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FINITE-LEVEL QUANTIZED SYNCHRONIZATION OF
DISCRETE-TIME LINEAR MULTIAGENT SYSTEMS WITH
SWITCHING TOPOLOGIES*
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Abstract. In this paper, the synchronization of discrete-time linear multiagent systems is stud-
ied with finite communication data rate and switching topology flows. A class of quantized-observer-
based communication schemes and a class of certainty-equivalence-principle-based cooperative con-
trol laws are proposed with adaptive encoders and decoders. It is shown that if the pairs of agents’
state matrices and control matrices multiplied by Laplacian eigenvalues of the weakly connected
components are simultaneously stabilizable, and the communication topology flow is frequently con-
nected, then there exist such protocols leading to synchronization exponentially fast. Furthermore,
only finite bits of information exchange per step are required to guarantee the synchronization if
the communication channels are frequently active. For first-order dynamics, the dwell time and the
number of bits are both related to the unstable mode of agent dynamics, the number of agents, the
frequency of connectivity, and the Laplacian eigenvalue ratio of the switching topology flow.
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1. Introduction. With the rapid development of information technology, con-
trol systems evolve from single-agent systems to large-scale networked multiagent
systems. In recent years, the communication and cooperative control of multiagent
systems attracts more and more attention of scholars and engineers, for example, the
tracking control of unmanned air vehicles and the formation control of robot teams.
Many scholars have made great efforts to study the synchronization or consensus
problem, which is the most basic issue of the cooperative control. They established
fruitful theoretical results and engineering applications successfully [1], [2], [3], [4].

In early studies, it is always assumed that the communication channels have in-
finite bandwidths and are capable of transmitting real-valued information precisely.
However, the bandwidths of communication channels are always finite in real net-
works. By using digital communication techniques, the information exchange between
agents is an integrated progress of encoding, transmitting, and decoding [5]. From
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this point, the study of synchronization problems with digital communication is of
both theoretical and practical importance [6], [7], [8], [9].

For the case with fixed topologies, Kashyap, Basar, and Srikant [6] first studied
the quantized consensus of multiagent systems. Assuming each agent holds an integer
state, the authors designed a “gossip” protocol to drive all agents’ states to an integer
approximation of the average of their initial values. In [5], Carli, Bullo, and Zampieri
designed encoders and decoders based on infinite-level logarithmic quantizers and
proved that the system will achieve precise average consensus if the quantization den-
sity is sufficiently high. Li et al. [8] proposed a dynamic encoding-decoding scheme
with finite-level uniform quantizers and vanishing scaling functions. They proved that
the system can achieve average consensus exponentially fast with a single bit infor-
mation exchange per time step. You and Xie [9] studied the synchronization of linear
multiagent systems and proved that if each agent is stabilizable, and the product
of its unstable modes is less than an upper bound depending on the structure of the
network topology, then there exist proper communication and control protocols to en-
sure synchronization. In addition to the data-rate constraint, the switching of network
topologies due to packet losses, link failures, or high-level commands is another kind
of uncertainty in multiagent systems. Li and Xie [10] studied the quantized averaging
of integrator systems under bidirectional information communication. They proposed
a class of adaptive quantized communication schemes such that each agent adjusts the
range of quantization dynamically according to the information communication with
neighbors. By algebraic graph theory, Lyapunov method, and the stability of time-
varying systems, it is proved that if the network topology flow is jointly connected,
then 3 bits of information exchange per time step suffice for the system to achieve aver-
age consensus. Zhang and Zhang [11] and Li et al. [12] studied the synchronization of
integrators over unidirectional switching networks. Zhang and Zhang [11] proved that
if the network topology flow jointly contains spanning trees and is always balanced,
then the system achieves average consensus by properly designing the quantization
parameters. Li et al. [12] extended the results of [10] and [11] to general unbalanced
switching topology flows. They proved that if the network topology flow is jointly
strongly connected, each agent sends 3-bits information to its neighbor and 1-bit in-
formation to itself at each step, then the system achieves synchronization. Olshevsky
[13] considered distributed consensus under ternary information exchange and proved
that for a class of time-varying undirected graphs under some connectivity conditions,
the proposed protocol can ensure average consensus with a polynomial convergence
time. More recent results on consensus with quantized communication can be found
in [14], [15], [16], [17], [18], and the references therein.

The above literature on quantized synchronization with switching topologies all
focus on integrator dynamics, while for general linear dynamics, most of the existing
literature focus on the case with precise communication. In [19], Wang, Cheng, and
Hu proved that for continuous-time controllable linear multiagent systems, distributed
control protocols can be found to ensure synchronization if the network topology
flow is frequently connected with a positive dwell time. For neutrally stable agent
dynamics, Su and Huang [20] proved that the synchronization can be achieved if
the network topology flow is jointly connected. By using the nonnegative matrix
theory, Qin, Gao, and Yu [21] proved that unstable agents with full row rank input
matrices can achieve exponential synchronization if the communication topologies
jointly have spanning trees frequently. As we know, up to now, there is no study
on the synchronization of general linear multisystems with finite communication data
rate and switching topology flows.
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In this paper, we study the synchronization of discrete-time linear multiagent
systems with finite communication data rate and switching topologies. Compared
with former works, the problem has the following new challenges: (i) different from
the fixed topology case [8], [9], the quantized synchronization with switching topology
flows requires each agent to observe its neighbors’s states with intermittent informa-
tion. It means that the state observation scheme should be adaptive to the interrup-
tion of information communication caused by the network topology switching. For
the communication among agents, the switching of network topologies also leads to
information mismatching between the senders and the receivers, so the broadcasting
type encoders and decoders proposed in [8] cannot be used here; (ii) different from the
case with neutrally stable agent dynamics, if there is an unstable mode in agent dy-
namics, then the closed-loop system will diverge exponentially during the period that
the network topology is not strongly connected. The divergence of synchronization
errors in such periods should be well estimated and restrained such that the stability
of the closed-loop system is not affected; (iii) the coupling among the above difficulties
due to the agent dynamics, switching topology flows, and the quantization nonlinear-
ity makes the closed-loop analysis much more difficult. In this paper, we propose
a class of quantized-observer-based dynamic communication schemes and certainty-
equivalence-principle-based control laws. To avoid information mismatching between
the senders’ encoders and the receivers’ decoders, we adopt a channel-activeness-based
state updating rule for the encoder-decoder design. To avoid the saturation of quan-
tizers which may lead to the growth of quantization errors, we adjust the quantization
levels of each quantizer adaptively according to the status of the channels for the last
step. To estimate the divergence of the synchronization errors when the network
topology is not strongly connected, we use the weakly connected components of the
topology flow to regroup the agents and estimate the difference of every two agents’
states by calculating innergroup and intergroup distances. We show that if the net-
work topology flow is frequently connected with a large dwell time for those being
strongly connected, and there exist K € R"*™ such that A — \;BK,i=1,...,1, are
stable, where (A, B) is the pair of agents’ state and control matrices, A;,i =1...,1,
are nonzero eigenvalues of Lapalacian matrices of all weakly connected components
of the topology flow, then there exist communication and control protocols ensuring
synchronization exponentially fast. In addition, if the communication channels are
frequently active, then finite bits of information exchange per step can ensure the
exponential synchronization. Especially, for unstable first-order systems, the lower
bound of the dwell time and the upper bound of the number of bits are given in
quantitative relation to the unstable mode of agent dynamics, the number of agents,
the frequency of connectivity, and the synchronizability of the topology flow, which is
defined as the ratio of the smallest and largest nonzero Laplacian eigenvalues of the
connected components.

The rest of this paper is organized as follows. In section 2, we give some prelimi-
naries and formulate the problem to be studied. In section 3, we first consider the case
of precise communication, and then the case of finite-level quantized communication,
and give the main theorems of this paper. In section 4, we verify the effectiveness of
the theoretical results by numerical simulations. The concluding remarks and some
future topics are given in section 5.

The following notations will be used in this paper. Denote the column vector
with a proper dimension and all elements being 1 and the matrix with all elements
being 0 by 1 and 0, respectively. We use I, (or I) to represent an identity matrix with
dimension n (or with a proper dimension). Denote the sets of real numbers, conjugate
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F1c. 1. Two weakly connected components of a digraph.

numbers, and nonnegative integers by R, C, and N, respectively, and R™ represents
the n-dimensional real space. For a vector X € R" or a matrix X € R"*™ its
transpose is denoted by X', its Euclidean norm and the infinite norm are denoted by
[|X]] and || X| oo, respectively. The spectral radius of a matrix X is denoted by p(X).
For two series of numbers f(k) and g(k), we say that f(k) = O(g(k)) if there exists a
positive constant C' such that |f(k)| < C|g(k)|, k € N. For a real number r, we use
the notation [r] to represent the least integer larger than r. The Kronecker product,
denoted by ®, facilitates the manipulation of matrices by the following properties:
(1) (A® B)(C ® D) = (AC) ® (BD); (2) (A® B) = A# @ BH. Denote the block
diagonal matrix with its diagonal matrices being Ay, ..., A by diag(A1, ..., Ax). We
denote the open ball {X € R"|||X||o < 7} by %,.

2. Preliminaries. In this section, we give some basic concepts in graph theory
and formulate the problem to be studied.

2.1. Basic concepts. For a digraph G = {¥, &}, ¥ = {1,...,N} is the node
set and & C ¥ x ¥ is the edge set. Denote the adjacency matrix of G by o =
[ai;] € RN*N_If (j,i) € &, then a;; = 1, otherwise a;; = 0. Here, we assume
ai; =0,i=1,...,N. We say that G is undirected if ;ZZQH = &/g. Denote the in-degree
and out-degree of node i by degi" = Zjvzl aij, degd"t = Zjvzl aj;, respectively, and
denote the degree matrix by Zg = diag(degi", ..., deg¥). We say that G is balanced
if degi™ = deg¢"!,i =1,...,N. The Laplacian matrix of G, denoted by Lg, is defined
as Lg = Yg — g, and its eigenvalues in an ascending order of real parts are denoted
by Ai(Lg) = 0,A(Lg),s = 2,...,N. Denote the Jordan canonical of £g and the

associated transformation matrix by diag(O0, Jg ooy d ,gg) and ®g, respectively, that is,
<I>g£g<I>§1 = diag(O0, J2g, cee Jkgg). A sequence of edges (i1,172), (i2,73),- - -, (ik—1,0k)
is called a path from i; to 4. For a digraph G = {7, &}, we say that G is strongly
connected if there is a path from each node to any other. An undirected graph G is
called connected if for each pair of nodes, there is a path between them. For a digraph
G ={V, &}, if there is a digraph G = {7//,@@/} such that 7' C % and & C &, then
G is called a subgraph of G, which is denoted by G CG. We say that G = {”f/l,@@/}
equals G = {¥" &' Yit ¥ =" and & = &”. A subgraph G of the undirected
graph G is called a connected component if (i) G is connected, (i) for any G~ C G,
if G C G" and G is not equal to G', then G is disconnected. For a digraph G, its
mirror graph is an undirected graph, denoted by G = {¥, &}, where (j,4) € & if and
only if (i,j) € & or (j,i) € &. A subgraph G of the digraph G is called a weakly
connected component if G is a connected component of G. For example, the digraph
with nodes set {1,...,6} in Figure 1 has two weakly connected components.

Given a piecewise constant switching signal o(t): N — N, we can define a sequence
of switching digraphs {G,) = {7, 6,1}, t € N}. Define 0 =19 < t; <--- <t; <
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tiy1 < --- < 400 as the switching times of o(t), such that G, is fixed during each
interval [t;,t;+1), ¢ € N. If there is an integer j such that o(t) is fixed for ¢ > t;, then
tj+1 = +oo. For a sequence of switching graphs G, (), where 0 =tg <t; <.+ <t; <
tiy1 < --- < 400 are the switching times, we call ;1 — ¢; as the dwell time [19] of
graph Go;y, i =1,2,....

2.2. Problem formulation. Consider a discrete-time multiagent system of N
agents with the following dynamics,

(2.1) x;i(t+1) = Az;(t) + Buy(t), i¢=1,...,N,

where z;(t) € R™ and u;(t) € R™ are the state and the control input of agent ¢. The
communication topology flow among agents is modeled by a sequence of switching
digraphs {G,(1),t € N}, where o(t): N — {1,...,M}. An edge (j,i) € &) if and
only if the communication channel from agent j to agent ¢ is active at time ¢; then
agent 7 is called the receiver and agent j is called the sender, or i’s neighbor. The set
of agent 4’s neighbors at time ¢ is denoted by N;(t) = {j € 7|(j,i) € &, }. Denote
N =MNrey U2, Ni(t). We have the following assumptions.

(A1) The eigenvalues of A are not all inside the unit circle.

(A2) The set A; = Jom; Ni(t).

The agent dynamics (2.1) together with the communication topology flow
{Gs(t),t € N}, is called a dynamic network [2], which is denoted by (A, B,G,@))-
Let ¥ = {g|g is a weakly connected component of digraphs in {G1,Ga, ... ,QM}}.
Define A as the collections of all nonzero eigenvalues of the Laplacian matrices of
the digraphs in &. For the case where Gy, ...,Gys are undirected graphs, we denote
)\M = IMaX)ecA A and )\m = minAeA A

For the dynamic network (A, B, G, (), a control protocol is called distributed if
the control input of each agent depends only on the information of its own and its
neighbors. We say that the dynamic network (A, B,G,(;)) achieves synchronization
if there is a distributed control protocol such that the closed-loop system satisfies

Remark 2.1. Note that .#; denotes the set of agents which are the neighbors of
agent ¢ for an infinite number of times. (A2) implies that if a communication channel
to agent ¢ is active at some time, then it is active for infinite times. For the asymptotic
properties of the dynamic network, the impact of the channels being active for finite
times is negligible. For saving resources, we only design communication protocols for
the communication channels being active for infinite times, and for the conciseness of
the closed-loop analysis, we make Assumption (A2).

In real digital networks, the communication channels have finite bandwidth and
the real-valued states are encoded into finite symbols before transmitting. The in-
formation communication is an integrated progress of encoding, transmitting, and
decoding. Our goal is to study under what conditions does there exist proper commu-
nication and control protocols to ensure the dynamic network achieves synchronization
with finite communication data rate and a switching network topology flow.

3. Main results. In this section, we give the main results of this paper. First,
for the case of precise communication, we present an exponential convergence result
under the frequently strongly connected condition. Then based on the exponential
convergence result for the case of precise communication, we propose a class of dy-
namic encoding-decoding communication schemes and a class of certainty-equivalence-
principle-based control protocols for the case of finite-level quantized communication.
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Conditions will be given on the existence of such a type of communication and control
protocols for ensuring all agents achieve synchronization.

3.1. Case of precise communication. We first consider the case of precise
communication, where the communication channels are capable of transmitting real-
valued information precisely. We have the following assumptions.

(A3) Go(p) is balanced, ¢ € N.

(A4) There exists a matrix K € R™*" such that maxyecp p(A — ABK) < 1.

(A5) There is a constant T' > 1 such that for any given time ¢, there is t* € [¢,t 4T
with G, ;) being strongly connected.

We consider the following class of distributed control protocols:

(3.1) wit) =K > aii(t)(x;(t) —wi(t), i=1,...,N.
JEN(t)

Let X(¢) = (2 (¢),...,28 )", U@) = (u{l(t),...,u%(t))H,ic(t) = (18 ® 1)
X(t),8;(t) = z;(t) — z(t) and §(t) = (67 (¢t),...,8%(t))", which is called the syn-
chronization error. Denote C; = maxgey H<I>g|| and Cy = maxgey H<I>g |. For a
matrix X € R™*", denote A(Lg,X) = I @ A — diag(J§,. .. Jgg) ® BX,pA(X) =
maxgey p(A(Lg, X)), and Q = {X € R™*"|pp(X) < 1}. Then it can be seen that 2
is nonempty if (A4) holds. Denote

Lo(A) = {no € Rl > p(A) s.t. [ A*] = O(ng)},
Mo(no) = inf{Mo € R|My > 1,10 € To(A) s.t.|A%|| < Monb, k € N},
1) = {m € Rioa(¥) < m <1 5] (AL, 2" | = O0).6 € 9}
Ml(’lh) = inf{Ml € R|M1 > ].,771 € Fl(X) s.t
I (Ao, )" || < M b € NG €9 ).
Then by Lemma A.1, I'g(A) is nonempty and My(no) is well defined for any X €
R™>*™_ Since (A3) holds, it can be seen that each G € ¥ is strongly connected. Thus,

if X € Q, then T';(X) is nonempty and M (n;) is well defined. Denote

R(X,1m9,m1) = max {Clcle(m), Mo(no)ng , Ml(m)},

1

l _L -
pl(Xano,m):(maX{Cl@Ml(ﬂl)al}) mo (4\/NR(X77707771)) :

4VNR(X,10,m)
(p1(X,n0,m))"

W(X,n0,m) =T1n (4\/—R (X no,m)
)

—l—ln(maX{C'ngMl(m 71}) ( _T) 111(771),
W(X77707771)
—21In(ny)
N \/WQ(X, no, M) — 41n(n1) In(max{C1Co M7 (1), 1})
—2In(m) '

Cs(X,m0,m1) Zmax{ 0102M1(771)}

(3.2)

S(X7n07771) =
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Let 7 = inf{t;11 —t;| Gy is strongly connected at [t;,t;41),7 =0, 1,...} as the mini-
mum dwell time of those strongly connected digraphs of the communication topology
flow {G,(1),t € N}. Then we have 7 > 1 and the following result.

LEMMA 3.1. For the dynamic network (A, B, Gy(1)), suppose that (A1)-(A5) hold
and T > 1", where
* & inf inf s(X,no,m).
L S (X, n0,m1)
n1 € ' (X)

Then there exist K € R™*™ C3 € R, and p1 € R such that the distributed control pro-
tocol (3.1) can ensure the dynamic network to achieve synchronization exponentially
fast, and ||8(t)]| < C36(0)]1p%, t € N.

The proof of Lemma 3.1 is put in the appendix.

Remark 3.2. We say that a sequence of digraphs is frequently strongly connected
if it satisfies (A5). If the communication topology flow is composed of undirected
graphs, then (A5) is equivalent to the frequent connectivity condition [19]. For the
continuous-time linear multiagent systems with undirected communication topologies,
[19] requires the dwell time 7 be uniformly bounded away from zero for those connected
graphs. Different from [19], Lemma 3.1 is concerned with the discrete-time case where
the systems cannot be stabilized with any fast speed, so a sufficiently large dwell time
for the digraphs being strongly connected is needed here.

Remark 3.3. We can derive explicit expression of 7* for the case of first-order
dynamics. Suppose that the agent dynamics are given by

(3.3) zi(t+1) =ax;(t) +wi(t), i=1,...,N,

where a > 1. The communication topology flow {G,), t € N} is composed of
undirected graphs. For this case, A =a, B =1, and C; = Cy = 1. By the definition
of 2, we know that if (A4) holds, then Q = (‘1)\—;1, ‘X—J;) Since Gy(4), t € N, are
undirected, A(Lg, X) is diagonal for all G € 4. By Lemma A.1, one can see that for
any given 19 > a and my > pa(X), there is Mo(no) = M1(n1) = 1. From (3.2) and the

definition of 7%, we get that

*

7" = inf inf s(X, o,
nf, (Xm0, m1)
m € T'1(X)

= Ai)Ié%S(X,CL,pA(X))

(3-4) . 2a a 2a
R U S WAL N WIS W

TIn(4vV/Na™) + (1 —T)In(a ;ﬁ;i:)

)\M,)\m )
AMFAm

—In(a

Remark 3.4. Consider the dynamic network with second-order dynamics

’Ui(t + 1) = ’Ui(t) + ui(t),

The communication topology flow {G,«), t € N} is composed of undirected graphs.
Here, A = [}1],B = [9], and C; = Cy = 1. Let K = [k1, ko] € R'™™2. Take
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ko € (0, f—ﬁ), k1 = Bko, where (8 is a constant satisfying

- m
ﬁe<2+v4 43AM/A |, A/ Am < 4/3,

B8€(0,1), Ag/Am > 4/3.

Then similarly to the proof of Lemma 3.1, it can be shown that if (A1)-(A5) hold
and

T > inf  (1++2)
= € (0, W(8))

n T—-1
—21n (\/T=4B(1—B) A /A1 +5V/3) 2 7

<T1n (4\/Nmax{m(l+%)2N737\/§T})+(2N73) n ( 2N2(1+§)))

where W(8) = - 1_4[35(\1/;3))\"1”]” , then there exists K € R*? such that the control

protocol (3.1) can drive the system to synchronization exponentially fast.

Remark 3.5. For an undirected connected graph, the ratio between the minimum
and the maximum nonzero Laplacian eigenvalues is a measure of its synchronizability
[22]. From Remarks 3.3 and 3.4, 7 is closely related to Ay, /A, which can be viewed
as the synchronizability of the communication topology flow {G, (), t € N}.

It is worth pointing out that even for the case of precise communication, our result,
Lemma 3.1, is not covered by the existing literature on the synchronization of linear
multiagent systems. In [20], Su and Huang proved that a linear multiagent system
with a jointly connected communication topology flow can achieve synchronization by
the control protocol (3.1). Compared with [20] for neutrally stable agents, the agents
considered in Lemma 3.1 are unstable. Furthermore, Lemma 3.1 gives the convergence
speed of synchronization errors. Below we will give an example with unstable agent
dynamics and a jointly connected communication topology flow. It is found that there
is no control gain to make the system achieve synchronization. From this example, we
can see that for the case with unstable agent dyanmics, generally speaking, the joint
connectivity condition of the communication topology flow is not enough to ensure
synchronization.

Example 3.6. Consider a dynamic network with 3 agents given by
(3.5) xi(t+ 1) = ax;(t) +ui(t), i=1,2,3,
where a > /2 + 4v/3. The communication topology flow {Gs(t), t € N} is composed
of undirected graphs. Here, G, ;) switches between two graphs G; and Gz given by

Figure 2, o(t) = 1 for t = 2k, and o(t) = 2 for t = 2k + 1, k € N. It can be seen that
{Gs(t),t € N} is jointly connected. The control protocol is given by

3
(3.6) wi(t) = hY_ai(t)(x;(t) —2:i(t), h€R, i=1,23.

By (3.5) and the switching rule of o(t), we have
(3.7) 5(2k) = A8(2(k — 1)), k € N,
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@%@ @/@@

Fic. 2. G1 and Go.

where
ala—h) h(a—nh h?
A= ah (a—h)? h(a—h)
0 ah ala —h)
Let

S(t) =Z4(t), and S(t) = (Sl(t),gg(t),gg(t))H = (0, d02(t), 63(t)). Then from (3.7), we
know that
02(2k) \ _ = 92(0)
(5m)="(50 )
where

i a® —3ah+h*  —h?
- ah a?—ah)’

whose characteristic polynomial [\ — A| = A2 +ay A+ ag with a; = —(2a2 —4ah+ h?)
and ag = a?(a — 2h)?. Then by the jury criteria and some direct calculation, we can
prove that not all of A’s eigenvalues are inside the unit circle no matter what the
control gain h takes. Noting that d2(0) and d5(0) can be given arbitrarily, one can see
that 6(¢) does not vanish as t — oo for any given initial values.

Remark 3.7. In [21], Qin, Gao, and Yu studied the synchronization control of
unstable agents over jointly connected network topologies when the input matrix of
each agent is full of row rank (see [21, Theorem 1]). Theorem 1 of [21] requires that
the maximal modulus of the eigenvalues of the agent state matrix, i.e., the most
unstable mode of the agent dynamics, must be less than 1/(1 — pTo(N=1)(N-1)To
where N is the number of agents, Tj is the upper bound of the joint-connectivity
intervals, and p € (0,1) is a constant dependent on the weighted adjacency matrices
of the topology flow. By the definition of p, one can verify that g must belong to
(0, E;_%L where d is the largest diagonal element of all possible Laplacian matrices,

and ¢« is the lower bound of the weighting factors. This means that though the agent
dynamics of [21] can be unstable, the unstable modes should be close enough to the
unit circle of the complex plane. Specifically, for the topology flow given in Example
3.6, one can verify that the unstable mode a should be less than 1.09 for meeting the
conditions of Theorem 1 of [21], however, here, a > /2 4 4v/3 > 2.9. So, Example 3.6
is consistent with [21], and tells us that if the agent dynamics is sufficiently unstable,
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then generally the joint connectivity of the communication topology flow does not
suffice for synchronization.

3.2. Communication and control protocols. Now we consider the case of
finite-level quantized communication. Here, each communication channel is digital
and has finite bandwidth. We have the following assumption.

(A3,) Go (1) is undirected, t € N.

Since the communication topology flow is time varying, each communication
channel switches between active and inactive status discontinuously. If we use the
broadcasting-type encoders and decoders proposed in [8], then the inner state of each
encoder may be inconsistent with that of its neighbor’s decoder due to the switch-
ing channels. Motivated by [10], we propose a dynamic encoding-decoding scheme
which depends on the activeness of the communication channels: for each channel
(j,1), 7 € A, 1 =1,...,N, if it is active, then the sender j quantizes and encodes
its information and sends it to the receiver i. After receiving the information, agent i
estimates j’s state by the decoder. The encoder and the decoder of (j,%) update their
inner states adaptively according to whether the channel (j,4) is active or not. The
encoder O;;(t) associated with (j,1) is given by

&:(0) =0,
&i(t) = A&i(t — 1) + a4 (t)g(t)s;i(t),

sl =i (B

(3.8) ©;i(t) =

where sj;(t) is the output, which will be transmitted to agent 4 if (j,¢) is active, &;;(t)
is the inner state, and g(t) > 0 is the scaling function. Here, we take g(t) = go~?,
0 < < 1. The decoder ¥ ,;(t) maintained by agent ¢ is given by

o fao =0,
39 Yt {wwzﬂmwm+%@wmwx

where &;;(t) is the output of Wj;(t), which represents the estimation of agent j’s
state. From (3.8) and (3.9), it can be seen that &;;(t) = &;;(t), t € N. Denote
E;i(t) =a;(t) — &(t), j € A5, i =1,..., N as the state estimation errors. Here, the
Q7' (-) are uniform quantizers,

(3.10) Ql'(y) = B 2

—QI'(~y), y< -

for any y € R, and 2L;;(t) + 1 is known as the quantization level. Denote Aj;(t) =

W —s5;i(t) as the quantization error of QJ*(-). Fory = (y1,...,y.)" € R",

let Q7' (y) = (@' (1), -, QI (yn))™, respectively.
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FiG. 3. G, and G,.

Based on the above encoding-decoding scheme, we propose the following class of
certainty-equivalence-principle-based control protocols:

(3.11) U = ui(t),izl,...,N,tEN | ul(t):K Z aij(t)(a?jl-(t)—&j(t)) 5
JEN

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

Remark 3.8. Here, we only design encoders and decoders for each (j,1), j € A,
i=1,...,N. According to (A2), we have u;(t) = K> c 4 aij(t)(Z;i(t) — &;(t)) =
K Zj\le a;;(t)(£5:(t) —&;(t)). Similarly to the certainty equivalence principle, we use
the estimation of the agents’ states instead of the real states to construct the control
protocol in (3.11). The effectiveness of the protocols will be shown below.

3.3. Convergence analysis. Before showing the main results, we first make
the following assumptions.

(A6) There exists a known constant C; > 0 such that max;eqi,.. vy [[2i(0)][c0 <
Csy.

(A7) For any i € {1,...,N}, j € A;, there exists T{" > 0 such that for any ¢ € N,
there is t* € [t,t + T7") satisfying a;;(t*) = 1.

Remark 3.9. If (A7) holds, then we say that the channels (j,i), j € A5, i =
1,..., N, are frequently active. In fact, the frequent connectivity of topologies and
the frequent activeness of edges are independent. For example, the topologies in
Example 3.6 are not connected at any time, but the edges (1,2) and (2,3) are frequently
active with periodic 712 = T2% = 2. In addition, consider two graphs G, = {¥,& }
and Gy = {¥,&,} in Figure 3, where ¥ = {1,2,3}, & = {(1,2),(2,3),(1,3)}, and
& = {(2,3),(1,3)}. If the communication topology flow swit/ches in the following
way, when ¢ = ta;, Gy1) = Gy, and when ¢ = t9;11, Gy1) = Gy, @ = 0,1,..., where
{ti,i € N} is a sequence of switching times and satisfies lim;_, oo (t;41 — t;) = 00, then
Go(4) is always connected but the edge (1,2) is not frequently active.

The main theorem is given below.

THEOREM 3.10. For a dynamic network (A, B,G,)), assume (Al), (A2), (A3,
(A4)—(A6) hold, and T > 7 with 7* defined in Lemma 3.1. Then there exist com-
munication and control protocols (3.8), (3.9), (3.10), (3.11) such that for any given
X(0) € B, the dynamic network achieves synchronization exponentially fast. Fur-
thermore, if (A7) holds, then the exponential synchronization can be achieved with
finite bits of information exchange per time step.

Proof. Tt can be easily seen that Assumption (A3') implies (A3). Select the
control gain, parameters of the encoders, decoders, and quantizers as in the following

steps (a)—(d).
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(a) By Lemma A.3, there exist K* € R™*™ and two constants C3 € R, p; € R
such that the solution of the linear switching system

w(t+1) = (Iy ® A — Lg,,, © BK*)w(t)

has the property that [|w(t)|| < Cs||w(0)||p}, t € N. Take K = K*.

(b) Take v € (p1,1), where p; is defined in (a). By the proof of Lemma A.3,
it can be seen that if (A1)—(A5) hold, then the value of C3 and p; can be specified
explicitly.

(c) Denote sup,cy max;—1
agent ¢ at time t. Take
(3.12)

~ degi™(t) by d*, where degi™(t) is the in-degree of

.....

go>max{2||A||m 2 (v = ) /(O = p0)l| Alloe + 46PN BE [ Blloo | C

* 2C, (v —
+2d* (v — pl)\/ﬁllBHoo”KH“)’ ﬁ}.

(d) Denote

where

2(d*)*ny/N|| BE ||| B oo |1 K || Cs L VI Bllool K loo

H:
(v = p1) g
Fori e {l,...,N},j € A, take Lj;(1) = [M — 17, and for ¢ > 2,
Al L — 1 _1 (4 —
(3.13) Lji(t):{ = (L~ ) 12)+H [, eut-n=0
(M_i]a Clzj(t 1):1

By (2.1), we have

(3.14) X(+1) = (Iy ® AX (1) + (Iy @ BYUQ), 1 € N.

For any [ € N, denote a;(I) = (ain(l),...,ain()?, a;(l) = (a1;(1),...,ani(1)H,

S1(1) = diag(atl (1), ..., ak (1)), $2(l) = diag(at(1),..., ok (1)), and
E@) = (B, EBQ), - By (), B (1), ... . ENn (D)
EQl) = (B{1(1), E5 (1), .., BN, (1), E5(1), ..., EXn (D)

Then by (3.11), we have U(l) = ( QK)X (D)4 (1 (D@ K)E(1) - (S2() @ K)E(D).
This together with (3.14) leads

Go(1)

X(+1)=(Inv®A-Lg,, ®BK)X(])

(3.15) R
+(51(0) ® BK)E() — (S2(1) ® BK)E(), 1 € N.

By Assumption (A3'), we have a;;(1) = a;i(1). Then it can be seen that for any [ € N,

1% o 1,) [(Z1(1) ® BK)E(l) — (22(1) ® BK)E(I)| = 0.
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This together with 17 Lg_ = 0 leads to

(3.16) 17 @ L)X(1+1)=A0" @ 1,)X(1), l € N.
From (3.15) and (3.16), we have
(3.17)

5(1) = X(1) — %(11T @ LX)
= (IN RA— Egg(lil) & BK)5(Z — 1)
+ (21(1 =1)® BK)E(l —1) — (32(1 — 1) ® BK)E(l — 1)

-1
= [~ ®A-Lg,,, ® BK)§(0)
h=0
-1 -1 R
+5° | ] Un®A-cq,, ®BK) ((El(h) ® BK)E(h)
h=0 Lj=h+1

- (Eg(h)®BK)E(h)) ,leN.

Let z() = [[,_,(In ® A — Lg,,, ® BK)3(0), I > 0 and z(0) = §(0). Then, z(I) =
(In®A-Lg,,_,, ® BK)z(l—1), and (1¥®1,)z(1) = 0,1 € N. By Lemma A.3, one
can see that

(3.18) I2@)I < Csl1(0) |1 = C5]16(0)lp}, L € N.

For a positive integer h, let v(l) = H;;thrl(IN ®A-Lg,,, ®BK) [(Z1(h)®BK) 5(h)—
(Z2(h)® BK)E(h)], 1 > h+1, and v(h+1) = (31(h)® BK)E(h)— (£2(h)® BK)E(h),
and v(l) =0 when 0 <7 < h + 1. Then by the definition of v(l), we have

(3.19) v(l) = (I ®A—Lg., , ®BE)(—1).

o(l—1)

Since (1% ® I,,)[(Z1(1) ® BK)E(l) — (32(l) ® BK)E(l)] = 0, it can be seen that
(1¥ @ I,)v(l) =0, 1 € N. By Lemma A.3, we know that
(3.20) lv()]l < 2VnNd*Cap\ ' "||BK|| jnax | [ Es5 (R)]]-

1,745 =

From (3.17), (3.18), and (3.20), we have
(3.21)

-1
16N < C3pr 160l + 2VnNd" | BK[C5 Y py ™" max || Ey(h)], LeN.
h=0

i,jlai; (h)=1

Next we prove that by selecting the parameters of the communication and control
protocols as in (a)—(d), the quantizers will never be saturated. For any (i, j), ¢ € .45,
j€{l,..., N}, at the time [ = 1 we have

(3.22) 9 Y

By (2.1) and (3.11), we have z;(1) = Az;(0). Then from (3.22), we know that

#i(1) _A&j(O)H _ l4l<C.
g9(1) o 907
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Noting (3.12), we have ||(z;(1) — A&;(0))/g(1)|| , < M < Li;(1) + 3. So, the quan-
tizers are not saturated at [ = 1.

Assuming that the quantizers are not saturated at [ = 1,2,...,t — 1, it can be
seen that [|A;;(1)||oc < 3,1 =1,...,t — 1. Now, consider the time [ = ¢. By (2.1), we
have
(3 23) $l(t) — Afij(t — 1) = Aﬁl(t - 1) + Bui(t - ].) - Afij (t — ].)

By (3.11), we know that

N N N
wil) = Ky ai(1(5;(1) = 6:(1) + K> ay;(DEy (1) = K Y au(l)Es(l), LEN,
i=1 =1 j=1

which leads to
(3.24) [ui(lloe < 24| K l|loo|[0(D]] +2d" [ Kl max |[Ej;(1)], I € N.

i,4las; (1)=1
We first give an upper bound of max; jja,, iy=1 [[Ei; ()|, I =1,...,t — 1. From (3.8),
we have
(3.25) Eij(1) = (1 = ai (D) (z:() — A&i; (1 = 1)) + ai; (g (D) Ai; (1), T € N.
By (325), we can see that Elj(l) = g(Z)AZJ(Z) if aij(l) = 1, and Elj(l) = $Z(Z) —
A&;(1 — 1) otherwise. Since ||A;;(I)]|os < 3, 1 <t — 1, and noting (3.25), we have
Max; jja., =1 | EBij ()] < L2241 1 =1,...,t—1. This together with (3.12) and (3.21)
leads to
< TL\/Nd*HBKHC&gO 1
= v
!
By (3.26), (3.23), and (3.24), it can be seen that
[2:(t) — A&ij(t = Dlloo < | Allooll Eij(t — 1)lloo
*\2
(327) + 2(d ) gon\/NOBHBK””BHOOHKHOOPyt—l
Y PL
+d"v/ngo|| Blloo| | K [|oc7"

(3.26) 16

I=1,...,t—1.

and
wi(t)—Afij(t—l)H . NEi (= Dloe | d"VallBlloo| Klloo
. I N T I
' n 2(d*)’>nV'NC3 || BK || Bll ol K ||
(v = p1) '

If aij(t — 1) = 1, then Elj(t - 1) = g(t — I)Azj(t - 1) and HEZJ(t - 1)”00 S g?o’)/t_l.
From (3.28), we have
zi(t) — A&t — 1)H < 1Al n 2(d*)*nv/NCs|| BK ||| Bl oo | K || 00
g(t) o 2 (v = p1)
(3.29) 4 CVlBllool Koo
Y
= M < Li(t) +

N~
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Thus, we can see that if a;;(t — 1) = 1, the quantizer ij (+) is not saturated at time
l=t.

If a;;(t — 1) = 0, then, by (3.25), E;;(t — 1) = 2;(t — 1) — A&;;(t — 2). Since the
quantizers are not saturated before ¢, we can see that [|z;(t — 1) — A&;;(t — 2)|lec <
g(t —1)(L;j(t — 1) + 3). This together with (3.28) leads to

i(t) — Aém HAHoo o 1Y @Vl Blleo| Kl
H (L”(t 1)+2>+ B!
(d*)zn\/ﬁCsHBKHHBIIOOIIKHOO
(3.30) (v = p1)
(

_HAHOO . 1 ]
- Lit=1)+5 |+ H

N =

< L;;(t) +

From (3.30), we can see that if a;;(t — 1) = 0, then the quantizer Q;J() is also not
saturated at [ = t By induction, we know that the quantizers will never be saturated,
$0 [|A¢;(t)]loe < 3, t €N, which together with (3.21) and (3.26) leads to

nvVNd* || BK||Csgo A
Y= P
From the above, we can see that multiagent systems achieve synchronization expo-

nentially fast. -
Furthermore, if (A7) holds, let 77 = max; ; 77'. Then we have

(3.31) 6@ <

=0(y"), teN.

sup max Lji(t)

teN JEN i=
lAloo)T1 ( ) (IAlso/v)™ — 1 (”A”oo -~ 1)
3.32 < | — M+ -]+ +H+ - | <oo.
oa < (1 2) " =T\ 3
So, exponential synchronization can be achieved with finite bits of information ex-
change. ad

Remark 3.11. Lemma 3.1 and Theorem 3.10 are consistent with the case of fixed
topologies in [9]. In fact, if the topology flow is a fixed digraph and strongly connected,
then 7 = 400, which definitely satisfies 7 > 7*. From the numerical examples in
section 4, we can see that the estimation for the minimum dwell time required is still
conservative and might be improved in future investigation.

By Theorem 3.10 and Remark 3.3, we have the following corollary.

COROLLARY 3.12. For a dynamic network (a,1,G,)),a > 1, assume that (A1),

(A2), (A3"), (A4)~(AT) hold, and T > 7*, where T is given in Remark 3.3. Then there
exist communication and control protocols (3.8), (3.9), (3.10), (3.11) such that for any
given X (0) € B¢, the dynamic networks achieves synchronization exponentially with
less than

+

a+1 8a?(d*)*V/NCs 2ad*

T1_1
a—1

a+1 8a%(d*)*VNCs 2ad*
2 (l—pl)()\m—F/\M)z A+ Am

!
2
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bits of information exchange per step, where Cs = 4\/pﬁTaT, mn = (a
1

(4v NaT)TLH, and [x] deotes the minimum integer equal to or larger than x for any
given real number x.

Proof. By Remark 3.3 and Lemma A.2, we know that there exist X = ﬁ,
AM —Am

Mo = a, m = 12 = azk5= such that p1(X,n0,m,m2) = p1 < 1. By the proof of
Lemma A.3 and noting (A.29), we know that for the class of switching systems

A —Am \1-F57 .
>\M+>\m)

w(t+1)=(Iy®a—Lg,, @K )w(t),
where w(t) € RN ¢t € N, there is ||w(t)|| < Csl|w(0)||p}, t € N, where

_ 2a

Take K = K*. Similarly to the proof of Theorem 3.10 and the method of parameter
selection, and noting (3.33), we have

(3.33) K*

Sup o max 5i(t) < f(),

where

_(a Tile 1 8a?(d*)?V/NCs 2ad*
0=(3) l% BT T Wy v AT W v
(a/y)Tr =1 8a2(d*)2\/N03 2ad* n 1 N a
a/vy—=1 |v(y=p)Am +AMm)?*  Y(Am+AMm) 2 2y

Noting that f(v) is a continuous function of 7, we know that there exist a
~v* such that sup,cymaxje s i=1,..~8Lj(t) < f(v*) < lm,1 f(y) + % =
Ty [at1 8a>(d*)*VNC: 2ad* Ti_17_8d*(d*)’VNC 2ad* +1 1
e R o v T ey wa e i v vl e e vy 0 v vy A s sy vl il e R
Take v = ~* and go as in (3.12). Then by Theorem 3.10, we get the conclusion. 0O

4. Numerical example. In this section, we give some numerical examples to
illustrate the effectiveness of our protocols. We may see that for the dynamic networks
with unstable agent dynamics, a large enough dwell time for connected topologies and
large enough number of quantization levels are needed for achieving synchronization.
It can also be seen that the results derived in this paper may be conservative in
practise. How to reduce the conservativeness of the results will be a future interesting
topic.

Consider a multiagent system with 3 agents, each with the following dynamics:

$i(t+ ].) = 12$1(t) —l—ui(t) ,i=1,2,3.

The initial states x1(0),x2(0), and x3(0) are randomly selected in (—6,6). There
are two undirected graphs G, = {¥,& } and G, = {¥,&, }, where ¥ = {1,2,3},
& ={(1,2)}, and & = {(1,2),(2,3)}. See Figure 4. The communication topology
flow {G,(1),t € N} switches between G, and G, in the following way: At time ¢ = 0,
o(0) =1 and o(t) keeps in mode 1 for two steps, then it switches to mode 2 at ¢t = 2
and keeps for 7 steps, then it switches back to mode 1 and so on. It can be seen that
(A1)~(A7) hold with T =2, C, = 6, T}2 = 1, and T23 = 3.
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/o d

FiG. 4. G and G, .
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u] & 10 15 20 25 3o 5 40 45 a0

Fic. 5. The trajectories of the synchronization errors when T = 3.

u] a 10 15 20 25 30 35 40

Fic. 6. The trajectories of the synchronization errors when T = 1.

For the case of precise communication, the control protocol takes the form of (3.1).
Take the control gain K = 0.5; by Lemma 3.1 it can be derived that 7* = 10 for this
case. Here, we first take 7 = 3, and the trajectories of synchronization errors are
given in Figure 5. It can be seen that the 7* derived from Lemma 3.1 is conservative.
Taking 7 = 1, the trajectories of synchronization errors are given in Figure 6. It is
shown that the synchronization may fail if the dwell time is too small.
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u] 10 20 30 40 a0 B0 70
tfs

FiG. 7. The trajectories of the synchronization errors when M™* = 20, H* = 10.

o
1

tfs

F1a. 8. The tragectories of the synchronization errors when M* =8, H* = 4.

For the case of finite-level quantized communication, the control protocol takes the
form of (3.11). Take K = 0.5, go = 0.16, and v = 0.98. The number of quantization
levels is adjusted in the following way. Take L;;(1) = [M* — ], and for ¢ > 2,

{ (&2 (Lt —1)+3)+H* — 1], aj;(t—1)=0,

(4.1) Lji(t) = - 1, ag(t—1)=1.

First, let M* = 20 and H* = 10 in (4.1). The trajectories of synchronization errors
are given in Figure 7. Second, let M* = 8 and H* = 4 in (3.13). The trajectories
of synchronization errors are given in Figure 8. It can be seen that if the number of
quantization levels is too small, the protocols may also fail for synchronization.

5. Conclusion. In this paper, we studied the synchronization of discrete-time
linear multiagent systems with finite communication data rate and switching topology
flows. We proposed a class of quantized observer-based encoding-decoding communi-
cation schemes and a class of certainty-equivalence-principle-based control protocols.
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To avoid the information mismatching due to switching topologies, adaptive encoders
and decoders are designed with the number of quantization levels dynamically ad-
justed according to the status of the associated channels for the last time step. It is
shown that if the pairs of the agents’ state matrices and the control matrices multi-
plied by Laplaian eigenvalues of the weakly connected components are simultaneously
stabilizable, the communication topology flow is frequently connected, and the dwell
time is sufficiently large for the digraphs being strongly connected, then there ex-
ist such protocols leading to synchronization exponentially fast. Furthermore, if the
channels are frequently active, then finite bits of information exchange per step can
guarantee the exponential synchronization. It is shown that the data rate is closely
related to the unstable mode of agent dynamics, the number of agents, the frequency
of graph connectivity, and the ratio of the smallest and largest nonzero Laplacian
eigenvalues of the connected components.

In this paper, only switching undirected graphs are considered for the case with
quantized communication. It is more interesting to consider the case with general
switching digraphs. First, the results could be extended to the case with switching
balanced digraphs by using the methodology of [11]. However, the Hadamard product
and associated properties used in [11] would not be applicable and one would need to
develop effective tools to simplify and analyze the closed-loop dynamics. It is more
challenging to consider the case with general switching digraphs, since there would
be no information loop in the graph, the error-compensation-type control protocols
in our paper and [10], [11] will not work any longer. These remain as interesting open
problems for future investigation. Also, the cases with partial measurable states, time
delay, and random switching topology are interesting topics.

Appendix A. The following semimartingale convergence theorem can be found
in [23].

LEMMA A.1 (see [23]). For any square matriv A € C"*™, there exist M > 1,
1 > p(A) such that

|AF|| < Mn*, k €N,

where M depends on n and the dimension n but is independent of p(A). FEspecially,
if A is a symmetric matriz, then M and n can be equal to 1 and p(A), respectively.

LEMMA A.2. Assume that (A1)—(Ab) hold and T > 7* with 7* defined in Lemma
3.1. Then the set T = {(X77707771)|X € 97770 € FO(A)vnl € Fl(X)vpl(Xanﬂanl) <
1,C1CoMy(m)n] < 1} is nonempty.

Proof. By T > 7*, we know that there exist X € Q,n9 € I'g(A), and m; € I'1(X)
such that 7 > s(X,no, ), which is equivalent to

T T

1

(A.1) (maX{CIC2M1(771)7 1}) Ty (4\/NR(XJ70,771)) e

By the definition of p1(X,n,71) and noting (A.1), it can be seen that there exist
X € Qn € To(A), and m; € T'1(X) such that pi(X,n0,71) < 1. By the definition
of I'1 (X), we know that for any given n; € I'1(X), there is n; < 1. By the definition
of R(X,n0,m), we know that R(X,no,n1) > 1. This together with the definition of
p1(X,mo,m) leads to p1 (X, mo,m) > (C1C2Mi(m))=m. Noting that pi (X, no,m) <
1, we have C1CaM1(m)n] < 1. From the above, we can see that Y is nonempty. 0O
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Proof of Lemma 3.1. Consider an interval [¢;,t;11) during which the communica-
tion topology keeps fixed. By (3.1), we know that U(t) = —(Lg, ,, ® K)X(t). From

o(t)
(2.1), we have

(A.2) X(t+1)=(I®A-Lg., ®BEK)X(t).

o(t)

From (A.2) and noting that G, is balanced, we have
1
(A.3) Zt+1) = (Nlﬁ ® A) X(t) = Az(t).

From (A.2) and (A.3), we know that
(A4) St+1)=(I®A-Lg,, @BK)it).

Denote T = {(X77707771)|X € 97770 € FO(A)ﬂh € Fl(X)apl(Xvn()vnla) < 170102
-Mi(m)nT < 1}. By Lemma A.2, we know that the set Y is nonempty. Take (K, 19, 71)
eT.

Now consider two cases.

(1) Gy(¢) is strongly connected on [t;,2;11).

Transform Lg, ,, to its Jordan canonical with the transformation matrix ®g, .
Denote 0(t) = (@6, ® 1,)6(t). By (A.4), we have

(A.5) S(t+1) = (IN ® A — diag (o, J3TO0 LT ) ® BK) 3(1).

Denote the first n elements of 8() by 81(t), and the others by d(t). Since the first
row of ®g_,, is 14, ¢t € N, we know that 01 () = Zf\il 9;(t) = 0. By the definition of

A(Lg..., K), it can be seen that A(Lg_ ., K) = Iy_1®A—diag(Js"", ..., J7" &

a(t)? a(t)? ’ kga(t)
BK and p(A(Lg,,,,K)) = maxi<i<kg, p(A=Xi(Lg, ., )BK). Since G, ;) is strongly
connected on [t;, 1), we have A\i(Lg,, ) € A, t € [ti,tit1). So p(A(Lg,,,K)) <
pA(K) <1, t € [t tiy1).

By (A.5), we know that

(A.6) ot +1) = A(Lg,,,,, K)da(t)
and
(A7) 02(tis1) = (A(Lg,,, K)) 15y (t:).

By the definition of I'1(K), we know that

(4.8) I A(LG, 0 B < My ()i~

a(t)?

This together with (A.7) leads to

(A.9) 102 (tis1) || < My (m)ng ™" )| 82(t)|-

Then from (A.9) and noting the definitions of C; and Cs, we can see that

(A.10) 16(ti )l < Calld2(tin)]| < CrCaMu(ma)ny™ ™"

a(ta)ll-
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(2) Go(#) is not strongly connected on [t;, ;1 1).

Divide the graph G, into its weakly connected components denoted by G, »(¢), ¢
= 1,...,85¢). It can be seen that G, ;) € ¢ and all the G, ;) are balanced
digraphs. Denote the vertex set of G, ;) by V, ,¢), and its module |V, ;| by
N,.0(t)- Relabel the agents according to the components they belong to: for any
€ A{L, ... 851}, denote the states of the agents in G, ;1) by @, (t),... L (t).

Denote X,,(t) = (2 (t),..., 22 )L, U.¢t) = W (@),...,ull ()", and

M1 ’ gy o) M1 ’ Hnp o)
Tu(t) = (”uiu) 11?“,6“) ® In)X,u(t).
By (3.1), for any given G, ;(1), 0 = 1,..., 85(;), we have
Uu(t) = _(ﬁgﬂ,g(ﬂ ® K)Xu(t)
and
aay W @I =~ @ 1) (£, © K)X,()
=0.
By (2.1), we know that
(A.12) Ty, (t+1) = Azy, (8) + Buy, (), i =1, fn, -
This together with (A.11) leads to:
(A.13) (10 o @ L)X (t+1) =A@ | © L)X, (1),
which is equivalent to
(A.14) Tu(t+1) = Az,(t), p=1,...,5.()-

Consider any two different agents i and j. We have two subcases.
Subcase (a). If they belong to one weakly connected component G, ,(;), denote
O () = Ty () = Tp(t), k=1, oy, and 6, () = (6] (t), .. ., 55%6(” (t))T. Then

we have

lei(t+1) —a;t+1)|| = |les(t+1) =2, ¢+ 1)+ Tt + 1) —2;(t+ 1)

(A.15) <203, (t +1)].

Similarly to case (1), one can prove that for ¢ € [t;,t;+1),

(A.16) Su(t+1)=In, ., ®A—=Lg, ., @BK)s,{).

Transform Lg, ,,, to its Jordan canonical, that is, there exist ®g, ,, , the first row
S . o H 1 T Gpuyo(t) Gpuyo(t)

of which is 1,,  , such that &, ., Lg, .., Pg, . = diag(0, Jy "7, .. S )

Since G,.0(1) € ¢, we can see that | g, || < C1 and ||<1>(3M1 g(t)|| < Oy. Let 0,(t) =

(~¢>gw(t) ® I,,)0,(t). Denot(i the first n elements of 9, (t) as d,,(t) and the others as
0, (t). It can be seen that ¢, () = 0.
. Gp,o(t Gu,o(t
Denote I, -1 ® A — diag(Jy" ..., J;»""" ) © BK as A(Lg, ., K); by

Iu.o(t)
(A.16) we have ’

(A.17) Ous(t+1) = A(Lg, ) K)dpa (1),
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Since G, o) € ¥, noting the definition of I'1 (K') and (A.17), we have

||6M(ti+1)|| < C1Cs My (771)77?"‘*'1_751'

Su(ta)ll < CrCoa My (1) |8, (t:)]]-

According to [19], we know that [|6,(t)|| < [|6(¢)]|. So by (A.15), if i and j belong to
the same weakly connected component in [t;,t;41), then we have

(A.18) lzi(tiv1) — 2 (tiy1)]| < 2C1C2 My (n1)]|0(2:)]]-

Subcase (b). If ¢ and j belong to two different weakly connected components
gu,a(t) and QH/,U(,S), then we have

l2i(tiv1) — z;(tir )l = |zi(tipr) — Zu(tivr) + Zp(tivr) — 2, (tig1)
(A.19) + 2, (tiv1) — @ (s ||
<0t + 116, G DIl + 120 (tier) — 2, (Eiga) |-

From the above, we know that

(A.20) [0 (tir )| < C1C2Ma(m)[|6)I], (10, (Fia)[| < CrCMa(m1)||6(E:) |-
By (A.14), we have

(A.21) 1T (tir1) = &, (tipn)[| = AT 5 (@0 (8) — 2,0 (1))

According to the definition of My(no), 1o, R(K,n0,n1), and (A.21), we have

|20 (tia1) — T, (tig1) | < Mo(mo)ng ™™ "2 (t:) — 2,0 (8:)
< R(K,no, m)|Zu(ts) — 2, (8-

Next we prove that [|Z,(t;) — 2, (t;)[| < 2[[0(t;)]|. It can be seen that
(A.22) 12, () — 2, ()] < (12 (E:) — Z(8a) | + [|Z(t:) — 2, (&)

and

o

> o ) — (t)

k=1 M

With the same method, we know that [Z(t;) —z,/ (t:)| < [|6(:)]]. Then by (A.22),
we have [|7,,(t;) — 2, (t:)]| < 2[[6(8:)]-

By (Alg) and (A20), we can see that ||$¢(ti+1)—$j (ti+l)|| S 4R(K, Mo, 771)”5('&)”
So, if ¢ and j belong to two different components, then ||z;(tit1) — z;(tit1)]] <
4R(K,n0,m)||6(t;)||. This together with (A.18) and the definition of R(K,no,n1)
leads to that for case (2): for any i,j € {1,..., N},i # j, there is

(A.23) i (tig1) = 2 (i) || < AR(E 10, m) [[6(2:) |

Ny

< 32 L sten)l = ot
k=1""H
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It can be seen that ||6(¢)|| < VN max; ; ||z;(t) — z;(¢)||. Then from (A.23), we have

(A.24) [16(tis1)]| < AVNR(K, no, n1)||6(t:)])-

Now we prove that §(t) tends to 0 exponentially. For any time ¢ € N, there is an
integer 4 such that t € [t;,t;41). For any k < i, if G, is not strongly connected on
[tkstr+1), then by (A.24), we know that

(A.25) 16(tk+1) ]| < 4VN R, no,m)|6(t)])

Denote [tp, ,tn,.,), ¥ = 1,2,...,n; < i, as the largest continuous intervals during
which G,(;) is not strongly connected, that is, G,(;) is not strongly connected in
[tny.stn,.,) but is strongly connected in [t,, —1,tn, ) and [t,,, , tn,,,+1). By Assump-
tion (A5), we have t,,, , —t,, <T, so the topology flow switches at most 7" times in
each [tn,,tn, ,). Then by (A.25), and noting that 7 < 1, we have

Nk+1

18t )| < AVNR(K, m0,m)) " 16(tn, )|
< (4\/NR(K5 o, 771))T tnjyq —t
= 77'{ m

16t ]l-

ti
147

By Assumption (A5), we know that on [0,¢;), there is at most
Then according to (A.10) and (A.25), we have

such [tn,,tn,. )

160t < (max{CyCoMi (), 1}) ~ 7t

nt

(A.26)

T

< | (max{C1CyM;(m1), 1})%771‘?% (4VNR(K,n0,m)) *“] i||5(0)||

= (p1(K,m0,m))" [[6(0)]|-

If Go(1) is not strongly connected on [ti,tiy1), then we have t — t; < t;41 — t; < T.
Noting that pi (K, n9,m1) < 1, then by (A.24) and (A.26), we have

4\/NR(K7 Mo, 7]1)
(p1 (K, o, 771))T

If Go(y) is strongly connected on [t;,;11), then by the definition of py (K, 79,71), one
can easily see that m1 < p1(K,n0,71). This together with (A.10) and (A.26) leads to

[6(t)]] < CLCo My (ny)ny " (|6 (ts)||
< C1Co My () (p1 (K, m0,m)) 16(0) |-

(A.27) o)l < (p1(E,m0, m1))*[[6(0)]|-

(A.28)

Noting that C3(K,ng,m1) = max{%,C&Cng(m)}, then according to
(A.27) and (A.28), we have

(A.29) 16 < Ca (K, 10, m) (1 (Km0, m)) |6(0)]|, ¢ € N,

So the dynamic network achieves synchronization exponentially and there exist Cs =
C3(K,m0,m), pr = p1(K,no,m) such that [[0(t)] < C3pi[0(0)]|, t € N. 0
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LEMMA A.3. For a dynamic network (A, B, G,)) satisfying (A1)-(A5), if 7 > 7*
with 7 defined as in Lemma 3.1, then there exists K € R™*™ such that the following
linear switching system

(A.30) wt+1)=(Iy®A—Lg.,, ®BK)w(t),

a(t)

where w(t) € R™™ and (1 ® I,,)w(0) = 0, is ezponentially stable. Precisely, there
exist C3 € R and p1 € R, which are independent of w(0), such that |w(t)] <
Cyllw(O) ot t € N.

Proof. Define a linear multiagent system with agent dynamics being (2.1) and
its communication topology flow being G, (). Take control protocol (3.1) and let
X(0) = w(0). Since (1% ® I,,)w(0) = 0, then the initial synchronization errors
5(0) = w(0). By (A.4), one can easily see that the evolution of the synchronization
errors of the defined linear multiagent system is the same as (A.30), so §(t) = w(t),
t € N. The rest of the proof is very similar to that of Lemma 3.1 and is omitted here
to save space. Noting (A.29), we can see that there exist C3 € R and p; € R such
that [[w(t)[| < C3[|lw(0)]pf, t € N. 0
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