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Abstract—In this work we consider a collective decision-
making process in a network of agents described by a nonlinear
interconnected dynamical model with sigmoidal nonlinearities
and signed interaction graph. The decisions are encoded in the
equilibria of the system. The aim is to investigate this multiagent
system when the signed graph representing the community is
not structurally balanced and in particular as we vary its
frustration, i.e., its distance to structural balance. The model
exhibits bifurcations, and a “social effort” parameter, added to
the model to represent the strength of the interactions between
the agents, plays the role of bifurcation parameter in our analysis.
We show that, as the social effort increases, the decision-making
dynamics exhibits a pitchfork bifurcation behavior where, from
a deadlock situation of “no decision” (i.e., the origin is the
only globally stable equilibrium point), two possible (alternative)
decision states for the community are achieved (corresponding to
two nonzero locally stable equilibria). The value of social effort
for which the bifurcation is crossed (and a decision is reached)
increases with the frustration of the signed network.

Index Terms—Multiagent systems, signed networks, nonlinear
(non)monotone systems, bifurcation.

I. INTRODUCTION

N this paper we want to study a nonlinear model for

decision-making in a community of agents where antago-
nistic interactions may exist between the agents. Indeed, while
collaboration between agents is often assumed in order to
reach a common decision (for instance in applications such as
collective behavior in animal groups [1], [2], cooperative con-
trol in robotics [3], [4], or opinion forming [5], [6]), there are
applications in which restricting to collaborative interactions
means oversimplifying the relationship among the agents [7],
[8]. Classes of multiagent systems in which the presence of
antagonism is plausible include for instance “social networks”,
i.e., groups of individuals interacting and exchanging opinions
in a friendly/unfriendly manner or trusting/mistrusting each
other. Other scenarios in which antagonism is unavoidable are
team games, where different teams have to compete against
each other, or parliamentary democracies, where parties can
be allied or rival.

Signed networks [9], [10] are a natural framework to model
a community of agents where both cooperative and antago-
nistic interactions coexist: a positive sign labeling an edge
between two agents represents a friendly (or cooperative) rela-
tionship, while a negative sign labeling an edge an unfriendly
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(or competitive) relationship. If the group of agents can be
divided into two subgroups such that the agents inside each
group are mutual friends (i.e., they are linked by edges with
positive weight) while the agents across the two subgroups
are enemies (i.e., they are linked by edges with negative
weight), we say that the network is structurally balanced
[11], [12]. If we assume that a network is undirected and
connected, an equivalent condition to structural balance is that
the smallest eigenvalue of the normalized signed Laplacian £
is zero, A\1(£) = 0 in the notation we introduce below. As
for instance the works [13], [14], [15], [16] show, real signed
social networks are in general not structurally balanced.

To model the evolution of the opinions of the agents in a
community represented as a signed social network we use the
model of opinion forming previously introduced in [1], [17],
[18]. This model is characterized by sigmoidal and saturated
nonlinearities, describing how the agents transmit their opinion
to their neighbors. It has a (signed) Laplacian-like structure at
the origin and it is endowed with a social effort parameter 7
which in our analysis plays the role of bifurcation parameter.
Our aim is to study how the strength of the commitment among
the agents, represented by 7, affects the presence and stability
of the equilibrium points of the system, which represent the
decision states for the community. Under our assumptions,
the system is monotone [19] if and only if the corresponding
signed social network is structurally balanced. In this case the
behavior of the system can be easily deduced from [1], [17],
[18], where the authors consider a cooperative system (i.e.,
only friendly interactions exist between the agents), which is
a particular case of monotone system. In this case the analysis
shows that for increasing values of the social effort parameter
m, the system undergoes two sequential pitchfork bifurcations:
after the first bifurcation the number of equilibria jumps
from one to three, while after the second bifurcation multiple
(more than three) equilibrium points arise. In particular when
crossing the first bifurcation the system passes from having
the origin as globally asymptotically stable equilibrium to a
situation in which two nonzero locally stable equilibria exist
while the origin becomes a saddle point. This situation is
maintained up to the second bifurcation where novel equilibria,
stable or unstable, appear. In the context of social interactions
this behavior can be interpreted as follows: if the social effort
between the agents is small then no decision is achieved (the
origin is the only attractor), while two alternative decision
states can be reached if the agents have the “right” amount
of commitment. However, by further increasing the social
effort, the agents may fall in a situation of overcommitment
where multiple (more than 2) decisions are possible. For



cooperative networks the first threshold value is fixed and
constant, while the second threshold value depends on the
algebraic connectivity of the network.

We show in this work that if we consider signed networks
that are structurally unbalanced then, while the qualitative
behavior of the system does not change, the value of social
effort parameter for which the first bifurcation is crossed is no
longer constant but grows with the smallest eigenvalue of the
normalized signed Laplacian of the network, which for struc-
turally unbalanced networks is strictly positive (A1 (£) > 0). In
particular, its value increases with the amount of “frustration”
encoded in the signed network, i.e., with the amount of
“disorder” that the negative edges introduce in a network, see
[13] for a more thorough statistical physics interpretation. First
introduced by Harary [9], [20] and denoted “line index of
balance”, the frustration is a standard measure to express the
distance of a signed network from a structurally balanced state
and is defined as the minimum (weighted) sum of the negative
edges that need to be removed in order to obtain a structurally
balanced network, see [21] for details.

For our model of decision-making, this means that when
we consider signed networks with higher frustration, the first
bifurcation is crossed at higher values of the social effort
parameter m, meaning that a higher commitment is required
from the agents in order to converge to a nontrivial equilibrium
point. From a sociological point of view, the result admits a
fairly reasonable interpretation: the more in a community there
are “unresolved tensions” among the agents (i.e., unbalanced
interactions, as measured by the frustration), the more commit-
ment is required by the agents to achieve a common nontrivial
decision and to “escape” the (trivial) zero equilibrium point.
On the other hand, the value of social effort for which the
second bifurcation is crossed is independent of the frustra-
tion of the network [21], meaning that for highly frustrated
graphs the range of social commitment values for which only
two nontrivial equilibria are present shrinks. As a concrete
application of these results, in a recent work (see [16]) we
have described the process of government formation in parlia-
mentary democracies as a collective decision-making process
where the members of the parliament (the agents) are required
to cast a vote of confidence (the decision) to a candidate
cabinet coalition. In this context, the social effort parameter 7
is a proxy for the complexity of the government negotiations
(measured as duration of the negotiation phase), while a signed
network describes the composition of the parliament after
each election with signs representing party alliances/rivalries.
These “parliamentary networks” are in general not structurally
balanced and their frustration correlates well with the duration
of the government negotiation processes.

Because of the nonlinearities the behavior of our system is
fundamentally different from that of [12]. In the case of [12] in
fact, structural balance leads to bipartite consensus and struc-
tural unbalance to asymptotic stability. In our case, instead,
balanced and unbalanced cases are qualitatively similar, with
only the bifurcation point gradually moving to higher values
of social commitment as the frustration grows. In this respect,
the model we present here has a more reasonable behavior
than the one in [12], at the cost of a higher complexity.

Even though the behavior of the system in the structurally
unbalanced case is qualitatively similar to the structurally
balanced case, the technical tools that must be used to show
the results become much more challenging because the system
is no longer monotone. An important technical contribution
of this paper is in fact to develop methods able to perform
a global state space analysis of a broad class of nonlinear
nonmonotone interconnected systems which are not diagonally
dominant. Familiar examples of Hopfield-like neural networks
fall in this category [22], [23]. Another noteworthy result we
obtain is a description of the region in which all equilibria
of the system must be contained. In particular also the upper
bound to the 1-norm of the equilibria we provide depends on
the frustration of the signed network.

The paper investigates also a discrete-time version of our
multiagent decision-making system. Such extension is non-
trivial in several directions: for instance new phenomena, like
period-2 limit cycles, appear in the discrete-time case. Also the
techniques that must be used to prove the results are largely
different from those of the continuous-time case. In particular,
we show that the first bifurcation occurring at the origin is
either a pitchfork or a period-doubling bifurcation, depending
on the relative positions of the corresponding threshold values
for the social effort parameter 7w, where the value for which
a pitchfork bifurcation is crossed is the same as in the
continuous-time case. Interestingly, we show that if the signed
network has zero or small frustration, the value of 7 for which
a period-doubling bifurcation is crossed is always bigger than
the usual bifurcation threshold.

The rest of the paper is organized as follows: in Section II
we introduce preliminary material. In Sections III and IV we
present our results for collective decision-making over signed
networks in continuous- and discrete-time, respectively. The
results are discussed and interpreted in Section V. Numerical
simulations and examples are shown in Section VI. Technical
preliminaries (useful Lemmas and Theorems) and most of the
proofs are put in the Appendices at the end of the paper. Some
of the proofs, here omitted for lack of space, are available in
the extended version of this paper [24].

A preliminary version of this work appears in the conference
proceedings of CDC 2018 [21]. The new contributions are a
necessary condition for the existence of nontrivial equilibria,
the proof that these equilibria are locally asymptotically stable,
and the description of the region in which all equilibria must
be contained. All the material on the discrete-time version of
our decision-making model is presented here for the first time.

II. PRELIMINARIES
A. Notation and linear algebra

Given a matrix A = [a;;] € R"*™, A > 0 means element-
wise nonnegative, i.e., a;; > 0 for all 4,7 = 1,...,n, while
A > 0 means element-wise positive, i.e., a;; > 0 for all
i,j = 1,...,n. The spectrum of A is denoted A(4) =
{M(A), ..., (A)}, where X\;(A), ¢ = 1,...,n, are the
eigenvalues of A. A matrix A is called irreducible if there
does not exist a permutation matrix P s.t. PTAP is block
triangular. If z,y € R™ then * > y (r > y) means that
x; > y; (resp., x; > y;) for all ¢ = 1,...,n. Given two



matrices A, B € R™*", the notation A ~ B means that A and
B are similar, and hence that they have the same eigenvalues.
Given a diagonal positive definite matrix D, we denote the
unique (diagonal) positive definite square root of D by Ds.
The symbol 1 indicates the vector of ones (1,, is used when
the dimension m is not clear from the context) and 0,, ,, the
n x m zero matrix (0 if it is clear from the context).

B. Signed graphs

Let G = (V,€) be a graph with vertex set V' (such that
card(V) = n) and edge set £ C V x V. Let A = [a;;] € R™*"
be the adjacency matrix of G, i.e., a;; # 0 if and only if
(j,1) € €. In this work we consider undirected and connected
graphs without self-loops.

A graph G is signed if each of its edges is labeled by a sign,
that is, sign (a;;) = sign (a;;) = £1 if (4,5) € €. The signed
Laplacian of a graph G is the symmetric matrix L = A — A,
where A = diag {01, ...,0,} and each diagonal element J; is
given by &; = >_"_, |aij|, i = 1,...,n [12]. The normalized
signed Laplacian of a graph G, see [25], [26], is the non-
symmetric (symmetrizable, see Appendix A for a definition)
matrix defined as

L=A'L=I-A1A (1)

Notice that since the graph G is connected, it does not have
isolated vertices, hence §; # 0 for all ¢ and the matrix A~! is
well-defined and positive definite.

All the matrices we consider in this work are either sym-
metric (e.g., A and L) or symmetrizable (e.g., £), hence they
have real eigenvalues, which we assume to be arranged in a
nondecreasing order. Let \;(A), \;(L) and \;(£),i =1, ...,n,
be the eigenvalues of A, L and £, respectively. By construction
the eigenvalues of the signed Laplacian L and the normalized
signed Laplacian £ are nonnegative, which can be easily
shown using the GerSgorin’s Theorem, see [27, Thm 6.1.1].

A cycle of a signed graph G is said positive if it contains an
even number of negative edges, negative otherwise. A graph G
is structurally balanced if all its cycles are positive. Equivalent
conditions for G (connected) to be structurally balanced are the
following [12]: (i) there exists a partition of the node set V =
V1 U Vs such that every edge between V; and Vs is negative
and every edge within V; or Vs is positive; (ii) there exists a
signature matrix S = diag {s1, ..., s,} with diagonal entries
s; = £1 (i = 1,...,n), such that SLS has all nonpositive
off-diagonal entries; (iii) A; (L) = 0. The frustration index of
a signed graph G is defined as

1
(9) = _pmin 5 2 L+ SLS)y, @)
si==41 Vi i#]

where [-];; indicates the 7, j element and |-| the element-wise
absolute value, and it provides a measure of the distance of
G from a structurally balanced state [21]. If G is structurally
balanced, ¢(G) = 0.

C. Monotone systems
Consider the system

z(0) = o 3)

where f is a continuously differentiable function defined on a
convex open set U C R™. Let (¢, Z) be the solution z(t) of
(3) s.t. z(0) = z.

Let S be a signature matrix, i.e., S = diag {s1, ..., s, } with
s; = +1 Vi, and let SR™ indicate an orthant of R”, SR" =
{zr € R" : s;; > 0,i=1,...,n}. The partial ordering <g is
preserved by the solution operator (¢, -) and the system (3)
is type SR™ monotone if whenever z,y € U with & <g 7 then
o(t,T) <g (t,g) for all t >0 [19].

Lemma 1 (2.1 in [19]) If f € CY(U) where U is open and
convex in R™ then (t,-) preserves the partial ordering <g
fort > 0 if and only ifS%(x)S has nonnegative off-diagonal
elements for every v € U.

Therefore, a system (3) is monotone if and only if the
graph described by the Jacobian g—i as adjacency matrix is

structurally balanced with fixed S Va € U.

III. DECISION-MAKING IN ANTAGONISTIC MULTIAGENT
SYSTEMS IN CONTINUOUS-TIME

A. Problem formulation

To model the process of decision-making in a community
of n agents represented by a signed network G, we consider
the following class of nonlinear interconnected systems,

& =—-Azx+nwAY(z), x€R". “4)

The state vector x = [x7 - - - z,]7 € R™ represents the agents’
opinions, A = [a;;] is the adjacency matrix of the network
G and describes how the agents interact with each other,
A = diag{d1,...,0,}, m > 0 is a positive scalar parameter
and ¢(z) = [¢1(z1) -+ ¥n(x,)]T. Each nonlinear function
1;(x;) describes how an agent 4 transmits its opinion z; to
its neighbors in the network. This term is then weighted first
by the element a;;, describing the influence between agents
1 and j (positive/friendly if a;; > 0 or negative/unfriendly if
a;; < 0), and then by the parameter 7 representing the global
“social effort” or “strength of commitment” among the agents
[1]. The equilibria of the system represent the decision states
for the community.

We assume that the signed network G is undirected (two
agents able to influence each other’s opinion share the same
amount of trust/distrust in each other), connected (there are
no isolated agents) and without self-loops, meaning that the
signed adjacency matrix A is symmetric, irreducible and with
null diagonal. We also assume that a Laplacian-like assump-
tion relates A and A, §; = . |a;;|. Finally, we assume that
each nonlinear function v¥;(z;) : R — R of the vector ¢ (x)
satisfies the following conditions

Yi(w;) = —i(—zi), Vz; €R  (odd) (A1)
gff (z;) > 0, Va; € R and gf (0)=1 (monotone) (A.2)
lim ;(xz;) = £1 (saturated) (A.3)
z;—Fo0
(i) str?ctly convex Vax; <0 (sigmoidal). (A4)
strictly concave Vx; > 0



The system (4) can be rewritten in a “normalized” form,

T =A[-z+7Hy(x)], zeR", 5)

where we consider the normalized interaction matrix H :=
A=A, The Jacobian of (5) is J(z) = —A(I — THZ(x))
which at the origin for # = 1 reduces to J = —A L (where
L is the normalized signed Laplacian of the network); hence,
under our assumptions and from Lemma 1, the system (5) is
monotone if and only if the signed network G is structurally
balanced.

Our aim is use bifurcation analysis to investigate how the
social effort parameter 7 (our bifurcation parameter) affects
the presence of the equilibrium points of the system (5).

B. Structurally balanced case

Previous works, such as [17], [18], have studied the be-
haviour of the system (5) when the adjacency matrix A of the
network is nonnegative, i.e., when the system is cooperative
[19]. These results, summarized in the following theorem, still
hold when the system is in general monotone, that is, when the
network G described by the matrix A is structurally balanced.

Theorem 1 ([18]) Consider the system (5) where each non-
linear function ;(-), i = 1,...,n, satisfies the properties
(A.1)+(A.4). Assume that the signed graph G is structurally
balanced and let S be the signature matrix s.t. SLS has all
nonpositive off-diagonal entries (|A| = SAS).

(i) When m < 1 the origin is the unique equilibrium point
and it is asymptotically stable.

(ii) When m = w1 = 1 the system undergoes a pitchfork
bifurcation, the origin becomes unstable and two new
equilibria appear; in the orthants described by S and — S,
respectively, denoted SR”} and SR . These equilibria are
locally asymptotically stable with domain of attraction at
least equal to SR’} and SR”, respectively.

(iii) If \o(L) < 1 and simple, when m = mo = #2(@ the
system undergoes a second pitchfork bifurcation, and new
equilibria in other orthants of R™ appear, which may be
stable or unstable.

C. Structurally unbalanced case

In this section we want to introduce our novel results,
i.e., the extension of Theorem 1 to signed networks which
are structurally unbalanced: we show that, by redefining the
threshold values 1 and 79, the system (5) behaves in a similar
manner as the one described in Theorem 1.

Theorem 2 summarizes our findings. We proceed as follows:
first, in (i), we prove that the origin is the unique equilibrium
point for the system when m < 71 and it is globally asymptot-
ically stable, where 7, depends on the smallest eigenvalue of
the normalized signed Laplacian £. Then, in (ii) we show that
when m = m; the system undergoes a pitchfork bifurcation and
two new equilibria appears, which are locally asymptotically
stable for all values of the bifurcation parameter in the interval
(1, ), where o depends on the second smallest eigenvalue
of the normalized signed Laplacian £. Similarly to [1], [18],
the proof relies on bifurcation theory. Lack of monotonicity

however implies that most of the proofs require different
arguments than those used in [1], [18]. At mo the system
bifurcates again and new equilibria appear, see (iii).

Theorem 2 Consider the system (5) where each nonlin-
ear function ¥;(-), i = 1,...,n, satisfies the properties
(A.1)+(A.4). Assume that the signed graph G is structurally
unbalanced with normalized signed Laplacian L.

(i) When m < m = ﬁ the origin is the unique
equilibrium point of (5) anc} it is globally asymptotically
stable.

(ii) Let A1 (L) be simple,

(ii.1) (existence): when T crosses w1 the system undergoes a

pitchfork bifurcation and two new equilibria (x* and
—x*) appear;

(ii.2) (stability): when ™ > 1 the origin is an unstable equi-
librium point, while the equilibria £x* # 0 are locally
asymptotically stable for all values of ™ € (mwy,m2),
with Ty = ﬁ'z(ﬂ)’.

(ii.3) (uniqueness): when 7 € (71, ma), the system admits ex-
actly three equilibria, the origin and the two nontrivial
equilibrium points +x* # 0.

(iii) If A2(L) is simple, when m = 7o the system undergoes a
second pitchfork bifurcation and new equilibria appear.

Proof in Appendix B. The proof of (ii.1) is omitted here due
to lack of space and is available in [24]. The proof of (iii) is
omitted since it is identical to the proof of (ii.l).

Remark 1 It follows from the assumption (A.1) that if the
system (5) admits an equilibrium point * # 0, then —x* is
also an equilibrium point.

Remark 2 Differently from Theorem 1(iii), in Theorem 2(iii)
the assumption A2(L) < 1 is not needed: if the network
G is structurally unbalanced and connected it is always true
that A\2(£) < 1, as shown in Lemma 2 below. Therefore,
if A2(L) is simple, m = #2([:) is always well-defined
(i.e., strictly positive and greater than 7). On the other
hand, examples of structurally balanced graphs for which
A2(L) > 1 are complete graphs, whose adjacency matrix is a
Euclidean distance matrix. This means that in the structurally
balanced case when Ay(L£) > 1 the system (5) admits only
3 equilibrium points (0, £x*) for all values of 7 > m; and
that the trajectories converge either to x* or —z*. However,
this situation can never happen in the structurally unbalanced
case: if 7 is “large enough” (i.e., it is above the threshold m2)
the system (5) will always admit new equilibria (other than 0,
+2*), which may be attractors.

Lemma 2 Let G be a signed connected network with nor-
malized signed Laplacian L. If G is structurally unbalanced,

)\2(£) <1

The proof is available in [24].

To conclude this part, we show that for 7 > 71 the 1-norm
of the equilibria of the system is upper bounded by mw(n —
2¢(G)), where €(G) is the frustration of the signed network.



Moreover, if the matrix £ is symmetric (i.e., if A = §I),
we can show that the solutions of (5) are all bounded and
converge to a set {).(g), which implies that all the equilibria
of the system (5) belong to Q(g)-

Theorem 3 Consider the system (5) where each nonlin-

ear function ¥;(-), i = 1,...,n, satisfies the properties

(A.1)=(A.4). Let €(G) be the frustration of the signed network

G defined in (2), and L its normalized signed Laplacian.

(i) If ©* is an equilibrium point of (5), then ||x*||; < w(n—
2¢(G)).

(ii) Let m > m1. Under the assumption that L is symmetric
(ie., A = 6I), the trajectories of (5) asymptotically
converge to the set Qe(g), where

Qe(g) = {z € R": [lzfy < m(n - 2¢(G))}-

Proof in Appendix C.

Proposition 1 Let G be a signed graph with normalized
signed Laplacian L, and assume that L is symmetric (i.e.,
A = 01). Then it is possible to derive an upper bound for the
social effort at the first bifurcation point, w1, which depends
on the frustration of the network €(G):

n

n—Qe(g)’”}'

The proof is available in [24]. Notice that if the frustration is
zero (i.e., the network is structurally balanced) then 7 = 1.

1<m < min{ (6)

IV. DISCRETE-TIME

The Euler approximation of system (5) with step ¢ is

vi(k +1) = (1—eb;) zi(k) +em Y _ aijipy(a;(k)),
i
i=1,...,n. (1)
Let x, = xz(k) = [r1(k) - z,(k)]T and (zx) =
[V1(z1(k)) - Yn(2n(k))]T. Equation (7) can be rewritten in
a more compact form as follows:

Tpy1 = (I — eA)xp +emAp(ay). ®)

The Jacobian at the origin is given by:

Jo=I—ecA+emA=1—¢cL, 9

where

Le=A-mA=A(I-n(I-L)) (10)

and L is the normalized signed Laplacian of the network. As in
Section III, we want to study how the social effort parameter 7
affects the existence of the equilibria of the system (8), again
relying on tools from bifurcation analysis [28].

A local bifurcation occurs at the origin if the Jacobian J;
has an eigenvalue with absolute value equal to 1 (that is, equal
to £1 since J is symmetric and has real eigenvalues). When
« is small and in particular is such that all the eigenvalues of
Jr have magnitude less than one, following the proof of [29,
Thm 2] it is possible to prove (under the additional condition
emax; §; < 1) that the origin is globally asymptotically stable

and hence the unique equilibrium point of the system (8). As
7 grows, the magnitude of the eigenvalues of .J; increases and
for values of 7 such that J, has a simple eigenvalue A at £1
the system (8) can undergo either a pitchfork (A = +1) or a
period-doubling (A = —1) bifurcation [28].

Let A\;(J;) and A\;(L,), i = 1, ..., n, be the eigenvalues of
Jr and L., respectively, which we assume to be arranged in
a nondecreasing order. We denote 7; the value of social effort
for which the biggest eigenvalue of J. crosses +1 and 7y 4
the value of social effort for which the smallest eigenvalue of
J. crosses —1:

1 A(Jmy) =1, 7w M(Jn,) = —1 (11)

Remark 3 From (9), the biggest and smallest eigenvalues of
Jr are given by

MA(Jx) =1—eX(Lr), M(Jr)=1—e (Lr),

which means that J; is Schur stable (i.e., its eigenvalues have
magnitude strictly less than one) if and only if the following
two conditions hold:
(i) A1 (Ly) > 0, that is, L, is positive definite.
From (10) and since A is positive definite, this condition
is equivalent to I — w(I — £) having (strictly) positive
eigenvalues, i.e., 0 <1 —m(1 — A\ (L));
(ii) e\ (Lr) < 2, that is, e, — 21 is negative definite.
Hence m; is the value of social effort for which the smallest
eigenvalue of L, crosses 0, while 7 4 is the value of social
effort for which the biggest eigenvalue of €L, crosses 2:

1
1 M(Lry) =0 = lem (12)
2
1,4t ALy ,) = = (13)

In the analysis of the discrete-time model (8) (see Theo-
rem 4 below) it is relevant to know where 7y 4 lies compared
with 1. The next proposition shows that 7y < mq g always
holds if the network is structurally balanced (A;(L£) = 0) or
if it is structurally unbalanced but A1(£) > 0 is small.

Proposition 2 Assume that e max; §; < 1. If any of the two
following conditions on the signed graph G with normalized
signed Laplacian L is satisfied:

(i) G is structurally balanced (i.e., \1(L) = 0), or

(ii) G is structurally unbalanced and M1 (L) < 2 — A\, (L),

then m < mq 4.

The proof is available in [24].

The next two lemmas show that if the system (8) admits a
nontrivial equilibrium point then 7 > m; (Lemma 3), while if
it admits a period-2 orbit then m > m; 4 (Lemma 4).

Lemma 3 Consider the system (8) where each nonlin-
ear function ¥;(-), i = 1,...,n, satisfies the properties
(A.D)=(A4). If ¥ # 0 is an equilibrium point of the
system (8) then m > 1.

Proof in Appendix D.



Lemma 4 Consider the system (8) where each nonlin-
ear function ¥;(-), i = 1,...,n, satisfies the properties
AD)+=(A4). If e < mai& and the system (8) admits a

period-2 limit cycle (3K > 0 such that x5 = xy, for all
k > K) then m > 7 q.

Proof in Appendix D.

Remark 4 The condition ¢ < —2— imposed by Lemma 4

represents an upper bound on the step size € in the Euler
approximation.

We are now ready to state our results for the discrete-time
system (8), summarized in Theorem 4. Similarly to Theorem 2,
we show first that the origin is the unique equilibrium point
for the system when 7 < min{m, 7 4} and that it is globally
asymptotically stable, see Theorem 4(i). However, differently
from the continuous-time case, when 7 crosses min{my, 71 4}
two different behaviors can happen. If m < m 4 we ex-
pect the system (8) to undergo a pitchfork bifurcation when
m while if m; > 74 we expect a period-doubling
bifurcation when m = m 4, see Theorem 4(ii). The special
case where m; = 7 4 is here not discussed, but the intuition
is that a Neimark-Sacker bifurcation occurs at the origin when
™ = m,q = m [28]. Observe also that m > 7y and m > 71 4
are necessary conditions (not only sufficient) in order for the
system (8) to admit a nontrivial equilibrium or a periodic
solution, respectively, as shown in Lemma 3 and Lemma 4.

Finally, notice that the following theorem holds also for
structurally balanced networks. However, in that case the con-
dition m; < 7 g would always be satisfied (see Proposition 2)
meaning that the formulation of theorem could be simplified.

I—

Theorem 4 Consider the system (8) where each nonlin-

ear function ¥;(-), i = 1,...,n, satisfies the properties

(A.1)+(A.4). Assume that the signed graph G is structurally

unbalanced with normalized signed Laplacian L. Let J,, L,

m and 7,4 be as in (9), (10), (12) and (13), respectively.

Assume that 1 — e max; 9; > 0.

(i) If # < min{m, 71 q} then the origin is the unique
equilibrium point of the system (8) and it is globally
asymptotically stable.

(ii) If m1 < mi,q and the biggest eigenvalue of Jr,,
An(Jny) = +1, is simple, when m = w1 the system (8)
undergoes a pitchfork bifurcation;

If 71 > mi,q and the smallest eigenvalue of J, ,,
)q(de) = —1, is simple, when m = m 4 the system (8)
undergoes a period-doubling bifurcation.

Proof in Appendix E.

Notice that, compared with Theorems 1 and 2, Theorem 4
considers only the first bifurcation the system (8) undergoes
at the origin, i.e., it does not consider for instance secondary
bifurcations at the origin happening for values of 7 such that
)\n_l(Jﬂ-) =+1 or )\Q(Jﬂ) = —1.

Corollary 1 Consider the system (8) where each nonlin-
ear function ¥;(-), i = 1,...,n, satisfies the properties

(A.1)=(A.4). Let €(G) be the frustration of the signed network
G defined in (2).
(i) If ©* is an equilibrium point of (8), then ||z*||; < m(n—
2(G).
(it) If A = 61 with de < 1, the trajectories of (8) asymptot-
ically converge to the set {x € R" : ||z|1 < 7n}.

The proof is omitted since (i) follows from the observation
that the discrete- and continuous-time models share the same
equilibrium points, therefore the upper bound on the 1-norm of
the equilibria found in Theorem 3(i) still holds, and (ii) follows
from the fact that the nonlinearities are saturated (and can be
shown for instance using the Lyapunov function V(xj) =
||zg|ls — 7n for all ||xg|ls > 7n and V() = O otherwise).

V. DISCUSSION AND INTERPRETATION OF THE RESULTS

Comparing Theorem 1 with Theorem 2, the general behav-
ior of the continuous-time system (5) (illustrated in Figure 1)
does not change when, instead of a structurally balanced net-
work, we assume that the network is structurally unbalanced.
However, while in the structurally balanced case (see Fig-
ure la) the first threshold value for the social effort parameter
7 is constant (r; = 1), in the structurally unbalanced case
(see Figure 1b) this value is strictly greater than 1 and in-
creases with the smallest eigenvalue of the normalized signed
Laplacian, A1(£). In a recent work [21] we have shown that
A1(L) approximates well the frustration of a signed network
G (measured by €(G) introduced in equation (2)), while the
intuition is that A2(L) is independent from the frustration
€(G). As a consequence, a higher frustration €(G) (reflecting a
situation where the system (5) is “far” from being monotone)
implies (i) a higher value of m; and (ii) the shrinkage of the
interval (7, m2) for which only two alternative equilibria are
admitted. These conclusions are illustrated in Example 2.

In the context of social networks the decision-making pro-
cess (4) can be summarized as follows:

e m < my: No decision will be reached if the social effort
among the agents is small.

e m € (m,m2): The “right” level of commitment among
the agents leads to two possible (alternative) decisions.
If the signed social network is not structurally balanced,
a higher frustration implies that a higher effort will be
required from the agents in order to achieve this decision.

e ™ > mo: An overcommitment between the agents (high
value of social effort) leads to a situation where several
alternative decisions are possible.

When we instead compare Theorems 1 and 2 with Theorem 4,
we observe that the discrete-time system (8) exhibits a “richer”
behavior, in that it admits (stable) periodic solutions, as illus-
trated in Figure 2 (which, for the sake of simplicity, does not
consider secondary pitchfork or period-doubling bifurcations
at the origin). This is related to the presence of a new threshold
value for the parameter 7, denoted 7 4: understanding where
m1,q lies compared with 71 plays a key role when investigating
the behavior of the system (8) over a signed network. In
particular, Proposition 2 suggests that the condition 71 > 71 4
cannot hold unless a signed network is structurally unbalanced
and has high frustration (i.e., A\;(£) > 0).
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Figure 1: The system (5) undergoes two pitchfork bifurcations,
respectively for m = m; and m = me. The bifurcation diagram
for two components z; and x; is here shown for two different
signed networks. (a): Structurally balanced network (monotone
system). (b): Structurally unbalanced network.
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Figure 2: The system (8) undergoes a pitchfork bifurcations
and a period-doubling bifurcation, respectively for m = m;
and m = 7 4. The bifurcation diagram for two components x;
and x; is here shown for three different signed networks. (a):
Structurally balanced network. (b): Structurally unbalanced
network with m < 7y 4. (¢): Structurally unbalanced network
with w1 > T1,d-

This implies first that, if we consider networks that are
structurally balanced (for which m; < m 4 always holds) or
that are structurally unbalanced for which 7; < 7 4 (typically,
with low frustration) the general behavior of the discrete-time
system (8) resembles that of its continuous-time counterpart,
see Fig. 2a and Fig. 2b: the crossing of a (pitchfork) bifur-
cation yields two (alternative) nontrivial equilibrium points
representing two possible (alternative) decisions. Hence, the
general idea that the higher is the frustration of the network
the higher is the social effort needed to converge to a nontrivial
equilibrium point still holds. Instead, if we consider networks
that are structurally unbalanced for which 7; > 7 4 (typically,
with high frustration), see Fig. 2c, then there exists an interval
of values for the social effort parameter, (7 g4, 71), for which
the collective decision-making process still ends in a deadlock
situation where the opinions of the agents do not settle but
keep fluctuating: only by further increasing the commitment
among the agents the process can be settled and the community
can reach a decision. In conclusion, in the discrete-time model
the presence of high frustration in the graph leads to agents
who will never cease to change opinion (a somewhat artificial
behavior). Other recent works in the literature that propose
models characterized by fluctuations of opinions of the agents
are for instance [30], [31].

VI. NUMERICAL EXAMPLES

In this section we first illustrate the bound (6) in Proposi-
tion 1 (Example 1). As a byproduct we observe (numerically)
that the bound is tight if the smallest and largest eigenvalues
of L satisfy the condition A\ (L) < 2 — A\, (L) (typically,
if the network does not have high frustration). Then, we
show the behavior of the system (5) over signed (structurally
unbalanced) networks with increasing frustration (Example 2
and Example 3). In Example 4 we show that when the
social effort parameter 7 crosses the second threshold 75 the
system admits multiple equilibria which are stable (i.e., several
decision states for the community are possible). Example 5
is used to illustrate a case which has not been treated by
our analysis. Indeed, in Example 5 we illustrate the behavior
of the system (5) in presence of symmetries implying an
algebraic multiplicity of A;(£) higher than 1. The case where
the smallest eigenvalue of £ is not simple is in fact not covered
by Theorem 2. However the intuition, supported by the reading
of [32], [33], is that when 7 > 7 the system admits multiple
(more than three) equilibria. Finally, in Example 6 we illustrate
the behavior of the discrete-time system (8) and compare it
with that of the continuous-time system (5).

If not specified otherwise, we assume that each nonlinear
function ¢;(-) ( = 1,...,n) is given by the hyperbolic
tangent t(e) = tanh(e). Moreover, to compute numerically
the frustration ¢(G) of a signed network G we use the algorithm
proposed in [34].

Example 1 This example wants to illustrate the bound (6)
in Proposition 1 and show that it holds also for graphs
whose normalized signed Laplacian is not symmetric. In
Fig. 3 we consider two sequences of signed networks G with
n = 500 agents (in which the edge weights are drawn from
a uniform distribution and p = 0.8 is the edge probability)
and with increasing frustration €(G). In the first sequence
(see Fig. 3a), each adjacency matrix A of the network is
rescaled so that |A| 1 = 61, which implies that the normalized
signed Laplacian £ is symmetric. Instead, in the second
sequence (see Fig. 3b), each matrix £ is not symmetric (but
is symmetrizable). As Fig. 3 illustrates, the bound (6) holds
for both sequences; moreover, when the frustration is small
(numerically, when the condition A\ (£) < 2 — A, (L) is
satisfied) the upper bound #e(g) for 7rp is tight (this is not
surprising since we know that A;(L) approximates well the
frustration).

Example 2 We consider three signed networks with n = 20
agents in which the edge weights are drawn from a uniform
distribution and p = 0.5 is the edge probability. These
networks are chosen to be structurally unbalanced and with
increasing frustration. In Fig. 4 the euclidean norm of the equi-
libria of the system (5) for values of 7 in {0.005,0.010, ..., 4}
is depicted. As Table I shows, the smallest eigenvalue of the
normalized signed Laplacian increases with the frustration of
the network while the second smallest eigenvalue remains
almost constant, hence the interval for 7 for which the system
admits only two equilibria becomes smaller (compare Fig. 4a
and Fig. 4c).
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Figure 3: Example 1. Plot of 71,75 and #e(g) for two
sequences of signed networks with increasing frustration €(G).
(a): Sequence 1: for each network, the normalized signed
Laplacian £ is symmetric. (b): Sequence 2: for each network,
the matrix £ is not symmetric. A full (resp., empty) symbol
means that A; (L) <2—\, (L) (resp., A1(L) > 2— A, (L)); for
clarity, a dashed line shows the maximum value of frustration
above which the condition A1 (£) < 2 — \,,(£) does not hold.
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Figure 4: Example 2. Norm of the equilibrium points of the
system (5) as a function of 7. The networks G we use in this
example are structurally unbalanced, with increasing frustra-
tion €(G), see Table L. (a): €(G) = 0.677. (b): €(G) = 4.285.
(c): €(G) = 5.536.

| @) M Ao 1 2
@ | 0.677 0.065 0500 1.069 2.000
(b) 4.285 0.332 0.491 1.496 1.966
© | 5536 0475 0499 1.905 1.995

Table I: Example 2. Values of frustration, first two eigenvalues
of the normalized signed Laplacian and bifurcation points for
the three cases, (a), (b) and (c), depicted in Figure 4.

Example 3 Consider a network G with n = 100 agents in
which the edge weights are drawn from a uniform distribution
and p = 0.8 is the edge probability. Let A = [a;;] be its
weighted nonnegative adjacency matrix. Consider now a se-
quence of signed networks Gz with weighted adjacency matri-
ces Ag = [ag, ;] constructed such that [Ag| = A and their sig-
nature is dependent on a parameter 5 € {0,0.05,0.1,...,1}:
if a;; # 0 then ag;; # 0 and Plag;; < 0] = B. When
B =1, A; = —|A|. As 8 increases also the frustration of the
networks increases.

For each network, we numerically compute the equilibria
x* of the system (5) for values of m in {1,1.05,...,9} and
their 1-norm ||z*||;: let X = {a* € R™: z* is an equilibrium
point of the system (5)} be the set of equilibria. In Fig. 5,
for each network of the sequence we plot — max [l2*]]1 (the

maximum l-norm of the equilibrium points divided by )

B frustration
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Figure 5: Example 3. Plot of the maximum l-norm of z*,
where x* is an equilibrium point of the system (5), for a
sequence of signed networks with increasing frustration. The
values of n — 2¢(Gg) are shown as dotted lines.

15 2 2 30

t

Figure 6: Example 4. Evolution of state variable z;(t) for
50 random initial conditions and m = 4. The signed network
considered in this example corresponds to the one used to
obtain Fig. 4c (my = 1.995).

for each value of ; the colormap illustrates the sequence of
signed networks Gg with increasing frustration. As Theorem 3
states, the maximum 1-norm of the equilibria is upper bounded
by m(n—2¢(Gg)), where €(Gg) indicates the frustration of Gg:
as the frustration increases, the bound decreases.

Example 4 When m > w3, Theorem 2(iii) proves that the
system (5) admits multiple equilibrium points. Through nu-
merical simulations it is possible to see that some of these
equilibria may be stable. In Fig. 6 the multistability for the
system (5) is highlighted as we depict the evolution of the
first component of z(¢) for 50 random initial conditions and
™ =4> m = 1.995. The same signed network as case (c) in
Fig. 4 and Table I is used.

Example 5 Consider the system (5) where each nonlin-
ear function v;(-), ¢ = 1,...,n, satisfies the properties
(A.1)=(A.4). Moreover, assume that

Yi(e) =v;(e) =1 u(e), Vi,j=1,...,n, e€R

(identical nonlinearities). (A.5)

Notice that under these assumptions Pi)(x) = 1(Px) for all
signed permutation matrices P.
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Figure 7: Example 5. (a): «, 3,7 as functions of m. (b):
Equilibria of the system (5) as described by (14), for
m = 2.001,2.002,...,4: the origin (black dot), =Pz] (blue
branches) and +Px3 (red branches).

Let n = 3 and the adjacency matrix of the network be
0o -1 -1

A=1]-1 0 -1

-1 -1 0

=1-117,

which implies that the signed graph described by A is struc-
turally unbalanced and that the smallest eigenvalue of the
normalized signed Laplacian £, A;(L), is not simple (the
spectrum of £ is A(L) = {1,3,2}). This represents an
interesting case for our analysis since the (algebraic and
geometric) multiplicity of the smallest eigenvalue of L is
2, hence we cannot straightforwardly apply Theorem 2(ii).
However, in this case the equilibria of the system (5) for
T™> T = ﬁ = 2 can be computed explicitly.

Under assumption (A.5), let # > 2 and «(n),B(7w) >
0,v(m) < 0 be such that

. ’lﬁu(a) _ g . Y= _ﬂ-wu(ﬁ)
“ e T P {wu<ﬂ>+iﬁ+wuw> =0,
see also Fig. 7a. Then z} = o[l1, —1,0]7, 23 = [3, 8,7]
equilibrium points of (5). Indeed
THy(z}) = my (o) H Y - ;”buo(éa)m,{ = a7,
Yu(B) + u(v) B
TH(23) = =5 |Yu(B) + Yu(y) | = |B| = 3.

2¢u(B) g

Let ®(z,7) = —x + wHy(z). Under assumption (A.1),

®(x,7) is odd. Moreover, since PHPT = H for all per-
mutation matrices P € R3*%3_ it holds that

Po(x,7) = ®(Px,7) VP € Ss,

that is, ®(x, ) is Sg-equivariant (S3 indicates the symmetric
group of order 3, i.e., the group of all permutations of a three-
element set). Hence if x(¢) is a solution of (5), then +Px(t),
P € S5, is also a solution of (5) [32].

To conclude, the equilibria of (5) can be written as

+Px¥, +Pzi YV PESs. (14)

Figure 7b shows the equilibrium points of the system (5),
where the nonlinear function 1, is the hyperbolic tangent
1, () = tanh(e), as 7 increases.

Example 6 This last example wants to illustrate the results
of Theorem 4 for the discrete-time system (8) and compare
them with the results of Theorem 2 for the continuous-time
system (5). We consider two structurally unbalanced networks
(G1 and G3) with n = 6 agents in which the edge weights are
drawn from a uniform distribution and p = 0.9 is the edge
probability. The network G; is such that 1 < m; = 1.53 <
1.89 = m; 4 while the network G, is such that 1 < m 4 =
1.40 < 1.63 = my, where 7; and 7 ¢ are defined in (12) and
(13), respectively.

Figure 8 plots the trajectories of the discrete-time sys-
tem (8) with ¢ = 0.3 (top panels) and the trajectories
of the continuous-time system (5) (bottom panels) for dif-
ferent values of 7 and the same initial condition x(0) =
[~1.51,1.81,-0.12,1.23,0.49,0.91]7: in Fig. 8a we consider
the network G;, while in Fig. 8b the network Gs. When
m < m,q (see Fig. 8a), we expect the trajectories of both
the discrete- and continuous-time system to converge to the
origin for all values of 7 less than m; (see left panels) and
to converge to a nontrivial equilibrium point for values of 7
greater than (and in a neighborhood of) m; (see right panels).
When m > 71 4 (see Fig. 8b), we expect the trajectories of
both the discrete- and continuous-time system to converge to
the origin for all values of 7 less than 7 4 (see left panels).
However, when m € (71 4, m1) (see middle panels), while the
trajectories of continuous-time system still converge to the
origin, the discrete-time system admits a periodic solution.
Finally, for both the discrete- and continuous-time system to
admit a nontrivial equilibrium point 7 needs to be greater than
1 (see right panels).

VII. CONCLUSIONS

In this work we have extended the analysis of a decision-
making process in a community of agents, described by the
nonlinear interconnected model introduced in [1], [18], to the
case in which the signed network representing the group of
agents is not structurally balanced. We provided necessary
and sufficient conditions for the existence (and stability) of
equilibrium points of the system showing that, qualitatively,
the bifurcation behavior of the system does not change when
we assume that it is not monotone, i.e., that the signed social
network is not structurally balanced. What changes, however,
is the threshold at which the bifurcation occurs. In particular,
we have shown in the paper that this bifurcation threshold
grows with the frustration of the signed network.

Given the interpretation of the bifurcation parameter as
“social effort” of the network of agents, from a sociological
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Figure 8: Example 6. Trajectories of the discrete-time sys-
tem (8) with ¢ = 0.3 (top panels) vs trajectories of the
continuous-time system (5) (bottom panels) for different val-
ues of m. (a): Network G;, m < mi4. (b): Network Go,
T > M1,4d-

point of view, this behavior is reasonable and plausible: the
more “disorder” (i.e., frustration) a social network contains,
the more difficult it is for its actors to achieve a common
decision.
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APPENDIX A
TECHNICAL PRELIMINARIES

In this section we introduce definitions and technical theo-
rems and lemmas from linear algebra that will be necessary
in order to prove the main results of this work.

Definition 1 ([35], [36]) A matrix A € R™*" is (diagonally)
symmetrizable if DA is symmetric for some diagonal matrix
D with positive diagonal entries. The matrices DA and D are
called symmetrization and symmetrizer of A, respectively.

Theorem 5 (Ostrowski, 4.5.9 in [27]) Letr A,S € R"*"
with A symmetric and S nonsingular. Let the eigenvalues of
A, SAST and SST be arranged in nondecreasing order. For

each k = 1,...,n, there exists a positive real number 0}, such
that Al(SST) <6, < )\n(SST) and )\k(SAST) = GkAk(A)

The following lemma results from Theorem 5.

Lemma 5 Let B € R"*™ be symmetrizable, and S =
diag{s1,...,8n} € R™™ be a positive definite diagonal
matrix. Let the eigenvalues of B, BS, SB and S2BS? be
arranged in nondecreasing order. Then, for all k € {1,...,n},
it holds that 30, € [min,;{s,;}, maxi{si}] such that

Ae(BS) = Ap(SB) = A\, (87 BS?) = O\ (B).

The proof is available in [24].

APPENDIX B
PROOF OF THEOREM 2

To improve readability, the proof of Theorem 2 is divided
as follows: in Section B-A we prove (i); in Sections B-B,
B-C we prove the stability (ii.2) and uniqueness (ii.3) part,
respectively, of (ii).

A. Proof of Theorem 2(i)

The condition for the existence of a unique equilibrium
point for the system (5) can be rewritten in terms of the biggest
eigenvalue of the normalized interaction matrix H = A™1A4 =
I — L. Define the following symmetric matrix:

Hym = A"3AA™2 = ATHA™Z ~ H, (15)

By construction, I and Hgy, have the same eigenvalues.

Proof. First, notice that since A\;(£) = 1 — A\,_;+1(H) for
o _ 1 |

all 1 = 1, e, then T = m = m

Let V : R® — Ry be the Lyapunov function described by

V(z) = 2 /Owi ¥i(s)ds.

Since each function 1);(-) is monotonically increasing and
1;(s) = 0if and only if s =0, then V(z) > 0 Vz € R™\ {0}
and V(0) = 0. Moreover, V () is radially unbounded.

From the assumptions (A.1), (A.2) and (A.4), we know that

(16)

> ¢Z($1), if xT; > 0 (i.e., 1/)1(1’1) > 0)
Z; < ¢Z($2), if z; <0 (i.e., wl(xl) < 0)
—0. if ;= 0,

ie, ¥(@)TAz > ¢(z)TAy(z) > 0 since x # 0. Hence,
computing the derivative of V' along the trajectories gives

V(z) =¢(2)Ts = (2)T[-Az + mAp(z)]
= —(2)T Az + (2) T A% (1 Hym) A7 ()
< —(2)TAZ (I — mHyyn) AZ1)(x)

< (1= 5 )@ du()

Since 7 < 7y, then V(z) < 0 for all = # 0, i.e., the origin is
globally asymptotically stable, hence the unique equilibrium
point for the system (5). ]

B. Proof of Theorem 2(ii.2): stability

Before stating the proof we show that, when 7 € (1, m2),
all the nontrivial equilibrium points 2* # O of the system (5)
(if present) are locally asymptotically stable. This lemma will
be used in the proof of both the stability and uniqueness part
of Theorem 2(ii). Moreover, notice that the threshold values
71 and 79 can be rewritten as follows:

1 1
T = 7)%71(]{)

Lemma 6 Under the assumptions of Theorem 2(ii), when m €
(m1,m2), if ** # 0 is a (nontrivial) equilibrium point of the
system (5) then it is locally asymptotically stable.

Proof. Let 2* # 0 be an equilibrium point for the system (5),
x* = wHy(z"). (17

To prove that z* is locally asymptotically stable, consider the
linearization around x*,

= A<fI + WHZ—Z:(x*)) (x —x™).
The equilibrium point x* is asymptotically stable for the
system (18), and consequently locally asymptotically stable for
the system (5), if the matrix A(—1I + WH%(I*)) is Hurwitz
stable, i.e., its eigenvalues are strictly negative. Since A is
diagonal and positive definite, this holds if and only if the
matrix —I+m7H g—f(m*) is Hurwitz stable. The following proof
shows that the largest eigenvalue of —I+7H ’g—f (x*) is strictly
smaller than 0, i.e., that 7\, (Haa—f(at*)) < 1. It is a two-steps
proof, showing first that 7\, (H%%(z*)) < 1 and then by
contradiction that w\,, (Hg—f(x*)) £ 1.

(18)



Step 1. From the assumptions (A.1), (A.2) and (A.4), for all

i =1,...,n it holds that
P> (a)) > g (a)) @, if 27 >0
< () < G (a)) @, if 27 <0
F=() =0, $() =1, ifa;=0.
Therefore, 3 Z(x*) = diag {&1(x%), ..., &n(z:)} € R™™™ such

that, Vi=1,...,n
Ot

v} = &) - G )
G(zp)>1, 0<&(ay) §(2) <1, ifaf#0
G =1, &) 3E@D =1,  ifa=0.
This can be rewritten in compact form as
*\ (% 81/} *
') =E@) - @) (19)

where

diag {Z(z*)} > 1, 0 < diag {E(az*) . gﬁ(a:*)} <1. (20)

To simplify the notation, we will neglect the dependence from
x* in what follows; moreover, we define ¥, := gf (z*). From

(17) and (19), it follows that

=(rH- -V, -E)z", 21

that is, (1,z*) is an eigenpair of wH ¥, =. Therefore, by
Lemma 5 with B = 7H and S = V.=, and by (20), it
follows that for all k£ € {1,...,n}, 30, € (0,1] such that
Ae(mH VU, E) = O\ (H). In particular 36,,,0,,—; € (0,1]
such that

A(TH U, E) = o\, (H),
)\nfl(’ﬂ'H v, E) = anflﬂ)\nfl(H) <0,.1< ].,

(22)
(23)

where mA,_1(H) = 7 < 1 under the assumption 7 €

(m1,72). Then, (21) and (23) yield 1 = A\, (7H ¥, ).
Applying again Lemma 5 with B = nH VU, and S = =,

there exists 6 € [min;{¢;}, max;{&;}] such that
1=XM(mHY,E) =0\, (HV,) > 7\, (HT,) >0,

since & > 1 for all ¢ implies 6 > 1. Hence, 7\, (H ¥,) < 1.
Step 2. Suppose by contradiction that 7w\, (H ¥,) = 1. First,
we need to define the “symmetric versions” of the matrices
HWY, and HY, =.

1 1
[H\Ilw]sym = (\I’w)QHSym(\I/l')Q
~ (A0,) 7 ((12)F Hyn(0,)) (AT,
= (A ZHynAZ) U, =HU,
with Hgyy defined in (15), and
—_ 1
[H\ij‘—‘}sym : ( x :‘) Wm(\Ijm H)z
~ (A%, 2)7F (1, 2)! Hyn(V,9)) (AW, )’
= (A EHywAZ) U, E=HU,=.

Moreover, [HW,Z],, = =% [HV,]
From similarity, mA, ([HW,],,) = 1. Let v be the right eigen-
vector of 7 [H \I/x]sym associated with its largest eigenvalue
A ([HY:],,) = 1. From (21), since (1,2%) is an eigenpair
of mH ¥, = (with 1 being the largest elgenvalue, as proven
previously), it follows that (1, (AW, Z)zz*) is an eigenpair

—1 .
22 by construction.

of m[HV,Z] sm (With 1 being the largest eigenvalue). To
summarize
— —1 —1
[H‘IIJC:]sym ==z [H\IJI]sym =%

A ([HYs],) =1 and W[H\I/z}symv = ; (24)
7T)\ [Hlllwh’]sym)

sym (

T[HY,EF] )233* = (AU, E)2z*
Applying Rayleigh’s Theorem [27, Thm 4.2.2] with
T[HW,E] . one obtains
TIHV,Z| vy
1=n\(HY,E],,) =T max [ = Jim
Y y#0 y'y
—1 —1
(yT ‘:‘2) : [H\III]gym : (‘:'2 y)
=7 max
y#0 yTy
J with y= =20 #0
HU, T
2T [T 1sym = TUH vl : (25)
vI'2=1y vI'=2-1y

T=—1y, which can be rewritten as

Zv—&-z&

2:§y=1 1:§;>1

The inequality v"v < v
2 i
TSI
i=1 pfld

holds, as equality, if and only if

v, =0 Vi st §>1 (e zf #0). (26)

Hence, (25) can only hold as equality if (26) holds, which
further implies that 22 v = v and consequently that (1, v) is an
eigenpair of 7[HW, =] _ (with 1 being the largest eigenvalue).
Indeed

sym

=
V=T

sym

Wl
S
ré!

n[HV,E]

—
=)
—

=

=T olym ¥ =E2 0 =v.

Since Ay, (m[H¥,E],,) = 1 is simple, as shown in (22) and
(23), it follows that v should be equivalent to the correspond-
ing right eigenvector of 7[HV,EZ] . ie., (AU, Z)2x*. This
however yields a contradiction, since by (26) vTz* = 0 (in
particular v; = 0 for all z} # 0 and v; # O for at least one ¢
s.t.xy =0).

To conclude, 7\, (H ¥,) < 1 and the matrix —I +
mH g—f(x*) is Hurwitz stable, which implies that the nontrivial
equilibrium point z* is locally asymptotically stable. ]

Finally, we are ready to prove Theorem 2(ii.2): stability.
Proof of Theorem 2(ii.2). The linearized system around the
origin is & = A(—1 4+ 7H)x (given assumption (A.2)), where
A is positive definite and — I+ H has eigenvalues {m A, (H)—

. TAR(H) —1}. When 7 > 7y, the matrix —I + 7w H has
at least one positive eigenvalue, which proves the instability
of the origin as equilibrium point of (5).



Instead, let z* # 0 be an equilibrium point of the system 5,
whose existence is shown in Theorem 2(ii.1). To prove its sta-
bility we can apply Lemma 6, which shows that if * # 0 is an
equilibrium point of (5) then it must be locally asymptotically
stable. ]

C. Proof of Theorem 2(ii.3): uniqueness

Let f(x,7m) = Al—z + wHt(x)]. We can divide the proof
into two parts. (i) We prove that in a neighborhood of 7, the
system admits only 3 equilibria. (ii) We prove, by contradic-
tion, that there are no bifurcation points for = € (7, 72). We
use Lemma 6 which proves that all the nontrivial equilibrium
points z of the system (5) are locally asymptotically stable,
hence isolated and with each matrix %(f, 7) Hurwitz.

(i). The existence is shown in Theorem 2(ii.1), where it is
also proven that the bifurcation is a pitchfork. This means that
in a neighborhood of 7; the system (5) admits exactly three
equilibrium points: the origin and two nontrivial equilibrium
points, +x* # 0.

(ii). The necessary condition for an equilibrium point (Z, 7)
(where © € (1, m2)) to be a bifurcation point is that the Jaco-
bian %(f, T) = A[—I—l—ﬁH%—f(i)] is not invertible (i.e., there
isani € {1,...,n} such that ﬁAi(Hg—i(f)) = 1). Suppose by
contradiction that, for @ € (7, m2), T is an equilibrium point
of the system (5), i.e., T = TH1(Z), and a bifurcation point,
ie,Jist ﬁAi(H%(f)) = 1. However, Lemma 6 shows that
if  # 0 is an equilibrium point of (5) then it must be locally
asymptotically stable., i.e., T\, (H g—f(gﬁ)) < 1. Moreover, if
Z=0,7TA-1(H) <1< 7\, (H) for @ € (71, 7m2). Hence, T
cannot be a bifurcation point.

To conclude, we know that the system (5) admits three
equilibria (0, *, —z*) and that it cannot bifurcate further from
them for values of m € (m,m2). Hence, the only possible
equilibrium points for the system are the origin and those
originated from the first bifurcation at m = ;. [ ]

APPENDIX C
PROOF OF THEOREM 3

In the following proofs we use the notation S, :=
diag {sign ()} where x € R™ and the signum function is
defined as sign(y) = 1 if y <0 orsign(y) = —1if y <0,
where y € R.

Remark 5 The frustration of the network G is defined in
equation (2), which can be rewritten as follows:

2¢(G) = min 17(|H| - SHS)1
S=diag{s1,...,5n
si=+1Vi
=n— max 17SHS1
S=diag{s1,...,8n}
s;i==+1Vi
H+ HT
=n— max 179 <+) S1.
S=diag{s1,...,8n} 2
s;=+1Vi
Remark 6 Let
u* = S,-1 where S,» = argmax 17SHS1, (27)

S=diag{s1,...,8n}
s;=+1Vi

that is, 2¢(G) = n — 175, HS,-1. From the results on
(symmetric) Hopfield neural networks (see [22], [38]) we

know that the vector u* satisfies u* = sign ((HJFTHT)u*>
If H is symmetric, then u* = sign (H”u*), meaning that the
vector Sy-sign (HTSy-1) = Sy-sign (HS,~1) has all strictly
positive components (equal to 1).

A. Proof of Theorem 3(i)

The proof can be divided into three steps. First, we show
that if #* is an equilibrium point of the system (5) and H
is symmetric, then ||z*||; < m(n — 2¢(G)). Then, we show
that if H is not symmetric and x* is such that x} # 0 for
all 4 (or, |x*| > 0) we can apply the same reasoning to prove
that ||z*||; < 7(n — 2¢(G)). Finally, we complete the proof
and show that each equilibrium point z* of the system (5)
(without assuming that H is symmetric) satisfies the inequality
2"y < m(n — 2€(G)).

Step 1. We first consider the particular case of the matrix
H = A=A being symmetric, that is, A = 1.

Let z* be an equilibrium point of the system (5), that is,
x* = wHy(z*) and let S, be its signature, i.e., |z*| =
Se~x*. It follows that

2% = 7 Ser Hp(a7) = 7 [Hyp(a")| = 7 Soe HSp+ [Y0(2")] .
Observe that Spry(z+) = Szx = Sy (z+). Then

|1 17 |2*
m T
and
*
max =y = max 17 |Hy(z*)| < max 17 |Hul|
*x_*GR”s.L* ™ *z_*eR”'s.t.* gERZ%
¥ =mHy(z™) z*=nHy(z™) 711{%;§1ﬁ

because the constraint z* = wHy(z*) (ie., * is an equi-
librium point) implies the constraint Sgryz+) = Sy (a+), and
|t (x;)| <1V x; €R. Then

CL'* 1
max ey < max 17 |Hu|
z*€ER"s.t. s u€R™s.t.
z*=mHy(z") SHu=Su, —1<u<l
T

= max 1S, HS, |u 28a
u€R™ st —1<u<1 ull Sy Jul (28a)

= max 17S,HS,1  (28b)
Sy=diag{su,1,..., Su,n}

Suyi:il VZ
=n —2¢(G).

Notice that 17S,HS,, |u| < |]1TSuHSu| 1 for all u € R™
s.t. |u| < 1. The equality between (28a) and (28b) means that
the maxima are obtained when w lies in the corners of the
hypercube |u| < 1 (i.e., |[u| = 1). In particular, u* defined
in (27) is a solution of this maximization problem since it
is feasible and sign (]lTSu*HSu*) = sign (]ITSU*H) Sy =
17 > 0, meaning that 175, HS,- = ‘]lTSu*HSu* .

Step 2. Let z* be an equilibrium point of the system (5) and
assume that 7 # 0 for all 4. In this step we do not assume the
symmetry of the matrix H. Following the reasoning of Step 1,
and by adding the additional constraint |u| > 0 (which comes
from x} # 0 for all i), it is still possible to prove (see below)




that the maxima are obtained when w lies in the corners of
the hypercube |u| < 1 (which yields the equivalence between
(28a) and (28b)). This is equivalent to show that the maxima
are obtained when w is s.t. 17.5,HS, > 0. Let

= arg max 17S,HS, |ul

uw€eR™ s.t. —1<u<1, |u|>0

and vT = 1753 HS;. Suppose, by contradiction, that 3 s.t.
v; < 0 (and @; # 0, since || > 0). Define @ s.t. Sz = Sy

and
gl =4
TS ~
! elayl,

with 0 < € < 1 (which means that |z| < 1 and |a| > 0, i.e.,
u is a feasible point of the maximization problem). Then

>l > vjlal

Jv; >0 i:v; <0

= > vt Y veliyl

jw; >0 ;<0
> 3 wilil+ Y vie i)
jw; >0 Jjw; <0

> > wlugl+ Y vyl =17 S HSq |l

jw; >0 i:v; <0

if v; >0
iij<O

]ITS’QHS@ |’l]‘ = ’UT |’[L| =

which implies a contradiction.

Step 3. Finally, we want to extend the idea presented in the
previous steps to show, without imposing any constraint on H
or z* (except for being an equilibrium point of the system (5)),
that ||2*[|1 < w(n — 2¢(G)). In this case, assume that =} =
0 for some i: let ngy (resp., n — ng) be the number of zero
(resp., nonzero) components of x and let P be a permutation

*

matrix s.t. Pa* = 6“‘ , where 27, € R"™™ and |z} | > 0.
Let Pip(z*) = w(%m) and PHPT = H* *|. Then,
lz*[x = llzi i, 2k, = mHp9(x),) and (following the

reasoning of Step 2)

[[=*]1
T SS g {InaX n nOSnanzSnz]ln no-
nz=dlag S1,.++;,8n—ng
si=+1Vi
Notice that for all signature matrices S, =
diag {s1, ..., Sn—no} € RPN with 5, = £1 Vi,

the following inequality holds:

SnanzSnz]]-n no

(e R 2]
w e[y 2] )

u Hu-n—2eg

nno

< max
uweR™s.t. |u|<1

Summarizing, we have shown that ||z*[|; < m(n — 2¢(G)). m

B. Proof of Theorem 3(ii)
From Theorem 3(i) we know that the set

Hlzl < 7(n —2¢(9))}

contains all equilibria of the system (5). We now want to
prove that €. g) is attractive when the signed normalized
Laplacian £ or, equivalently, the normalized interaction matrix
H=A"1A=1- L, is symmetric (i.e., A = 6I).

Let V : R® — Ry be the Lyapunov function described by

Vi) = { el = (0 = 26(9))), @ ¢ Qi)
07 T e Qe(g)

Qe(g) = {J) cR"

(29)

Since A is positive definite then V(z) > 0 for all « ¢
Qc(g). Moreover, V(z) is radially unbounded. Let S, :=
diag {sign (z)} (observe that S, = Sy (). The upper Dini
derivative of V' along the trajectories (5) (with A = §I) gives
dtV(z) = limsup Vi +st) = Viz)
s—0+ S
1 @i + 8| — |
= — limsup 2 |vi+ sdi] — |z
0 s—0t S

_ ;Z_:tﬁ ] = ;;sign(a:i)x
=1TA1S, 5 =178, [—a + nHi(z))]
= —l + 7175, Hy(x)

—llzlly + 71T S H S, [(x)]

1S, Hu

IN

—llzlli + 7  max

uw€ER™ s.t. [u|<1
Again, the intuition is that 175, Hu = 175,Sg, |Hu| <
17 |Hu|, which means that the maxima of 17S,Hu are
obtained when Sy, = S,. Hence, following the reasoning
of the proof of Theorem 3, we conclude that for all = ¢ Qe(g)

dtV(z) < —||lz|; + 7(n — 2¢(G)) < 0. |
APPENDIX D
PROOF OF LEMMA 3 AND LEMMA 4

Proof of Lemma 3. Assume, by contradiction, that 7 < m;
which implies that L is positive semidefinite (positive definite
if m < 1), see Remark 3. Let * # 0 be an equilibrium point
of (8), that is, Az* = 1Ay (z*) = AY(a*) — Lr(z*). Then,

0 < (") A" — (")) = =(z*)T Lap(a™) <0
which leads to a contradiction. Hence, m > . [ ]

Proof of Lemma 4. Assume, by contradiction, that 7 < 7y 4
which implies that e L, — 2] is negative semidefinite (negative
definite if 7 < 7y ), see Remark 3. Assume that the system (8)
admits a period-2 limit cycle: 3 K > 0 such that x4 12 = z), #
0 for all £ > K, that is

T = (I — EA)Q;‘}C+1 + E7TA1/)(£L‘]€+1)
Tpp1 = (I — eA)xy + em A (zy),
which implies that

0= 2 —eA)(@p1 — z) + emA(P(2r11) — P(2p))-



Then,

0= (Y(zrt1) = ()" (21 — eA) (i1 — )
+em(W(@rr1) — (an) T Al(zrir) — ()
> (Y(@rsr) = Y(@r)T (21 — eA + emA) (Y (ap41) —
= (Y(@rs1) = V()" (2] = L) (Y(@hi1) — Y (@
which leads to a contradiction since ¥(xp+1) — ¢¥(zk) #
Hence, m > 4. Observe that the first inequality holds
since £ max; d; < 2 and each nonlinearity is monotonically
increasing (i.e., if z;(k+ 1) —z;(k) > 0 then ¢;(z;(k+1)) —
¥;(z;(k)) > 0 for all i) and Lipschitz with constant 1 (i.e.,

P(r))
k) =0

APPENDIX E
PROOF OF THEOREM 4

The proof of Theorem 4 is divided as follows: in Sec-
tion E-A we prove (i) and in Section E-B we prove (ii).

A. Proof of Theorem 4(i)
It is useful to first introduce the following two lemmas.

Lemma 7 Consider the function f : [—1,1] — R defined as

:/Oy¢1

where ¢ : R — [—1,1] is a nonlinear function satisfying the
properties (A.1)--(A.4) and y)~! indicates the inverse function.
Then, f(y) > 0 for all y # 0 and f(0) =

Proof. From (30) it follows that f(0) = 0 and f'(y) =
¥~ 1(y) —y. Since f’(0) = 0, a sufficient condition for f(y) >
0 to hold for all y # 0 is that f is a convex function.

To prove that f is convex we compute the second derivative:

(30)

1 >1-1=0, y#0
f/l y - - 1
W= ST~ y=0
since 0 < ¢'(y) < 1Vy #0 and ¢'(0) = 1. It follows that f
is convex, which implies that f(y) >0 Vy € [-1,1]. |

Lemma 8 (Taylor expansnon) Conszder the function g
[~1,1] — Ry given by g(y) = [ ¥~ (s)ds, where 1 :
R — [-1,1] is a nonlinear functwn satlsfymg the properties
(A.1)+(A.4). Expanding g around yq yields

/Oyzw ds—/ =
+ (Y — o)~

where z € [yo,y] and ¢’ (z) :=

(v —90)*
2

1
vy = b

Now we are ready to prove Theorem 4(i); the proof follows

the work [29].
Proof. Let ¢y, = ¢;(z;i(k)), ¢ = 1,...,n, and ¢, =
. Then system (8) can be rewritten (using vy

(V1 o Vrn)T

instead of x; as state variable) as:

VT (W) = (I — eA)p™

H(yo) + 9"(2)

Yr) + erAgy. (31

Let V': [—1,1]" — R, be the Lyapunov function described by

Y,i

V(Yr) = —*7T5¢k Ay + 525 ¥ (s)ds.

Observe that from Lemma 7, V(?/}k) > 0 for all ¢y, €
[—1,1]™\ {0} and that V' (0) = 0. Indeed,

1 9;
V(tr) > —gmety” Ay + 62; o Ui

= %WT(A —TA)y, = %WTLH/% > 0.

Let YA = Ypp1 — Y and Yai = Y1 — Yra Vi
Computing the increment of V' along the trajectories gives

Va = V(’(/1}g+1) - V(wk)
- %8 (¢k+1TA¢k+1 - ¢kTA¢k)

+825(/¢k+17 L(s)ds —

=- §¢A (meA)pa — Zlﬂa,i(mz @ijVk,j)

Vi

v (s)ds)

0

Vk+1,i Vkt1,i
eIl A O S R O
i P i ki
(32)
From (31),
Z wA i\TTE Z amwk,g
= Z Vi (ki) Z V(1 — 8 (nq)-
Z (33)
Lemma 8 with y = ¢;1,; and yo = ¥y ; yields
Vit1,i L . N i2
[ e s = va ) + PSS el )
Yk i
where da(z;) = > 1 and 2z € [k, Vi1,

Yi (Y, (z )) -
While, with yo = T/)k+1 ; and y = 1y 4, it yields

VYri1,i L
[
Yk i
where do(y;) := W > 1 and y; € (Wi Vit
Substituting (33), (34) and (35) in (32), one obtains

Va = _*1/JAT(7TEA)7PA
- Z% i (WVrgne) + Z (1= e6i)pa.ith; " (r.i)

N
2

(5)ds = a7 (W) — P35 o) 69

- Z(l — &0 aat; (i) — (1 —dy) da(2:)

%2
+ Z at  (Wrgri) — Z MT’Z da (i)

N
2

IN

f%mT(wsA)m — > (2-ed)

%

1 1
51/JAT(—2I +eA —meA)pa = §¢AT(—2I + &L )Ya.



The inequality holds since 1 — &d; > 0, da(2;) > 1, and
da(y;) > 1 for all 7. Under the assumption that —21 4+ ¢L, is
negative definite, we obtain VA < 0 if 1)o # 0. Therefore the
trajectories of the system (8) converge asymptotically to a fixed
equilibrium point which must be the origin (see Lemma 3). m

B. Proof of Theorem 4(ii)

In this proof we follow [28, Chapter 5] and [39]. The
system (8) can be rewritten as

Tpy1 = JrxE + F(.’Ek) (36)

where J, = I — eL, and F(xy) = meA(—zr + ¥(xg)).
The proof is divided into two steps. First, we assume that
m < 71,4 and prove that the system (36) undergoes a pitchfork
bifurcation at # = m;. Then, we assume that m 4 < m
and prove that the system (36) undergoes a period-doubling
bifurcation at m = 7y 4.

Step 1. Assume that m < my 4. At @ = 7, J; has a
simple eigenvalue at +1 and the corresponding eigenspace
span{q} has dimension one, where ¢ is the eigenvector of
Jr, associated with 1 (i.e., Jr,¢ = ¢) normalized such that
lgll2 = 1. Since J, is symmetric, the left eigenvector of J,
is also ¢ (i.e., ¢ Jr, = q¥) . We can decompose any vector
r€R"asx =uq+y where u =q¢ zand y =z — (¢T2)q €
(span{q})~*. The system of equations (36) in the coordinates
(ug, yx) can be written as follows

(37a)
(¢" F(urq +yx)) q. (37b)

Center manifold theory (see [28, Chapter 5.4.2]) demonstrates
that the restriction of (37) to the center manifold takes the form

(38)

Ukl = Uk + qTF(ukq + k)

Yet1 = Jryr + Flupq + yi) —

Upg1 = ug + buj + cui + O(up),
where, under the assumption (A.1), the parameters b and c in

(38) simplify to

1
TFyy(O,m), c:= éqTFyyy(O,m).

2
dlag{awl(xl) .,%ng:b(:cn)} and
# (1), s 5% (20) | Then

1
b:= =
2(]

aw() =

% (x) = diag { %

Let

2
a1
1 TE 9% .
b= §qTFyy(0,7T1):7 TA@(O) : =0
2
an
since %(O) = 0 for all 7. Moreover,
3
. a1
1 e 03
c= éqTFyyy(Oaﬂ'l) == TA%(O) :
3
dn
=—-q¢ A—(0)¢° == 0; 0)g; <0
50 A5 (0) 6; zax;?,( )g} <0,

since %1@ (0) < 0 for all i. Hence, (38) can be rewritten as

g1 = ug — || ui 4+ O(uf) (39)

which means that at # = m; the system (8) undergoes a
pitchfork bifurcation.

Step 2. Assume that m; > 7 4. At T = T 4, Jr has a
simple eigenvalue at —1 and the corresponding eigenspace
span{q} has dimension one, where ¢ is the eigenvector of
Jr, 4 associated with —1 (i.e., Jr, ,¢ = ¢) normalized such
that ||glls = 1. We can decompose any vector x € R™ as
r = uq+y where u = ¢"z and y = v—(¢"x)q € (span{q})*

The system of equations (36) in the coordinates (uy,yx)
can be written as follows

(40a)
(40b)

U1 = —uy + q° F(upq + yi)
Yrs1 = Sy + F(urg + ye) — (¢ F(urg + i) q-

Center manifold theory (see [28, Chapter 5.4.2]) demonstrates
that the restriction of (37) to the center manifold takes the form

Upy1 = —up, +bui + cup + O(u}), 41)

where, as in Step 1, since each ;(-) has odd symmetry (hence
2

%;gi (0) = 0 V1), the parameters b and ¢ in (41) are given by

1
c= *qTFyyy(OJTLd) > 0.

b = qTFyy(O, 7T1’d) = 07 6

Hence, (41) can be rewritten as

Upr1 = —uk + | ui + O(ui) (42)

which means that at 7 = 71 4 a cycle of period 2 bifurcates
from the origin. ]
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