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Semicontraction and Synchronization of
Kuramoto–Sakaguchi Oscillator Networks

Robin Delabays and Francesco Bullo , Fellow, IEEE

Abstract—This letter studies the celebrated Kuramoto-
Sakaguchi model of coupled oscillators adopting two
recent concepts. First, we consider appropriately-defined
subsets of the n-torus called winding cells. Second, we
analyze the semicontractivity of the model, i.e., the prop-
erty that the distance between trajectories decreases when
measured according to a seminorm. This letter establishes
the local semicontractivity of the Kuramoto-Sakaguchi
model, which is equivalent to the local contractivity for
the reduced model. The reduced model is defined modulo
the rotational symmetry. The domains where the system
is semicontracting are convex phase-cohesive subsets of
winding cells. Our sufficient conditions and estimates of
the semicontracting domains are less conservative and
more explicit than in previous works. Based on semi-
contraction on phase-cohesive subsets, we establish the
at most uniqueness of synchronous states within these
domains, thereby characterizing the multistability of this
model.

Index Terms—Convergence, stability analysis, sufficient
conditions, network systems, nonlinear network analysis,
oscillators.

I. INTRODUCTION

WHEN a group of dynamical agents interact and adapt
their behavior to their neighbors’ state, collective

dynamics can emerge. Synchronization is one such phe-
nomenon, where all agents start following identical trajec-
tories. Collective dynamics in general, and synchronization
in particular, have been a major topic of research for cen-
turies [1], [2], [3], [4] and still are an active field of research.

Among the effort in the scientific analysis of synchro-
nization, a breakthrough occurred through the work of
Kuramoto [4], building on the formalism of Winfree [3].
Shortly after, Sakaguchi, Shinomoto, and Kuramoto introduced
the Kuramoto-Sakaguchi model [5], covering a larger class
of dynamical systems. The impact of these models on the
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research in dynamical system is still vivid nowadays [6] and
the multistability phenomenon is widely studied [7], [8], [9].
Over the last decades, various analyses of phase oscilla-
tor networks have been performed, leveraging a diversity of
mathematical tools. Among these tools, contraction theory
remains under-exploited, mostly due to the technical burdens
to its applicability to oscillator networks [10] and a lack of
knowledge about refined notions of contraction.

As discussed originally in [11], strongly contracting
dynamical systems have numerous properties (e.g., global
exponential stability of a unique equilibrium point and the
existence of Lyapunov functions [12]), are finding increas-
ingly widespread applications (e.g., in controls [13] and
learning [14]), and their study is receiving increasing atten-
tion [13], [15], [16]. However, numerous example systems
fail to satisfy this strong property and exhibit richer dynam-
ics; examples include systems with symmetries or conserved
quantities. In an attempt to tackle wider classes of systems,
variations of contraction were developed over the years, such
as transverse contraction [17], horizontal contraction [18], or
k-contraction [19]. Starting with the work on partial [10]
and horizontal [18] contraction, a theory of semicontrac-
tivity, i.e., contractivity with respect to seminorms, is now
available [20], [21].

In this letter, we apply semicontraction theory to the
Kuramoto-Sakaguchi model on complex networks, and we
show that semicontraction naturally allows us to deal with the
symmetries of such systems. Our first contribution (Theorem 1)
is to provide an accurate estimate (Fig. 2) of the regions of the
state space where networks of Kuramoto-Sakaguchi oscillators
are semicontracting. Theorem 1 improves similar approxima-
tions presented in [22], [23], in that it is more general, less
conservative, and the estimate we obtain clearly emphasizes
the role of network structures and parameters on the system’s
behavior (Fig. 3). Furthermore, our proof is significantly more
streamlined than the ones in [22], [23] and generalizable to a
wider class of systems.

As an application of the semicontractivity results in
Theorem 1, we then identify regions of the state spaces con-
taining at most a unique synchronous state (Theorem 2),
recovering the main results of [22], [23]. While previous anal-
yses of existence and uniqueness of synchronous states were
very ad hoc [22], [23], our proofs are generalizable and shed
some light on the fundamental reasons leading to at most
uniqueness, i.e., the local semicontractivity of the dynamics.

The key analytical and computational advantage of semicon-
traction theory is that it allows one to perform computations
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on the original vector field, without the need to obtain and then
manipulate an explicit expression for the reduced dynamics.
This advantage leads to our very concise proof of semi-
contractivity (see the proofs of Lemma 1, Lemma 2 and
Theorem 1).

In the following, we first review the Kuramoto-Sakaguchi
model (Section II) as well as semicontraction theory
(Section III). Our main semicontractivity and at most unique-
ness results are presented in Sections IV and V respectively.

II. THE KURAMOTO-SAKAGUCHI MODEL

ON COMPLEX GRAPHS

Let G denote a weighted, undirected, connected graph with
n vertices and m edges. The matrices B ∈ R

n×m, A ∈ R
m×m,

and LG = BAB� are the incidence, weight, and Laplacian
matrices of G respectively. The Laplacian’s eigenvalues are
0 = λ1(LG) < λ2(LG) ≤ . . . ≤ λn(LG), and λ2(L) is known
as the algebraic connectivity of G [24]. 1n ∈ R

n is the vector
with all components equal to one and In ∈ R

n×n is the identity
matrix.

A simple path in G is a sequence of vertices p = (i1, . . . , i�),
such that each consecutive pair is connected in G and each
vertex appears at most once in σ . A cycle of G is a simple
path whose ends (i1 and i�) are connected, and we denote it
as σ = (i0, i1, . . . , i� = i0).

A. The Kuramoto-Sakaguchi Model

We consider the Kuramoto-Sakaguchi model [5] over a
weighted undirected graph G with frustration parameter ϕ ∈
[0, π/2],

ẋi = fi(x) := ωi −
n∑

j=1

aij
[
sin(xi − xj − ϕ) + sin ϕ

]
, (1)

where ωi ∈ R is the natural frequency of agent i and aij is the
weight of the edge between i and j.

Due to the rotational invariance of Eq. (1), the Kuramoto-
Sakaguchi model is often considered as evolving on the
n-torus. In our case, however, it will be more convenient to
look at it as evolving in the Euclidean space R

n. The diffu-
sive nature of the couplings in Eq. (1) implies that adding a
constant value to each degree of freedom leaves the dynam-
ics invariant. The Kuramoto-Sakaguchi model is then invariant
along the subspace span(1n) and can be analyzed on 1⊥

n only.
We will need to distinguish the even and odd parts of the

couplings between agents,

ẋi = ωi −
n∑

j=1

cij sin(xi − xj) −
n∑

j=1

sij
[
1 − cos(xi − xj)

]

= ωi + f o
i (x) + f e

i (x), (2)

where we defined cij = aij cos(ϕ) and sij = aij sin ϕ.
A (frequency) synchronous state is an xs ∈ R

n such that

fi(xs) = ωi + f o
i (xs) + f e

i (xs) = ωs, (3)

for some synchronous frequency ωs ∈ R. Whereas a syn-
chronous state is not necessarily an equilibrium of Eq. (1),
it evolves along the invariant direction of the system, xs +
span(1n). Therefore, if for some time t0, the system reaches a

Fig. 1. The Kuramoto-Sakaguchi vector field on the complete graph
over 3 nodes. Only the first two components (ẋ1,ẋ2) of the vector field
are shown in the (x1,x2,0) slice of R3. The background color illustrates
the winding number [see Eq. (6)] at the corresponding point of the state
space (light blue: q = 0, medium blue: q = +1, dark blue: q = −1). The
set of points sharing the same color then belong to the same winding
cell. One readily sees that both the vector field and the winding numbers
are 2π -periodic in all dimensions. We refer to [22], [23] for 3-dimensional
visualizations of winding cells.

synchronous state x(t0) = xs, then it remains synchronous for
all time, i.e., for all t > t0,

x(t) = xs + (t − t0)ωs1n. (4)

B. Winding Cells and Cohesive Sets

Over the last decades, a variety of tools have been intro-
duced to refine the analysis of Kuramoto oscillators networks.
We present here some of these tools, that will be useful later.
We refer to [22] for a comprehensive introduction to the
following concepts.

Counterclockwise Difference: To account for the toroidal
topology of the state space of Eq. (1), we defined the coun-
terclockwise difference [22] between two numbers x1, x2 ∈ R,

dcc(x1, x2) = x1 − x2 + 2πk, (5)

where k ∈ Z is such that dcc(x1, x2) ∈ [−π, π). One notices
that Eq. (1) is invariant under substitution of dcc(x1, x2) for
x1 − x2.

Winding Numbers and Vectors: Given a cycle σ =
(i0, i1, . . . , i� = i0) of the interaction graph, we define the
winding number associated to x ∈ R

n,

qσ (x) = 1

2π

�∑

j=1

dcc(xij−1, xij) ∈ Z. (6)

A collection of cycles � = (σ1, . . . , σc) of G induces the
associated winding vector,

q�(x) = [qσ1(x), . . . , qσc(x)]� ∈ Z
c. (7)

Winding Cells: Equation (7) associates an element of the
discrete space Z

c to any point x ∈ R
n. Reversing the map

naturally defines a partition of Rn into winding cells,

	�(u) = {
x ∈ R

n : q�(x) = u
}

u ∈ Z
c. (8)

It is shown in [22] that, considered as a partition of the n-torus,
winding cells are connected subsets of T

n. As we are work-
ing in R

n, winding cells are periodic copies of (dynamically)
equivalent connected sets (see Fig. 1).

Cohesive Sets: For γ ∈ [0, π ], a state x ∈ R
n is γ -cohesive

if for each edge (i, j) of G, |dcc(xi, xj)| ≤ γ . The γ -cohesive
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set, �G(γ ), gathers all cohesive states, and the γ -cohesive
u-winding cell is

�(u, γ ) = 	�(u) ∩ �G(γ ). (9)

The set �(u, γ ) will be our semicontractive domain for the
Kuramoto-Sakaguchi model.

III. SEMICONTRACTION THEORY

We now review semicontraction theory, focusing on the
notions needed to prove semicontractivity of the Kuramoto-
Sakaguchi model. We refer to [16, Ch. 5] for a comprehensive
presentation and to [21] for recent advances.

A seminorm is a function ‖ · ‖ : Rn → R satisfying

‖αx‖ = |α| · ‖x‖ α ∈ R, (10)

‖x + y‖ ≤ ‖x‖ + ‖y‖. (11)

Each seminorm has a kernel, i.e., a vector subspace where the
seminorm vanishes. Each seminorm is a norm when restricted
to the subspace perpendicular to the kernel.

The Kuramoto-Sakaguchi model being invariant under
homogeneous angle shifts, we consider seminorms whose
kernel is the consensus space span(1n). Let R ∈ R

(n−1)×n

be a full rank matrix whose rows form an orthonormal basis
of the subspace 1⊥

n , and define the orthogonal projection

�n = R�R = In − n−11n1�
n . (12)

In what follows we consider the (�2,�n) consensus seminorm
defined by ‖x‖2,�n = ‖�nx‖2 = ‖Rx‖2. This choice of semi-
norm is somewhat arbitrary, but will be justified a posteriori
by the results it will allow.

Each (semi)norm ‖ · ‖ naturally induces a matrix
(semi)norm, itself inducing the matrix logarithmic (semi)norm
[20, Definition 4] [16, Secs. 2.4 and 5.3]

μ(A) := lim
h→0+

‖In + hA‖ − 1

h
. (13)

We denote the logarithmic seminorm induced by the consen-
sus seminorm as μ2,�n . Logarithmic (semi)norms enjoy the
following basic and well known properties:

μ(αA) = αμ(A), α ≥ 0 (14)

μ(A + B) ≤ μ(A) + μ(B) (15)

μ(A) ≤ ‖A‖. (16)

When a seminorm is induced by a full-rank matrix R, the
corresponding logarithmic seminorm satisfies [20, Th. 6]

μR(A) = μ(RAR†) (17)

with † denoting the Moore-Penrose pseudoinverse
[25, Example 7.3.P7]. In addition to Eq. (17), here are
two other ways of computing the consensus logarithmic
seminorm of a matrix:

μ2,�n(A) = λmax

(
R

A + A�

2
R†

)
, (18)

μ2,�n(A) = min
{

b : �nA + A��n � 2b�n

}
, (19)

where λmax denotes the largest eigenvalue of a matrix.
Equation (18) follows from inserting Eq. (17) and the property
R† = R� into the second line of [16, Table 2.1]. Equation (19)

follows from [16, Lemma 5.8]. A remarkable consequence of
Eq. (19) is that, when LG is a weighted Laplacian matrix,

μ2,�n(−LG) = −λ2(LG). (20)

We are now ready to define (semi)contraction. A dynamical
system ẋ = g(x) over a convex domain C ∈ R

n

is said to be strongly infinitesimally (semi)contracting
[20, Definition 12] [16, Definitions 3.8 and 5.9] if the log-
arithmic (semi)norm of its Jacobian is upper bounded by a
negative constant everywhere in C,

μ(Dg(x)) ≤ −c ∀x ∈ C, (21)

and c > 0 is the (semi)contraction rate. For an illustration of
a semicontractive system, we refer to [16, Figs. 5.3 and 5.4].

IV. INFINITESIMAL SEMICONTRACTION IN THE

PHASE-COHESIVE WINDING CELLS

The rotational invariance of the Kuramoto-Sakaguchi model
implies that the system cannot be semicontracting everywhere
in R

n. Our only hope is then to find subsets of Rn where the
system is semicontracting.

Let us define the odd and even Jacobian matrices
[
Df o(x)

]
ij =

{
cij cos(xi − xj), i 
= j,
−∑n

k=1 cik cos(xi − xk), i = j,
(22)

[
Df e(x)

]
ij =

{−sij sin(xi − xj), i 
= j,∑n
k=1 sik sin(xi − xk), i = j,

(23)

and the Jacobian matrix of Eq. (1)

Df = Df o + Df e. (24)

Note that all three Jacobians above have zero row sum, the
same sparsity pattern as LG , and that Df o is symmetric.

By subadditivity of the logarithmic seminorms [Eq. (15)],
we can analyze the odd and even parts of f independently.
The two following lemmas provide bounds on the logarithmic
seminorm of the odd and even Jacobians respectively.

Lemma 1 (Log-Seminorm of the Odd Jacobian): For any
γ -cohesive state x ∈ �G(γ ), the logarithmic seminorm of the
odd Jacobian (22) is bounded as

μ2,�n(Df o(x)) ≤ − cos(ϕ) cos(γ )λ2(LG), (25)

where λ2(LG) is the algebraic connectivity of the graph G.
Proof: We notice that, under our assumptions, −Df o is

a symmetric Laplacian matrix with positive edge weights.
Eq. (20) then implies

μ2,�n(Df o(x)) = λ2(Df o). (26)

Now, let us take x ∈ �G(γ ), for γ ∈ [0, π/2]. Then, each
off-diagonal term (i 
= j) of the Jacobian Df o(x) satisfies

0 ≤ aij cos(ϕ) cos(γ ) ≤ (
Df o(x)

)
ij ≤ aij cos(ϕ), (27)

with the aij’s being the elements of the adjacency matrix of
G. Let us define the symmetric matrix

L(x) = Df o(x) + cos(ϕ) cos(γ )LG . (28)

By Eq. (27), L(x) has nonnegative off-diagonal elements, zero
row sum, and therefore nonpositive diagonal elements (it is
a Laplacian matrix). Hence, by Gershgorin Circles Theorem
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[25, Th. 6.1.1], L(x) is negative semidefinite. Using a corollary
of Weyl’s inequality [25, Corollary 4.3.12],

− λ2(Df o(x)) = λ2
(
cos(ϕ) cos(γ )LG − L(x)

)

≥ cos(ϕ) cos(γ )λ2(LG), (29)

which concludes the proof.
Lemma 2 (Log-Seminorm of the Even Jacobian): For any

γ -cohesive point x ∈ �G(γ ), the logarithmic seminorm of the
even Jacobian (23) is bounded as

μ2,�n(Df e(x)) ≤ sin(ϕ) sin(γ )dmax. (30)

where dmax denotes the maximal weighted degree of G.
Proof: We compute the logarithmic seminorm of Df e using

Eq. (18), the fact that R† = R�, and the skew-symmetry
of Df e,

μ2,�n(Df e(x)) = λmax

(
R

Df e + (Df e)�

2
R�

)

= λmax

(
R[diag(Df e)]R�)

, (31)

where diag(A) ∈ R
n is the diagonal of A, and [v] ∈ R

n×n

is the diagonal matrix constructed with v ∈ R
n. Properties of

interlacing eigenvalues [25, Corollary 4.3.37] imply

μ2,�n(Df e) ≤ max(diag(Df e)). (32)

Under the assumption that x ∈ �G(γ ) with γ ∈ [0, π/2],
we have

| sin(xi − xj)| ≤ sin(γ ), (33)

for each connected pair (i, j). Therefore,

[Df e(x)]ii =
n∑

j=1

aij sin(ϕ) sin(xi − xj)

≤ sin(ϕ) sin(γ )degi, (34)

concluding the proof.
Combining Lemmas 1 and 2 yields the first main theorem

of this letter, showing local infinitesimal semicontractivity of
the Kuramoto-Sakaguchi model.

Theorem 1 (Local Strong Semicontraction): Consider the
Kuramoto-Sakaguchi model on a weighted, connected, undi-
rected graph G, with frustration parameter ϕ ∈ [0, π/2]. Let
λ2 and dmax denote the algebraic connectivity and maximal
degree of G respectively, and define the angle γ̄ ∈ (0, π/2) by

γ̄ = arctan

[
λ2

dmax tan(ϕ)

]
. (35)

Then for any 0 < γ < γ̄ , the Kuramoto-Sakaguchi model is
strongly infinitesimally semicontracting in the γ -cohesive set
�G(γ ) with respect to the (�2,�n) consensus seminorm.

Proof: By assumption, there exists 0 < c′′ < γ̄ − γ .
Therefore, by definition of γ̄ ,

sin(γ )

cos(γ )
<

λ2

dmax tan(ϕ)
− c′, (36)

for some c′ > 0. Reorganizing the terms yields

− cos(ϕ) cos(γ )λ2 < − sin(ϕ) sin(γ )dmax − c, (37)

Fig. 2. Two-dimensional slice of R
13, showing the Jacobian’s loga-

rithmic seminorm for the Kuramoto-Sakaguchi model on G (see inset)
and frustration ϕ = 0.01. The plain black lines show the boundaries of
the winding cells. The dashed black lines are the boundaries of the γ̄ -
cohesive u-winding cells �u,γ̄ , for u ∈ {−1,0,1}2. Theorem 1 guarantees
that the system is semicontracting within these cohesive winding cells
as can be confirmed by the value of the logarithmic seminorm therein.
Notice the change in color scale between the positive and negative
values of the logarithmic seminorm.

for an appropriate c > 0. We then conclude using Eqs. (25)
and (30), and subadditivity of logarithmic seminorms

μ2,�n(Df ) ≤ μ2,�n(Df o) + μ2,�n(Df e) < −c < 0. (38)

where we used that x ∈ �G(γ ).
Note that the contraction rate c can be computed from the

proof and from a continuity argument to satisfy:

c = cos(ϕ) cos(γ ) tan(γ̄ − γ )
d2

max tan2(ϕ) − λ2

dmax tan(ϕ) − λ2 tan(γ̄ − γ )
.

Theorem 1 relates the local semicontractivity of the
Kuramoto-Sakaguchi model, to the phase cohesiveness.
Furthermore, the cohesiveness bound Eq. (35) depends on
system parameters only, namely, on the graph structure
through λ2 and dmax, and on the frustration ϕ. Eq. (35)
clearly emphasizes how the ratio between algebraic connectiv-
ity and degree works in favor of synchrony, whereas frustration
jeopardizes synchronization.

In Fig. 2, we illustrate to what extent the bound in Eq. (35)
is conservative. The proximity of the boundary of the cohe-
sive winding cell (dashed black line) and the area where the
logarithmic seminorm turns positive (blue) confirms that our
bound Eq. (35) is rather sharp. In other numerical experi-
ments, we discovered that the condition in Theorem 1 is more
conservative for denser network structures. We also illustrate
this observation in Fig. 3, where we show the dependence
of γ̄ on both the frustration and the ratio between algebraic
connectivity and maximal degree.

V. AT MOST UNIQUENESS OF SYNCHRONOUS STATES

Contracting systems over convex sets are known to have at
most a unique equilibrium [16, Example 3.16]. Here we extend
this property to the Kuramoto-Sakaguchi model by showing
that the set over which it is semicontracting is actually convex.

Theorem 2: Let 0 < γ < γ̄ , with γ̄ defined in Eq. (35), and
let u ∈ Z

c. Up to a constant phase shift and up to the addition
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Fig. 3. Illustration of the upper bound γ̄ of Theorem 1 as a function of
the frustration ϕ, for various values of the ratio λ2/dmax. High values of
λ2/dmax typically correspond to densely connected graphs, confirming
the intuition that such graphs tolerate less cohesive stable synchronous
states, and vice-versa for low ratio λ2/dmax.

of integer multiples of 2π , there is at most one synchronous
state of the Kuramoto-Sakaguchi model in the γ -cohesive u-
winding cell �(u, γ ).

Proof (Sketch, Details in Appendix B): The proof of
Theorem 2 leverages a natural polytopic representation (see
Appendix A) of each connected component of the γ -cohesive
winding cell, presented in [22]. The polytopic representation
of the winding cells conveniently allows the application of
standard results of semicontraction theory, guaranteeing expo-
nential convergence of the system. In summary, infinitesimal
semicontractivity implies strong infinitesimal contractivity of
a reduced system and the polytopic representation of the
state space guarantees convexity of the contractive subdomain,
implying at most uniqueness of the equilibrium therein.

Theorem 2 improves previous at most uniqueness condi-
tions [22, Th. 4.1] and [23, Corollary 6] in that it applies to
a wider class of models, has a less conservative condition on
cohesiveness [Eq. (35)], and the condition for semicontractiv-
ity [Eq. (35)] is much more explicit than its counterpart in
[23, eq. (45)]. Furthermore, the proof is much more stream-
lined and elegant, which provides a clear insight on the
underlying mechanisms leading to at most uniqueness, namely
the local semicontractivity of the Kuramoto-Sakaguchi model.
In [22], [23], the proof methods are ad hoc and tailored to the
specific problem at hand.

VI. CONCLUSION

Networks of Kuramoto-Sakaguchi oscillators gather all
subtleties that need to be considered when applying semi-
contraction theory to a dynamical system. Due to rotational
invariance, the Kuramoto-Sakaguchi model is not contracting,
but at best semicontracting. Therefore, we first formulated the
system in an appropriate framework, where semicontraction
theory applies, and we defined the appropriate semicontrac-
tion metric, namely, the consensus seminorm. Furthermore,
systems of Kuramoto-Sakaguchi oscillators are not semicon-
tracting on the whole state space. Hence, we had to identify
convex subdomains where semicontraction holds, which are
the phase cohesive winding cells.

Tackling the question of synchronization in networks
of Kuramoto-Sakaguchi oscillators through the prism of
(semi)contraction shed light on the mechanisms leading
to multistability. Moreover, contracting and semicontracting

systems come with various convenient properties. In particular,
resorting to semicontraction theory in our proof implies that it
is robust against disturbances, noise, or unmodeled dynamics.

Also, contracting systems naturally come with associated
Lyapunov functions [16, eq. (3.28)]. Knowing these Lyapunov
functions for the Kuramoto-Sakaguchi model opens new paths
of investigation for open questions about networks of phase
oscillators, such as the computation of attraction regions
of synchronous states or the design of algorithms for the
computation of fixed points.

APPENDIX

A. Polytopic Representation of the State Space

It is shown in [22, Th. 3.6] that for any x ∈ 	�(u), there
is a unique y ∈ 1⊥

n such that

dcc(B
�x) = B�y + 2πC†

�u, (39)

where B is the incidence matrix of the graph G and C� is the
cycle-edge incidence matrix, defined, e.g., in [22, eq. (2.1)].
Notice that even though the proof of [22, Th. 3.6] is provided
for points on the n-torus, the same proof directly extends to
R

n through the natural construction of the n-torus as a quotient
space of the Euclidean space.

The point y ∈ 1⊥
n is easily reparametrized as z = Ry ∈ R

n−1,
and one notices that y = R†z. By construction, z belongs to
the polytope

Pu =
{

z ∈ R
n−1 : ‖B�R†z + 2πC†

�u‖∞ ≤ π
}
, (40)

and we therefore have a natural projection

proju : 	�(u) → Pu. (41)

Furthermore, [22, Th. 3.6] shows in particular that the pro-
jection is injective. Restricting the projection proju to phase
cohesive sets, one verifies that the γ -cohesive u-winding cell,
�(u, γ ), is injectively mapped to the γ -cohesive u-polytope

Pu,γ =
{

z ∈ R
n−1 : ‖B�R†z + 2πC†

�u‖∞ < γ
}
, (42)

which is convex by construction.
Let us see how the dynamics induced by the Kuramoto-

Sakaguchi model [Eq. (1)] on x translates to the evolution of
its image proju(x) = z ∈ Pu,

ż = R(B�)†B�R†ż = R(B�)† d

dt
(B�R†z)

= R(B�)† d

dt

(
dcc(B

�x) − 2πC†
�u

)
. (43)

Now, by definition of the counterclockwise difference, there
exists k ∈ Z

m such that dcc(B�x) = B�x + 2πk. Furthermore,
for almost all x, the value of k is constant in a neighborhood
of B�x. Therefore, almost everywhere,

ż = R(B�)† d

dt

(
B�x + 2πk − 2πC†

�u
)

= R(B�)†B�ẋ = Rẋ = Rf (x), (44)

where we used that u is constant. A posteriori, we verify that
the above derivation does not depend on the choice of preim-
age x of z. Indeed, two points x1, x2 ∈ 	�(u) that have the
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same image z ∈ Pu satisfy f (x1) = f (x2), and Eq. (44) is valid
everywhere.

The diffusive nature of the coupling functions fi implies that
one can re-write them as functions of the pairwise component
differences along the edges of the interaction graph. Namely,
one can define Fi : Rm → R such that fi(x) = Fi(B�x). We
then get

ż = Rf (x) = RF(B�x) = RF(dcc(B
�x))

= RF(B�R†z + 2πC†
�u) = f̃ (z). (45)

B. Proof of the At Most Uniqueness (Theorem 2)

We first need to prove that the system Eq. (45) is strongly
infinitesimally contracting.

Lemma 3: Let γ̄ as in Eq. (35), 0 < γ < γ̄ , and u ∈ Z
c.

Then Eq. (45) has at most a unique fixed point in Pu,γ .
Proof: Using the chain rule and the property of pseudoin-

verses that AA†A = A, we compute the Jacobian of the
system,

Df̃ (z) = R DF(B�R†z + 2πC†
�u)B�R†

= R DF(dcc(B
�x))B�(B�)†B�R†

= R DF(B�x)B�R† = RDf (x)R†, (46)

independently of the choice for x the preimage of z.
Equation (46) allows us to compute the logarithmic norm of
the system ż = f̃ (z),

μ2(Df̃ (z)) = μ2(RDf (x)R†) = μ2,�n(Df (x)) (47)

where we used Eq. (17). Again, Eq. (47) is independent of the
preimage x of z.

For any point z ∈ Pu,γ , any of its preimage x is γ -cohesive
by definition. Therefore, by Eq. (47) and Theorem 1, the log-
arithmic norm of the system Eq. (45) is strictly negative and
the system is strongly infinitesimally contracting on Pu,γ .

Furthermore, by definition, the phase cohesive polytope
Pu,γ is convex. In summary, the system ż = f̃ (z) is
strongly infinitesimally contracting on a convex set. Note
that Pu,γ is not necessarily forward invariant. Therefore, by
[16, Example 3.16], there is at most a unique fixed point
in Pu,γ .

We are now ready to prove Theorem 2. Let xs ∈ �(u, γ )

be a synchronous state of Eq. (1), i.e., f (xs) = ωs1n. One can
verify that zs = proju(xs) ∈ Pu,γ is a fixed point of Eq. (45),
i.e., f̃ (zs) = 0. Therefore, if xt ∈ �(u, γ ) is also a synchronous
state of Eq. (1), then proju(xt) ∈ Pu,γ is also a fixed point of
Eq. (45) and Lemma 3 directly implies that proju(xt) = zs.

The projection proju is such that dcc(B�xs) = dcc(B�xt),
i.e., B�(xs − xt) = 2πk, for some k ∈ Z

m. The graph G
being connected, we can recursively reconstruct the vector of
differences xs −xt up to a constant shift. We conclude that for
each node i, the difference (xs − xt)i is of the form

(xs − xt)i = ρ + 2π�i, �i ∈ Z (48)

where we do not know ρ ∈ R, but it does not matter. Up
to a constant shift ρ of all components and up to an integer
multiple of 2π , xs and xt are then the same synchronous state,
which concludes the proof.

ACKNOWLEDGMENT

The authors thank Saber Jafarpour for insightful
conversations.

REFERENCES

[1] S. H. Strogatz, Sync: The Emerging Science of Spontaneous Order
(Penguin Press Science). London, U.K.: Penguin Press, 2004.

[2] C. Huygens, Oeuvres Complètes De Christiaan Huygens, M. Nijhoff,
Ed. La Haye, The Netherlands: Société Hollandaise Des Sci., 1993.

[3] A. T. Winfree, “Biological rhythms and the behavior of populations of
coupled oscillators,” J. Theor. Biol., vol. 16, no. 1, pp. 15–42, 1967.

[4] Y. Kuramoto, “Cooperative dynamics of oscillator community a study
based on lattice of rings,” Progr. Theor. Phys. Suppl., vol. 79,
pp. 223–240, Feb. 1984.

[5] H. Sakaguchi, S. Shinomoto, and Y. Kuramoto, “Mutual entrainment
in oscillator lattices with nonvariational type interaction,” Progr. Theor.
Phys., vol. 79, no. 5, pp. 1069–1079, 1988.

[6] A. Arenas, A. Díaz-Guilera, J. Kurths, Y. Moreno, and C. Zhou,
“Synchronization in complex networks,” Phys. Rep., vol. 469, no. 3,
pp. 93–153, 2008.

[7] S. Ling, R. Xu, and A. S. Bandeira, “On the landscape of synchroniza-
tion networks: A perspective from nonconvex optimization,” SIAM J.
Optim., vol. 29, no. 3, pp. 1879–1907, 2019.

[8] J. C. Bronski, T. Carty, and L. DeVille, “Configurational stabil-
ity for the Kuramoto-Sakaguchi model,” Chaos, vol. 28, Oct. 2018,
Art. no. 103109.

[9] C. Balestra, F. Kaiser, D. Manik, and D. Witthaut, “Multistability in
lossy power grids and oscillator networks,” Chaos, vol. 29, Dec. 2019,
Art. no. 123119.

[10] W. Wang and J.-J. E. Slotine, “On partial contraction analysis for cou-
pled nonlinear oscillators,” Biol. Cybern., vol. 92, no. 1, pp. 38–53,
2005.

[11] W. Lohmiller and J.-J. E. Slotine, “On contraction analysis for non-linear
systems,” Automatica, vol. 34, no. 6, pp. 683–696, 1998.

[12] S. Coogan, “A contractive approach to separable Lyapunov functions for
monotone systems,” Automatica, vol. 106, pp. 349–357, Aug. 2019.

[13] H. Tsukamoto, S.-J. Chung, and J.-J. E. Slotine, “Contraction theory
for nonlinear stability analysis and learning-based control: A tutorial
overview,” Annu. Rev. Control, vol. 52, pp. 135–169, Oct. 2021.

[14] N. Boffi, S. Tu, N. Matni, J.-J. E. Slotine, and V. Sindhwani, “Learning
stability certificates from data,” in Proc. Conf. Robot Learn., vol. 155,
Nov. 2021, pp. 1341–1350. [Online]. Available: https://proceedings.mlr.
press/v155/boffi21a.html

[15] Z. Aminzare and E. D. Sontag, “Contraction methods for nonlinear
systems: A brief introduction and some open problems,” in Proc. IEEE
Conf. Decis. Control, Dec. 2014, pp. 3835–3847.

[16] F. Bullo, Contraction Theory For Dynamical Systems, 1.1 ed. Seattle,
WA, USA: Kindle Direct Publ., 2023. [Online]. Available: https://fbullo.
github.io/ctds

[17] I. R. Manchester and J.-J. E. Slotine, “Transverse contraction criteria for
existence, stability, and robustness of a limit cycle,” Syst. Control Lett.,
vol. 63, pp. 32–38, Jan. 2014.

[18] F. Forni and R. Sepulchre, “A differential Lyapunov framework for
contraction analysis,” IEEE Trans. Autom. Control, vol. 59, no. 3,
pp. 614–628, Mar. 2014.

[19] C. Wu, I. Kanevskiy, and M. Margaliot, “k-contraction: Theory and
applications,” Automatica, vol. 136, Feb. 2022, Art. no. 110048.

[20] S. Jafarpour, P. Cisneros-Velarde, and F. Bullo, “Weak and semi-
contraction for network systems and diffusively coupled oscillators,”
IEEE Trans. Autom. Control, vol. 67, no. 3, pp. 1285–1300, Mar. 2022.

[21] G. De Pasquale, K. D. Smith, F. Bullo, and M. E. Valcher, “Dual
seminorms, ergodic coefficients and semicontraction theory,” 2023,
arXiv:2201.03103.

[22] S. Jafarpour, E. Y. Huang, K. D. Smith, and F. Bullo, “Flow and elastic
networks on the n-torus: Geometry, analysis, and computation,” SIAM
Rev., vol. 64, no. 1, pp. 59–104, 2022.

[23] R. Delabays, S. Jafarpour, and F. Bullo, “Multistability and anomalies in
oscillator models of lossy power grids,” Nat. Commun., vol. 13, no. 1,
p. 5238, 2022.

[24] M. Fiedler, “Algebraic connectivity of graphs,” Czechoslovak Math. J.,
vol. 23, no. 2, pp. 298–305, 1973.

[25] R. A. Horn and C. R. Johnson, Matrix Analysis. New York, NY, USA:
Cambridge Univ. Press, 1994.

Authorized licensed use limited to: SO Suisse Occidentale. Downloaded on June 15,2023 at 08:20:57 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


