA 3.3. The SDE (3.2) is mean square asymptotically stable, that is, lim;_,
E||X (t)||* = 0 for any initial value X (0), if every eigenvalue of D has strictly positive
real part, fooo c1(s)ds = 00, and limy_, o, fot e 22 JS er(wduc2(g)ds = 0, and only if every
eigenvalue of D has strictly positive real part, fooo c1(s)ds = 0o, and

t

A e M T et (s)ds = 0.

For the almost sure stability, we have the following lemma.

LEMMA 3.4. The SDE (3.2) is almost surely asymptotically stable, that is, lim;_, oo
X(t) = 0, a.s., for any initial value X(0), if every eigenvalue of D has strictly
positive real part, [ ci(s)ds = oo, and [;* 3(s)ds < oo (or [;°ci(s)ds = oo
and limy_, o, c3(t) log fot ci(s)ds/ci(t) = 0), and only if [;~ ci(s)ds = oo and ev-
ery eigenvalue of D has strictly positive real part. Especially, if all the eigenvalues
of the matriz D are real, then the SDE (3.2) is almost surely asymptotically sta-
ble only if all the eigenvalues of the matriz D are positive, fooo c1(s)ds = oo, and

lim infy o c3(t) log fot c1(s)ds/ei(t) = 0.

Remark 3.5. In the previous literature, there are many results on the mean square
and almost sure asymptotic stability of SDEs (see [3, 4, 8, 28, 48] and the references
therein). For the mean square asymptotical stability, almost all existing stability re-
sults are based on the multiplicative noises, and the necessary and sufficient conditions
for the linear multidimensional SDEs with additive noises have not been established.
For the almost sure asymptotic stability, the works [3, 4, 8] introduced the necessary
conditions and sufficient conditions of almost sure asymptotic stability for SDEs with
additive noises. But, they focused on the scalar SDEs with time-invariant drift terms
and cannot be used to examine (3.2). Motivated by the above works, in Lemmas
3.3 and 3.4, we develop mean square and almost sure asymptotic stability conditions
for n-dimensional and nonautonomous SDEs that can be used to solve mean square
and almost sure consensus problems of multi-agent systems with additive noises and
time-varying noise intensities.

3.1.2. Mean square weak consensus. The necessary and sufficient conditions
of mean square strong consensus are now clear; see [21, 42]. Here, we concentrate on
mean square weak consensus and introduce two new conditions on the control gain

c(t):
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(C4) limy o0 fy e 2200 e(Wduc2(5)ds = 0, where A = ming<;<n Re(\i(L£)).
(C4") lims—, oo fot e 2 I ewduc2(g)ds = 0, where X = maxa<;<n Re(A;(L)).

THEOREM 3.6. Suppose that Assumption 2.1 holds and f;;(x) =0, i,j € V. Then

the protocol (2.4) is a mean square weak consensus protocol if Assumption 3.1, (C1),
and (C4) hold, and only if Assumption 3.1, (C1), and (C4’) hold.

Proof. Substituting the protocol (2.4) into the system (2.1) and using Assumption
2.1 produce

N
i,5=1

Let v be defined as in Lemma 3.2, and let Jy = ﬁlNl/T. Noting that L1y = 0 and

vIL =0, then (In — JJN)L =L =L(Ix— Jy). Let §(t) = [(In — In) @ I,]x(t); then
we have

N
ds(t) = —c(t)(L ® L,)3(t)dt + c(t) > aioji((In — Jn)nn @ Ln)dwiji(t).

4,j=1

Define 0(t) = (Q' @ 1,)8(t) = [67 (t),..., 0K (1)]T and 8(t) = [63 (¢),..., 0K (1)

By the definition of Q~! given in Lemma 3.2, we have §;(t) = (v ® I,)6(t) =
(Z/T(IN — JN) X In)l‘(t) =0 and

N
(34) dd(t) = —c(t)(L ® I,)d(t)dt + c(t) Z a5 (QUIN — IN)IN;i @ 1n)dwii(t),
ij=1

where @ is defined in Lemma 3.2. Note that §;(t) = z; — ﬁzgzl vprE(t) =
ﬁ foﬂ v (x; — k). It can be seen that if the protocol (2.4) is a mean square weak
consensus protocol, then the solution to SDE (3.4) must be mean square asymptoti-
cally stable. Note that Assumption 3.1 holds if and only if all the eigenvalues of L have
positive real parts (Lemma 3.2). Letting ¢;(t) = c2(t) and applying Lemma 3.3 to the
SDE (3.4) produce the necessity of Assumption 3.1, (C1), and (C4’) immediately.
Assume now that Assumption 3.1 and conditions (C1) and (C4) hold and let
v = /N7, where 7 is the unique probability measure satisfying 77 £ = 0. Hence,
applying Lemma 3.3 yields the mean square asymptotic stability of the SDE (3.4),
which also produces lim;_, E[[6()[|? = 0 for any initial value x(0). Note that
8i(t) = x; — Zi\;l mrwg(t), i = 1,...,N; then for i # j, limy_ oo Ellz;(t) — 2:(2))? <
21imy o0 B2 (£) — Sony maar (£)]12 4 2limy o0 Bz (t) — SO0, s (t)||> = 0. That
is, mean square weak consensus follows, and the sufficiency is obtained. 0

The following corollary argues the relationship between conditions (C1)—(C4) and
mean square weak consensus.

COROLLARY 3.7. Suppose that Assumption 2.1 holds and f;;(x) =0, i,j € V.
Then the protocol (2.4) is a mean square weak consensus protocol if Assumption 3.1,
(C1), and (C3) hold. Especially, if c(t) is a decreasing function, then the protocol
(2.4) is a mean square weak consensus protocol if and only if Assumption 3.1, (C1),
and (C3) hold.
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Proof. By (C1), (C3), and I'Hépital’s rule, we have

tlggo Ot exp { - )\/St c(u)du}cZ(s)ds
. fot exp {A [ c(u)du}c?(s)ds
t—oo exp { A fot c(u)du}
:% lim c(t) =0 V> 0.

t—o00

Then (C3) under (C1) implies (C4). By Theorem 3.6, the desired mean square weak
consensus follows.

Assume that ¢(t) is a decreasing function. We need only prove the “only if” part.
If the protocol (2.4) is a mean square weak consensus protocol, by Theorem 3.6, we
obtain that Assumption 3.1 and conditions (C1) and (C4’) hold. Note that c(t) is a
decreasing function; then for any A > 0,

t t
/ =22 IK C(u)duc2(8)d8 > C(t)eiw‘ Iy C(u)du/ 22X o c(u)duc(s)ds
0 0

_

o (1 _ 6—2)\ fof c(u)du)’

which implies ¢(t) < 2 fot e=2M Jl e(w)duc2(g)qg(1 — =X Jg e(wdu) =1 apd tends to zero
as t — oco. Hence, (C4’) under (C1) also implies (C3) if ¢(t) is a decreasing function,
and then the necessity follows. |

Remark 3.8. Tt was shown in [21] that the necessary and sufficient conditions of
mean square strong consensus are (C1) and (C2). Since mean square strong consensus
implies mean square weak consensus and Theorem 3.6 shows that mean square weak
consensus implies (C4’), one may wonder whether the condition (C4’) conflicts with
(C2). In fact, they are not contradictory, and (C2) under (C1) implies (C4’) (see [21]).

3.1.3. Almost sure strong and weak consensus. Compared with the anal-
ysis of mean square consensus, almost sure consensus is more difficult. This difficulty
stems from the almost sure asymptotic stability theory of SDEs. Only a few efforts
have been made in the analysis of almost sure consensus; see [13, 22] for discrete-time
systems and [25, 42] for continuous-time models, which showed that (C1) and (C2)
are the sufficient conditions for almost sure strong consensus. We first prove that
(C1) and (C2) are also necessary for almost sure strong consensus.

THEOREM 3.9. Suppose that Assumption 2.1 holds and fj;(x) =0, 4,j € V. Then

the protocol (2.4) is an almost sure strong consensus protocol if and only if Assumption
3.1, (C1), and (C2) hold.

Proof. The sufficiency follows from [42], and the necessity is proved as follows.
If the protocol (2.4) is an almost sure strong consensus protocol, then we have
lim; o [|0(2)]| = 0, a.s., where 0(t) is defined by (3.4). Note that Assumption 3.1 is
equivalent to assuming that all the eigenvalues of L have positive real parts (Lemma
3.2). Then by Lemma 3.4, we have that Assumption 3.1 and condition (C1) hold.
Then we argue the necessity of (C2). By the property of the matrix £ and (3.3), we
have

(3.5) (7" ® Lp)a(t) = (17 @ 1)z (0) + M(t),
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where M (t) = Z?fj:l aijoji [3 e(s) TN, ©1,]dwiji(s). It is evident that the almost
sure strong consensus implies that (77 ® I,,)z(t) converges almost surely to a random
variable. Note that (77 ®I,,)z(t) converges almost surely if and only if the limit of the
continuous local martingale M (t) exists almost surely, denoted by M (o). But this is
also equivalent to limtﬂooﬂ\;[)(t) < 00, a.s. (see [38, Proposition 1.8]). Note also that
(M)(t) = nzw | Q3057 fo (see [38, Theorem 1.8]). Hence, (77 ® I,,)z(t)
converges almost surely to a random variable if and only if (C2) holds. |

Remark 3.10. Combining Theorem 3.9 and Remark 3.8 gives that mean square
strong consensus and almost sure strong consensus are equivalent. Here, (C2) aims at
guaranteeing that all agents converge to a common value in the sense of both mean
square and probability one.

Note that almost sure strong consensus implies almost sure weak consensus. That
is, (C1) and (C2) can guarantee almost sure weak consensus. But it is natural to
pursue the weaker conditions to guarantee almost sure weak consensus. Thanks to
Lemma 3.4, we can examine almost sure weak consensus without condition (C2).
Moreover, we can obtain a finer necessary condition under the following assumption.
In fact, the case with undirected graphs falls in this assumption.

AssuMPTION 3.11. All the eigenvalues of the Laplacian matrixz L are real.

Here, we introduce the following two conditions for the almost sure weak consen-

sus, which will be proved to be sufficient and necessary, respectively:
(C5) limy_yo0 c(t) log fo s)ds = 0.
(C5') liminf; . c(t) log fo s)ds = 0.

Note that the almost sure Weak consensus problem of the multi-agent system (2.1)
with additive noises is actually the almost sure asymptotic stability problem of the
SDE (3.4). By Lemmas 3.2 and 3.4, we can easily obtain the following consensus
theorem.

THEOREM 3.12. Suppose that Assumption 2.1 holds and f;;(x) = 0, 4,5 € V.
Then the protocol (2.4) is an almost sure weak consensus protocol if Assumption 3.1,
(C1), and (C5) hold, and only if Assumption 3.1 and (C1l) hold. Especially, if As-
sumption 3.11 holds, then the protocol (2.4) is an almost sure weak consensus protocol
only if Assumption 3.1, (C1), and (C5’) hold.

Remark 3.13. Note that almost sure strong consensus implies almost sure weak
consensus. Further, if Assumption 3.1, (C1), and (C2) hold, then almost sure weak
consensus follows. Theorem 3.12 showed that condition (C5’) is necessary for almost
sure weak consensus. One may hope that (C2) can produce (C5). In fact, that is true
under (C1). To see this, if (C5’) fails, then there exists a constant ¢ > 0, such that
liminf; o ¢(t) log fo s)ds > c. ThlS implies that for some T' > 0, ¢(t) log fo s)ds >
¢/2, t > T. Hence, from (C1), [;c*(s)ds > § Tt% — 00 as t tends to oo,
which is in conflict with (C2).

Remark 3.14. Note that almost sure weak consensus implies (C1) and (C5'),
which lead to (C3). Then mean square weak consensus is obtained from Corollary

3.7. Hence, almost sure weak consensus implies mean square weak consensus under
Assumption 3.11.

Remark 3.15. Here, we remark that weak consensus may not be strong consensus.
For example, consider ¢(t) = (1 + t)~'/3, which satisfies (C1), (C3), and (C5), but
defies (C2). In view of the consensus results above, mean square and almost sure
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weak consensus both hold, but neither mean square nor almost sure strong consensus
holds. This is also demonstrated in the numerical examples of section 5.

Remark 3.16. The necessary and sufficient conditions for mean square strong con-
sensus were established in [21, 42]. However, the necessary and sufficient conditions
for almost sure strong consensus, and conditions for stochastic weak consensus have
not been taken into account. This paper fills in the gap and reveals the relationship
between mean square and almost sure consensus. For examining stochastic weak con-
sensus, stochastic stability criteria are developed by the semidecoupled technique and
the law of the iterated logarithm for martingales (see the proofs of Lemmas 3.3 and
3.4 in Appendix A). These criteria differ from those in [21, 42] on stochastic strong
consensus.

3.2. Stochastic consensus under compound noises. We continue to inves-
tigate the more complex models, where multiplicative and additive noises coexist in
the information communication. We first examine the two-agent case (N = 2) with
fii(z) = oji.

3.2.1. Two-agent case. It is easy to understand that the existence of a span-
ning tree is necessary for stochastic consensus for the two-agent case and implies that
there exists at least one pair (4,j) such that a;; # 0. Here, we let @ = a12 + as1,
a = (a1263; + a216%,)/2, and [i(t) = ac(t) — ac®(t), t > 0, and give the corresponding
convergence conditions.

THEOREM 3.17. Suppose Assumption 2.1 holds, and fj;(x) = ;¢ with 5;; > 0,
1,7 = 1,2, N = 2. Then the protocol (2.4) is a mean square weak consensus protocol
if and only if [° fi(s)ds = oo and lim;_,« fg e~2JIAWduc2(g)ds = 0. Moreover, the
protocol (2.4) is a mean square strong consensus protocol if and only if (C1) and (C2)
hold.

Proof. Let z(t) = x1(t) — x2(t); then by the definition of z;(t), i = 1,2, we have

d%(t) = —dc(t)i(t)dt — a125210(t)5(t)dw221(t)
(36) — agla'lgc(t)f(t)dwglg(t) + dM; (t),

where M;(t) = 1,(a12091 fot c(s)dwio1(s) — ag1012 fot ¢(s)dwa12(s)) is a martingale
vanishing at zero. By the It6 formula,

d|F(6)]* = —2() [ Z(t)|[dt + npoc® (t)dt — 2a12091¢(t) [T (t)||*dwasn (t)
(3.7) — 20915 12¢(t) | Z(1)||Pdwa12(t) + 22 (1) T d My (1),

where pg = Zf =1 aijofj > 0. Taking expectations on both sides gives

t

(3-8) E|z()]* = |2(0)] —2/0 ﬁ(S)Hi(S)HQdSﬂano/O c*(s)ds,

which implies

t
(3.9) E|F(#)||2 = [[#(0)]|2e 2o A npo/o o2l FhOd e (5)ds.

Hence, the necessary and sufficient conditions of mean square weak consensus are
obtained.
We now prove the second assertion. Assume (C1) and (C2) hold. Let 73 = %2

a; a
me = 22 and Z(t) = mx1(t) + mex2(t); then Z(t) = z(0) + Ma(t), where Ms(t) =

a
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1012021 fOt (8)(s)dwaai (s) =T2a21012 fot c(s)z(s)dw212(t)+1,m1012021 fo 5) dwio1
(5) = 1ym2a21012 fO s)dwa12(s) satisfies

t
E|[M,(t)||? = (131263, + 13a215%) / c*(s)E|(s)||*ds
0

¢
(3.10) +n(r?a903 +7r%a21052)/ c*(s)ds.
0
If (C1) and (C2) hold, then [j* fi(s)ds =a [, c(t)dt — a [, ¢*(t)dt = co. Moreover,
¢ ¢
lim =2 It }Z(u)duCQ (s)ds — lim e2a It CZ(u)du672(z JE c(u)duCQ (S)dS
t—oo Jq t—oo [
¢
(3.11) < e2alom Flwdu Jipy [ o2 cwdue2(g)ds = 0.
t—o0 0

Hence, mean square weak consensus follows, and then E||Z(¢)|? is bounded, which
together with (3.10) also implies lim; o E|M2(#)||> < oo. The martingale con-
vergence theorem [16, Corollary 7.22] admits that Mas(t) converges in the sense of
mean square to a random variable, denoted by Ms(c0). Then Z(t) converges to
x* := £(0)+Ma(00) in the sense of mean square, and we have lim;_, o E||z1(¢)—z*||? <
21imy; o0 El|z1 () — Z(1)]|? + 2limy_ o E||Z(¢) — 2*[|> = 0. This together with mean
square weak consensus also yields lim;_, o, E|lz2(t) —2*||? = 0, and mean square strong
consensus follows.

It remains to show the necessity of (C1) and (C2) for mean square strong consen-
sus. Note that mean square strong consensus implies mean square weak consensus,
which together with the first assertion also gives fooo i(s)ds = oo. Also note that mean
square strong consensus implies the mean square convergence of Ms(t ) which together
with (3.10) produces (C2). Hence, @ [;* c(t)dt = [° fi(s)ds+a [~ ¢*(t)dt = co. The
proof is completed. 0

THEOREM 3.18. Suppose that Assumption 2.1 holds and f;;(z) = &,z with 5;; >
0, i,7 = 1,2, N = 2. Then the protocol (2.4) is an almost sure strong consensus
protocol if (C1), (C2) hold and there exists a constant to > 0 such that p(t) =
ac(t) — ac®(t) > 0 for all t > to, and only if (C1) and (C2) hold.

Proof. Note that (3.6) admits the explicit solution
t
(312) 3(6) = 50)u(6,0) + [ (e, s)aM (o),
0

where y(t,s) = exp{— af w)du}E(t, s) with E(t,s) = exp{—gfst A (u)du — a1a691
fst c(u)dwaoy (u) — az1512 f u)dwaia(u)}. It is easy to see that £(t,0) is an expo-
nential martingale.

First we show the “only if” part. Note that the almost sure strong consensus gives
that Z(t) converges almost surely, which is equivalent to saying that the limit of the
continuous local martingale Ms(t) exists almost surely, denoted by Ms(co). This is
also equivalent to limy; oo (M2)(t) < oo, a.s. (see [38, Proposition 1.8, p. 183]). Note
that

t
(Ma)(t) = (~Hanaod + whanady) [ ¢(s)[E()]ds
0

¢
(3.13) +n(ria1905 +7r§a210%2)/ c*(s)ds.
0
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That is, almost sure strong consensus gives (C2). Moreover, almost sure strong con-
sensus implies that lim;_, ||Z(¢)|| = 0, a.s., for any initial value Z(0). This together
with (3.12) also implies lim;—, ||y(¢,0)|| = 0, a.s., and lim;_, fg y(t, s)dM(s) = 0,
a.s. Condition (C2) together with the martingale convergence theorem implies that
the stochastic integrals fo u)dwaor (u) and fo u)dwai2(u) converge almost surely,
and then gives that the exponential martingale S (t,0) converges almost surely to
some positive random variable eg. By the definition of y(¢,0), we have lim;_,
y(t,0) = ege~@Jo ()45 5.5 Hence, (C1) holds. Therefore, the “only if” part fol-
lows.
Now we need to prove the “if” part. By (3.7), we get that for any ¢ > ¢,

(3.14) IZ@O)11* = [17(t0)II* — A1(t,to) + Az(t,t0) + Ma(t, to),
where Aq(t,ty) = tho s)||z(s)||?ds, Asl(t, to) = npoft s)ds, and Ms(t,tg) =
= 2415001 [, o()[|F(5)|[Pdwan (5)~2a1 612 [, e(s)]|F(s )||2dw212 (5)+2 [, &(s)TdM (s).

Note that ,u( ) > 0 for t > tg; then A;(¢,t9) is increasing. It is observed from (C2) that
As (00, ty) < oo. Hence, by the semimartingale convergence theorem (Lemma A.1), we
can see that lim;_, || Z(t)|| < oo, a.s. Theorem 3.17 shows that conditions (C1) and
(C2) produce lim;_,. E[|Z(¢)||> = 0, and then there exists a subsequence converging
to zero almost surely. The uniqueness of the limit admits lim; o ||Z(t)|] = 0, a.s.
Then almost sure weak consensus follows. Note that lim;_,, ||Z(¢)|] = 0, a.s. implies
|Z(¢)|| is bounded almost surely. Combining (3.13), (C2), and Proposition 1.8 of [38]
gives z* := lim;, o Z(t) < 00, a.s., which together with almost sure weak consensus
implies almost sure strong consensus. 0

3.2.2. Multi-agent case. The appearance of multiplicative noises makes the
transformed stochastic systems become SDEs with compound noises, which cannot
be semidecoupled as those in the proofs of Lemmas 3.3 and 3.4 with only additive
noises. In this subsection, we aim to seek other strategies to examine the consensus
problem with compound noises. Note that the matrix —£ defined in Lemma 3.2 is
Hurwitz if the digraph G contains a spanning tree. Then we have the following lemma.

LEMMA 3.19. If Assumption 3.1 holds, then there exists a unique positive definite
matriz P such that

—PL—-LTP=—IN_,.

~ First, we concentrate on mean square consensus. Let ¢; be the ith row of_ @,
Q@) = Q(IN Jn)nn ;. For the matrix P > 0 determined by Lemma 3.19, define B =
SR G) PR I, aijl(a; — a0 (g —:)) and ju(t) = c(t)Amin (I -1 —c(t)5 B),
We need the followmg assurnptlon.

(C6) There exists a constant ¢y > 0 such that u(t) > 0 for all ¢ > ¢.

THEOREM 3.20. Suppose that Assumptions 2.1 and 2.2 hold. Then the protocol
(2.4) is a mean square weak consensus protocol if Assumption 3.1 and (C6) hold,
fo s)ds = oo, and lim;_, o fote max (P) [7 i( wwdu2()ds = 0, and only if Assump-
tion 3 1 (C1), and (C4") hold. Moreover, the protocol (2.4) is a mean square strong
consensus protocol if Assumption 3.1, (C1), (C2), and (C6) hold, and only if Assump-
tion 3.1, (C1), and (C2) hold.

Proof. Substituting the protocol (2.4) into the system (2.1) and using Assumption



32 XTAOFENG ZONG, TAO LI, AND JI-FENG ZHANG
2.1 yield
(3.15) du(t) = —c(t)(L£ & L,)a(t)dt + dMy(t),

where My(t) = Zivj 1405 (Mn; ® 1y) fo s)dwn;(s) + Z ij=1 Qi fo YN @
fii(x;(s) — xi(s))]dwa i (s). Continuing to use the definitions of §(t), St ), and §(t),
similarly to the proof of Theorem 3.6, we obtain

(3.16) db(t) = —c(t) (L @ 1,)8(t)dt + dMs(t),

where Ms(t) = 37 a3j051(Q(0) @ 1n) Jy e(s)dwnja(s) + 3233 aiy Jo c(9)[Q(0) @
f5i(05(s) — 6i(s))]dw2jl(s). Note that Assumptlon 3.1 holds. Let V(t) = 6(1)T (P ®
1,,)6(t), where P is the positive definite matrix defined in Lemma 3.19. Using Itd’s
formula and Lemma 3.19, we have

(3.17) dV (t) = —c(t)||6(t)||dt + 2 (t) F(t)dt + Coc?(t)dt + dMg(t),

where F(t) = Y0, ai; Q)T PQG) || £5:(8;(6) —6:(£)[|%, Ca = n 327,y aijo4[Q()TP
@@], and Mg(t) = 2571, aijoji [y ¢(s)3(5)T(PQ(i) ® 1,)dwyjsls) + 230, aij
Jo 8()TIPQi) ® £1:(8;(s) — 8i(s)))e(s)dwaji(s). Note that

(3.18) 3(t) = (Q@ 1)3(t) = —=(1y © I,)o1(t) + (Q @ 1,)3(1).

1
VN
Then 6,(1) = J<01(t) + (; ® I,)3(t) and &;(t) — 6;(t) = [(4; — @) ® [.J3(t). By
Assumption 2.2 and the definition of B, we have

F(t) < 5° Z ()T PQ(i) Zaullé 8 (t)|”
= N
2025@)7‘(2 ()T PQ(i) Zau a)" () —qi)®ln}>6(t)
(3.19) =%5(t)T (B @ I,)8(t).

Let U(t) = e Amax (P) J #(s)dsy/ (1), Note that (C6) holds, that is, u(t) > 0 for ¢t > t,.
Substituting (3.19) into (3.17) and applying integration by parts to U(¢) give

i (PYR(OU (£)dt + s P ] 1O (1)
< CoePmax(P) Jo 1()ds 2 ()t 4+ eMmax(P) Jo s gRra(8) > 4.

dU(t) = A,

Noting that Mg(t) is a martingale vanishing at 0, we obtain

t
(3.20) EV(t) < e P i sy 40y 4 / Amax(P) [ n(w)du ()2 g

to
Therefore, from [; p(s)ds = oo and limy_ fot e~ Mmax(P) [ pwdu2(5)ds = 0, we

have limy o EV (t) = 0, which implies lim;_, o, E[|§(¢)||* = 0, and then mean square
weak consensus follows from z;(t) — z;(t) = [(¢; — ¢;) @ I,]0(¢).
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The necessity is proved as follows. By the Jordan matrix decomposition, there

exists an invertible matrix P; such that P, lepp =g 7- Here, Jz is the Jordan normal
form of L, i.e.,

l
JE:diag(JAhnl)JAz,nQ)"')J>\l7nl)7 an:N_la
k=1

where
A 1 0 0
0 A 0 0
J)\k,nk = :
0 0 A 1
0 O 0 g
is the corresponding Jordan block of size ny with eigenvalue ;. Here, A1, Ao, ..., N\

are all the eigenvalues of £. Let ((t) = (P! ®@ L,)6 = [G@®)T,...,Cnv-1(0)T]T,
Gi(t)eR™ i=1,...,N — 1. We have from (3.16) that

d¢(t) = —c(t)(J7 @ L,)¢(t)dt + (P! @ 1,,)dMs(2).

Considering the kth Jordan block and its corresponding parts (; = [Clzl, ce C,Zjnk]T
and P (k) = s Db, )T where Gy = G, (t) with k; = (Zi-:ll n; + j), and
Pk,j = Pk, With py; being the k;th row of Pl_l, we have

A (t) = —c(t) (Inni ® In)C(8)dt + (Pr (k) @ I,)dMs(1).

Then by the variation of constants formula, we obtain

t
(3.21) (o, () = e Joclwdug, (o) 4 / e~ o cdu(p, @ 1,)dMs(s).
0

Hence,
E|[Ghm, ()| = e72ReC o el o (0)][2 + S(1)
N t
(3:22) +n az‘jafi\\pk,nk@(i)\\Q/ e 2RO [ elwduc(g)ds,
0

ij=1

where S(t) = Y00,_; aijl|prn, Q)2 3 e 72RO 2 educ(5) | £:(65(s) — 6;(s))||*ds
> 0. Note that mean square strong consensus implies that for i, (0) # 0, lim;_, o0
E||Ck.ny, (£)]|?> = 0, which means that the three terms on the right-hand side of (3.22)
all tend to zero. It gives Re(Ax) > 0 and condition (C1) that the first term tends to
zero. By Lemma 3.2, we know that Assumption 3.1 holds. It gives (C4’) that the
third term tends to zero.

Now, we aim to examine mean square strong consensus under (C1), (C2), and
(C6). First, we see that u(t) > c(t) — 2(£)52Amax(B), which together with (C1) and
(C2) implies [ p(s)ds = co. Moreover, by the methods used in proving (3.11), we
have lim_, oo fot e~ Mmax(P) [{ (w)du 2 () ds — 0. Hence, the first assertion tells us that
if (C1), (C2), and (C6) hold, then mean square weak consensus follows, which together
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with the continuity of E[|6(¢)|? gives that E[[6(¢)]|* is bounded by some C3 > 0. Let
My(t) = (7 @ I,,)My(t). Note that (3.15) implies

(3.23) (77 @ I)x(t) = (77 @ I,,)2(0) + My(t).

Then we have

(3.24) E[Ma()] =C4/ s)ds + Z a;T; / ($)El£5i(3;(s) — ds(s))*ds,

1,j=1

where Cy = nzf\fj:l aijo3;m7. By Assumption 2.2 and E||6(2)||* < Cs3, we get
B t
(3.25) B[ ML ()] < (Ca +05)/ 2(s)ds,
0

where C5 = (352 ZZ o1 ai;7?||q;—qil|*. Hence, under (C2), E||My(t)||? is bounded by
Cs = (Cy+ C5) [, c(s)ds > 0. The martingale convergence theorem [16, Corollary
7.22] admits that M4( ) converges in mean square to a random variable, denoted
by My(00). Let 2* = (77 ® I,,)x(0) + My(oo). Note that x;(t) — (77 @ I,,)z(t) =
x;(t)— Zjvzl mix;(t) = Zf;l mj(x;(t) —x;(t)). Then the mean square weak consensus
implies that lim; . E||z;(t) — (7T ® I,)z(t)||> = 0, and then

tlim E|lzi(t) — 2*|]* < 2tlim E||zi(t) — (xT @ L,)z(t)|?
—»00 —00
+2 lim E||z* — (77 @ I,)z(t)||* =0, i€ V.
t—o0

Therefore, mean square strong consensus follows. The necessities of (C1) and As-
sumption 3.1 are proved in the assertion above related to mean square weak consen-
sus. Note that mean square strong consensus implies that (77 ® I,,)x(t) converges in
the sense of mean square, which means that My(t) converges in mean square. This
together with (3.24) produces condition (C2). Hence, the proof is completed. d

Similar to Corollary 3.7, we have the following corollary, which gives another
sufficient condition for mean square weak consensus.

COROLLARY 3.21. Suppose that Assumptions 2.1, 2.2, and 3.1 hold. Iffo s)ds
= 0o and (C3) holds, then the protocol (2.4) is a mean square weak consensus protocol.
Proof. 1t is obvious that (C3) implies (C6). Moreover, by [ u(s)ds = oo, (C3),

and ’Hopital’s rule, we have

lim ¢ mm(P ft p(u)du 2( )dS — lim eXp {Amax )f()s ,u(u)du}cQ(s)ds

t=o0 Jo t=o0 exp { Amax(P) fg p(u)du}
2
t
(P Tim S g
t=o0 pu(t)
That is, (C3) under fo s)ds = oo implies lim;_, f e Amax(P) [J n(u)du c2(s)ds = 0.
By Theorem 3.20, the deblred mean square weak consensus follows. |

Based on the semimartingale convergence theorem, we have the following almost
sure strong consensus criterion.
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THEOREM 3.22. Suppose that Assumptions 2.1, 2.2, and 3.1 hold. Then the pro-
tocol (2.4) is an almost sure strong consensus protocol if (C1), (C2), and (C6) hold,
and only if (C2) holds.

Proof. For any t > tg, we have from (CG) that c(t)|6(t)]|? — 2(t)F(t) > 0. Let
Ai(t) = Cy ft s)ds and As(t ft s)|[0(s)||? — c2(s)F(s))ds, t > to. Then by
(C6), we know that Aq(t) and AQ( ) are two increasing processes for any t > to. By
(3.17), we have

(3.26) V(t) =V(to) + Ai(t) — A2(t) + Me(t) — Me(to).

Similar to the proof of almost sure strong consensus in Theorem 3.18, we can use the
semimartingale convergence theorem and Theorem 3.20 to obtain almost sure strong
consensus.

Note that almost sure strong consensus gives that the martingale My(t) con-
verges almost surely. This together with Proposition 1.8 in [38, p. 183]) also implies
lim; oo (My)(t) < 00, a.s. It can be seen that

(3.271)  (WL)(0) = C4 / G5+ 3 ar / $)I1154(65(5) — 61(5))ds.

1,j=1

Hence, (C2) holds. 0

Remark 3.23. Note that (C3) implies (C6). Then if Assumption 3.1 and (C1)—
(C3) hold (for example, c(t) = we can obtain mean square and almost sure
strong consensus.

Remark 3.24. Remark 3.8 and Theorem 3.9 show that if (C1)—(C2) hold, we can
obtain mean square and almost sure strong consensus of multi-agent systems with only
additive noises. When multiplicative noises also appear, we can get from Theorems
3.20 and 3.22 that the multiplicative noises do not affect the control gain to assure
mean square and almost sure strong consensus if the corresponding noise intensities
are so small that 2 < (sup;~q ¢(t) Amax(B)) L.

1
)

4. Networks with time-varying topologies. Note that the agent number N
is finite and a;;(t) takes two values for ¢t > 0; then the set of possible digraphs G(¢) is
also finite, i.e., G(t) € {G1,Ga,...,Gm,}, mo > 0, is an integer, where G; = {V, &;, A; },
i=1,...,mp. In this section, we assume that the time-varying topology G(t) satisfies
the following assumption.

ASSUMPTION 4.1. All the possible digraphs of G(t) are balanced.

4.1. Stochastic consensus underAadditive noises. For the case with bal-
anced topologies, we define A2(t) = A2(L(t)) > 0. Let us introduce the following
conditions for stochastic consensus:

1) [ Aa(s)e(s)ds = oo

(C4) Timy o fif €72 S5 N2 (e 2(5) g5 — 0,

THEOREM 4.2. Suppose Assumptions 2.1 and 4.1 hold and fj;(x) =0, ¢,j € V.
Then the protocol (2.4) is a mean square weak consensus protocol if conditions (C1')
and (C4") hold. Moreover, the protocol (2.4) is an AUMSAC protocol if conditions
(C1") and (C2) hold.
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Proof. Similar to (3.3), we have

N
(4.1) dz(t) = —c(t)(L(t) @ L,)x(t)dt + c(t) Z a;j(t)oji(nn: @ 1y,)dwsji(t).

ij=1
Let Jy = ﬁlquA} and §(t) = [(In — Jn) ® L,)z(t). Under Assumption 4.1 and
by the property of the balanced digraph, we get di(t) = —c(t)(L(t) ® I,)d(t)dt +
ct) SN a;j(t)oji (In — IN)nN, ® 1,)dwj;(t). Using the It6 formula, we have

1,7=1
that for all ¢ > t; > 0,

81 = lla(t)I* — 2/ o(s)87 (s)(L(s) @ ,)3(s)ds

t1
N-1 [t
N p(s)c®(s)ds + Mz (t) — Mz(ty1),
t1

(4.2) +n
where p(t) = 375y aij ()05 < S0 ofi = pand My(t) =257, 5 67 (1) [(In -
IN)NN, @ 1,]ai;(s)ojic(s)dwyj;(s). Note that Theorem 3 in [34] gives

(4.3) ST(L(t) ® 1,)6 > A (H)||8]> ¥ 176 = 0.

Using this property and taking expectations on the both sides of (4.2), we obtain that
for any t > t; >0,

(4.4)  E[6())* < Ella(t)]* —2/ Na(5)e(s)El|3(s) |ds + > N

1

By the comparison theorem, we also get that for any t > 0,

¢ —-1_/t ¢
(4.5)  E[5(t)|* < [[8(0)]2e~2)s MS)C(S”SMNN P / e ) (el (5)ds.
0

Hence, by (C1’) and (C4”), lim;_,~ E[|d(¢)|> = 0, which together with the definition
of 6(t) implies mean square weak consensus.

We now prove that (C1’) and (C2) guarantee mean square strong consensus. We
first claim that (C1’) and (C2) imply (C4”). By (C2), for any ¢ > 0, there exists a
positive constant to = t5(e), such that ft s)ds < £/2, and then by (Cl ) and (C2),
there exists a positive constant t3 = t3(e ) > tg, such that for any ¢ > t3,

— [} Xa(u)e(u)du €
t P —
(& 2 2fooo

Hence, for any € > 0, there exists T'= T'(¢) > t3(e), such that for any ¢t > T,

t t t
/ e K )\g(u)c(u)ducz(s)ds _ / 2 e JE )\Q(u)c(u)duc2(s)d8 +/ e It >\2(u)c(u)du02(8)d8

0 0 to

ot tz o
< o= iy e(Welwdu / c?(s)ds + / c*(s)ds <e.
0 t2

That is, condition (C4”) holds. This together with (C1’) implies mean square weak
consensus.
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Note that G(t) is balanced and the probability measure ©# = 15 /N satisfies the
first assertion in Lemma 3.2. Similar to (3.5), we have from (4.1) that

(4.6) #(t) = 2(0) + M(2),

where Z(t) = %Z;\le z;(t) and M(t) = +1, Z” 1f0 aij(s)ojic(s)dwji(s). It is
easy to see from (C2) that

(4.7) Ewmij/m>uws%/ 2(s)ds < o,

Then by methods similar to those in the proof of Theorem 3.20, we can obtain the
desired assertion. 0

Remark 4.3. In Theorem 4.2, we give the sufficient conditions for mean square
weak and strong consensus. In fact, we can also obtain some necessary conditions for
mean square weak and strong consensus if & # 0, i = 1,...,mo. To show this, let
An(t) = )\N(ﬁ( )) then the condition & # 0, i =1,...,my, gives 0 < Ax(t) < Ay =
mMaxi <i<m An(L;). This together with 5T( )(Z(t) ®1,)3(t) < An(®)||6(1)]|? and (4.2)
can produce E||5()[|2 > [|6(0)]|2e2 v Jo c()ds ft e= 2 [l etwduy 1) c2(g)ds. Note
that p(t) > min; jey o3;. Hence, (C1) and hmt_mof em AN [l e(wduc2(g)ds = ( are
necessary for mean square weak consensus. Moreover, it can be observed from (4.7)
that conditions (C1) and (C2) are necessary for mean square strong consensus under
the condition & # 0, i =1,...,mg.

Note that Theorem 4.2 does not tell us directly whether it can be relaxed that
G(t) contains a spanning tree for all ¢ > 0. In fact, Theorem 4.2 covers the case where
the graph flow {G(t), t > 0} is switching and does not contain a spanning tree all the
time. For the switching graph flow {G(t), t > 0}, let 0 =179 < 71 < T2 < -+ < x©
be a sequence of switching time instants with U2, [r;, 7,11) = [0, 00), such that G(¢)
is fixed over [, 7T;1+1) and G(7i41) # G(1:), ¢ = 0,1,2,.... We have the following
frequent connectivity assumption.

ASSUMPTION 4.4. There exists a strictly increasing subsequence {;, }72o C {7:}32,,
with limy_,o0 7, = 00 such that G(7;,) contains a spanning tree, k =0,1,2,....

Note that Assumption 4.4 includes the periodic connectivity [15, 30] as the special
case. Bear in mind that the number of possible digraphs is finite. Then, under
Assumption 4.4, we know that A\, := ming>g A2(7;,) > 0 and

/oo /\2( dS _ Z/ﬂ+1 7-1 ds . /\2 Z /ﬂ +1
0

Hence (C1’) is implied by the condition below.
(C1") Z;io f;"jj*l c(s)ds = 0o
Then Theorem 4.2 leads to the following corollary.

COROLLARY 4.5. Suppose Assumptions 2.1, 4.1, and 4.4 hold and f;;(x) = 0,
1,7 € V. Then the protocol (2.4) is a mean square weak consensus protocol if (C1")
and (C4") hold. Moreover, the protocol (2.4) is an AUMSAC protocol if (C1") and
(C2) hold.

Remark 4.6. Define the dwell time of {G(t), t > 0} as the infimum of the lengths
of maximum time intervals over which G(¢) remains fixed, i.e., inf;>o(711 — 7). If
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{G(t), t > 0} has a positive dwell time and Assumption 4.4 holds with sup, o (7i,,, —
Tip) < 00, then (C1”) and (C2) are easily satisfied. For example, let 7, = 7,
i =0,1,..., and 7, = no7;, j = 0,1,..., for some positive constant 7 and inte-

ger ng. Choose c¢(t) = W Then (C2) holds. In addition, Z;‘;O [T e(s)ds =
i

nojT+T 1 . . .
Z;io noojT mdt > Z;‘;O W = 00, which lmphes (Cl”)
Applying the semimartingale convergence theorem, we have the following almost

sure strong consensus.

THEOREM 4.7. Suppose Assumptions 2.1 and 4.1 hold and fj;(x) =0, 1,5 € V.
Then the protocol (2.4) is an AUASAC protocol if conditions (C1') and (C2) hold.
Moreover, if Assumption 4.4 holds, then the protocol (2.4) is an AUASAC protocol if
conditions (C1") and (C2) hold.

Proof. Applying the semimartingale convergence theorem to (4.2), we obtain that
lim; o0 ||0(8)|| < 00, a.s. By Theorem 4.2, we know that (C1’) (or (C1”)) and (C2)
can guarantee the mean square strong consensus. Hence, lim;_,~, E||6(¢)]|? = 0, which
implies that there exists a subsequence converging to zero almost surely. The unique-
ness of limit admits lim;_, « ||§(¢)|| = 0, a.s. Therefore, the almost sure weak consensus
follows. Note that under (C2),

T U 2 np [,
= — < —
(4.8) tlg&(M)(t) N /0 p(s)c”(s)ds < NZ J c“(s)ds < o0,
where M (t) is defined in (4.6). Hence, by Proposition 1.8 in [38, p. 183], we have that
M (t) converges almost surely and the protocol (2.4) is an AUASAC protocol. d

4.2. Stochastic consensus under compound noises. In this subsection, we
define x(t) = c(t)(1 — 62252 c(t)) and use the following condition.
(C6') There exists a constant to > 0 such that «(¢) > 0 for all ¢ > .
We have the following theorem.

THEOREM 4.8. Suppose that Assumptions 2.1, 2.2, and 4.1 hold. Then it follows
that the protocol (2.4) is a mean square weak consensus protocol if [ Aa(s)k(s)ds =
00, limy_ o0 fg e2/2 Aa(ur(u)duc2(s)ds = 0, and (C6') holds. Moreover, the protocol
(2.4) is an AUMSAC and AUASAC protocol if [~ Aa(s)k(s)ds = oo, (C2), and (C6')
hold.

Proof. By techniques similar to those used in obtaining (4.2), we can get

N

Z aij(t)os;c*(t)dt,

ij=1

(4.9) dISE)|? = =V (£)dt + dMs(t) +n—1

where V(t) = 2¢(t)07 (£) (L(t) @13 (t)—c* (£) X2 S0y g (D)1 £53(8; (1) —8:(t))||? and
M(t) = 23777,y Jy e(s)aij (8)oe8" ()[(In = I )i @ L] dworji(s) +2 307,y fy els)
aij(8)0T(8)[(In — In)nn,i ® fi(8;(s) — 6i(s))]dwzji(s). Noting that the digraph G(t)
is balanced for each ¢t > 0 (Assumption 4.1), then the Laplacian matrix £(¢) satisfies
the following sum-of-squares property:

N

(4.10) 287 (£)(L(8) © 1)5(t) = ) ai;()]6;(t) = 6:(1)]*.

ij=1
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By Assumption 2.2, we have

N

(4.11) Z ()1 £:(8;(1) — 8;(0)) 1> < 25267 (£)(L(t) ® L,,)3(1).

Then V(t) > 2¢(t)(1 — Y2 e(t)32)67 (¢)(L(t) ® 1,,)3(t). Substituting this inequality
into (4.9) yields

(4.12) d|6@)|1> < —26()6T () (L(t) ® L,)6(t)dt 4+ Coc?(t)dt + dMs(t),
where Cg = ni¥=1 ZZ =1 0% This together with (4.3) produces
(4.13) d|s) 1> < —2Xa(t)k(1)[|0(t)||2dt + Coc?(t)dt + dMy(t).

Note that (C6’) holds; then (t) > 0 for ¢ > ty. By the comparison theorem, we get
that for any ¢ > tg > 0,

t . . . t t
(4.14)  E[6()||2 < E||o(to)||2e 2 w0 2R 4 o / e~ 2 e twnlwdu 2 gy,

Hence, [;° A2(s)k(s)ds = oo, and lim;_e fot e~2 )i Re(Wr(wWduc2(g)ds = 0 implies
limy o0 E||5(¢)||*> = 0, which together with the definition of §(¢) implies the mean
square weak consensus. Then it remains only to repeat the corresponding part in the
proofs of Theorems 3.20 and 3.22. O

COROLLARY 4.9. Suppose that Assumptions 2.1, 2.2, 4.1, and 4.4 hold. If (C1"),
(C2), and (C6') hold, then the protocol (2.4) is an AUMSAC and AUASAC protocol.

Proof. Note that Ay = ming>g A2(7;,) > 0. By the definition of k(t), we have

" ha(s)(s)ds = °°A2<s>c<s>ds N1 [T a(e)e (s)ds
/ | v
> AQZ/ s)d N]\; 15% /OOO A (s)ds.

Hence, (C1”) and (C2) imply [ A2(s)k(s)ds = oo, and then the desired assertions
follow from Theorem 4.8. a

Remark 4.10. Combining Corollary 4.5, Theorem 4.7, and Corollary 4.9, we can
see that if (C1”) and (C2) hold, then the multiplicative noises with small intensities
satisfying 7% < =T suprag @) do not affect the control gain to guarantee mean square
and almost sure strong consensus.

5. Simulation examples. We consider the stochastic consensus for a four-agent
example. Consider a dynamic network of four scalar agents with the topology graph
= {V,&, A}, where V = {1,2,3,4}, € = {(1,2),(2,3),(4,3),(3,2), (2,1)}, and
A = [a;jlaxa with a12 = a21 = ags = az2 = azs = 1 and other values being zero.
It is easy to see that the graph G contains a spanning tree. The initial value is
2(0) = [-7,4,3,-8]7.
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Additive noise case. Assume that o;; = 0.8, 4,5 = 1,2,3,4. We first choose
the control gain ¢(t) as c(t) = (1+t)~/3. Then it can be seen that conditions (C1)
and (C5) hold. Hence, Theorem 3.12 tells us that the four agents achieve almost sure
weak consensus, and the necessary condition (C2) in Theorem 3.9 implies that the four
agents never achieve almost sure strong consensus under c(t) = (1 +¢)~/3. That is,
all agents’ states will converge in the future, but cannot converge to a common value,
which is depicted in Figure 1. However, if we choose the control gain c(t) = (1+1t)~1,
then conditions (C1)—(C2) hold. Theorem 3.9 gives that almost sure strong consensus
is achieved. That is, all agents’ states will tend to a common value, which is depicted
in Figure 2.

c(t)= (143
10 T T

agent 1

8t = = =gagent2|q
== agent3
agent 4

—4F -
6} -
8l -

_10 ‘ s s s

0 2 4 6 8 10
time t x 10

FIG. 1. States of the four agents with additive noises: c(t) = (14 t)~1/3.

ct)= (1+t)7"

10 T
agent 1
8r = = =agent 2|
= =agent3
6 agent 4 |
4F E
2Fa b
Y, N
= JF” j
3 0
-2 e
4 il
-6 il
_sl i
-10 I I .
50 100 150 200

time t

FIG. 2. States of the four agents with additive noises: c(t) = (1 +t)~1.
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Under c(t) = (14 t)~Y2, Corollary 3.7 gives mean square weak consensus. To
simulate such behavior, we consider the relative state mean square errors {E|z;(t) —
x1(t)|?}i=2,3.4. We generate 10® sample paths. Then, taking the mean square average,
we obtain Figure 3, which shows that the agents achieve mean square weak consensus.

clt)= (14172

10 ;
Efx,x, [
9th o[
- -E|x3—x1|
< v 1217
! E|x4 x1|
7 |
o i
= s 1
S "
™
N 1
= |
X 4th ]
| i
3t B
|
2t .
1]
1hL .
Of'
0 20 40 60 80 100

time t

FIG. 3. Mean square errors with additive noises: c(t) = (1 +1t)~1/2,

Compounding noise case. Assume additionally that as3 = 1; then the graph
G is balanced. Let f;;(z) = 0.2z, i,j = 1,2,3,4. We first see from Corollary 3.21
that the choice c(t) = (1 +t)~!/? can guarantee the mean square weak consensus of
the four agents with compound noises, which is revealed in Figure 4. If we choose
c(t) = (1 +t)~!, then Theorem 3.22 gives that the four agents can achieve almost
sure strong consensus, which is shown in Figure 5.

c(t)= (1+1)772

Efx,x,[? |
- = —ERxgx, P
ol
‘‘‘‘‘ E|x4—x1|
e ot ;
40 60 80 100

time t

FIG. 4. Mean square errors with compound noises: c(t) = (1 +t)~1/2,
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cly= (14~

agent 1
4t - = —agent 2
‘‘‘‘‘ agent 3
3 agent 4 |4
'
21 1
I}

{T—,.

. .
0 50 100 150 200
time t

FiG. 5. States of the four agents with compound noises: c(t) = (1 +t)~ L.

6. Concluding remarks. In this work, consensus conditions have been exam-
ined for the multi-agent systems with additive and multiplicative measurement noises.
Based on the matrix theory and the algebraic graph theory, we utilize the variable
transformation to transform the closed-loop system into a nonautonomous stochastic
differential equation (SDE) driven by the additive or the compound noises. By estab-
lishing the stochastic stability of SDEs with additive noises, some necessary conditions
and sufficient conditions were obtained for mean square weak consensus and almost
sure weak and strong consensus under fixed topologies and additive noises. When the
multiplicative noises appear, some necessary conditions and sufficient conditions for
mean square and almost sure consensus were obtained. The efforts have also been
devoted to the networks with time-varying topologies, and we have shown that mean
square and almost sure consensus can be guaranteed under the periodical connectivity
of the topology flow.

When the additive noise vanishes, the current results actually show that the time-
varying control gain can be used to guarantee stochastic consensus of multi-agent
systems with multiplicative noises. In the future, it will be of interest to consider
the second-order consensus and containment control, and take the time-delay into
consideration.

Appendix A. Proofs of lemmas in section 3.

LEMMA A.1 (semimartingale convergence theorem [23]). Let A;(t) and Az(t) be
the two §i-adapted increasing processes on t > 0 with A1(0) = A2(0) = 0, a.s. Let
M (t) be a real-valued local martingale with M (0) = 0, a.s., and let ¢ be a nonnegative
So-measurable random variable. Assume that X (t) is nonnegative and

X(t) = ¢+ Ai(t) — A2(t) + M(t), t=>0.
If limy 00 A1 (t) < 00, a.s., then for almost all w € 2,

lim X(t) < oo and tlim As(t) < 0.
— 00

t—o0
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Proof of Lemma 3.2. If the digraph G contains a spanning tree, then from Lemma
4 in [14], there exists a unique probability measure 7 such that 77 £ = 0. Hence, for
assertion 1, we need only consider the case that the digraph G does not contain a
spanning tree. In this case, there exist at least two separate subgroups or at least
two agents in the group who do not receive any information. Then there exists an
elementary translational transformation S such that

L1 0 0
(A1) STLS = La1 Lo Loz |,
0 0 L33

where L1 is a Laplacian matrix related to a nonempty communicating class C' =
{i1,...,is}, s < N, and La1, La2, Lo3, L33 are matrices with the appropriate dimen-
sions. Therefore, there exists a probability measure 7 such that 77L;; = 0. Let
7 = (77,0,...,0)T; then #7STLS = 0. Let 7 = S7; then 77L = 0 due to the
reversibility of S.

For assertion 2, we introduce the following class of N x (N — k) matrices:

(A.2) C= {¢ € RV =R |span{p} = span{ﬁ}},

where k > 1 denotes the number of zero eigenvalues and span{L} denotes the linear
space spanned by the columns of £. Then rank(£) = N — k, and each ¢ € C has
rank(¢) = N — k. Denote S = span{¢} = span{L}. We claim that 1y ¢ S.
Otherwise, 1y € S, then there exists ¢ € RY such that 1y = L€, and then 0 <
771y = 77L& = 0, which is a contradiction. Hence, we have rank((\/%ljv,d))) =

N — k4 1. We can choose ¢ € RV*(*~1) such that rank((\/%ljv,(b, ©)) = N. Let

~ ~ T
Q = (¢, ¢); then Q = (ﬁlN,Q) is nonsingular. Let Q7! = [ V@ ], where 7' is the

first row of @', Hence, —=v"1y =1 and v"¢ = 0. Note that £ € span{¢}. Then

there exists an (N — k) x N matrix I' such that £ = ¢I', which implies v7L = 0.
Therefore, the second matrix equality in (3.1) holds. Assertion 3 and the special case
are from [14] and [12]. O

Proof of Lemma 3.3. By the Jordan matrix decomposition, there exists an invert-
ible matrix P; such that P; 'pp, = Jp. Here, Jp is the Jordan normal form of D,
ie.,

l
Jp = diag(‘]/\l,nu‘]/\z,nz?' . '7J>\l7nl)? E ng =m,
k=1

where A1, Ag, ..., \; are all the eigenvalues of D and
A 1 -+ 0 O
0 X -+ 0 O
I = :
0O 0 - X 1
0 0 -+ 0 X

is the corresponding Jordan block of size nj with eigenvalue A;. Letting ((t) =
P1X(t), we have

d
(A.3) d¢(t) = —c1(t)JpC(t)dt + Z Prica(t)dw;(t),

i=1
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where Py; = P| lo;. Considering the kth Jordan block and the corresponding com-

ponents Cx = [Cr1,-- -5 Cromy)” and Pri(k) = [p} 1, -, D}, )" Where (i ; and pfc,j are
the (Zi:ll n; + j)th elements of ¢ and Pj;, respectively, we have
d
A (t) = —c1 () (Tngm Sk (Bt + Y Pri(k)ea(t)dw;(t).
i=1

This implies that

d
(A.4) ey () = =1 (D) Ak, (D) + > D, co(t)dwi(2)
=1
and for j=1,...,n; — 1,
d
(A5)  dlij(t) = —c1 () MkCrj (£)dt — er()Ckja (A + Y ph jea(t)duw;(t),
=1

which are semidecoupled equations. By means of a variation of constants formula for
(A.4) and (A.5), we obtain

(A.6) Gy (1) = e Jocrdugy o (0) 4 7,0, (1)

and
t

(A7) Guy(t) = e M Jocrtmdug, (0) + 7, 5(t) — / e Mo eridue ()¢ 5 (s)ds,
0

where Zy, ;(t) = Z?zlpﬁw fg eSS cr(wdicy (§)dw;(s), j =1,...,ny. Then the mean
square asymptotic stability is equivalent to lim;—o0 E||Crj(0)|> = 0, k = 1,...,1,
j=1,2,...,ng for any initial value X (0).

Sufficiency. We can see from (A.6) that

E”Ck,wm (t)||2 = 672Re(>"“) fot ‘1 (u)du”(kmk (0)“2

t
(A.8) e O
0

where Cyn, = S0, Py m, I>. Note that Re(Ax) >0, [ c1(s)ds = oo, and limy o
fg e~ lerduc2(6)ds = 0. Hence, limy_ oo E|[Chn, (£)]|> = 0. We now use the
backstepping method to prove lim;— oo E||Ce;(8)[> =0, k= 1,...,0, 5 =1,2,...,ny.
That is, assuming that lim; o E|C,j+1(2)[|> = 0 for some fixed j < ny, we will show
lim; 00 E||Cx ;(£)]|? = 0. It is easy to see from (A.7) that

t
E|[Grj (£)]2 < 22RO g ex(widu) (012 4 ¢y / e BRE) [ en(du el (s)ds

t . 2
([ e I (5) G4 5)ds)
0

where Cy; = S, [Py ;1I>. Note that the first two terms tend to zero; then we
need only prove that the last term vanishes at infinite time. Let k,j be fixed, and



CONSENSUS WITH ADDITIVE AND MULTIPLICATIVE NOISES 45

write Sy ;( f e ReOw) [Ler(wdu, (5)[|¢k j11(s)]|ds. By Minkowski’s inequality for
integrals, we have

t
JE(Sk;(0)2 < / e ReO) [ e@duc (), BG4 (s)||2ds.
0

Let Q(t) f eReQw) o er(wduc, (), /[ Ck j41(s)]ds. Then if lim;_, Q(t) < oo, wWe
get from fO c1(s)ds = co that

Jim /(S (5)? < Jim e RO fo (1 Q(t) = 0.

Note that lim— o E|Ck j4+1(s)|> = 0; then if limy_,o, Q(t) = 0o, ’'Hopital’s rule gives

/ Q) . E[| G, j+1 ()]
2 — > —
tllglo E(Sk ]( )) < tli{go eRe(Ar) J§ e(w)du tli{go Re()\k) =0

Hence, we have lim;_, E| Sk ;(t)||?> = 0. Above all, we have shown that

. ) 2 .
Jim E[G (02 =0 ¥j <y

Repeating the induction above gives lim; o E||(; ;(1)]|> =0 for all j = 1,...,ny, and
therefore, lim;_,o0 E[|Cx;(£)||> = 0 for all k =1,...,l and j = 1,...,ny. That is, the
mean square asymptotic stability follows, and the sufficiency is proved.

Necessity. Assume that |[|[((0)]|? # 0, limy o E||Ce ()2 =0, k= 1,...,0, j =
1,...,nk. From (A 8), we can see that for any [|Cxn, (0)||* # 0, lim¢— 00 E||Ck n, (£)]|* =
0 1mphes Jo~ c1(s)ds = oo, Re(\g) > 0, and

t
(A.9) C.ny, Jim / e 2ReO) [Ler(wWdu 2 (gyqg =0 k=1,...,1.
Jo

Hence, [ c1(s)ds = co and Re(Ag) >0,k =1,..., . It remains to show that lim
fg e[S er(widuc2(g)ds = 0.

Note that o; # 0 for certain ¢ and P; is invertible. Hence, there must ex-
ist k,j such that Cy; > 0, 0 < j < ng. Let k be fixed. If Cin, > 0, then

(A.9) gives limy oo f[f e 2Re() [ er(wduc2(g)ds = 0, which also produces limg oo
fg e lawdu2(g)ds = 0. If Cirn, = 0, we define Iy = max{n; > j > 1,Cy; =
25:1 P ;1I> > 0}. Then we have from (A.7) that

(A10) El|Zp10 (1)]|> < BE|Crio (1) + 32RO o cx(wduyicy (02 4 3E | S 1o (8|2

Employing methods similar to those used in proving the sufficiency, we can obtain
limy o0 E|[Sk.1, (¢)]|? = 0, and then limy_, » E|| Zy 1, (t)||* = 0. Note that

t
El| Zo ()2 = Crto / ¢~ 2Re0N) [ a0 2 ()15,
0

where C},;, > 0. Therefore, the necessity is proved. ]

Proof of Lemma 3.4. The proof is split into the following four parts:
(a) We prove that [;° c1(s)ds = oo and [° 02 s)ds < oo imply the almost sure
asymptotic stability. We first show that [~ ci(s)ds = oo and [~ c3(s)ds < oo
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imply limy_ o fo =22 [J er(w)du c3(s)ds = 0. For any ¢ > 0 by fo c3(s)ds < oo,
there exists a positive constant ¢ty = to(¢), such that f s)ds < €/2, and then
by fo c1(s)ds = oo, there exists a positive constant t; = tl( ) > to, such that

e 2Nz Cl(u)d“ < e/(2 [, 3(s)ds). Hence, for any € > 0, there exists T = T'(e) >
t1(e), such that for any ¢ > T

t to . t
/6—2Af;cl(u)ducg(s)ds§/ 22! q(u)ducg(s)dﬁ/ 2 I e 2 gy g

0 0 to
—2) [} e (u)du fo >
<e Bl / c2(s)ds Jr/ ca(s)ds < e.
0 to

That is, limy fot e=22 L er(wduc2(g)ds = 0. Then, by Lemma 3.3, limy_, o, E|| X (¢)[|2
= 0 for any X (0) € R™. Note that every eigenvalue of D has strictly positive real part;
then there exists a positive definite matrix P such that DT P + PD = I,,,. Letting
V(t) = X (t)T PX(t) and applying the It6 formula yields

(A.11)

V(t):V(O)—/O c1(8)]| X (s szs—i—C/ (s ds+2/ VI Poica(s)dw;(s),

where C' = Zle ol Po; > 0. Then the semimartingale convergence theorem gives
that lim;_, o V() < 00, a.s., which together with the definiteness of P implies lim;_, o,
| X (t)]] < oo, a.s. Notice that lim; o, E|| X (¢)]|> = 0 implies that there exists a subse-
quence converging to zero almost surely. The uniqueness of limit admits lim;—_, o, || X (¢)||
=0, a.s. Therefore, the almost sure asymptotic stability follows
(b) We prove that if fo c1(s)ds = oo and lim;_,  c3(t) log fo c1(s)ds/ei(t) =0,
then the solution to (3.2) is almost sure asymptotically stable. Note that the almost
sure asymptotic stability is equivalent to lim; . ||Cx,; (¢)|| = 0, a.s., forallk = 1,...,1,
j=1,2,...,ng, and any initial value X (0), where (j ;(¢) is defined by (A.4) and (A.5).
We first fix k and show limy—e [|Cen, (8)]| = 0, a.s., under [ ci(s)ds = oo,
limy o0 c3(t) log fo c1(s)ds/c1(t) = 0, and Re(Ar) > 0. It can be seen that limg_
e~MJoer(®)ds — 0 Then in order for limy_, o ICk,my (B)]] = 0, a.s., we need to show
that lim;_,o0 Zg p, (t) = 0, a.s. Let

Mk:,nk Zpk nk/ dwz( )
d t d t
: (t) :;Re(pé“"’“)/o ca(s)dwi(s),  M(t) :;hn(pfc,nk)/o ca(s)dwi(s);

then My, (t) = M} (t )—|—iM2( ), where i? = —1, and M (t) and M?(t) are real-valued
martingales. Letting M (t f et Jo er “)d“de i (8), we get

t
() = / RO 5 1 g () dM (5)
/ Re(he) Ji 1) gin (py (5)) dME (s)

/ eRe(Ae) [§ e1(u)du sm(pk(s))dMli(s)
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¢
+i/ eReOw) Jo er(wdu cog(py (5))dME(s)
0
(A.12) =t M1 (t) — M2 (t) + ims(t) + impa(t),
where py(s) = Im(\g) [; c1(u)du. Note that
Zin, (1) = e o 1 004N (1)
(A.13) = 7R Jo 1 (cos(py (1)) + i sin(pi (1)) M ().

Hence, for lim;_,o Zj p, (t) = 0, a.s., it is enough to show that
2y (t) = e R0 ex B oy (1)) (¢)

and
2k (8) = e RO o erCdu gin (1) )imys (1), 5 =1,2,3,4,

tend to zero almost surely as ¢ — co. Here, we show only lim;_, 2x1 () = 0, a.s., and
the others can be obtained similarly. Note that my1(t) is a continuous martingale,
vanishing at zero. Then we have that either

(A14) tliglo<mk1>(t) = Ckﬂlk / eQRe(Ak) S c1(u)du COSQ(pk(S))Cg(S)dS < 00
0
or

(A.15) lim (M) (t) = oo,

t—o00

where Cy ,,, = Zl 1 IRe(p}, ., )1?. In case (A.14), the martingale M (t) converges
almost surely to a finite hmlt by the martingale convergence theorem [38, Proposition
1.8, p. 183]. Noting [ c1(s)ds = oo, Re(Ax) > 0, and

zp1 (t) = e ReOw) Jo er(wydu cos(px(t)) M1 (¢),

we immediately have the desired result lim; . zk1(t) = 0, a.s. In case (A.15), we use
the law of the iterated logarithm for martingales (see [38, p. 186]),

. | (t)]
A.16 lim su
(A.16) v’ /() (1) 1og 1og () (6))

Thus, for all w in an a.s. event, there is a finite T'(w) > 0 such that for all t > T'(w),
loglog({mk1)(t)) > 0 and

=1, as.

(A.17) 2 (8)] < 2\/6—2Re<xk>f5 c1()ds (17, ) (¢) log log (g ) (1)), aus.

Let C(t f e~ 2ReA) [l er(w)du o062 (p, (5))c3(s)ds log fo c1(s)ds. By PHopital’s rule

and hmt_>O<> c3(t) log fo c1(s)ds/c1(t) = 0, we have

Jo €2 Ji e1(Wdu o3 (py (5))c3(5)ds

lim C(¢) = lim

t—00 t—00 2Re (Ak) fot c1(u)du logfl f(f Cl(S)dS
(A.18) — lim (t) log [y e1 (u)du cos 1( pr(t))/er(t)
t—o0 2Re()\k)

fot c1(u)dulog fof ci1(s)ds
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Hence, for any e € (0,1) satisfying Cyn,e < 1, there exists T'(¢) > 0 such that
fot c1(s)ds > e and fot e2Re) [ er(wdu 2 (5)ds < ee2Ren) Jy er(wdu for all ¢ > T'(e).
This also implies

t t
log log (Ck:,nk / o2Re(Ae) f5 q(u)duc?(s)ds) <log(2Re(\g)) + log/ 1 (u)du.
0 0

Thus, for ¢t > max{T(w),T(e)}, we have from (A.17)

t t
|zr1 (1)) < 4C’k7nk/ e~ 2Re(Ae) [7 er(wdu2(g) s {log(ZRe(Ak)) + log/ cl(s)ds} .
0 0

This together with (A.18) gives limy_,o0 ||211(¢)]] = 0, a.s. Similarly, we have lim;_,
|z (t)]] = 0, a.s., and limy—, o [|Zx; (¢)|| = 0, a.s., j = 1,2,3,4. Hence, limy_, o0 Z n, (t)
=0, a.s. Therefore, lim;_, ||k n, ()| = 0, a.s.

We now use the the backstepping method to prove lim;_,« ||k ;(t)|| = 0, a.s., for
all j =1,...,ng. Assume that limy_,o ||k j+1(¢)|| = 0, a.s., for certain j < ng. We
will show that lim; . [|Ck,j(¢)]| = 0, a.s. Note that (i ;(t) satisfies (A.5). Then we
have

|G (1)) < e RO o 1 (e G5 (0)[] | Zig (B)]] + Sy (1),

where S ;(t) = fg e~ ReO) [ cr(Wdic, (5)||Ck j41(5)||ds. Similarly to the estimation of
Ch,ny, () above, we can obtain

. —Re(Ag) [T er(u)d _ : _
lim =R GOt 50) =0 and  lim [ Zi,(0)] =0, as.

Hence, we need only show

t
Jim Si5(1) = Jim | eTROD L0 ()G (5) s = 0, s

Let k, j be fixed, and let Q(t) = fg eReOw) J5 er(wducy ()||¢p a1 (s)||ds. TFlimg o Q(t) <
00, then from fooo c1(s) ds = oo, we get

lim Sk ;(t) < lim e~Re() Jo crwduy(p) = 0.

t—00 T t—oo

Otherwise, lim;_,o, Q(t) = oo; then, by 1’'Hopital’s rule, we still have

. . Q(t) _
tliglo Sk.j (t) = tli{go eRe(Ak) Jiei(uydu Re(Ag

) Jm (|G i (s)] =0, as.

Hence, lim;_o ||k, (t)|| = 0, a.s. By repeating the induction above for j =1,...,ny,
we have lim;_, o ||Cx,;(¢)|| = 0, a.s., for all j =1,...,ny. Repeating the process above
for k=1,2,...,1 gives lim;_, || X ()| = 0, a.s., and then the almost sure asymptotic

stability follows.

(c) We prove that almost sure asymptotical stability implies Re(Ax) > 0, k =
1,...,0 and [;° ci(s)ds = oo.

We now assume that the solution to (3.2) is almost sure asymptotically stable. By
methods similar to those used in the proof of Lemma 3.3, we can obtain (A.6). Note
that the first term on the right-hand side of (A.6) is deterministic and convergent for
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each (j.n, (0). Hence, limy_yo0 [|Crn, (£)]| = 0, a.s., gives lim; o, e~ % Jo er@du —
which also implies Re(A\y) > 0, k=1,...,1, and [;* c1(s)ds = oo.

(d) We prove that if all the eigenvalues of the matrix D are real, then almost
sure asymptotical stability implies Re(A\x) > 0, k = 1,...,1, fooo c1(s)ds = oo, and
liminfy_, o c3(t) log fot c1(s)ds/ci(t) = 0.

Note that the necessity of every eigenvalue of D having strictly positive real
part and fooo c1(s)ds = oo is proved in (c¢). Hence, it remains to prove necessity of
lim infy o c3(t) log f(f c1(s)ds/c1(t) = 0 for almost sure stability under [ c1(s)ds =
ocoand Ay >0, k=1,...,L

Due to the fact that all the eigenvalues of the matrix D are real, the Jordan matrix
decomposition in the proof of Lemma 3.3 can be obtained under a real invertible
matrix P, such that P, 'DP; = Jp. In view of this, the coefficients in (A.4) and
(A.5) are real. Note that the almost sure asymptotic stability gives that for any
initial value ¢(0), limy o0 [|Ck,n, (B)]| = 0, a.s., & = 1,2,...,l. This together with
(A.6) implies that

(A.19) tliglo 1 Zkne Ol =0, as.

Let My ;(t) = Si i pi,; Jo e o ducy(s)dwi(s), j = 1,...,mk. Then Zy (t) =
e~ Jo Cl(“)d“Mkyj, and

t g
(A.20) Jim (Myj)(t) = Ci / M i AR (5)ds,  j=1,2,...,n,
o0 0

where Cy,; = Y%, [P ;1I?. Note that o; # 0 for certain i and P is invertible. Hence
there must exist £, j such that Cj ; >0, 0 < j < ny. Let £ be fixed. We first assume
that C,, > 0 and claim that (A.19) implies lim inf; o c3(t) log fot c1(s)ds/ei(t) =0
holds. We suppose now, contrary to the desired result, that

t

lim inf c3(t) log/ c1(s)ds/ci(t) # 0;
t—o0 0

then there is ¢ > 0 such that

2(t)1og [ ¢1(u)d
(A.21) limint 20108 Jo cr(wdu
t—o0 Cl(t)

which implies that for some T > 0,

c3(t) log fot c1(u)du
C1 (t)

(A.22) >=, t>T.

Noo

Then we have that for ¢t > T,
f[; 2k I e (u)ducl(s)ds
log fot c1(u)du

which together with (A.20) gives lim;_, o0 (Mj, . )(£) = 00. By the law of the iterated

2
logarithm for martingales, we have limsup,_, ., % =1, a.s., where

A\
\CRN

b

¢
(A.23) / 2 Jo er(wdu 26y
0

Zy(t) = 2e~ P Jo 1A (N, () log log (M ;) (1).
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Therefore, if lim;_,o0 || Zk n, (t)|| = 0, a.s., then we must have liminf; ,o, Z1(t) = 0.
Note that (A.23) implies that

(A.24) lim inf

and

(A.25)

log log fg ek Jo er(wdu2(g) g -
t—oo log fot c1(u)du

t

t
e—2>\k fot cl(s)ds/ 62>\k Js Cl(“)d“cg(s)dslog/ cl(u)du
0

0
> & Jp e s er(duc, (5)ds

-2 62>\k fot c1(s)ds ’

t>T.

Note that I’'Hopital’s rule and fooo c1(s) ds = oo give

f']t“ 62)\" j‘(; c1 (u)duCl(s)dS 1

(A.26) lim =

t—00 2k Ji e (s)ds 2k

By the definition of Z;(¢) and (A.24), (A.25), (A.26), we get

log log fot ek Jo cr(wduc2(g) g

htrr_l)g)lf Zi(t) > Ck,nkghtrgg)lf

log [ c1(u)du
. f; e2A I q(u)d“cl(s)ds C’k,nkQ >0
T (o) 2% T

which is a contradiction, and then lim inf;_, o, c3(t) log fg c1(s)ds/c1(t) = 0. It Cy p,, =

0, we define Iy = max{n, > j > 1,Cy; = Zle [P, ;II* > 0}. Then we have from
(A.7) that

(A27) N1 Ziao D < ko (O + €2 Jo AP G, (O)I] + [ St ()]

Note that lim; oo [|Crio (0) || = 0, Ak > 0, and limy_o || Sk, (£)]] = 0. Hence, lim;_, o
| Zk.1o (1)||> = 0. By methods similar to those used for Cy ,, > 0 above, we can obtain
that lim inf, o, c3(t) log fot c1(s)ds/c1(t) = 0 under Cy, > 0. Therefore, the proof is
complete. O
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