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Abstract— We introduce a novel definition of monotonic-
ity, termed “type-K" in honor of Kamke, and study nonlinear
type-K monotone dynamical systems possessing the plus-
subhomogeneity property, which we call “K-subtopical”
systems after Gunawardena and Keane.

We show that type-K monotonicity, which is weaker than
strong monotonicity, is also equivalent to monotonicity for
smooth systems evolving in continuous-time, but not in
discrete-time. K-subtopical systems are proved to converge
toward equilibrium points, if any exists, generalizing the
result of Angeli and Sontag about convergence of topical
systems’ trajectories toward the unique equilibrium point
when strong monotonicity is considered.

The theory provides an new methodology to study
the consensus problem in nonlinear multi-agent systems
(MASs). Necessary and sufficient conditions on the local
interaction rule of the agents ensuring the K-subtopicality
of MASs are provided, and consensus is proven to be
achieved asymptotically by the agents under given con-
nectivity assumptions on directed graphs. Examples in
continuous-time and discrete-time corroborate the rele-
vance of our results in different applications.

Index Terms— Nonlinear, Monotone, Order-preserving,
Type-K, Plus-subhomogeneous, subtopical, Kamke, Con-
sensus, Multi-Agent, Networks.

[. INTRODUCTION

Dynamical systems whose trajectories preserve a partial
order have represented a fruitful topic of research in numerous
fields: such systems are usually called monotone [1]. Among
different classes of monotone systems, special attention has
been paid to those that are also plus-homogeneous. These
systems, called ropical by Gunawardena and Keane [2], have
solutions or flows ¢ satisfying, for ¢t > 0,

Va,z € R™, (D
VreR", aeR, (2

z<z=p(tz) <ot 2),
etz +al) = p(t,z) +al,

where z,z are initial conditions. We refer to the property
in eq. (1) as monotonicity and to the property in eq. (2)
as plus-homogeneity. Topical dynamical systems have been
a subject of interest of two different yet close domains:
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monotone dynamical systems theory [3], [4], where plus-
homogeneity is referred to as “translation invariance", and
nonlinear Perron—Frobenius theory [5], where monotonicity is
referred to as “order-preservation".

In this paper, we introduce a variation of monotonicity,
called type-K monotonicity in honor of Kamke, satisfying
eq. (1) and also the following,

r<yANz; <zi= pi(t,x) <ei(t,z), Vi=1,...,n,

which will be shown to be an important bridging link between
the above-mentioned theories. We also consider the more
general property of plus-subhomogeneity given next

ot,z+al) <ep(t,z)+al, VeeR" acRs.

Type-K monotone and plus-subhomogeneous systems, which
we call K-subtopical, are the object of study of this paper.

A. Main contributions

The main goal of this paper is to give a self-contained intro-
duction to smooth K-subtopical systems both in continuous-
time, where “smooth" denotes the continuous differentiability
of the vector field, and in discrete-time, where ‘“smooth"
denotes the continuous differentiability of the map. Within this
goal, our first main result is the following:

« Trajectories of smooth K-subtopicalsystems are proved to
asymptotically converge toward an equilibrium point, if
any exists (Theorem 1).

A further contribution is the derivation of necessary and
sufficient conditions for type-K monotonicity:

« A smooth continuous-time system is type-K monotone if
and only if its Jacobian matrix is Metzler (Proposition 3);

o A smooth discrete-time system is type-K monotone if
and only if its Jacobian matrix is Metzler with a strictly
positive diagonal (Theorem 5).

A knowledgeable reader may recognize the similarity of these
conditions to the well-known Kamke condition for continuous-
time system [1], [6], which we have shown to be necessary
and sufficient for type-K monotonicity of smooth systems:
e« Smooth monotone systems in continuous-time in
continuous-time are also type-K monotone (Theorem 3).

A second goal consists in exploiting the convergence result
and the characterization of K-subtopical systems presented
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above to solve the consensus problem in K-subtopical Multi-
Agent Systems (MASs). Most of the results for achieving
consensus in linear MAS have been derived by considering
row-substochastic matrices, for which the celebrated Perron-
Frobenius theory provides a thorough spectral characteriza-
tion [7]-[9]. Since subtopical maps generalize linear maps
defined by row-substochastic matrices, our results lay the
groundwork for a systematic analysis of general MAS with
nonlinear interaction rules among agents. Within this goal is
our last result:

« A K-subtopical MAS achieves consensus asymptotically
if the consensus states are equilibrium points and if the
graph contains a globally reachable node (Theorem 1 and
Corollary 6).

B. Literature review

In the theory of monotone dynamical systems, emphasis
is put on the class of continuous-time systems being strongly
monotone [4], i.e., whose flows possess the following property:

r<zAx#z= 0t x)<ep,z), Vx,z € R™.

Pioneering work in this field was done by Hirsch, who first
showed that if solutions of continuous-time strongly monotone
dynamical systems exist and are bounded, then they converge
to a set of equilibrium points [10]. On the other hand, for
discrete-time strongly monotone dynamical systems, Polavcik
showed that their iterative behavior converges to periodic
points under appropriate additional conditions [11]. An ex-
tensive overview of these results was given by Hirsch and
Smith [1], [12]. Remarkably, generic convergence to equilibria
can be made global, as in the case of contractive systems with
a unique equilibrium point [13].

In contrast, in nonlinear Perron—Frobenius theory one usu-
ally considers discrete-time dynamical systems that are only
monotone [S]. However, the relaxation of the assumption of
strong monotonicity makes unenforceable most of the theory
of monotone systems which then requires some additional
assumptions. An interesting branch of research has focused on
monotone systems evolving on the positive orthant R} with
the additional subhomogeneity property [14]-[20], given by,

o(t,ar) < ap(t,z), YVereRi,a>1,

as well as its extension to the multi-homogeneous sys-
tems [21], [22]: a unified framework has been recently pro-
vided by Gautier et. al. in [23]. Homogeneous systems on the
positive orthant R are in one-to-one relationship with plus-
subhomogeneous systems on the whole space R™ [5, Section
2.7], which we call subtopical systems, object of this paper.
Consequently, the results provided in this paper for subtopical
systems in R” have equivalent multiplicative formulations, i.e.,
they apply to monotone and subhomogeneous systems in R”,
both in discrete-time [24] and continuous-time.

The pioneering work of Nussbaum [25] showed that topical
systems are nonexpansive under the sup-norm, contrary to the
strong monotonicity assumption which causes the system to be
contractive, thus ensuring the convergence of all trajectories
to an equilibrium point by a direct application of the Banach

fixed point theorem [13]. Indeed, when the system is merely
nonexpansive, such a nice global convergence result is lost and
one can only show that the trajectories converge to periodic
points and thus not necessarily to an equilibrium point. Nuss-
baum has also shown that the primitiveness of the Jacobian
matrix is a sufficient condition ensuring the convergence of a
differentiable discrete-time system to its positive eigenvector;
this result holds also for multi-homogeneous systems [23].

The control community has recently recognized the impor-
tance of bridging the two above-mentioned approaches. Angeli
and Sontag were the first to consider topical systems [3], [4]. In
particular, they have proved that every solution of continuous-
time topical systems possessing the strong monotonicity prop-
erty converges to an equilibrium point if the trajectory is
bounded. If one wishes to get a global convergence result
only assuming that the dynamical system is monotone without
a stronger assumption, one meets several difficulties when
applying any known methods used in the strongly monotone
case. Afterward, Hu and Jiang provided a similar result for
the restricted class of time-periodic systems while getting
rid of the strong monotonicity assumption [26]. Their proof
methodology is interesting: they provide a global convergence
result of discrete-time systems ruled by the Poincaré map asso-
ciated with a time-periodic topical system, which is, in turn, a
topical system possessing the property of type-K monotonicity.
The type-K monotonicity property, which encompasses strong
monotonicity, has been proposed for the first time by Jiang
in [27], and it has been recently exploited in the context of
multi-agent systems by us in [24], [28].

There are many authors currently investigating the con-
sensus problem over nonlinear monotone networks and
systems, which sometimes intrinsically possess the plus-
subhomogeneity property. Among them, Manfredi and Angeli
have studied the case of monotone networks with unilateral
interactions [29]. Como and Lovisari have considered mono-
tone dynamical flow networks [30], [31], a topic of interest
for Coogan and Arcak as well [32]. In particular, Coogan
has recently presented a tutorial paper on mixed monotonicity,
which extends the usual notion of monotonicity [33]. Worthy
of mention is also the line of research on eventually monotone
systems pursued by Altafini and Mauroy [34], [35], as well
as the framework of differentially positive systems drawn
up by Forni and Sepulchre [36], and also the operator-theoretic
perspective adopted by Belgioioso and Grammatico [37].
For insights on new advances and applications of monotone
systems, we refer the reader to the recent work of Smith [38].

C. Structure of the paper

Section II introduces the notation of the paper along with
some preliminary results. Section III provides a global con-
vergence result for K-subtopical systems. Section IV provides
necessary and sufficient conditions to verify K-subtopicality.
Section V study the consensus problem over K-subtopical
multi-agent systems. In Section VI some examples are dis-
cussed and in Section VII final remarks are given and potential
future directions are discussed.
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[I. NOTATION AND PRELIMINARIES

The set of real and integer numbers are denoted by R and Z,
while their restriction to nonnegative values are denoted with
R>o and N, respectively. Matrices are denoted by uppercase
letters, vectors and scalars are denoted by lowercase letters,
while sets are denoted by uppercase calligraphic letters. We
denote by 0, and 1, the vector of zeros and ones of di-
mension n, respectively. The identity matrix of dimension n
is denoted by I,. If clear from the context, subscripts are
omitted.

A. Dynamical systems

We consider autonomous dynamical systems with an eu-
clidean state space X C R™ and denote the state of the system
at a generic time ¢ by z(t) € X.

Assumption 1. The domain X C R" is open and convex,
ie, (l—a)x+ay € X forall x,y € X.

When time is a continuous variable, ¢ € R, the system is
described by a set of ordinary differential equations arising

from,
i(t) = f(z(t)),

When time is a discrete variable, £ € Z, the system is
described by a set of difference equations,

z(k+1)= f(z(k)), keLZ.

Function f determines the evolution of the state in time:
in continuous-time, f : X — R™ is a vector field; in
discrete-time, f : X — X is a map. We limit our study to
smooth systems, which are systems satisfying the following
assumption.

teR.

Assumption 2. The function f is continuously differen-
tiable, i.e., of class C' L both in continuous- and discrete-time.

Since we consider both continuous-time and discrete-time
systems, it is convenient to describe a dynamical system in
terms of its flow. Such description applies to both frameworks
and allows us to use a general uniform notation throughout
the paper. To this aim, we denote the time domain T which
has to be intended as follows:

o T =R for continuous-time systems;
e T = 7Z for discrete-time systems;

To emphasize the dependence of the evolution z(¢) on

the initial state x(0) = &, we denote the corresponding
evolution by ¢(t, &), i.e.,
e(t,§) ==(t), if xz(0)=¢.

The map ¢(t,€) : T x X — X is called the flow of the
system at time ¢ € T starting at {. The sequence of all
consecutive states of the system is called the trajectory of
the system, and it is denoted by (¢(¢,€)):>0. A trajectory is
said to be bounded if there exists £,u € X such that for all
x € (p(t,€))i>0 it holds £ < z < w; otherwise it is said to be
unbounded.

A point ¢ € X is called periodic if there exists a
positive T such that ©(7,§) = ¢. The minimal such T

is called the period of &. If the relation holds for any
T € Rxg, we call £ an equilibrium point. We denote by
Flp)={ € X :9(t,&) =&Vt € T}, the set of equilibrium
points, or simply F when clear from the context. An equi-
librium point z, € F(p) is said to be stable if for every
e > 0 there is § > 0 such that ||¢ —x.| < & implies
lo(t, &) — x| < eforany & € X and t > 0, where |-| denotes
the norm of a vector.

B. Multi-agent systems

We consider Multi-Agent Systems (MASs) wherein the
n € N agents are modeled as autonomous dynamical systems
with scalar state z;(¢t) € R, fori =1,...,n.

The interconnections among the agents are given by a
graph G = (V,€) where V = {1,...,n} is the set of
nodes representing the agents and &€ C V x V is a set of
directed edges. A directed edge (i,j) € £ exists if agent i
is influenced by agent j: in this case, agent j is said to be
a neighbor of agent i. The set of neighbors of the i-th node
is denoted by N; = {j € V: (i,5) € £}. Each agent i € V
updates its own state according to a local interaction protocol,
which, in continuous-time, takes the form

LEZ(t):fZ ({I?Z(t)71'j(t) :jGM), tER,
and, in discrete-time, it takes the form
zik +1) = fi (zi(k),;(k) - j €ND), ke

A directed path between two nodes p and ¢ in a graph is
a finite sequence of m edges ey = (ji,ix) € & that joins
node p to node g, i.e., j1 = p, i, = q and i = ji41 for
k=1,...,m — 1. The node i is said to be reachable from
node j if there exists a directed path from node ¢ to node j.
A node is said to be globally reachable if it is reachable from
all nodes 7 € V.

A MAS is said to achieve consensus asymptotically if the
agents’ states converge to the same constant value, called the
consensus state, i.e., there is ¢ € R such that

tlggo z(t) =cl, or kl;r& xz(k) = 1,

for any initial condition z(0) € X. We denote the consensus
equilibrium set by

C={cl:ceR}.

C. K-subtopical systems

Consider the Euclidean space R™ equipped with the stan-
dard partial order <. Given two vectors u,v € R™, we can
write the partial ordering relations as follows
Vi=1,...,n,
u<veu<vand u#v,
u<veu <v Yi=1,....n.

u<veu <v;

Dynamical systems in (X, <), with X C R", whose flow
preserves such order are referred to as order-preserving or
monotone dynamical systems [5], [12], [39]; we use the
latter denomination. We formally define the monotonicity
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property in Definition 1, along with the rype-K and strong
variations that have been considered in the current literature.
In particular, in this manuscript we propose the type-K mono-
tonicity as a more natural property to work with, instead of
strong monotonicity. Type-K monotonicity has been recently
introduced by us for dynamical systems in discrete-time [24],
[28], while here it is presented also for systems evolving in
continuous-time.

Definition 1 (Monotonicity, type-K, and strong). A dy-
namical system on X C R" with flow ¢ : T X X — X is:
o “monotone" if for all &1,&; € X it holds

&1 <& = ot &) < ot &),

o “type-K monotone" if it is monotone and if for all
&1,6o € X and for all v = 1,...,n it holds

vt >0,

&1 <& N & <&i= it &) <wilt, &), VE>0

o “strongly monotone" if for all &1,&5 € X it holds

156 =0(t6) <t &), VE=>0,

where &1, 25 and ; denote the i-th components. Cor-
respondingly, the map ¢ is said to be “monotone”, “type-K
monotone", or “strongly monotone", respectively.

The properties in Definition 1 are related as follows.

Proposition 1. Strongly monotone = Type-K monotone =
monotone. The reverse implications do not hold.

Proof: The fact that the implications hold follows from
Definiton 1. We prove the reverse implications do not hold by
means of counterexamples. For systems in continuous-time:

e f(z) = —sign(x): monotone but not type-K;
o flzy,20) = [xg — I —xg} : type-K but not strong;
For systems in discrete-time:
o flzy,20) = [xg xl]T: monotone but not type-K;
o flzy,20) = [%(ml + x2) xQ]T: type-K but not strong.
|

We consider type-K monotone systems that also satisfy the
property of plus-subhomogeneity! as defined next [5], [12].

Definition 2 (Plus-(sub)homogeneity). A dynamical sys-
tem on X € R"™ is said to be “plus-subhomogeneous” if the

flow ¢ : T x X — X satisfies
@(t,g + al) S @(t,f) + 0[1, Vo € RZOv vt Z 0

for all initial conditions £ € X. When the inequality holds
strictly, i.e.,

o(t, £+ al) = ¢(t,§) + al,

then the system is said to be “plus-homogeneous”. Corre-
spondingly, the map  is said to be plus-(sub)homogeneous.

Va eR, Vt >0

"The name plus-subhomogeneity comes from the fact that the homogeneity
is intended with respect to the addition operation, while simple subhomo-
geneity is usually intended with respect to the multiplication operation, i.e.,
p(t, af) < ap(t, ), cfr. [5]

Monotone systems satisfying also the plus-homogeneity
property are known in the literature as fopical systems [5],
[40]-[42]. Since we consider the more general class of plus-
subhomogeneous systems but require the stricter type-K prop-
erty, we next define the class of K-subtopical systems.

Definition 3 (K-(sub)topicality). A dynamical system on
X CR" is called “K-(sub)topical” if it is type-K mono-
tone and plus-(sub)homogeneous. Correspondingly, the map
p: Tx X — X is said to be K-(sub)topical.

A nice feature of K-subtopical systems is that they are non-
expansive w.r.t. the sup-norm; this property is widely known in
the discrete-time framework, see [5, Lemma 2.7.2] that builds
upon the former results of Crandall and Tartar [43], while in
Lemma 1 we prove it also for the continuous-time framework.

Definition 4 (Non-expansiveness). A dynamical system
on X C R" is said to be ‘“non-expansive” w.r.t. a metric
d: X x X = Ry if the flow ¢ satisfy

d(p(t, 1), 0(t,&2)) < d(&1,&2),

for all initial conditions &1,&s € X. Correspondingly, the map
p: T x X — X is said to be non-expansive.

vt >0

Lemma 1. K-subtopical systems on X C R" are
“non-expansive"” w.r.t. the sup-metric doo : X X X = R>¢ in-
duced by the sup-norm, i.e.,

doo(§1:€2) = &1 — &2

Proof: For each fixed ¢t > 0, we define a map
o'(z) = ¢(t,x) : X — X. According to [5, Lemma 2.7.2],
each ¢'(€) is such that

' (&) — 0" (&), <6 — &l VE=0,

for any pair of initial conditions &;,&s € X. By replacing
¢'(z) = ¢(t, x), the proof is complete. [

V€1, & € X

[1l. K-SUBTOPICAL DYNAMICAL SYSTEMS

The main result of this section, given in Theorem 1, is that
for smooth K-subtopical systems in continuous or discrete-
time, each trajectory converges to some stable equilibrium
point, if any exists. For the convenience of the reader, we state
here this result and postpone its proof to Section III-A, which
makes use of several intermediate results discussed next.

Theorem 1.  Consider a K-subtopical dynamical system
on X C R"™ under Assumptions 1-2. If the set of equilibrium
points F is not empty, then for any initial condition ¢ € X
there exists an equilibrium point v¢ € F such that

tl_l)rgo o(t, &) = we. |

Topical systems have been considered for decades in
discrete-time,

w(k+1) = fz(k)), 3)

In this case, the properties of the flow ¢ directly translate
into properties of the map f since ¢(k,&) = f¥(&) for any
initial condition £ € X and time k£ € Z. Thus, the asymptotic

ke Z.
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behavior of the system is studied by considering the iterative
behavior of the map ¢(1,£) = f(&).

On the other hand, less attention has been paid to
continuous-time systems,

(t) = f(x(t)),
We show in Lemma 3 that, similarly to the discrete-time case,
the asymptotic behavior of the continuous-time system can be
inferred from the iterative behavior of its flow ¢ for any time
discretization 7" > 0, under the assumption of a continuously
differentiable vector field. To this aim, we first prove in the
next lemma that their flow is defined and unique at all times.

teR. 4@

Lemma 2. Consider a continuous-time dynamical system
on X C R"™ under Assumptions 1-2. If it is subtopical, then
Sor any initial condition £ € X the flow p(t,€) exists for all
t > 0 and it is unique.

Proof: Since f € C*, then we have the following facts®:

(¢) For any initial condition £ € X the flow ¢(t,&) exists
and it is unique in an interval [0, 7] with T" > 0;

(ii) the flow ¢(t,&) is C1, ie., its partial derivatives with
respect to time and initial conditions exists and are
continuous in the interval of existence [0, 7.

By subtopicality of the system, we can exploit the non-
expansiveness property given by Lemma 1 to ensure that
solutions exist for all ¢ > 0. For any initial condition & € X
and any subsequent state (t*,£) with ¢* > 0 it holds

i.e., solutions do not diverge in finite time. This, jointly with
fact (¢7) that the flow is continuous and differentiable in the
interval of existence, ensures that the existence and uniqueness
of the solutions stated in (7) hold in the interval [0, c0), thus
completing the proof. [ |

Lemma 3. Consider a subtopical continuous-time dynam-
ical system on X C R"™ under Assumptions 1-2. Let o be the
flow of the system and consider the family of discrete-time
dynamical systems defined by

yr(k+1) = (T, yr(k)),

If the initial states of the continuous-time and discrete-time
systems coincide, i.e., ©(0) = yr(0), and if solutions yr(k)
admit a finite limit for all choices of T > 0, then also the
solution x(t) does, and moreover these limits coincide, i.e.,

tlirgo x(t) = kll)n;o yr(k), VT > 0.

vT > 0. (5)

Proof: Having shown the existence and uniqueness of
flows in Lemma 2, the systems satisfies the so-called group
law (cfr. [44, Section 7.1]),

e(q,0(p,§)) = 0P+ ¢,%)),

By selecting p = ¢ =T > 0, we can write (T, o(T,&)) =
©(2T, ). Thus, considering the family of dlscrete time sys-
tems in eq. (5) such that 2(0) = yr(0) = &, we can write

w(kT) = o(kT,&) = ¢(T,€) = yr(k), VI >0,k eN.

>The proof of these standard results can be found in Section 17.2 and
Section 17.6 of [44], respectively.

Now, if all y7 (k) converges to a finite limit, then, by construc-
tion, these limits must all coincide since for all 7" > 0 trajecto-
ries (yr(k))ken are sampled from the trajectory (z(t))tcrs,-
This, in turn, implies that also x(¢) converges to the same
limit, completing the proof. |

Due to Lemma 3, which can be generalized to arbitrary
dynamical systems for which global existence and uniqueness
of the solutions hold, regardless of whether the system under
consideration is continuous or discrete in time, one can equiv-
alently study its asymptotic behavior by means of the family
of discrete-time systems as in eq. (5). This enables us to prove
in the next Lemma 4 that each equilibrium point of subtopical
systems is stable and, consequently, to prove the main result
in Theorem 1 anticipated at the beginning of this section.

Lemma 4. Consider a dynamical system on X C R" un-
der Assumptions 1-2. If it is subtopical, then every equilibrium
point x. € F is stable.

Proof: Let . € F be an equilibrium point, then for any
neighborhood W of z., one can find two points belonging to
this neighborhood a,b € W such that a + al = x., = b — al
and [a,b] C W. By plus-subhomogeneity, for all ¢t > 0,

o(t,a+ al) < (t,a) + al

o(t,ze) < p(t,a) +al
ze —al < (t,a)
a < o(t,a)

and also
o(t,ze + al) < p(t,z.) + al

o(t,b) <ze +al
p(t,b) <b

The proof is completed by exploiting the monotonicity prop-
erty, which implies that the set [a, b] is forward invariant,

a<(t,a) <p(t,z) <e(t,b) <b, Vr € [a,b,t>0. B

We now provide a simple example that shows the non-trivial
behavior of K-subtopical dynamical systems: one should be
aware that type-K monotonicity of a system does not imply
that the trajectories are either monotonically increasing, de-
creasing or constant, but may exhibit more complex behaviors.
Indeed, all variations of monotonicity in Definition 1 imply
that (¢, £) is monotone in £ but not necessarily in t.

Example 1. Consider a dynamical system in continuous-
time with state z(t) € R* and dynamics

-9 5 0 O
0o -2 2 0

z(k) atan(Ax( )) A= 0 o0 -5 5| (6)
0o 3 0 =3

where atan(-) denotes the arctangent function to be intended as
component-wise. Fig. I (in the next page) shows the trajectoq}
of the system for the initial condition z(0) = [O 1 2 3]
and reveals the non-trivial behavior of the trajectories of such
systems, indeed, the 3-rd component (solid blue curve) has a
non-monotonic behavior.
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Fig. 1. State trajectory of the K-subtopical linear system in eq. (6).

A. Proof of Theorem 1

Discrete-time: Let the system be z(k + 1) = f(z(k))
with (k) € R™. The map f : R® — R" is subtopical by
assumption, and thus by Lemma 1 it is non-expansive under
the sup-norm. Trajectories of sup-norm non-expansive maps
have been proved either to be all unbounded or to converge to
a periodic point’: the trajectory (f*(€))ren starting at £ € X
is said to converge to the periodic point z¢ if

klim FFP(E) = e,

where p € N'\ {0} is the period of z¢. Since by assumption
there exists at least one equilibrium point, i.e., F # (), then
for any point £ € X, there exists a periodic point x¢ which
the trajectory through & converges to.

We now prove that for a discrete-time subtopical system
possessing the additional property of type-K monotonicity, all
periodic points are equilibrium points. In so doing, we make
use of the concept of limit set of a periodic point z¢ with
period p, given by

Q = {xe, fxe), f2(xe), -+, [P (o)} ©)

Moreover, we consider the tightest lower bound ¢ to such limit
set, defined component-wise by

l; =miny;, Vi=1,...,n, 8)
yeQ

which means that for all y € Q it holds ¢ < y and that each

component ¢; of ¢ is also a component y; of some y € .

Finally, we also consider the furthest point y* € Q from /

w.rt. the sup-norm, with ¢* being the component attaining

such maximum distance, i.e.,

i* = argmax |y; — 4. (9)

i=1,,n

y* = argmax ||y — ]| ,
yeN

With this notation, proving that “all periodic points are equi-
librium points" is equivalent to proving 2 = {¢}. The proof*
makes use of the following intermediate results:

3This was proved by Lemmens in [45] and can be found in his book [5].
4We thank an anonymous Reviewer that contributed to the technical
development of this proof.

(a) The trajectory (f*(¢))ren is non-increasing w.r.t. k, i.e.,
FEHL(0) < fR(0) for all k > 0;

(b) The trajectory (f*(¢))ren stays constant along the com-
ponent ¢* as in eq. (9), i.e., fi’i (¢) = ¢;~ for all k > 0;

(¢c) The ¢*-th component of y* and ¢ are the same, i.e.,
yi = {;, where y* and ¢* are defined as in eq. (9);

We now show that (a) = (b) = (c), from which the final result
follows.

Proof of claim (a): By monotonicity of f, for any y € 2 it
holds that £ <y = f(¢) < f(y). Since f(y) € €, then also
f(¢) is a lowerbound to 2. On the other hand, given that ¢
is the tightest lower bound, it holds f(¢) < ¢. Applying the
monotone map f to both sides of f(¢) < ¢ for k > 0 times
yields fE+1(€) < f*(0).

Proof of claim (b): As a particular case of claim (a), for any
component ¢ and time k, it holds that ff (¢) < ¢;. Moreover,
by definition of £ in eq. (8) it holds that ¢; < y*, which yields

O <t <y,

Vi, k> 0. (10)

The following chain of inequalities holds

(i) (i) (iid)
ly* =l oo <y = FP(O) ]l oo < NP W)= (O)] oo < Iy Ll

where (i) follows from eq. (10), (ii) follows from the
p-periodicity of y*, and (¢i:) follows from non-expansiveness
of f w.rt. |-| .. This shows that ||y* — £|| = [|y* — fP(0)]| >
which, by eq. (10) and the definition of ¢* in eq. (9), implies
f2.(¢) = £;. By claim (a) follows that f£ (¢) = £; for k > 0.

Proof of claim (c): Since £ is the tightest lower bound of €2
by definition in eq. (8), then

Vi, 3k >0 b= fFy").
Assume by contradiction that ¢;+ < y.. By type-K mono-
tonicity of the map f, it holds ¢ < y* = f(¢) < f(y*)
with ;= < yih = fi-(f) < fi~(y*), and, by claim (b),
Ui < fi=(y*). Repeating this reasoning for all k£ > 0 yields
L~ < fE(y*), which means that it does not exist k£ > 0 such
that £;« = fE (y*), leading to a contradiction with eq. (11).
Therefore it must hold that y}. = ¢;-.

Conclusion: Since ¢* is the component attaining the max-
imum distance between ¢ and y* according to eq. (9), by
claim (c) it follows that [|y* —¢|| = |y —£i+| =0, i.e., £
and y* are the same point. Moreover, since y* is the furthest
point from ¢ w.rt. the |||, it follows that the set 2 is a
singleton and contains only /, i.e., @ = {£}. This leads to the
conclusion that the system always converges to an equilibrium
point, which is stable according to Lemma 4.

Continuous-time: We now apply Lemma 3 to infer the
same result for continuous-time systems z(t) = f(z(t)).
Consider the family of discrete-time systems as in eq. (5) given
by yr(k + 1) = (T, yr(k)) for any choice of T > 0. Since
all maps ¢(T, -) are subtopical, from the previous derivations
we conclude that any solution yr (k) converges to a stable
equilibrium point. Moreover, by Lemma 3, all these solutions
converge to the same equilibrium point, to which also the
continuous-time solution z(t) converges, completing the proof.

(1)
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IV. HOW TO VERIFY K-SUBTOPICALITY
A. K-subtopicality in continuous-time

The next remark provides a way to verify plus-
subhomogeneity of a continuous-time system by only looking
at the function f, which is a direct generalization of the result
of Angeli and Sontag for plus-homogeneity [3, Lemma 3.1].

Remark 1. A continuous-time system as in eq. (4) on
X € R"” is plus-subhomogeneous if and only if

f€+al) < f(€), VaeR», Ve X,
and it is plus-homogeneous if and only if
fE+al)=f(¢), VaeRVEeX.

Examples 1-2 deal with plus-subhomogeneous systems
in continuous-time and discrete-time. The plus-homogeneity
property is usually assumed in networked systems when the
agents have not access to a common reference but to only
relative information depending on their state differences; see
Section VI-C.

On the other hand, verifying the monotonicity of a system
is not an easy task. For continuous-time dynamical systems
whose vector field is continuously differentiable, a necessary
and sufficient condition to ensure monotonicity is the well-
known Kamke condition, which dates back to the 30s and the
work of Kamke in [6], see Proposition 1.1 in [337]°.

Theorem 2 (Kamke condition). A continuous-time system
as in eq. (4) on X € R"™ is monotone if and only if for any
two points a,b € X such that a < b the following holds

Vi: a;=0b; = fz(a)gfz(b)

It should be noted that from the previous theorem it follows
that any scalar continuous-time system is monotone, since the
condition is satisfied trivially for n = 1.

Remark 2. Any scalar continuous-time system as in eq. (4)
on X € R is monotone.

For continuous-time systems with a continuously differ-
entiable vector field, the Kamke condition turns out to be
equivalent to a specific sign structure of the Jacobian matrix.

Proposition 2. Consider a continuous-time system (4) on
X C R™ whose vector field f is C'. The system is monotone
if and only if Jacobian matrix is Metzler, i.e.,

D) 50, g,
ox j
Proof: See [1, Remark 1.1] and [33, Proposition 1]. W

In the following, we show that for a continuous-time system
whose vector field is continuously differentiable, monotonicity
is equivalent to type-K monotonicity, thus proving that the
same sign structure of the Jacobian matrix is also a necessary
and sufficient condition for type-K monotonicity.

reX

SNote that in standard books, such as those of Smith [1] and Coppel [46],
“monotonicity” is referred to as “type-K", even if this notation has been lost
in the current literature. In this paper, we recover the notation “type-K" with
a different meaning.

Theorem 3. Consider a continuous-time system in X C R"
with dynamics

t € Rxg. (12)

If the system is monotone and its vector field f is C', then
the system is type-K monotone.

Proof: The monotonicity of the system implies that two
solutions x(t), z(t) of the system in eq. (12) are ordered
at all times ¢ > 0 if their initial conditions x(0), z(0)
are ordered, i.e., z(0) < z(0) = x(t) < z(¢); if instead
2(0) £ 2z(0) then nothing can be said about the order between
the two trajectories x(t) and z(t). Thus, consider the case
x(0) < 2(0) and let v € RZ,, be the non-negative vector such
that z(0) = z(0) + v, and write the solutions as follows

z(t) = o(t,2(0),  2(t) = ¢(t,2(0) +v),

where ¢ is the flow of the monotone system in eq. (12).
Without loss of generality, assume that both solutions x(t)
and z(t) exists in an interval [0,T*] with 7% € Rs,.

The monotonicity of the system implies that the order be-
tween the initial conditions, 2(0) < z(0), must be preserved by
the solutions at all times, i.e.,

o(t) < 2(t),  telo,T7]. (13)

To prove the type-K monotonicity of the system, we need
to show that if there is a strict order in the i-th component,
i.e., 2;(0) < z(0), which is equivalent to v; > 0, then such
order is preserved at all times, i.e., for ¢ € [0, 7*] it holds

v; >0 = x(t) < z(t). (14)

Att = 0 eq. (14) holds because z;(0) < z;(0) + v; = 2;(0).
Now, since f is C, then both solutions x(¢) and z(t) are also
C, and thus there exists an interval of time [0, t*) of positive
measure, i.e., 0 < t* < T, in which eq. (14) holds.

Finally, we aim to prove that eq. (14) holds for all ¢t €
[0, T*] by contradicting the following

T € [t*,T*] : :L‘l(T) = ZZ(T) (15)

Denoting a_; € R"~! the vector of (n — 1) elements
obtained from vector ¢ € R™ by removing the i-th component,
ie,a_; =|a1,...,a;-1,a;41,...,0,]7, we can say that the
i-th component of z(t) is solution of the differential equation

where x_;(t) is treated as an exogenous input. Similarly, the
i-th component of z(t) is solution of

Moreover, from the monotonicity of the system in
eq. (13), which implies z_;(¢t) > x_;(¢), and from Propo-
sition 2, which states that the map f; is a nondecreas-
ing function in all variables other than the i-th, ie.,
fi(zi(t), z—i(t)) > fi(z:(t),z—;(t)), it follows that z;(t) is
also a solution of the differential inequality

Zi(t) = fizi(t), (1))

(16)

a7
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We now operate a time reversal and a time shift by
letting 7 = T — ¢. We denote z}°’(7) = z;(T — 7) and
Tev(7) = 2z;(T — 7) the reversed solutions. By this change

Z
?
of variables we compute

- rev dx;‘ev T dz;(T' — 1 .
() = dT( ) = (dT ) = —i;(T — 1),

and from eq. (16) we derive that 27¢(7) is solution of

#;(1) = = filai (1), 275 (7). (18)
With similar steps, from eq. (17) we derive that z]°V(7) is

a solution of

2°0(7) < — (1 (1), 7))

[ [ —1 (19)
Assuming that eq. (15) holds, at 7 = 0 the two solutions

are equal, namely z7°”(0) = 27°"(0), in fact

xr@'[)(o)

i =z(T) = zi(T) = 2°"(0),

and since z[°Y(7) is a solution of the differential inequal-
ity (19), while 27V (7) is solution of (18), then

210(r) < 2i*°(7),

i i €[0,77], (20)

which, at 7 = T, leads to

2i(0) = 2{°(T) < 2;°(T) = z4(0).

This leads to a contradiction since v; > 0 by eq. (14) and
therefore z;(0) = z;(0) + v; > ;(0). Therefore, eq. (15)
does not hold, and eq. (14) holds instead for all ¢ € [0,T%],
completing the proof of the theorem. ]

Remark 3. Proposition 1 and Theorem 3 lead to the fol-
lowing statements:

i) f is type-K monotone = f is monotone;
ii) f is type-K monotone <= f is monotone;
iii) If f is C', then f is type-K monotone < f is monotone.

Remark 3 emphasizes the role of Theorem 3, which states
that if a monotone continuous-time system has a continuously
differentiable vector field, then it is type-K monotone. In other
words, under the assumption of a continuously differentiable
vector field, all monotone systems are also type-K monotone.
Consequently, all results provided in this paper for type-K
monotone systems apply to smooth monotone systems.

As a consequence of Theorem 3, we restate Proposition 2
in the particular case of type-K monotone systems with
continuously differentiable vector fields.

Proposition 3. Consider a continuous-time system (4) on
X C R™ whose vector field f is C'. The system is type-K
monotone if and only if Jacobian matrix is Metzler; i.e.,

Ofi(x)

eX.
81,‘]‘ v

>0,

i F J,

B. K-subtopicality in discrete-time

Verifying the plus-subhomogeneity of a discrete-time sys-
tem by only looking at the function f can be done by directly
applying Definition 2, as remarked next.

Remark 4. A discrete-time system as in eq. (3) on X C R"
is plus-subhomogeneous if and only if

J(€+al) < f(§) + al, Va € R>o,VE € X,
and it is plus-homogeneous if and only if
fE+al)= f(&) + al, Vo € RVE € X.

As a counterpart to the Kamke condition given in Theo-
rem 2, we provide a necessary and sufficient condition for
type-K monotonicity in the case of discrete-time systems,
which we denote Kamke-like condition.

Theorem 4 (Kamke-like condition). A discrete-time sys-
tem as in eq. (4) on X € R™ is monotone if and only if for
any two points a,b € X the following holds

a<b= f(a) < f(b),
and it is type-K monotone if and only if it further satisfies

Proof: The solution of a discrete-time system at time
k € N is equal to the k-th composition of the map f, i.e.,
o(k, &) = f*(¢) for any ¢ € X. With this notion, the proof is
a consequence of Definition 1. [ ]
For discrete-time systems with a continuously differentiable
vector field, the Kamke-like condition turns out to be equiva-
lent to a specific sign structure of the Jacobian matrix, similar
to what happens in continuous-time. A preliminary sufficient
condition was given in [24, Proposition 9], while next, we
provide a necessary and sufficient condition.

2L

Theorem 5. Consider a discrete-time system as in eq. (3)
on X C R™ whose map f is C'. The system is monotone if
and only if the Jacobian matrix is non-negative, i.e.,

8a:j
and it is type-K monotone if and only if the Jacobian is non-

negative as in eq. (23) with a strictly positive diagonal almost
everywhere, i.e.,

83:,»

where S is a set of measure zero.

>0, z€AX, (23)

>0

TeEX\S, (24)

Proof: We rewrite monotonicity in eq. (21) as follows
fila) < fila+v), Ya € X, Vv >0, Vi. (25)

We start with the first part of the proof, i.e., (25) < (23).
Being f continuously differentiable, each directional derivative
Vo, fi(a) can be computed by means of either the limit
definition or the partial derivatives,

Vo fi(a) = lim fila +ev)

e—0

Z 6fz U]
ax] ol
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When v is an arbitrary canonical vector v = e; with all zero
entries except for the j-th entry that is equal to one, then

. fila+ee;) — fila)  Ofi(a)

glao € G Vi
Therefore, (25) = (23) is proven by
Ofi
fila) < fila+ee) = 2D 50 v g
8Ij

while (23) = (25) , given v > 0, is proven by

The second part of the proof is completed by noticing
that eq. (22) is equivalent to the fact that function f; is a
strictly increasing function with respect to z;, which in turn is
equivalent to the requirement that the partial derivative of f;
with respect to x; can be zero at most in a set S of measure
zero in X, cfr. [47, Section 1.1]. [ |

V. K-SUBTOPICAL MULTI-AGENT SYSTEMS

We consider the consensus problem in Multi-Agent Systems
(MASs) composed of n € N agents modeled as dynamical
systems with scalar state x; € R, whose pattern of interaction
is described by a directed graph G = (V, £), and evolve either
in discrete-time,

or in continuous-time,

We first state our main result for discrete-time MASs in
Theorem 6, which provides necessary and sufficient conditions
on the local interaction rule f; of the single agent ensuring that
the overall MAS is a K-subtopical dynamical system. Due
to Theorem 1, K-subtopicality implies stability of the system
and convergence toward the equilibrium point set F # ) of
its state trajectories, while accounting for heterogeneous local
interaction rules. Moreover, we provide some extra sufficient
conditions ensuring that the equilibrium point set F coincides
with the so-called consensus set

C={al:a€eR}, 28)

thus solving the consensus problem for nonlinear K-subtopical
MASs. The proposed sufficient condition is graph theoretical
and based on the graph G describing the pattern of interconnec-
tions among the agents: it requires that there exists a globally
reachable node in G and that consensus states are equilibrium
points.

We also provide the continuous-time counterpart of Theo-
rem 6 in Corollary 1. These results are particularly interesting
from a control perspective when addressing the problem of
steering a MAS toward specific equilibrium points, by only
relying on partial and relative information, without the inter-
vention of a central controller, as in the case of formation
control [48] or distributed optimization [49].

Theorem 6 (Discrete-time MAS). Consider a discrete-
time MAS as in eq. (26) on X C R™ whose map is continuously
differentiable. If the set of local interaction rules f; : X — R,
with i = 1,...,n, satisfies the next conditions:

(i) Ofi/0x; >0 and Of;/0x; > 0 a.e. for i # j;

(i4) fi(z +al) < fi(x) + a for any o € Rxo;
then the MAS converges asymptotically to one of its equilib-
rium points, if any, for any initial state x(0) € X.

If it further satisfies

(iit) fi(z) = if &, = x; for all j € Nj;

(iv) The graph G has a globally reachable node;

then the MAS converges asymptotically to a consensus state
for any initial state z(0) € X.

Proof: The MAS is a K-topical system: condition (%)
implies type-K monotonicity by Theorem 5 and condition
(#i) implies plus-subhomogeneity, as underlined in Remark 4.
When the system has at least one equilibrium point, we can
exploit the result in Theorem 1 to establish that for any
initial conditions z(0) € X, the state trajectories of the MAS
converge to one of its equilibrium points in F, completing the
first part of the proof.

Condition (i¢) implies that the consensus space contains
only equilibrium points, i.e., C C F. Now, we are going to
prove that condition (év) further implies that there are no other
equilibrium points, i.e., C = F . The graph G is aperiodic due
to condition (¢) which ensures the presence of a self-loop at
each node, and it contains a globally reachable node due to
condition (iv). Since the Jacobian matrix J; is row-stochastic
at any consensus point c1 with ¢ € R, indeed, by means of
the definition of directional derivative we can derive

f(el +hl) — f(c1)

Jr(cl)1 = lim

h—0 h
. cl+hl—c1 . hl
=lim ——— = lim — =1,
h—0 h—0 h

we can exploit the widely known Theorem 5.1 in [9] and
conclude that J¢(cl) has a simple unitary eigenvalue A = 1
with corresponding eigenvector equal to v = 1, unique up to
a scaling factor.

Since K-topical systems are nonexpansive by Lemma 1, then
the set of equilibrium points F is either empty or closed and
convex by [50, Theorem 1]. Now, if there exists z. € F \ C,
then F is not empty and all points ¢1 + hz, with A € [0, 1]
and c € R are also equilibrium points, and thus

flel + hze) — f(cl)

Jr(el)z, = lim

h—0 h
. cl+hx,—cl . hx,

=lim —— = lim = ¢,
h—0 h h—0

This means that z. is a second eigenvector (other than v = 1)
of the unitary eigenvalue A = 1 of Jacobian matrix J(c1),
which is a contradiction with respect to [9, Theorem 5.1].
Therefore, 7 = C, completing the proof. Therefore, there does
not exist any point z, # c1, completing the second part of
the proof. [ ]

By means of Lemma 3, one can generalize the previous
result to continuous-time MASs, which is made explicit in the
next corollary of Theorem 6.
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Corollary 1 (Continuous-time MAS). Consider a
continuous-time MAS (27) on X C R" whose vector field is
continuously differentiable. If the set of local interaction rules
fi: X =R withi=1,..., n, satisfies the next conditions:

(1) Ofi/0x; >0 for i # j;

(i4) fi(z+al) < fi(z) for any o € Rxo;

then the MAS converges asymptotically to one of its equilib-
rium points, if any, for any initial state x(0) € X.

If it further satisfies

(t13) fi(x) =0if z; = x; for all j € N;;

(iv) The graph G has a globally reachable node;

then the MAS converges asymptotically to a consensus state
for any initial state x(0) € X.

Corollary 1 represents a special case of Theorem 12 in [29],
where Manfredi and Angeli consider monotone continuous-
time system without the plus-subhomogeneity property. On
the other hand, it is interesting to notice that all the examples
discussed in [29] satisfy the plus-homogeneity property, thus
suggesting that it is a natural property to work with in
the context of MASs. Moreover, Theorem 6 constitutes the
most general result in the current literature for discrete-time
MASs, and it could be further generalized by relaxing the
plus-homogeneity property in (ii), while keeping the type-K
monotonicity property in (¢) that seems to be key property to
generalize results in [29] to the discrete-time framework.

VI. EXAMPLES OF APPLICATION

A. Dynamical systems in continuous-time: chemical
reactions

An emblematic case of K-topical systems in continuous-
time is that of well-mixed and isothermal chemical reac-
tions [3], [4], [26].

Let s(t) € R™ denote the vector specifying the concentra-
tions of n chemical species, h : R%; — R™ be a function
which provides the vector of m reaction rates for any given
vector of concentrations, I' € R™ " be the stoichiometry
matrix, then the dynamics of the system is given by

5(t) = Th(s(t)).
Using the reaction coordinates x(t) such that s(t) = T'z(t),

the system dynamics becomes I'z(t) = T'h(T'z(t)), and one
can infer the stability of this system by studying the system

i(t) = h(Dz(t)).

which is plus-homogeneous if I' has zero row-sums (see
Remark 1) and type-K monotone if the Jacobian matrix of
function h is Metzler (see Proposition 3), and thus it is
K-topical. An example of this kind of systems is given in
Example 1 in Section III.

By relaxing the assumption of strong monotonicity to that
of type-K monotonicity, one can generalize the results in [3],
[4] by means of Theorem 1, proving the convergence of the
system’s trajectories to an equilibrium point (not necessarily
unique) for any initial condition. In other words, type-K
monotonicity allows one to study also the Michaelis-Menten
type of reactions that occur when some pairs of chemical
species do not appear in the reaction.

B. Dynamical systems in discrete-time: max-plus maps

Important examples of K-subtopical systems in discrete-
time are those ruled by max-plus maps. Applications of max-
plus maps arise in several fields, such as optimal control [51],
decentralized estimation [52], discrete event systems [53].

To introduce these maps let R, = RU {—oc} denote the
max-plus semi-ring and let A = {a;;} be a n x n matrix with
entries from R, and suppose that for each ¢ there exists j
such that a;; # —oo, and let u = [u1,...,us] a vector with
entries u; € Ro. A max-plus map f : R” — R" is defined by

fi(z) = max{a;; + zj,w;}, Yz eR"i=1,...,n.
J
It is easy to verify that discrete-time max-plus systems are
monotone and plus-subhomogeneous, hence subtopical.

Remark 5. A smooth version of the max-function that not
only preserves monotonicity, but forces type-K monotonicity,
while not affecting plus-subhomogeneity, thus making the sys-
tem K-subtopical, can be obtained through the approximation
shown next, usually called “softmax" [54],

" et
a-max(z) = #,

Dim1 €47

and we define co- max(z) = max(x).

a >0,

The following example shows how the type-K property pre-
vents the system from oscillating while forcing it to converge
to an equilibrium point.

Example 2. Consider the discrete-time dynamical system
with state z(k) € R? and dynamics

z1(k+ 1) = a-max{z1 (k) — 2, x2(k),1}

wa(k+1) = - max{aa(k) — 2, 71 (0),4) )

For the initial condition z(0) = [5,1]7, Fig. 2 shows the
evolution of the system when the max-function (left) and when
the softmax-function (right) are employed. It can be noticed
that when oo = oo and thus the max-function if employed, then
the system is not type-K monotone and the trajectory converges
to a periodic point. On the other hand, when « is finite and
the softmax-function is used instead of the max-function, the
system becomes type-K monotone according to Remark 5, and
the trajectory converges to an equilibrium point.

— xi(k) — a2(k)
6 T T T

= 50
E It
> 4 AL
3 \
g 3l i
+~ 2 - — 2 - —
et
Y 1) .

0 | | | | 0 | | | |

0 10 20 30 40 50 0 10 20 30 40 50

Time k Time k

Fig. 2. State trajectories of the system (29): (left) the system is not type-
K monotone for &« = oo and (right) it is type-K monotone for o« = 3.
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C. Multi-agent systems

The most common consensus algorithms for discrete and
continuous-time single-integrator multi-agent systems

Jfl(t) = U;, Jiz(k' + 1) = Z‘,(k}) + &;U;. (30)

with € > 0 are given by the following control input

U; = Z (xj —xi).

JEN;

€2y

It can be verified that the standard consensus protocol
makes the system K-topical, thus known results with linear
interactions constitute a special case of the theory developed
in this paper. Indeed, the translation-invariance property is a
common assumption in MASs when there is not a common
reference point for all the agents, i.e., their interactions only
depend on state differences rather than on the explicit values of
their states. Many variations of eq. (31) have been proposed
in several applications, such as formation control in multi-
vehicle systems [55], the modeling of the emergent flocking
behavior [56], optimization algorithms [57], and many others.

It is remarkable that K-topicality is preserved if one con-
siders nonlinearities of the following type [58]°,

U; = Z hij (.’Ej —xi)7

JEN;

(32)

under some mild conditions discussed next. We point out that
the generality of our approach allows the local interaction rule
of the agents to be different from the others, thus enabling
the study of heterogeneous multi-agent systems, which is still
today a topic of great interest in our community [20], [60],
[61].

(Continuous-time) It has been proved that the system in
eq. (30) with the linear protocol in eq. (31) converges to a
consensus state if the graph G possesses a globally reachable
node [9, Theorem 7.4]. By means of Theorem 1 we directly
generalize this result by considering the nonlinear protocol in
eq. (32) couplings h;; : R — R satisfying

N %hijZOforallj;éiandiEV;

« hi;(0) =0 for all 4, j € V.

A similar result is given in [62], where in addition the vector
field of the global system is required to meet an extra strict
sub-tangentiality condition. It is clear that if the maps are taken
as the identity map h;;(z) = x, then protocol reduces to the
linear one in eq. (31).

(Discrete-time) The convergence properties of the system
in eq. (30) with the linear protocol in eq. (31) depend on
the parameter ¢ and the topological structure of G [9, Theo-
rem 5.1]. In particular, the system reaches consensus if the
graph possesses a globally reachable node belonging to an
aperiodic component, and if ; < |J\/'i_1 | The condition on ¢
ensures that the state transition matrix is row-stochastic and
nonnegative. In a similar way, one can find a condition on ¢

6Similar results hold also if the nonlinearity is applied after the summation
is operated, u; = h; (Zje/\/’i (=5 — TZ)) [59].

ensuring that the map f given the nonlinear protocol in eq. (32)
is plus-homogeneous and type-K monotone, given by

P —1
€ < [M|axhz]:| .

Such property, jointly with the two presented in the previous
paragraph, allows to exploit Theorem 6 and prove convergence
to a consensus state of the system.

Bounded control inputs. As the first example of ap-
plication, consider the case wherein the control inputs are
constrained by a saturating effect [63]-[65]. The problem of
designing proper saturating functions h;; in eq. (32) such that
the consensus protocols are yet qualifiable can be solved by
the use of the following function

1— e e

hij(z) = si <W> . ViEN;

with s;,m; > 0, which is easily proved to be K-topical’.

Notably, the proposed function encompasses several well-
known saturating functions:

e hij(xz) =tanh(x) if s; =1 and m = 2;

o hij(x) = sign(z) if s; = 1 and m — oo;

Theorem 6 and Corollary 1 ensures that a multi-agent system
wherein the agents are subject to the above described saturated
control action achieves consensus if the underlying graph
contains a globally reachable node.

Oscillator Networks. The emergence of synchronization
or desynchronization in networks of coupled oscillators is
another interesting example [66], [67]. Here, we consider
a network of oscillators with the same natural frequency
whose angular velocities are coupled through their phase
differences according to a graph G and coupling functions
h;j. Weakly-coupled identical limit-cycle oscillators can be
well approximated by this canonical model through a phase
reduction and averaging analysis, with appropriate coupling
functions h;; that are closely related to the phase response
curve of the oscillators. Since the phase response curve is a
function computed on the periodic limit cycle, it is 27-periodic
and so are the coupling functions h;;.

Theorem 1 constitutes a new analysis tool for studying
synchronization in such networks, where the couplings can
be directed and heterogeneous, while they must met the next
condition,

;o (33

d (0) = >0 e (—a,a)

do <0 f¢€(—m—a)U(a,n)
with @ € [0,7] and h;;(0) = 0. It can be noticed that
letting a,b be any real numbers such that 0 < b —a < a,
then Theorem 1 holds for X = [a,b]” C R™. In fact, X is
an invariant space wherein all conditions of the theorem are
satisfied if the graph is also assumed to contain a globally
reachable node.

"Note that for the ?iscrete—time case it is further required that
g < [0.5~mi Szl./\/'z|]7 .
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VIl. FUTURE DIRECTIONS AND CONCLUDING REMARKS

In this work, we have introduced the property of type-
K monotonicity, which is weaker than strong monotonicity
and stronger than standard monotonicity. We have shown that
this property comes for free in continuously differentiable
continuous-time monotone systems (see Theorem 3), but this
is not the case in discrete-time (See Theorem 4). Moreover,
we have shown that type-K monotonicity can be verified by
the sign-structure of the Jacobian matrix (see Proposition 3
and Theorem 5). In our opinion, this suggests that many
of the generalizations for monotone systems may potentially
be considered for type-K monotonicity instead, which is a
future direction that the authors will investigate. For instance,
we believe that it could be possible to generalize the notion
of type-K monotonicity to general orderings (other than the
usual one induced by the positive orthant considered in this
manuscript), thus allowing for competitive interactions among
the state variables other than only cooperative effects, as in the
case of mixed-monotone systems which have recently attracted
much attention [68]-[71].

This manuscript provides a self-contained analysis of
smooth type-K monotone dynamical systems with the addi-
tional plus-subhomogeneity property. These systems, which
we have called them K-subtopical systems, have been proved
to have very nice behavior, avoiding periodic trajectories and
eventually converging to equilibrium points, if any exists (see
Theorem 1). These results provide a generalization of the
convergence result presented by Angeli and Sontag in [3] for
monotone and plus-homogeneous systems in continuous-time,
whose trajectories have been shown to converge to a unique
equilibrium point.

We have also investigated the application of these results in
the context of multi-agent systems (MASs) for this class: K-
subtopicality is often a direct consequence of local interaction
rules of the agents. Moreover, standard connectivity conditions
on the interaction graph have been proved to be sufficient to
solve the consensus problem in nonlinear K-subtopical MASs
(see Theorem 6 and Corollary 1). Thus, this manuscript paves
the way to a variety of lines of research in the context of
multi-agent systems which will retrace those investigated for
standard linear consensus.

ACKNOWLEDGMENTS

We thank an anonymous Reviewer for the insightful com-
ments and for the contribution to the technical development
of the proof of Theorem 1.

REFERENCES

[1] H. L. Smith, Monotone Dynamical Systems: An Introduction
to the Theory of Competitive and Cooperative Systems, 41.
American Mathematical Soc., 2008.

[2] J. Gunawardena and M. Kean, “On the existence of cycle times
for some nonexpansive maps,” Hewlett-Packard Labs, Tech.
Rep. HPL-BRIMS-95-003, 1995.

[3] D. Angeli and E. D. Sontag, “A note on monotone systems
with positive translation invariance,” in 2006 I[4th Mediter-
ranean Conference on Control and Automation, 1IEEE, 2006,

pp- 1-6.

(4]

(5]

(6]
(7]

(8]

(9]

[10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

——, “Translation-invariant monotone systems, and a global
convergence result for enzymatic futile cycles,” Nonlinear
Analysis: Real World Applications, vol. 9, no. 1, pp. 128-140,
2008.

B. Lemmens and R. Nussbaum, Nonlinear Perron—Frobenius
Theory, ser. Cambridge Tracts in Mathematics. Cambridge
University Press, 2012.

E. Kamke, “Zur theorie der systeme gewohnlicher differential-
gleichungen. ii.,” Acta Mathematica 58, pp. 57-85, 1932.

J. Wolfowitz, “Products of indecomposable, aperiodic, stochas-
tic matrices,” Proceedings of the American Mathematical
Society, vol. 14, no. 5, pp. 733-737, 1963.

A. Jadbabaie, J. Lin, and A. S. Morse, “Coordination of
groups of mobile autonomous agents using nearest neighbor
rules,” IEEE Transactions on Automatic Control, vol. 48, no. 6,
pp- 988-1001, 2003.

F. Bullo, Lectures on Network Systems. Version 0.96, 2018.
M. W. Hirsch, “Stability and convergence in strongly mono-
tone dynmamical systems,” Journal fur die reine und ange-
wandte Mathmatik, vol. 383, 1988.

P. Pol4cik and I. Terescdk, “Convergence to cycles as a typical
asymptotic behavior in smooth strongly monotone discrete-
time dynamical systems,” Archive for Rational Mechanics and
Analysis, vol. 116, no. 4, pp. 339-360, 1992.

M. W. Hirsch and H. Smith, “Monotone dynamical systems,”
in Handbook of differential equations: ordinary differential
equations, vol. 2, Elsevier, 2006, pp. 239-357.

S. Banach, “Sur les opérations dans les ensembles abstraits et
leur application aux équations intégrales,” Fund. math, vol. 3,
no. 1, pp. 133-181, 1922.

H. Hammouri and S. Benamor, “Global stabilization of
discrete-time homogeneous systems,” Systems & control let-
ters, vol. 38, no. 1, pp. 5-11, 1999.

M. Akian, S. Gaubert, and A. Guterman, “Tropical polyhedra
are equivalent to mean payoff games,” International Journal
of Algebra and Computation, vol. 22, no. 01, p. 1250001,
2012.

A. 1. Doban and M. Lazar, “Stability analysis of discrete-time
general homogeneous systems,” IFAC Proceedings Volumes,
vol. 47, no. 3, pp. 8642-8647, 2014.

J.-G. Dong, “On the decay rates of homogeneous positive
systems of any degree with time-varying delays,” IEEE Trans-
actions on Automatic Control, vol. 60, no. 11, pp. 2983-2988,
2015.

H. R. Feyzmahdavian, T. Charalambous, and M. Johansson,
“Exponential stability of homogeneous positive systems of
degree one with time-varying delays,” IEEE Transactions on
Automatic Control, vol. 59, no. 6, pp. 1594-1599, 2013.

T. Sanchez, D. Efimov, A. Polyakov, J. A. Moreno, and W. Per-
ruquetti, “A homogeneity property of discrete-time systems:
Stability and convergence rates,” International Journal of
Robust and Nonlinear Control, vol. 29, no. 8, pp. 2406-2421,
2019.

Y. Zhao, C. Xian, G. Wen, P. Huang, and W. Ren, “Design
of distributed event-triggered average tracking algorithms for
homogeneous and heterogeneous multi-agent systems,” IEEE
Transactions on Automatic Control, 2021.

S. Friedland, S. Gaubert, and L. Han, “Perron—frobenius theo-
rem for nonnegative multilinear forms and extensions,” Linear
Algebra and its Applications, vol. 438, no. 2, pp. 738-749,
2013.

A. Gautier and M. Hein, “Tensor norm and maximal singular
vectors of nonnegative tensors—a perron—frobenius theorem,
a collatz—wielandt characterization and a generalized power
method,” Linear Algebra and its Applications, vol. 505,
pp. 313-343, 2016.

A. Gautier, F. Tudisco, and M. Hein, “The perron—frobenius
theorem for multihomogeneous mappings,” SIAM Journal on

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2023.3246419
D. DEPLANO et al.: NOVEL STABILITY CONDITIONS FOR NONLINEAR MONOTONE SYSTEMS AND CONSENSUS IN MULTI-AGENT NETWORKS 13

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

[36]

(37]

(38]

(391

[40]

(41]

[42]

[43]

Matrix Analysis and Applications, vol. 40, no. 3, pp. 1179—
1205, 2019.

D. Deplano, M. Franceschelli, and A. Giua, “A nonlin-
ear perron—frobenius approach for stability and consensus
of discrete-time multi-agent systems,” Automatica, vol. 118,
p. 109 025, 2020.

R. Nussbaum, Hilbert’s Projective Metric and Iterated Non-
linear Maps, Num. 388-391. American Mathematical Society,
1988.

H. Hu and J. Jiang, “Translation-invariant monotone systems,
i: Autonomous/periodic case,” Nonlinear Analysis: Real World
Applications, vol. 11, no. 4, pp. 3211-3217, 2010.

J. F Jiang, “Sublinear discrete-time order-preserving dynam-
ical systems,” Mathematical Proceedings of the Cambridge
Philosophical Society, vol. 119, no. 3, pp. 561-574, 1996.
D. Deplano, M. Franceschelli, and A. Giua, “Lyapunov-free
analysis for consensus of nonlinear discrete- time multi-agent
systems,” in 57th IEEE Conference on Decision and Control
(CDC), 2018, pp. 2525-2530.

S. Manfredi and D. Angeli, “Necessary and sufficient con-
ditions for consensus in nonlinear monotone networks with
unilateral interactions,” Automatica, vol. 77, pp. 51-60, 2017.
G. Como, E. Lovisari, and K. Savla, “Convexity and robustness
of dynamic traffic assignment and freeway network control,”
Transportation Research Part B: Methodological, vol. 91,
pp. 446465, 2016.

E. Lovisari, G. Como, and K. Savla, “Stability of monotone
dynamical flow networks,” in 53th IEEE Conference on Deci-
sion and Control, IEEE, 2014, pp. 2384-2389.

S. Coogan and M. Arcak, “Stability of traffic flow networks
with a polytree topology,” Automatica, vol. 66, pp. 246-253,
2016.

S. Coogan, “Mixed monotonicity for reachability and safety
in dynamical systems,” in 59th IEEE Conference on Decision
and Control (CDC), IEEE, 2020, pp. 5074-5085.

A. Sootla and A. Mauroy, “Operator-theoretic characterization
of eventually monotone systems,” IEEE Control Systems Let-
ters, vol. 2, no. 3, pp. 429434, 2018.

C. Altafini and G. Lini, “Predictable dynamics of opinion
forming for networks with antagonistic interactions,” IEEE
Transactions on Automatic Control, vol. 60, no. 2, pp. 342—
357, 2014.

F. Forni and R. Sepulchre, “Differentially positive systems,”
IEEE Transactions on Automatic Control, vol. 61, no. 2,
pp. 346-359, 2015.

G. Belgioioso, F. Fabiani, F. Blanchini, and S. Grammatico,
“On the convergence of discrete-time linear systems: A linear
time-varying mann iteration converges iff its operator is strictly
pseudocontractive,” [EEE Control Systems Letters, vol. 2,
no. 3, pp. 453-458, 2018.

H. L. Smith, “Monotone dynamical systems: Reflections on
new advances & applications,” Discrete & Continuous Dy-
namical Systems, vol. 37, no. 1, p. 485, 2017.

D. Angeli and E. D. Sontag, “Monotone control systems,”
IEEE Transactions on Automatic Control, vol. 48, no. 10,
pp. 1684-1698, 2003.

A. Rubinov and 1. Singer, “Topical and sub-topical functions,
downward sets and abstract convexity,” Optimization, vol. 50,
no. 5-6, pp. 307-351, 2001.

H. Mohebi and M. Samet, “Abstract convexity of topical
functions,” Journal of Global Optimization, vol. 58, no. 2,
pp. 365-375, 2014.

H. Barsam and H. Mohebi, “Characterizations of upward and
downward sets in semimodules by using topical functions,”
Numerical Functional Analysis and Optimization, vol. 37,
no. 11, pp. 1354-1377, 2016.

M. G. Crandall and L. Tartar, “Some relations between non-
expansive and order preserving mappings,” Proceedings of the

(44]

[45]

[46]
(47]

(48]

[49]

(50]

[51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

(591

(60]

(61]

[62]

(63]

American Mathematical Society, vol. 78, no. 3, pp. 385-390,
1980.

M. W. Hirsch, S. Smale, and R. L. Devaney, Differential
equations, dynamical systems, and an introduction to chaos.
Academic press, 2012.

B. Lemmens and M. Scheutzow, “On the dynamics of sup-
norm nonexpansive maps,” Ergodic Theory Dynam. Systems,
2003.

W. Coppel, Stability and asymptotic behavior of differential
equations, ser. Heath mathematical monographs. Heath, 1965.
J. Szarski, Differential inequalities, eng. Warszawa: Instytut
Matematyczny Polskiej Akademi Nauk, 1965.

K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-
agent formation control,” Automatica, vol. 53, pp. 424-440,
2015.

T. Yang, X. Yi, J. Wu, Y. Yuan, D. Wu, Z. Meng, Y. Hong,
H. Wang, Z. Lin, and K. H. Johansson, “A survey of distributed
optimization,” Annual Reviews in Control, vol. 47, pp. 278—
305, 2019.

P. J. S. Ferreira, “The existence and uniqueness of the mini-
mum norm solution to certain linear and nonlinear problems,”
Signal processing, vol. 55, no. 1, pp. 137-139, 1996.

M. Akian, G. Cohen, S. Gaubert, J. Quadrat, and M. Viot,
“Max-plus algebra and applications to system theory and
optimal control,” in Proceedings of the international congress
of mathematicians, 1994.

D. Deplano, M. Franceschelli, and A. Giua, “Dynamic min and
max consensus and size estimation of anonymous multiagent
networks,” IEEE Transactions on Automatic Control, vol. 68,
no. 1, pp. 202-213, 2023.

J. Gunawardena, “From max-plus algebra to nonexpansive
mappings: A nonlinear theory for discrete event systems,”
Theoretical Computer Science, vol. 293, no. 1, pp. 141-167,
2003.

B. Gao and L. Pavel, “On the properties of the softmax
function with application in game theory and reinforcement
learning,” arXiv preprint arXiv:1704.00805, 2017.

J. A. Fax and R. M. Murray, “Information flow and coop-
erative control of vehicle formations,” IEEE Transactions on
Automatic Control, vol. 49, no. 9, pp. 1465-1476, 2004.

T. Vicsek and A. Zafeiris, “Collective motion,” Physics re-
ports, vol. 517, no. 3-4, pp. 71-140, 2012.

A. Nedic, A. Ozdaglar, and P. A. Parrilo, “Constrained consen-
sus and optimization in multi-agent networks,” IEEE Transac-
tions on Automatic Control, vol. 55, no. 4, pp. 922-938, 2010.
U. Munz, A. Papachristodoulou, and F. Allgower, “Consensus
in multi-agent systems with coupling delays and switching
topology,” IEEE Transactions on Automatic Control, vol. 56,
no. 12, pp. 2976-2982, 2011.

Y. Xu and Y.-P. Tian, “Design of a class of nonlinear consensus
protocols for multi-agent systems,” International Journal of
Robust and Nonlinear Control, vol. 23, no. 13, pp. 15241536,
2013.

S. Zuo, Y. Song, F. L. Lewis, and A. Davoudi, “Adaptive out-
put containment control of heterogeneous multi-agent systems
with unknown leaders,” Automatica, vol. 92, pp. 235-239,
2018.

H. Du, G. Wen, D. Wu, Y. Cheng, and J. Lii, “Distributed
fixed-time consensus for nonlinear heterogeneous multi-agent
systems,” Automatica, vol. 113, p. 108 797, 2020.

L. Zhiyun, B. Francis, and M. M., “State agreement for
continuous-time coupled nonlinear systems,” SIAM Journal on
Control and Optimization, vol. 46, no. 1, pp. 288-307, 2007.
T. Yang, Z. Meng, D. V. Dimarogonas, and K. H. Johans-
son, “Global consensus for discrete-time multi-agent systems
with input saturation constraints,” Automatica, vol. 50, no. 2,
pp. 499-506, 2014.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2023.3246419

GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2023

[64] Y. Xie and Z. Lin, “Global optimal consensus for higher-
order multi-agent systems with bounded controls,” Automatica,
vol. 99, pp. 301-307, 2019.

C.-J. Ong and B. Hou, “Consensus of heterogeneous multi-
agent system with input constraints,” Automatica, vol. 134,
p- 109895, 2021.

F. Dorfler and F. Bullo, “Synchronization in complex networks
of phase oscillators: A survey,” Automatica, vol. 50, no. 6,
pp. 1539-1564, 2014.

D. Deplano, M. Franceschelli, A. Giua, and L. Scardovi, “Dis-
tributed fiedler vector estimation with application to desyn-
chronization of harmonic oscillator networks,” IEEE Control
Systems Letters, vol. 5, no. 2, pp. 659-664, 2020.

G. A. Enciso, H. L. Smith, and E. D. Sontag, “Nonmonotone
systems decomposable into monotone systems with negative
feedback,” Journal of Differential Equations, vol. 224, no. 1,
pp. 205-227, 2006.

H. L. Smith, “Global stability for mixed monotone systems,”
Journal of Difference Equations and Applications, vol. 14,
no. 10-11, pp. 1159-1164, 2008.

L. Yang, O. Mickelin, and N. Ozay, “On sufficient conditions
for mixed monotonicity,” IEEE Transactions on Automatic
Control, vol. 64, no. 12, pp. 5080-5085, 2019.

M. Abate and S. Coogan, “Computing robustly forward in-
variant sets for mixed-monotone systems,” IEEE Transactions
on Automatic Control, 2022.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Diego Deplano (M’'17) is Assistant Professor
(RTD-A) at the Department of Electrical and
Electronic Engineering, University of Cagliari,
Italy. He received the B.S., M.S., and PhD de-
grees in Electronic Engineering “cum laude”
from the University of Cagliari, Italy, respectively
in ’15, ’17, and '21. He was awarded the best
PhD Thesis defended in the area of Systems
and Control Engineering at an ltalian Univer-
sity by SIDRA. He spent visiting periods at the
Nanyang Technological University (NTU), Sin-
gapore, at the Centre National de la Recherche Scientifique (CNRS),
Grenoble, France, and at the University of Toronto (UofT), Toronto,
Canada. He is currently pursuing a post-doc at the Department of
Electrical and Electronic Engineering, University of Cagliari, Italy. His
research interests include nonlinear multi-agent systems, consensus
problems, distributed estimation, positive systems, and mobile robotics.

Mauro Franceschelli (M'11-SM’22) is Asso-
ciate Professor at the Department of Electri-
cal and Electronic Engineering, University of
Cagliari, Italy. He received the Laurea degree in
Electronic Engineering “cum laude” in 2007 and
the PhD degree in 2011 from the University of
Cagliari. He spent visiting periods at the Georgia
Institute of Technology (GaTech), and the Uni-
versity of California at Santa Barbara (UCSB),
USA. In 2013 he received a fellowship from the
National Natural Science Foundation of China
(NSFC), at Xidian University, Xi'an, China. In 2015 he was awarded a
position of Assistant Professor (RTD-A) funded by the Italian Ministry
of Education, University and Research (MIUR) under the 2014 call
“Scientific Independence of Young Researchers” (SIR). He is member
of the Conference Editorial Board (CEB) for the IEEE Control Systems
Society (CSS) since 2019. He currently serves as Associate Editor for
the IEEE Conference on Automation Science and Engineering (CASE),
the IEEE American Control Conference (ACC) and IEEE Conference on
Decision and Control. He currently serves as Associate Editor for the
IEEE Transactions on Automation Science and Engineering and IFAC
Nonlinear Analysis: Hybrid Systems (NAHS). He is Officer (Secretary)
for the IEEE Italy Section Chapter of the IEEE Control Systems Society.
His research interests include consensus problems, gossip algo-
rithms, multi-agent systems, multi-robot systems, nonsmooth analysis,
distributed optimization and electric demand side management.

Alessandro Giua (S'90-M'93-SM’'09-F’17)
Alessandro Giua received a Laurea degree in
electrical engineering from the University of
Cagliari, ltaly, in 1988 and master’s and Ph.D.
degrees in computer and systems engineering
from the Rensselaer Polytechnic Institute, Troy,
NY, USA, in 1990 and 1992, respectively. He
is currently Professor of Automatic Control with
the Department of Electrical and Electronic
Engineering of the University of Cagliari. He has
also held faculty or visiting positions in several
institutions worldwide, including Aix-Marseille University, France and
Xidian University, Xi'an, China.

His research interests include discrete event systems, hybrid
systems, networked control systems, Petri nets and failure diagnosis.
On these topics, he has published two books, over 300 papers in
international journals and conferences and has often been invited to
give plenary talks or keynotes. He has been principal investigator and
group leader for several projects, financed by the European Union, the
Italian state, and other organizations.

He is a member of the IEEE Control Systems Society, where he
has served as Vice President for Conference Activities (2020-21),
General Chair of the 55th Conf. on Decision and Control, in 2016, and
a member of the Board of Governors (2013-2015). He is an affiliate of
the International Federation of Automatic Control (IFAC) where he has
served as the Chair of the IFAC Technical Committee 1.3 on Discrete
Event and Hybrid Systems (2008-2014).

He has served as Editor-in-Chief of the IFAC journal Nonlinear
Analysis: Hybrid Systems (2014-2022), Senior Editor of the IEEE Trans.
on Automatic Control (2017-2022), and Department Editor of the journal
Discrete Event Dynamic Systems (2015-2020).

He is a Fellow of the IEEE and a Fellow of the IFAC for contributions
to Discrete Event and Hybrid Systems. He is a recipient of the IFAC
Outstanding Service Award and was awarded the People’s Republic of
China Friendship Award in 2017.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



