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ARTICLE INFO ABSTRACT

Keywords: Percolation and synchronization are two paradigmatic examples of phase transitions that can take place in

Complex networks network dynamical systems. In this paper, we show how percolation can induce an explosive, first-order

Percolation transition to synchronization in pinning control, a classical feedback strategy that exploits the network topology

Phasg transition to drive the network dynamics to a desired synchronous solution. When the number of control signals is limited

Pinning control . . . . . .

Synchronization by physical .or econ.omlcal constral.nFs, only a fr.a.ctl.on of t}.ne netvyork nodes can be effe.:ctlyely synchro.nlzed
onto the desired trajectory. Determining the sensitivity of this fraction to the number of pinning control signals
is then key to decide if it is worth adding additional control signals. We find that when the network graph
percolates, that is, it becomes endowed with a giant strongly connected component (Ggycc), an explosive
transition to synchronization occurs as we increase the fraction of nodes where we can inject the pinning
signals. Motivated by this numerical observation, we exploit the probabilistic conditions that ensure the
presence of a Gy to predict the number of pinning signals such that all of its nodes will converge to
the desired synchronous trajectory. We test the validity and robustness of our analytical derivations through
numerical simulations on both synthetic and real networks, proving the benefit of such analysis in supporting
decision-making for control design.

1. Introduction dynamical systems over a digraph G, whose dynamics can be written

as
In the last decades, the complex networks paradigm has risen as N
the tool of choice to model real world systems made of interacting X =flx,N+c Zaijh(x[’xj)’ i=1..,N, 1
agents [1]. As the ability to model, analyze, and design interventions J=1

on these systems requires combining tools from statistical mechanics, where x; € R” is the state of the ith node, ¢ is the coupling strength

nonlinear dynamics, and control theory, research on complex networks
has attracted joint efforts by physicists, applied mathematicians, and
control engineers [2-4]. The overarching goal in studying the dynamics
of network systems has been that of linking the emergence of collective
phenomena with the structure of interaction network and the individual
dynamics of the nodes [5]. For example, in [6], the authors study
the emergence of traffic jams for different selections of the routing
protocol. A critical problem in studying the onset of a collective be-
havior is understanding whether the transition from an incoherent to
a coherent network behavior is abrupt or smooth. In an analogy with
thermodynamics, the former is deemed as a first-order phase transition
(discontinuous and irreversible), while the latter a second-order phase
transition (continuous and reversible) [7-9].

When the collective behavior under analysis is synchronization,
a classical model to study its emergence considers a network of N

* Corresponding authors.

between neighboring nodes, a;; the entry ij of the adjacency matrix
associated to G, the vector field f : R” xR,, — R” describes the nodal
intrinsic dynamics, and 2 : R* x R" — R" is the coupling function.
We study the onset of collective behaviors in network (1) under the
assumption that the coupling function % can be written as a function of
the state difference between neighboring nodes, that is,

h(xi,x/-) = h(x/- - X;),

where 4 : R" - R".

In synchronization problems, the transition to coherent oscilla-
tory dynamics is typically regulated by the coupling strength c, see
e.g. [10-12]. In this scenario, a second-order phase transition usu-
ally occurs [11], albeit first-order transitions have been observed in
the presence of specific coupling configurations and individual dy-
namics [12,13]. However, synchronization does not always emerge
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spontaneously, but may also be induced by the injection of control
signals, modeled as an additional term in the right-hand side of (1),
see e.g. [14,15] and references therein. In [16], the authors identified
the minimum driver node selection that makes the network structurally
controllable.

A classical control strategy that aims at steering the nodes of a
complex network towards a desired solution s(r) of the individual
dynamics is pinning control, which prescribes to exert a proportional
feedback control action on a limited number of network nodes, the
pinned nodes P [17,18]. In the presence of this external control action,
the dynamics of the ith node modifies as

N
%= fOe ) +¢ Y ah(x; = x) = k6h(x; = ), (2a)

Jj=1

(2b)

™M=
&
I
B

i

where the binary variable §; is one only if node i is pinned, « is
the control gain modulating the strength of the control action, and
constraint (2b) sets the allowed number of pinned nodes to m, that is,
|P| =m.

In the presence of a pinning control action, then two factors, in
addition to the coupling strength ¢, regulate the transition to the
desired synchronous solution: the control gain «, and the selection of
the nodes where the control signals are injected, that is, the choice
of §,,....65. In [19], the authors showed that, given that ¢ and «
are sufficiently large, and that the vector field f fulfills the so-called
QUAD condition' [21], the selection of the pinned nodes (i.e., of the
non-zero §;-s) determines the extent to which a network synchronizes,
that is, the set of nodes Q that converge to the reference trajectory s(z).
Furthermore, they proposed an algorithm to maximize the number of
nodes that achieve synchronization (i.e., the cardinality of Q), given
the number m of pinned nodes.

Under the assumption that the individual dynamics fulfill the QUAD
condition [21], the application of the algorithm in [19] to the con-
trolled network system (2) for all possible values of m allows then to
discriminate the type of transition to synchronization. In Fig. 1, the
fraction of controlled nodes |Q|/N is shown as a function of the number
of pinned nodes m for two different graph topologies, one reconstructed
from Facebook friendships and the other from the network of scientific
collaborations [22]. The two different graph topologies induce two
different transitions to synchronization: first-order for the Facebook
friendship network, and second-order for the network of scientific col-
laborations. The main difference between the two network topologies is
that only the first is endowed of a giant strongly connected component
Ggcc. This observation suggests that the presence of a Ggcoc, whose
development is the result of a percolation, determines an explosive
phase transition in the fraction of nodes that we are able to control
as we increase the number of pinned nodes. In this paper, we call
this phenomenon percolation-induced explosive synchronization, and
explore how we can detect its emergence. The knowledge of the type
of transition occurring in (2) would be indeed paramount for control
design. In taking the decision of adding more control signals, one may
expect proportional gains in the fraction of nodes that we are able to
control. This is, however, far from true in a first-order transition, in
which adding further control signals may be worth only if it implies
overcoming the critical threshold for the transition to take place.

In this work, we show that the algorithm in [19] can be extended
to a wider class of network systems, whose individual dynamics may
not fulfill the QUAD condition. In principle, the algorithm could then
be extensively utilized by varying the fraction of controlled nodes

1 The QUAD condition, first introduced in [20], is a generalization of the
one-side Lipschitz condition that defines a space of functions that can be upper
bounded by a linear function.
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to determine whether a first- or second-order transition takes place.
Unfortunately, the computational cost of detecting the phase transition
type, and the tipping point in case of first-order transitions, through
the algorithm in [19] is as high as the value of information they would
bring to the control designer, since it would require solving a (large)
sequence of combinatorial NP-hard optimization problems.

These considerations prompted us to attempt estimating the main
features of the phase transition that takes place as we increase the
number of nodes we can pin, without the necessity of solving the
algorithm in [19]. In particular, we leveraged the properties of the
generating functions to derive this estimation solely based on the
knowledge of the degree distribution of the network we are aiming to
control.

The outline of the manuscript is as follows. In Section 2, we gener-
alize the results on pinning control provided in [19] to a wider class of
coupled dynamical systems, extending the definition of type II master
stability function provided e.g. in [1,23]. We then use this result to
show that, when a giant component is present, the phase transition in
the number of controllable nodes is explosive. In Section 3, we then
focus on the case in which an explosive transition takes place. Namely,
we derive an analytical prediction of the critical fraction of controlled
nodes triggering the transition, and we provide a lower and upper
bound for the number of nodes that we can control as the transition
takes place. In Section 4, we then gauge the accuracy of our estimate
on both real and synthetic datasets. Finally, we draw the conclusions
and outline future research avenues in Section 5.

2. Linking phase transitions in pinning controlled nodes with
network topology

2.1. Digraphs and their condensation graph

A digraph G is described by the pair (1, &;), where V; is the set
of its nodes, and & is the set of its edges, defined as ordered pairs of
nodes. Given two nodes i, j € Vg, i is reachable from j if there exists
a directed path from j to i. For a given node i, we define the node
in-degree k;,(i) and out-degree k., (i) as the number of edges coming
in and going out from node i, respectively.

Given a subset of nodes N’ C ¥, the downstream D(N') of N is the
set of nodes reachable from a node in N, whereas its upstream U (N)
is the set of nodes from which a node in N is reachable. Note that,
from this definition N' C U'(N'), N' C D(N), and N = U(N) n D(N).

A strongly connected component (SCC) of a digraph G is a strongly
connected subgraph S(G) of ¢ such that any other subgraph S’(Q)
strictly containing S(Q) is not strongly connected. Any graph Ghas p > 1
SCCs, which we denote G;, i = 1, ..., p. With a slight abuse of notation,
we will denote V; and &; the node and edge sets of G;, respectively.

The condensation of G is the directed acyclic graph ¢P = {VP, £P},
whose nodes are the SCCs of G, and whose edges represent the inter-
SCC connections. Namely, the existence of at least an edge (I, m) € £P
means that there is an edge from a node i in the /th SCC of G to a node
j in the mth SCC of . A SCC that does not have any inbounding edge
(that is, a node of the condensation graph with zero in-degree) is called
a root strongly connected component (Rgcc) of .

2.2. Pinning control of digraphs and the special role of the Rycc-S

Let us consider the hth SCC, and let us identify the pinner node,
which injects the control signal, as the node N + 1, with state x () =
s(r). We then define an extended adjacency matrix A.,,, which includes
the pinner, and can be written as

A yo
Aext = [ T ] >

0% 0
where 6 = [§,,...,6y]T is a binary vector that indicates the nodes that
are receiving the control signal, and y = «/c is the ratio between the

3)
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Fig. 1. Different transitions to synchronization in the controlled network systems (2) on real-world topologies when dynamics and inner coupling function fulfill the condition
in [19]. The plots report the normalized number of controlled nodes |Q|/N as a function of the number of control inputs deployed, m. The left panel depicts the first-order phase
transition occurring when the coupling topology is a digraph retrieved from Facebook [22] that is endowed of a Gy, whereby |Q|/N abruptly increases when m reaches 45. The
right panel depicts a second-order phase transition where the coupling topology is given by a digraph describing a network of scientific collaboration [22] that is not endowed

with a G, whereby |Q|/N smoothly increases with m.

control and coupling gains. Denoting ¢, = |U'(V,)|, we then consider a
permutation P that relabels as 1, ..., ¢, the nodes in the upstream of V,,,
and as ¢, + 1 the node corresponding to the pinner. Then, A = PTA,, P
will be the adjacency matrix obtained through this node relabeling.
From the definition of upstream, A is block-triangular, and can be
decomposed as

X= R Och+1,N—ch , (4)
S w

where R € R(Ch“‘l)x(ch"'l), S e R(N—c,,)x(ch+]), and W e R(N—ch)x(N—ch).

Considering that the pinner has the same dynamics as the rest of the

network, once we have sorted the nodes according to the permutation

matrix P, we can then rewrite the dynamics of the nodes in the

upstream of V,, and of the pinner as

cp+l
%= O +e ) rghGg —x), i=1.,c+1, (5)
j=1
where r;; is the entry ij of R. The coupling term in (5) vanishes at
the synchronization manifold x; = s for all i = 1, ..., ¢;,, which, since
the pinner’s trajectory s(¢) is a solution of the individual dynamics, is
invariant. We can then define 6x; = x; — s as the deviation of the ith

node from s, and linearizing about the synchronous solution we obtain

cptl
8%, = JF(s)6x, — ¢ Y LITH(0)x;. (6)
j=1
where JF € R™" JH € R™" are the Jacobian matrices associated with
f and h, respectively, while Lg is the entry ij of the Laplacian matrix
L" € Ren+Dx(ep+]) ggsociated to R, and we omit for brevity the explicit
dependence on time.

In what follows, we assume that at least one node in each Ryc in
U'(V,) is pinned. This is a necessary and sufficient condition for the
subgraph defined by the nodes in (V) to encompass a spanning tree
originating from the node associated to the pinner, and equivalently,
a necessary and sufficient condition for the eigenvalue 0 of L” to be
simple. In what follows, we denote by 4, = 0 the simple 0 eigenvalue
of L", and by 4;, i = 2,...,¢c, + | its remaining eigenvalues, all with
positive real part.

Defining the vector 6x = [6x,;... ;5xch+,], and the matrix V such

that V-!L"V is in Jordan form, we can then introduce the transfor-
mation n = (V~! ® I,) 6x whose components are [111; <31, 41 |, where
n; € R".

From (6), the dynamics along the synchronization manifold will be
described by 17, = JF(s)n,. To study synchronizability, we then focus
on the remaining blocks of the Jordan canonical form [24,25]. Given

an eigenvalue A € spec(L") \ {4}, let us denote u (1) and ug(4) its
algebraic and geometric multiplicity, respectively. The Jordan block
associated to A will have size b; = 144 (4)—puq5(4) and will be associated
with the transformed variables #;, ..., #;,,_;, whose dynamics are

il = (JE(s) — cAJH(0)) 7,
g1 = (E(s) — cATH(0)) 7,4, — JHO)n;,

figp—1 = (JF(s) — cATHO) 711, — THOM; 5, 5.

Introducing the master equation

¢ = (F(s) - vIH(0))¢, ™
where { € R”, and v € C", then the maximum Lyapunov exponent
A(v) associated with (7) is the master stability function for network
(5). Hence, if

Al (©= max A(ck) <0, 6)
e+l

then all the Jordan blocks will be asymptotically stable. Therefore, the
synchronization manifold of (5) will be locally asymptotically stable,
thereby meaning that all nodes in the upstream of the Ath SCC will
converge onto the pinner’s trajectory.

Remark 1. Note that the same derivations could be performed also
when the coupling function in (1) is selected as A(x;, x )= h(x;) = h(x;)
instead of A(x;,x;) = h(x; — x;). The only difference would be that the
Jacobian of 4 should be computed at s rather than at 0, and therefore
in all equations from (6) to (7) JH(0) should be replaced by JH(s).

The fulfillment of (8) depends on the coupling gain ¢ and on
the eigenvalues of L”, which in turn depend on the topology of the
upstream of the hth SCC, and on the ratio y between the control and
coupling gain. Therefore, for a given network topology and a given y,
Al will only depend on c. Starting from the classification first given
in [1] and then extended to higher-order interactions in [23,26], we
extend the definition of type II master stability function to the case of

a pinning controlled network.

Definition 1. Given the controlled network dynamical system (2), the
master stability function associated to it is of type II if for all topologies
such that the 0 eigenvalue of the Laplacian L” is simple, and for all
y > 0, there exists a threshold &(y, L") such that the master stability
function is negative for all ¢ > &(y, L").

An immediate consequence of the above definition is the following
proposition:
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Fig. 2. Example of application of Proposition 1. Panel (a) depicts the network topology; each node is a Lorenz oscillator, whereby in (5) we set f = [10(x;, — x;;); x;;(28 — x;3) —
X;pi X, X — 8/3x,;], whereas the coupling function is set to h(x) = x. We focus on controlling the SCC V, = {4,5,6}, shaded in red, whose upstream 1/(V,) is shaded in pink
and composed by ¢, = 6 nodes. To control V,, we add the pinner node (c, + 1 =7, in red) that directly controls one of the nodes in the sole Ry of U'(V,), that is, node 1 in
VY, ={1,2,3}. We set the ratio y to 1, and are free to suitably tune the coupling gain c. Panel (b) depicts a colormap of the master stability function A(v) as a function of the
complex parameter v. Panel (c) depicts the function A" as a function of the coupling gain ¢ for the network in panel (a). In panel (d) we report the dynamics of the third
state variable of each node x;(f) when ¢ is set to 3 so that A’r;m(c) < 0; the trajectories of the nodes in U'(V,) are depicted in red, and the trajectory of the pinner is dotted.
The trajectories of the remaining nodes are depicted in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Proposition 1. Let the controlled network dynamical system (2) have
a type II master stability function according to Definition 1. Then, for
any y > 0, if at least one node in each Rgcc of U'(V),) is pinned, and
¢ > ¢&(y, L"), then all nodes in U'(V,) are locally pinning controlled.

Proof. As at least one node in each Rgoc of U'(V,) is pinned, the
Laplacian L" will have a simple 0 eigenvalue. From Definition 1, we
then have that, for all ¢ > &y, L"), A" is negative, and thus the thesis
follows. []

Remark 2. Note that the class of controlled network systems with
a type II master stability function is wider than the class of systems
that can be globally pinning controlled according to [19]. Indeed, all
systems in [19] will have a negative master stability function beyond a
certain threshold, otherwise the necessary condition for pinning control
would not be fulfilled. On the other hand, the conditions in [19] only
include QUAD dynamical systems, whereas type II master stability
functions can be also exhibited by non-QUAD dynamical systems, such
as the Lorenz system, as illustrated in Fig. 2.

The application of the result illustrated in Proposition 1 to the
entire network (2) implies that, if the coupling and control gains ¢
and « are large enough, the nodes of an SCC will synchronize only
if at least one node in each Ry of its upstream is pinned, whereas
none will synchronize otherwise. This result then explains the role
played by the Gy in determining the onset of an explosive transition
in the number of nodes controlled to the pinner’s trajectory. Fig. 3
illustrates the classic decomposition of a graph endowed with a Gy,
where the upstream and downstream of the Gy corresponds to the
giant in- and out-components Gy and Gqyr, respectively, according to
the standard illustration in [27]. When the number of pinned nodes
m reaches the number m* of roots in Gy, this triggers an explosive
first-order phase transition in the number of controllable nodes. Indeed,
the Gycc encompasses most of the network nodes (except when the
average network degree is very small) and, by pinning one node in
each root of the Gy, we can pinning control all nodes in Gy, plus
the remaining SCCs that have an upstream whose Rgc¢-s are contained
in Gyy. Therefore, when the number of pinned nodes reaches m*, the
number of pinning controllable nodes will be lower bounded by the size
of Gy, abruptly switching from being negligible to being the majority
of the network nodes.

3. Predicting the onset of an explosive phase transition from de-
gree distribution

According to the above considerations, when the network topology
is known, the SCCs of a graph can be identified by using the Tarjan’s

algorithm [28], so that the presence of the G- can be detected,
and the critical threshold m* triggering the explosive transition to
synchronization be computed by using the algorithm in [19]. However,
this path cannot be followed when the network topology is unknown.

Next, we consider the case in which we are only aware of the
network joint in- and out-degree distribution P(k;,.k,,), that is, the
probability that a randomly chosen node has in-degree k;, and out-
degree k., and, based on this information, we will try to predict the
type of phase transition that occurs when increasing the number of
pinning controllable nodes and, if an explosive one is expected, the
threshold m* that triggers the transition.

As we discussed in Section 2.2, when the network control system has
a type Il master stability function, the nodes of the Gy will be pinning
controllable only if at least one node in each Rgc is pinned. Therefore,
the problem of predicting the onset of an explosive transition can be
translated into the problem of estimating the number of Rgycc-s in the
upstream of the Gg-c. To perform this estimate, we first approximate
the number of Ryc-s to the number of nodes belonging to the in-giant
component with in-degree zero, and then estimate how many of these
will be roots of the upstream of Ggcc.

In deriving our estimates, we shall use the results on the joint in-
and out-degree distribution that hold for infinite size networks, and
then we will test the accuracy of the estimations on finite-size network
topologies.

To this aim, we introduce the generating function ®(x,y) =
ki ooy PKins kou)x¥inykon, where x and y are two scalars such that
[x| < 1 and |y] < 1, thus guaranteeing the convergence of the
series [29,30]. As illustrated in [27], denoting k = 0,d(x, 1)|X=1 =
9,9(1, y)‘y=l the average in- and out-degree of the network, the giant
strongly connected component is present if

6}20}(1)()(, y)|x=y=l z:ki“,k(,uL kinkou P(kin, Koue) |
3 - 3 g

or, equivalently, if

% 4 Plkin = ]_cz(kout )

k

Eq. (9) implies that for networks with uncorrelated in- and out-degree
distributions the existence of the Gy is expected when the average
degree k is greater than one. As discussed in Section 2.2, as the presence
of the Gycc implies an explosive pinning synchronizability of the
network, the fulfillment of (9) determines whether such an explosive
phase transition will occur.

5

> 1. (C)]

] ) )| |
Next, we define @{"(x) = ———= and oM(y) =

we introduce the scalars x, and y, such that

0, D(x.))|
———=L. Then,

x = 0V(x). y. =0, (10)



C. Ancona et al.

Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 185 (2024) 115129

D

Fig. 3. Directed acyclic graph condensation of a digraph G endowed with a Ggcc. G is first decomposed in the giant weakly connected component Gyc, which is the weakly
connected component enclosing the Gy, and all remaining disconnected components DC. Within Gy, we can then identify the giant in-component Gy and giant out-component
Goyr that correspond to the upstream and downstream of G, respectively, and whose intersection is Ggcc, and the TUBES that are the nodes not in Ggcc such that there is a
directed path originating in Gy and terminating in Gqyy. The remaining SCCs in Gy are called tendrils.

where x, (y.) can be interpreted as the probability that the strongly
connected component obtained moving against (along) the edge direc-
tions, starting from a randomly chosen edge, is finite [27].

Finding x. and y, allows us to estimate the threshold m*, that is, the
number of pinned nodes required for the onset of the phase transition.
Indeed, 1 - yf"“‘ will be the probability that a vertex whose out-degree
is k., has infinite components in its downstream, and 1 — xf‘“ the
probability that a vertex with in-degree k;, has infinite components in
its upstream. Then, the probabilities that a randomly picked node, say i,
has infinite in- or out-component, that is, P(i € V) and P(i € Vour)s
respectively, are

PGEVG)= O Plhin ko)1 =3 = ¥ Poyy(kou)(1 = ye™) (1)

Kin»Kout Kout

z P(kln’kout)(l - X m) = Z

KinKout

P(i € V) = W) —xim), (12)
where P, and P,, are the marginal in- and out-degree distribution,
respectively. Without any assumption on the in- and out-degree distri-
butions, we have

x, = Z m Zk oul (km’ kout) , (13)
k
kO“
Zk(,u[ Ve ' Zki“ kin (km’kout)
Ve = 3 . (14)

Then, under the approximation that the number of network Rgcc-s
coincides with the number of nodes with zero in-degree, the expected
number m* of Rgcc-s in Gy can be estimated as

*=NY P (0 k) (1 _y’;om). (15)

k,

out

By substituting (14) in (15), one obtains

k
Zk ycmll Zkv kin P (kn’kot) out
=N 2P (0 Ko (1—< T ) . (16)
0“‘

Using Eq. (16) to estimate m* assumes the knowledge of the joint
in- and out-degree distribution. When only the marginal in- and out-
distributions, denoted P, (k;) and P, (k,), respectively, are available,
to perform the estimation one needs to assume in- and out-degrees to
be independent, so that the joint distribution can be factorized. Indeed,
in this case the expressions of x, and y, simplify as

— Olll
Xe = Z Pm km z oul out 4
Kin

Kout

since k = Y KouPout (Kout) = Zi,, kinPn (Kin), and i* becomes

=N Z P 0, ke ( om) NP, (0) Z Pt (Koup) (1 - ylccom)
Kout

= NP, O)1 - y,).
a7

Predicting the number of nodes in Gycc that we still cannot control when
the explosive transition occur.

From the results in Section 2.2, and considering the decomposition
of a digraph illustrated in Fig. 3, when m = m*, the number of
controllable nodes is the cardinality of the set Q(m*) = DV, \
(D(RTyy)), where RTyy are the root strongly connected components of
the tendrils from which the Gqyry is reachable. We denote with Q(m*)
the complement of Q(m™) with respect to Vg, ., whose cardinality is
the number of nodes in Gy we cannot control when the transition
occurs.

In what follows, we will provide a lower and an upper bound for
the probability P(i € O(m*)) that the generic node i € Vowee will not
be controllable, namely P and P such that

P < P(ieQm*)<P. (18)

Once having an expression for P and P, a lower and an upper bound
for |Q(m*)| can be computed by considering that |Q(m*)| = P(i €
Q(m*))N

To derive the upper bound P, we can refer to the decomposition in
Fig. 3 and write

P(i € Qm*)) < P(i € Vgy.) — P(i € Vg, )» (19)

where the expressions for P(i € Vg, ) has been given in Eq. (11); to
compute P(i € Vg, .), we first recall that we can ignore the direc-
tionality in the graph when computing the probability that i belongs
to Gyee [30]. By introducing @) (x) = &(x,x), and denoting &’
its derivative, we calculate the scalar 7, from the implicit equation
1, = @' (t,)/2k. Then, P(i € Voyee) can be computed as [27]
' W' (1,) Y kP k)t

P(i € Vgy) =1 - 1 % , (20)
where k = ki, + ko, and P, (k) = Y, P(ky,, k — k;,). Putting (19), (20),
(11) together, we can write "

_ kP, (k)tk!
P=1- —Z" ®r 2

>t (ou (1 — Yo, 1)

Kout
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Similarly, the fraction of nodes that are not controlled is lower
bounded by the zero indegree nodes not in Vg U Vg, ., that is,

P =P((kin() = 0)Ni € Vi \ Vo, Y V600p))

Assuming independence yields

P = P(kin() = 0) P(i € Vg \ W YU V600up))- 22)
From the decomposition in Fig. 3, we can write

P(i € vacc \(leN v VGOUT)) =
P(i € Vgyoo) = Pi € Vg, ) = P(i € Vg, ) + P(i € Vg)- (23)

The expressions for P(i € Vg, ) and P(i € Vg, ) has been given in
Egs. (11) and (12), respectively, whereas the probability that i belongs
to the giant strongly connected component is

P(i € Viye) = 2, 2 Plhin. kou)(1 = Xg™)(1 = ye) (24)
ki k

in Xout

Then, substituting (11), (12), (20), (23) and (24) in (22), yields

Zk kPw(k)t]c(_l

P =P, 0 1
= m()( ok

kOU
- Z Pout(kout)(l Ve ")
k

out

= Y Pulki)( =X + D0 Pl koy)(1 = x™)(1 = i) ) . (25)
kin

Kin»Kout

4. Numerical results

To test the proposed analytical prediction, we generated a collection
of synthetic digraphs where we assumed the in- and out-distributions
to be independent and identical, and then we considered test-bed
real-world graphs, where this assumption is not necessarily met.

We assign a given degree distribution by means of the configuration
model [31]. Namely, we consider two classes of degree distributions:
(i) Poisson distribution P, (z) = Py, (z) = A—Te"l whose mean and
variance both equal to 4 [32], and (ii) a discretized version of the scale-
free generalized Pareto distribution, with mar§linal probability density

0
functions @;,(z) = @y (z) = (17 (1 +n(z;59)) " [33], where k # 0 is
the shape parameter, o is the scale parameter, and 6 is the threshold
parameter with mean 6 + ﬁ and infinite variance. The probability
P,,(0) that a node is a root is then e™* and ¢;,(0)/ ZQI:BI @, (z) for the
Poisson and generalized Pareto distributions, respectively, so that for
all k > 1 the generated graph was endowed with a Gg¢c.

We tested our ability to predict the number of pinned nodes m*
required to induce the explosive phase transition on a set of randomly
generated and scale-free networks of 1 million nodes, where we varied
the average degree k in the interval [10° 10%] so that for all k the
generated graph was endowed with a Gyc. Namely, for Poisson degree
distributions, we vary the parameter A = k ranging in logarithmic scale
between 10° and 10°, whereas, for scale-free distributions, we select
6 = 0,n = 0.5 and ¢ modulated so that k approximately ranges in
logarithmic scale between 10° and 10°.

Fig. 4 shows that our estimate m* from Eq. (15) is in excellent
agreement with m*. Moreover, we can note that this threshold peaks
at k = 1.5 and k = 2.5 for random and scale-free graphs, respectively,
to then approach 0. In random graphs, as k is further increased, the
network then becomes strongly connected thus pinning one Rgqc is
sufficient to control the entire of the network (this occurs when the
k approaches 5). In scale-free networks, instead, #i* reduces at a much
slower pace with k because of the presence of a relevant fraction of
low-degree nodes that would still not belong to the Ggcc.

For the same two sets of topologies, for each degree distribution
type and selection of the average degree, we compute the lower and
upper bound, P from (25) and P from (21) respectively, of the expected
fraction of nodes that we cannot control. These bounds are then com-
pared in Fig. 5 with the observed fraction of nodes of Gy that we are
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not able to control, that is, |Q(m*)] /|Gwccl- We notice how the bounds
correctly hold for all k and distribution type, and that both P and upper
bound P converge to |Q(m*)|/|Gwcc| when k increases, even though at
a slower pace in scale-free compared to the case of the Poisson random
degree distributions.

Next, we retrieved three large real digraphs of about one million
nodes from the network repository in [22] and performed the same
simulations made for the synthetic dataset. From Table 1, we can
appreciate how well the estimation (17) of m* works also for real
topologies where the assumption on the statistical independence of
the in- and out-degree may not hold. In 2 out of 3 real networks the
estimation error is 0, and in all the cases, is never larger than 12%. The
lower and upper bounds P and P capture the fact that the fraction of
observed nodes that we cannot control is small. For the same reason,
though, the approximations considered in the estimation of the bounds
become dominant, limiting their accuracy.

5. Conclusion

Percolation in graphs with an arbitrary degree distribution is a well-
known phenomenon, as well as pinning synchronizability is in complex
networks. This work aims to bridge this two established research av-
enues in network science, and explain, with the sole knowledge of the
networks in- and out-degree distributions, how pinning synchroniza-
tion can be induced by the presence of a percolation cluster, a giant
strongly connected component. Leveraging tools from the generative
functions’ theory, we analytically and numerically illustrate that, when
the network percolates and a giant component appears, the phase
transition in the number of controllable nodes as we increase the
number of control signals becomes explosive. To do so, we first identify
the class of network dynamical systems for which this result hold, by
extending the classical definition of class II master stability function
to the case of controlled networks. Then, for this class of networks,
we analytically estimate the threshold in the number of controlled
nodes that, when attained, determines the onset of the explosive phase
transition. Finally, we also provide an upper and lower bound on the
fraction of nodes that we are still unable to control when the transition
takes place. The analytical findings are then corroborated by extensive
numerical analyses on large synthetic network (up to approximately
one million nodes), and by a validation on select real networks with size
of the order of one million nodes, which show an excellent agreement
between the theoretical prediction and the actual transition threshold.

Future works could be devoted to investigate how this analysis
would extend when we go beyond pairwise interactions, and consider
that the network systems may exhibit group interactions that cannot be
decomposed as combinations of pairwise ones. To this aim, one could
leverage the recent results on percolation in hypergraphs [34,35], and
study the possible implications on control of networks with higher-
order interaction, to explain whether and when explosive transitions
in the number of controlled nodes can be expected. Richer phenomena
due to the presence of higher-order interactions may also be expected.
Another research avenue that could be considered is the impact of
alternative control strategies, other than standard, proportional pinning
control, and in particular when the coupling strengths or the network
topology change over time [36,37].
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Fig. 4. Comparing the critical fraction m*/N of pinned nodes that triggers an explosive phase transition (the red stars) with the analytic prediction m* (black solid lines). In
panel (a), we consider random networks and, in panel (b), scale-free networks, both with average degree k ranging from 1 to 1000. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Computation of the lower P from (25) and upper bound P (21) in blue and yellow respectively, of the expected fraction of nodes that we cannot control |Q(m*)|/|Gycc|

in red. In panel (a), we validate the prediction for random networks, whereas, and in panel (b), we validate it for scale-free networks.

color in this figure legend, the reader is referred to the web version of this article.)

Table 1

(For interpretation of the references to

Predicting the threshold of m* for real directed networks. The first column reports the tag for the network used in [22], the
second to the network size, the third column the average degree k, the fourth the estimate m* according to (17), and the
fifth the actual threshold m*. The last three columns report the lower bound P, the observed fraction of nodes that we are
not able to control |Q(m*)|/Gyccl, and the upper bound P, respectively.

Network N k i m* P 191/1Gwccl P
atmosmod] 1489752 0.5651 39203 39203 0.0523 0 0.0572
ca-IMDB 896 308 4.2200 3 3 149 x 1071 7.81 %107 2.23x 107
flickr 2406556 17.3216 57 424 51561 198 x 1078 0.0325 831107
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