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CONTROLLABILITY OF NETWORK OPINION IN ERDOS-RENYI
GRAPHS USING SPARSE CONTROL INPUTS*

GEETHU JOSEPH', BUDDHIKA NETTASINGHE}, VIKRAM KRISHNAMURTHY?#, AND
PRAMOD K. VARSHNEY'

Abstract. This paper considers a social network modeled as an Erdés-Rényi random graph.
Each individual in the network updates her opinion using the weighted average of the opinions of
her neighbors. We explore how an external manipulative agent can drive the opinions of these
individuals to a desired state with a limited additive influence on their innate opinions. We show
that the manipulative agent can steer the network opinion to any arbitrary value in finite time (i.e.,
the system is controllable) almost surely when there is no restriction on her influence. However, when
the control input is sparsity constrained, the network opinion is controllable with some probability.
We lower bound this probability using the concentration properties of random vectors based on the
Lévy concentration function and small ball probabilities. Further, through numerical simulations,
we compare the probability of controllability in Erdés-Rényi graphs with that of power-law graphs to
illustrate the key differences between the two models in terms of controllability. Our theoretical and
numerical results shed light on how controllability of the network opinion depends on the parameters
such as the size and the connectivity of the network, and the sparsity constraints faced by the
manipulative agent.

Key words. Social network opinion, linear propagation, sparse-controllability, Erd&s-Rényi
graph, concentration inequalities

1. Introduction. Consider the following problem regarding controllability of
network opinion: the opinions propagated over an Erdds-Rényi random graph consist-
ing of N people are influenced by an external agent (referred to as the manipulative
agent henceforth) [18]. The goal of the manipulative agent is to influence the opin-
ions of the people so that the network opinion is driven to a desired state. However,
the manipulative agent is subject to sparsity constraints: it can only influence a few
people in the network at each time.

Our formulation is as follows: Let kK = 1,2,... denote discrete time. The network
opinion at time k, denoted by x; € R follows a DeGroot type linear propagation
model [12]:

(1.1) @y = Axp_ 1 + up,

where A € RV*¥ ig the row-normalized weighted adjacency matrix of the network.
In the most general setting, the randomness of the system (1.1) is induced by a
hierarchical probability measure over the space of graphs with N nodes where the
locations of non-zero entries of A are modeled using an Erd6s-Rényi graph and the
non-zero entries of each row of A are drawn from a continuous distribution on the
unit simplex. The control input from the manipulative agent, u; € RY represents her
influence at time k. We assume that the manipulative agent can influence only one
of the predefined (overlapping) groups of people in the network at any time instant,
and the size of each such group is small compared to the network size N. Thus, uy
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is s—sparse with s < N (i.e., budget-constrained), and its support belongs to a set of
admissible support sets U (i.e., pattern-constrained).

A fundamental question that arises in this context is: Can the network opinion be
driven to a desired value using the budget and pattern constrained inputs within a finite
time duration? The answer is that it is possible with some probability (that arises
due to the randomness in Erdds-Rényi model). We use concentration inequalities to
derive a lower bound for this probability which is a function of the network size IV,
the sparsity s, the edge probability p and the set of admissible support sets U for two
versions of the Erdés-Rényi graph model: a directed graph and an undirected graph.
The main results of the paper are informally stated below:

THEOREM 1.1 (Informal statement of main results). Consider the linear opinion
formation model in (1.1) where A is the row-normalized adjacency matriz of an Erdds-
Rényi graph. Assume that the control input uy is s-sparse with 0 < s < N and its
support (defined in Table 1) satisfies Supp{ur} € U for some set U which depends
on the specific sparsity pattern (detailed in Subsection 2.2). Further, assume that the
nonzero entries of each row A is drawn from a continuous distribution on the unit
simplex. Then, the following hold:

(a) Undirected graph: If the edge probability p satisfies (N —s)"t <p<1—(N-s)71,
then the probability of controllability of the network opinion in (1.1) is at least

0 (QU)(1—p)™N [L— e @N=2)]).

(b) Directed graph: If the edge probability p satisfies CM <p<l1l- CloeN=s)

N—-s 7
then the probability of controllability of the network opinion in (1.1) is at least

0 (QEU)(L —p)*N [1 — e c@N=2N]),
where QU) > 1 is an increasing function of s and N which depends on the set U.
Here C,c > 0 are universal constants.

The key insights gained from Theorem 1.1 are as follows:

e The probability of controllability increases with the network size N and sparsity
s when all other parameters are kept constant. In particular, the network opinion
can be controlled almost surely, if the network size is sufficiently large (N — 00),
irrespective of the sparsity patterns.

e The probability bound on controllability of network opinion is small when the net-
work is either loosely connected (small values of p which are close to 0) or densely
connected (large values of p which are close to 1), i.e., the probability of the system
being controllable is larger for moderate values of p.

e The dependence of controllability on the sparsity pattern is captured by the function
(). This relation allows us to compare the probability of controllability under various
popular sparsity structures like unconstrained, piece-wise, and block sparsity.

The technique that we use to prove our results relies on rank-related properties of

binary random matrices (that model the adjacency matrix of Erdés-Rényi graph).

The key tools used to derive these properties are the Lévy concentration function

and small ball probability. The analysis characterizes the smallest singular value of

the (unweighted) binary adjacency matrix of an Erdés-Rényi graph, which can be of
independent interest.

1.1. Practical context of the model and examples. Controllability
of the network opinion has applications in marketing [31], targeted fake-news cam-
paigns [41], and political advertising [11]. For such problems, the randomness of the
Erdos-Rényi model captures the unknown structure of the underlying social network.
The directed graphs represent social networks such as Twitter whereas the undirected
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graphs represent social networks such as Facebook.

The DeGroot type opinion propagation model (given in (1.1)) that we consider is
an average based process that has been used widely in the literature ( [4,19,21,45])
to model consensus and learning in multi-agent systems. Here, each individual in the
network averages the opinions of her neighbors according to the non-uniform weights'
prescribed by the it row of A.

The sparsity pattern models the limited influence of the manipulative agent in
the following examples.

1. Consider a company that sends one salesperson each to m different parts of a coun-
try for marketing their products by offering free samples. At each time instant, the
company can afford a total of s free samples (and hence, constraining the sparsity
of the control input to be s), and each salesperson can visit at most s/m potential
customers (and thus, constraining the sparsity pattern). Hence, the control input
uy at each time instant k is formed by concatenating m sparse vectors. This is an
example of the sparsity pattern called piece-wise sparsity (Definition 2.3).

2. Consider a candidate visiting different parts of a country during election as part
of a political campaign. At each time instant, she can visit only a particular
area and influence the group of people located there. Therefore, the input w; at
each time instant k has nonzero entries occurring in clusters (corresponding to
the individuals located in a particular area). This is an example of the sparsity
pattern called block sparsity or group sparsity (Definition 2.4).

1.2. Related work. The linear opinion propagation model in (1.1) is similar
to the widely used DeGroot model [12]. For such linear models, several works have
explored the problem of controlling opinions in a social network by drawing tools
from control theory. In [37], the authors explore how a set of individuals (called the
leaders or strategic agents) can be used to manipulate the opinions of a fixed set of
people who are in their neighborhood. The leaders cannot strategically choose the
people whom they can influence, but can design the control inputs suitably. On the
contrary, our model is more flexible as the manipulative agent is an external entity
for the network, and she can influence the individuals of her choice. Other similar
works in [14, 28] also follow the model of strategic agents. Another study presented
in [13] deals with the network vulnerability where an external agent aims to disrupt
the synchronized state (consensus) of a networked system. Unlike our model which
limits the number of people influenced by the manipulative agent, the model in [13]
constrains the total energy spent by the agent. This work [13] provides guarantees
related to the inverse of controllability Gramian and its associated statistics. Further,
a recent study in [46] models the control input from the manipulating agent as a
local feedback control using a projection of the current network control and presents
guarantees on Hurwitz stability of the equivalent feedback system. Moreover, in
[47,48], the authors examine how the nodes of a social network can be classified as
opinion leaders and opinion followers during the opinion formation process amidst
factors such as trustworthiness and uncertainty in decision making. A detailed survey
of such models can be found in [3]. Furthermore, the work in [35] is closely related to
ours where the authors investigate the difficulty of controlling the opinion dynamics
with metrics based on the control energy and explore the trade-off between the control
energy and the number of control nodes. However, none of the existing works explore
controllability of a networked system generated by a specific random graph model

IThe model in [4,19] uniformly averages the opinions of the neighbors whereas we consider the
more general case of averaging based on social reputation.

3

This manuscript is for review purposes only.



under the constraints on the sparsity pattern of the control input (which is the aim of
this paper). A key reason for this literature gap is that the Kalman-rank based test for
sparse-controllability (i.e., controllability of a linear dynamical system under sparsity
constraints on the inputs) is combinatorial which makes the analysis cumbersome.
Recently, a simpler rank-based test which is similar to the classical PBH test [20,24]
and equivalent to the Kalman type rank test has been presented in [22]. Therefore, we
build upon the controllability conditions provided in [22] to derive sufficient conditions
for sparse-controllability of network opinion.

Organization: Secction 2 presents the network opinion dynamics model. Section 3
introduces the notion of generalized sparse-controllability and derives the necessary
and sufficient conditions for a deterministic linear dynamical system to be sparse-
controllable. Based on this result, Section 4 and Section 5 present the main results
of our paper: the bounds on the probability with which the opinion dynamics for an
Erdds-Rényi graph (directed or undirected) is sparse-controllable. Finally, Section 6
presents numerical illustrations that complement and verify the main results.

Notation: Boldface lowercase letters denote vectors, boldface uppercase letters de-
note matrices, and calligraphic letters denote sets. Table 1 summarizes the other
notations used throughout the paper.

TABLE 1
Summary of Notation

S¥=1 . Unit Euclidean sphere in R
A; ™ column of A A;; : the (i,7)™ entry of A
® : Hadamard product P(a) : Power set of {1,2,...,a}

As : Submatrix of A formed by the columns indexed by S
As. : Submatrix of A formed by the rows indexed by &
Supp{-} : Support of a vector, Supp{z} = {i : z; # 0} for any z € RY
dist(a,S) : {3 distance of a from S, dist(a,S) = al/réfs lla —a’|

2. Opinion Dynamics Model. = We consider a social network with N individ-
uals. The network opinion vector z; € RY (with element xj[i] denoting the opinion
of the ith individual at time k) evolves according to (1.1), i.e., ), = Axp_1 + up.
Thus, the network opinion dynamics model has two key components: the random
graph model that represents the probability distribution from which A is obtained:;
and the sparsity model that imposes restrictions on the additive control inputs wuy.
We present them below:

2.1. Random graph model. This subsection describes the probabilistic
model for the matrix A in (1.1) in terms of the underlying social network graph..
The underlying network is modeled as a weighted Erdds-Rényi graph [9, 15] which
can be either an undirected graph (for networks like Facebook) or a directed graph
(for networks like Twitter). The formal definitions of the undirected and directed
Erdés-Rényi models are as follows:

DEFINITION 2.1 (Erdés-Rényi model). Let W = ww' € RY"*N where w is
sampled from an arbitrary continuous distribution on Rf. Also, let ® denote the
Hadamard product of two matrices, and Ber(p) denote a Bernoulli distribution with
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parameter p. The row-normalized adjacency matric
(2.1) A=AAOW),

with A € RNXN being the normalizing diagonal matriz (Ay; = Zjvzl (AOW),.),
follows:

1. the undirected Erdds-Rényi distribution ER(N, W p), if fori,j =1,2,...,N,
iid .
~ Ber(p) forj<i

and Aij = Aji fOT‘j > i
=0 forj=i

(2.2) A;j {
2. the directed Erdds-Rényi distribution DER(N, W ,p), if fori,j =1,2,...,N,

(2.3) Ajj {%i Ber(p) fmﬂj: 7 Z
=0 for j =1i.

A few words about Definition 2.1. The matrix A € {0,1}"*" specifies the
presence or absence of the edges in the graph, W assigns positive weights to each
existing edge, and A ensures that the resulting matrix A is a stochastic matrix. The
choice of W as a rank 1 matrix (outer product ww") makes our model more general
than the unweighted Erdés-Rényi model (i.e., W = 117) and useful in practical
scenarios that require weighted edges. For example, the weights can represent the
reputation of an individual as discussed in Subsection 1.1. Further, since A normalizes
each row of A ® W in (2.1), the entries of W only determine the ratio of weights
(i.e., W = ww" and W = 1w" correspond to the same system).

We note that A;; specifies the trust that the it" individual in the network has on
her neighbor j (i.e., j such that A;; = 1). Therefore, the first term in (1.1) models
how the neighbors affect the opinion formation.

2.2. Sparsity model. We now discuss the second term wuy in (1.1) which
models the influence from the manipulative agent. The sparsity model refers to the
constraints faced by the manipulative agent in the form of restrictions imposed on
the support of the control inputs. We adopt a generalized sparsity model called the
pattern-and-budget-constraint sparsity (PBCS) model. The PBCS model is character-
ized by a set U C P(N) called the admissible supports set such that |S| = s for each
S € U (from Table 1, P(N) denotes the power set of {1,2,..., N}). Therefore,

(2.4) UCU ={Sc{1,2,....,N}:|S| = s}.

Then, any admissible control input uy, chosen by the manipulative agent at any time
instant k satisfies Supp {ur} C S for some S € Y. Thus, an admissible control input
is a vector whose support is a subset of an element in the admissible supports set U.
Three useful sparsity models that serve as examples of the PBCS model [16,27] are
defined below:

DEFINITION 2.2 (Unconstrained sparsity model). A PBCS model (2.4) is called
an unconstrained sparsity model if the admissible supports set U = Uy given in (2.4).

Thus, the unconstrained sparsity model (Definition 2.2) is the least restrictive version
of the PBCS model because from (2.4), the admissible supports set I/; has the largest
cardinality among all the versions of the PBCS model.
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DEFINITION 2.3 (Piece-wise sparsity model). A PBCS model (2.4) is called a
piece-wise sparsity model if the admissible supports set U is given by

U=Uy 2{S:S=U",85;:S; C{(i —1)N/m+35,1<j<N/m} and |S;| = s/m}.

The piece-wise sparsity model corresponds to the case where each admissible control
input can be expressed as a concatenation of m sparse vectors, each with sparsity of
at most s/m (assume that both N and s are divisible by m).

DEFINITION 2.4 (Block sparsity model). A PBCS model (2.4) is called a block
sparsity model if the admissible supports set U is given by

U=U32{S:85=UiczS;: S C{(i —1)m+j,1 <j<m} and |I| =s/m}.

The block sparsity model corresponds to the case where the non-zero entries of each
admissible control input form clusters of equal size m < N (assume that both N and
s are divisible by m). To give more insights, a brief discussion on the relationship
between the block sparse vectors and the piece-wise sparse vectors is presented in
Appendix A.

Having specified the opinion dynamics model, we next derive the conditions under
which the network opinion is controllable under the different sparsity models (defined
in Subsection 2.2) on graphs sampled from the Erdés-Rényi model given in Subsec-
tion 2.1. We start with a generalized sparse-controllability test in the next section.

3. Generalized Sparse-Controllability Results. This section presents
necessary and sufficient conditions for sparse-controllability of a general linear dy-
namical system using control inputs from the PBCS model. In subsequent sections,
we explore the probability with which these necessary and sufficient conditions are
satisfied by the opinion dynamics model in (1.1). Thus, the main result of this section
serves as the starting point to derive the results in Sections 4 and 5.

As the main result of this section (necessary and sufficient conditions for sparse
controllability of a linear dynamical system) is of interest to the broader field of dy-
namical systems, we express the result for a more general version of a linear dynamical
system using notation that is different from Sec. 2 and (1.1). More specifically, we
consider the following general linear dynamical system:

(31) ap = Pay_1 + Yoy, k=1,2,...,

where ay, € RY denotes the state vector, v, € RY denotes the control input, ® €
RN*N denotes the state transition matrix, and ¥ € RV*% denotes the input matrix.
For the system in (3.1), the generalized sparse-controllability result is presented below.
In the theorem below, we use vy to represent a sparse input (see Subsection 2.2).

THEOREM 3.1 (Controllability under PBCS model). Consider the linear system
(3.1) with sparse input vectors vy. Let the admissible supports set be U C P(L) with
|S| = s,¥S € U. Then, for any initial state ag and final state ag, there exists a
sparse input sequence vy, which steers the system from the state ag to ax for some
finite K, if and only if the following two conditions hold:

(a) For all X\ € C, the rank of M —® ¥y ] € RNX(NHIMD) s N, where the set
M =UseuS C{1,2,...,L}.
(b) There exists a set S € U such that the rank of [® Ws] € RN*VHISD 45 N

Proof. See Appendix B. ]
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Both conditions of Theorem 3.1 have to be satisfied simultaneously for the system
to be controllable under the sparsity constraints on the input. Condition (a) is identi-
cal to the classical PBH test for controllability of the reduced linear system described
by the matrix pair (®, ¥ (). Here, ¥ is the effective control matrix, as the entries
of the control inputs corresponding to the complement M¢ of M are always zero.
Since all sparse-controllable systems are controllable, necessity of the first condition
is straight-forward. Condition (b) provides the extra condition to be satisfied by a
controllable system (i.e., satisfies condition (a)) to be controllable under the sparsity
constraints.

We note that Theorem 3.1 is an extension of the sparse-controllability result [22,
Theorem 1] for a more general PBCS model. The original result [22, Theorem 1] is
applicable only to the unconstrained sparsity model in Definition 2.2.

Next, we apply Theorem 3.1 to our stochastic setting and derive probabilistic
results on sparse-controllability of network opinion dynamics. Before we launch into
those main results, we provide a result on controllability of the network opinion using
unconstrained (non-sparse) inputs.

PROPOSITION 3.2. Consider the generalized linear system (3.1) and assume oy, =
Ty, Vp = up, ®= A, and ¥ = I (i.c., the systems in (3.1) and (1.1) are equivalent).
If the sparsity s = N (i.e., the manipulative agent can influence any number of people),
then the system (3.1) (and hence, the system (1.1)) is controllable.

Proof. The result follows immediately by substituting oy, = @k, vy = ug, ® = A,
and ¥ = [ in the two conditions of Theorem 3.1. ]

Proposition 3.2 indicates that the opinion dynamics model in (1.1) is always con-
trollable when an arbitrary number of people can be influenced by the manipulative
agent. Therefore, the non-trivial problem in this context is the controllability analysis
in the sparse regime (i.e., s < N) that we deal with in the subsequent sections.

4. Sparse Controllability of Opinions in an Undirected Graph. This
section studies the probability with which the opinion dynamics system (1.1) satisfies
the sparse-controllability conditions specified in Theorem 3.1 when the underlying
graph is sampled from the undirected Erdés-Rényi model ER(N, W, p) defined in
Definition 2.1. The main result of this section is a lower bound on the probability of
controllability that is followed by a discussion of the insights that it yields.

To state the result, we define the function @ : {0,1,...,s} x P(N) — N as follows:

(4.1) Qt,U)E{ZT CS:S el and |Z| =t}.

where N is the set of natural numbers. We recall that U is the admissible supports
set of the control input. Also, if U() € U?), we obtain that Q(¢t,UV) < Q(t,U?).
Therefore, Q(t,U) that counts the number of ¢-sized subsets of S € U and it can be
considered as a measure of the flexibility of the sparsity pattern. If the sparsity model
is less pattern-constrained, the size of U increases which in turn increases Q(, ).
Intuitively, if the control input is less constrained, then the system is more likely to
be controllable (as Proposition 3.2 also suggests). This dependence of the probability
of controllability on U is captured by the function @ as given by the following result.
The main result of this section is a lower bound (in terms of @ in (4.1) and the
parameters of the undirected Erdés-Rényi model in (2.2)) on the probability that the
network opinion is controllable. In essence, Theorem 4.1 suggests that the probability
that the opinion dynamics model in Equation (1.1) is sparse controllable increases
linearly with the function Q(-,U) and exponentially with the network size N.
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THEOREM 4.1 (Sparse controllability of network opinion in undirected Erdés-
Rényi graphs).  Consider the network opinion model (1.1) where the constraints
on control input uy, at each time k are modeled by the PBCS model in (2.4) with the
admissible supports set U and the additional constraint |UseyS| = N. Let the weighted
adjacency matriz A be sampled from the undirected Erdés-Rényi model ER(N, W ,p)
given in (2.2). Assume that

(4.2) (N-s)'<p<1l—(N-s)1

Then, the network opinion of the system can be steered to any desired value from any
initial network opinion in finite time, with probability at least q where

43 g= 3 QU - p 2 [ Cep (—elp(v - )?)],
=0

for some constants C,c > 0, and Q is as defined in (4.1).
Proof. See Appendix C. ]

We note that in (4.3), the exponent 1/32 is not the sharpest possible power of pN
and it can be improved. The crux of the result is that there exists a small constant
0 < & < 1 such that the probability of controllability exceeds 1 — Cexp (—c(pN)®).
Also, comparing Theorem 4.1 and Theorem 1.1, we note that Q) = > ;_, Q(i,U)
in the informal statement of the main results in Section 1. The other implications of
Theorem 4.1 that highlight its importance in practical contexts are discussed below.

4.1. Dependence on parameters. In this subsection, we explore the effect
of the parameters of the opinion dynamics model (1.1) such as the sparsity s, edge
probability p, network size N on the lower bound ¢ given in Theorem 4.1.

e Sparsity s: The dependence of g on the sparsity s is only through the first summation
term in (4.3) and it increases with the sparsity s. This observation is intuitive
because larger sparsity s implies less restrictions on the control inputs, and thus, it
leads to a higher probability of controllability.

e FEdge probability p: The sufficient condition (4.2) for sparse controllability of opin-
ion dynamics includes a range of values of the edge probability p that depends on
both the network size N and sparsity s. This suggests that when the network is
highly connected (i.e. p & 1) or sparsely connected (i.e., p = 0), it is difficult to
control the network opinion by influencing a few number of people. This is intuitive
as it is not possible to influence the opinion of the network if p ~ 0 as the people
in the network do not influence each other significantly due to lack of connections
among them. Also, when p is close to 1, we see that A has approximately low rank
with high probability, and hence the network opinion cannot be driven to all the
vectors in the null space of A. This is because from (1.1),

k—1
(44) Ty = Akwo + Z Ak_lui + ug,
i=1
where the first two terms belong to the column space of A. Therefore, the sparsity
of uy, should be greater than the nullity of A to ensure controllability.
e Network size N : As the network size N increases, the lower bound on the probability
of controllability ¢ (in (4.3)) increases. This is due to the following:

q>Q0,U) [1 — Cexp (—c(p(N))l/?’?)} =1—-Cexp (_C(p(N))l/32) 7
8
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since from (4.1), Q(0,U) = 1 for any set Y. This observation does not immediately
imply that the probability of controllability increases with N. However, as N — o0,
and s = o(N?), for some b € (0, 1), the value q goes to unity. This implies that the
network opinion is controllable, almost surely, for any admissible supports set U.
This result is intuitive because the Erdés-Rényi model ensures that the expected
number of neighbors of every person on the network is p(N — 1). Thus, as the
network size increases, the people who can be influenced by the manipulative people,
are connected to more people in the network. Consequently, the opinion of an
asymptotically large network is controllable with probability one.

e Giant connected component: If p < 1/N, the undirected Erdés-Rényi graph almost
surely has no connected component of size O(log(n)) whereas if p > 1/N, the
undirected Erdés-Rényi graph has a unique giant connected component containing
a positive fraction of the nodes almost surely [8,21]. We note that the lower bound
in (4.2) is larger than this threshold value (1/N) of p required for the almost sure
existence of a unique giant component in the graph, and thus, our results hold
only when a unique giant connected component exists almost surely. Here, we do
not make explicit assumptions on the connected components, and the almost sure
existence of a unique giant component follow automatically from (4.2).

o Versions of the PBCS model: We note that all piece-wise and block sparse vec-
tors (Definitions 2.3 and 2.4) belong to the set of unconstrained sparse vectors (Def-
inition 2.2). Thus, if the network opinion is controllable using piece-wise sparse or
block sparse control inputs, it is controllable with unconstrained sparse control in-
puts. Also, the block sparsity can be seen as a special case of piece-wise sparsity
with a common support for all blocks (see Appendix A). Therefore, we have?

where Uy, Us,Us C P(N) correspond to the three different versions of the PBCS
model given in Definitions 2.2 to 2.4. Thus, out of the three models, the uncon-
strained sparse vectors offer the highest probability of controlling network opinion,
followed by the piece-wise sparse vectors.

4.2. Design of sparse inputs.  Theorem C.2 deals with the existence of a set
of sparse vectors such that the network opinion can be driven from any initial state
xo € RY to any final state z; € RY. The next important question is the design of this
set of sparse vectors. The problem can be cast as a sparse vector recovery problem
using (4.4) where we solve for {ui}f:1 [23,40,42]. To elaborate, [22, Theorem 3]
ensures that we need at most N control input vectors (i.e., k = N) to drive the
system from any arbitrary initial state to the desired state. Therefore, we consider

the following sparse vector recovery problem: x ¢ —ANg, = [AN “1oAN=? T } u,
where u = [ulT ul ... u]TV]T eRM isa piece-wise sparse vector with N blocks

and each block being s—sparse. Then, the control input « can be estimated using the
piece-wise sparse recovery algorithms [27,42].

2Using straightforward computations, we get Q(i,U1) = (127)7

sm

m rnin{i7T N
= T masum= 3 (%) ()
0S5 mim <y =1 T

Jitj2...+im=t
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5. Sparse Controllability of Opinions in a Directed Graph. In this
section, we extend Theorem 4.1 in Section 4 to the directed Erdds-Rényi model
DER(N,W p) specified in Definition 2.1. The main result of this section (The-
orem 5.1) establishes a lower bound on the probability of sparse-controllability of
network opinion in a directed Erd6s-Rényi graph. This probability bound increases
linearly with the counting function Q(-,U) in (4.1) (which quantifies the complexity

of the sparsity model /) and exponentially with the network size N.

THEOREM 5.1 (Sparse controllability of network opinion in directed Erdds-Rényi
graphs). Consider the network opinion model (1.1) where the constraints on control
input uy, at each time k are modeled by the PBCS model in (2.4) with the admissible
supports setU and the additional constraint |UscyS| = N. Let the weighted adjacency
matriz A be sampled from the directed Erdés-Rényi model DER(N, W ,p) given in
(2.3). Assume that

(5.1) C(N —5)"tlog(N —s) <p<1—C(N —s) tlog(N — s).

Then, the network opinion of the system can be steered to any desired value from any
initial network opinion in finite time, with probability at least ¢ where

(5.2) q= ZQ(LU)(l —p)" NV 1 — exp (—e(p(N —0)))],

for some constants C,c > 0, and Q is as defined in (4.1).
Proof. See Appendix D. ]

We make similar observations regarding the result as those discussed in Section 4
about Theorem 4.1. Also, we note that the range of edge connectedness p is shorter
for directed graphs compared to undirected graphs. Here, we require the graph to be
connected with higher probability which is log(N — s) times more than the undirected
graph. For the same edge probability, the undirected graph is likely to have more
number of connections and hence, it is more controllable. Further, the bound on the
probability of controllability is of similar order for directed graphs and undirected
graphs, when the other parameters are kept the same. Therefore, the direction of
information flow (uni-directional in directed graphs vs bi-directional in undirected
graphs) does not have a significant effect on the probability bound.

6. Numerical Experiments. To give additional insights, we compute the
probability of controllability of network opinion using Theorem 3.1 via numerical
experiments, and compare the results with the bounds in Theorems 4.1 and 5.1.
Also, we numerically evaluate the probability of controllability for a different model
of social networks called a power-law model [5, 30, 34] in order to understand how
probability of controllability varies for different models.?

31n this paper, a power-law graph refers to an undirected graph where the probability p(k) that
a uniformly sampled node has k neighbors (i.e., degree distribution evaluated at k) is proportional
to k~¢ for a fixed value of the power-law exponent o > 0 (the term power-law graph is used in some
literature to refer to a directed graph with both in- and out-degree distributions following a power-law
though we do not deal with such directed power-law graphs in this paper). It has been shown that
power-law degree distributions arise naturally from simple and intuitive generative processes such as
preferential attachment whose power-law exponent « lies in the range from 2 to 3 [5,30,34]. Hence,
they have been widely compared with Erdés-Rényi graphs in the social network literature [26, 32].
The key difference between the two graph models (Erdds-Rényi and power-law) lies in the degree

10

This manuscript is for review purposes only.



1

> >

£o08 £08

2 3

€0.6 €06

8 8

S s

. .92 0.94 0.! .

_é‘UA 50_4 0.92 0.94 0.96 0.98 |

o K

F =¥~ Unconstrained Sparsity s=1 s =¥ Unconstrained Sparsity s=1

<] 02 Block Sparsity s=3, m=2 1 o 0.2 Block Sparsity s=3, m=2 |

a ™ -©- Unconstrained Sparsity s=2 a -©- Unconstrained Sparsity s=2
~@- Piecewise Sparsity s=3, m=2 ~@- Piecewise Sparsity s=3, m=2
=B Unconstrained Sparsity s=3 =B Unconstrained Sparsity s=3

0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1

Edge probability p Edge probability p
(a) Undirected graph with N = 12. (b) Directed graph with N = 12.
1 1
>
Zos £os
o o
s o
g g
€06 €06
<] o
o o
- -
° o 0.9 0.92°0.94 0.96 0.98
204 204 1
o o
F =¥ Unconstrained Sparsity s=1 s =¥ Unconstrained Sparsity s=1
[ 02 Block Sparsity s=3, m=2 | [ 0.2 Block Sparsity s=3, m=2 |
a - -9- Unconstrained Sparsity s=2 [*M -e- Unconstrained Sparsity s=2
~@— Piecewise Sparsity s=3, m=2 ~@- Piecewise Sparsity s=3, m=2
=B Unconstrained Sparsity s=3 =B Unconstrained Sparsity s=3

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Edge probability p Edge probability p
(c) Undirected graph with N = 20. (d) Directed graph with N = 20.
1
Zos Zo.
o o
s ]
s K
€06 €0.
=] =]
3] o
° ° 0.9 0.92 0.94 0.96 0.98
204 204 ]
a K
F s =¥ Unconstrained Sparsity s=1
] 02} Block Sparsity s=3, m=2 <] 0.2 Block Sparsity s=3, m=2 1
a -©- Unconstrained Sparsity s=2 o -©- Unconstrained Sparsity s=2
~@- Piecewise Sparsity s=3, m=: ~@- Piecewise Sparsity s=3, m=2
=B~ Unconstrained Sparsity s=3° =B Unconstrained Sparsity s=3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Edge probability p Edge probability p
(e) Undirected graph with N = 50. (f) Directed graph with N = 50.

FIGURE 1. Variation of the probability of controllability of the network opinion with edge proba-
bility p. The figures show that the probability of controllability grows with sparsity s and its variation
with edge probability p is lower bounded by the relationship given in Theorems 4.1 and 5.1.

6.1. Probability of controllability of the Erdds-Rényi model. To
evaluate the probability of controllability of the Erdés-Rényi model, we simulated
1000 independent realizations of both undirected and directed Erdés-Rényi graphs
each (for each value of N and p). The fraction of the realizations that satisfy the
two conditions of Theorem 3.1 (with ® as the adjacency matrix and ¥ = I) is the
estimate of probability of the opinion being controllable.

distribution (Erd8s-Rényi graphs have Poisson degree distributions as opposed to power-law degree
distributions) which is a key structural property of networks with implications in epidemic spreading,
stability, friendship paradox and perception bias etc. (1,10, 36].
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N. The figures confirm that the probability of the network opinion being not controllable decreases
exponentially with the network size N, as given by Theorems 4.1 and 5.1.
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FIGURE 3. Variation of the probability of controllability of the network opinion of the power-
law graph model with the power-law exponent o and the network size N. The figures show that
the probability of controllability in the power-law model is significantly different from that of the
Erdds-Rényt model.

As we mentioned in Subsection 1.1, the Erdds-Rényi model captures the un-
known structure of the underlying social network. Several real world networks such
as high-school romantic partner networks have been shown to be similar to Erd&s-
Rényi model [7]. Further, although the Erdds-Rényi model might not capture all the
characteristics of other social networks, it provides the simplest and most analytically
tractable approximation for such networks (for example, the emergence of giant con-
nected components) [21]. In this context, our numerical results in this section help to
better understand the effect of the parameters of the Erdés-Rényi model on another
such sociologically important phenomena, namely controllability of opinions in social
networks. The key observations from the numerical results are as follows:

o Sparsity and PCBS model: Figures 1 and 2 confirm that as sparsity s increases,
the probability of controllability grows. This trend is in agreement with the bounds
in Theorems 4.1 and 5.1 which also capture the monotonically increasing nature of
the probability of controllability with s. Also, for s = 3, the unconstrained sparse
vectors offer the highest probability of controlling network opinion, followed by the
piece-wise and block sparse vectors. This order verifies the relation given by (4.5).

e Fdge probability p:  Figure 1 shows that the probability of controllability first
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increases with p, reaches its maximum value, and then decreases. Also, the prob-
ability of controllability is one when p is close to 1. For comparison, we note that
the bounds on the probability of controllability (given by Theorems 4.1 and 5.1) ap-
proximately scale as (1 —p)V*(1 — exp((pN)®), for a > 0. This bound is zero when
p = 0, then increases with p to attain a maximum value and diminishes thereafter.
Thus, both the bounds in Theorems 4.1 and 5.1 and the curves in Figure 1 show
similar behaviors. However, as p approaches 1, the bound decreases, whereas the
probability of controllability estimated in Figure 1 suddenly increases when p = 1.
This difference in behavior is because the values of p close to 1 lie outside the regime
of the edge probability for which Theorems 4.1 and 5.1 hold. Also, this change in
probability of controllability is not surprising because when p = 1, the adjacency
matrix becomes A = 117 — I which is a deterministic full rank matrix. Therefore,
both the conditions of Theorem 3.1 are satisfied by the system for all values of s
and all sparsity patterns. Hence, the probability of controllability is 1.

o Network size N: Figure 2 indicates that as the network size N grows, the probabil-
ity of the system not being controllable decreases exponentially. This observation
corroborates the dependence of N on the probability of controllability given by
Theorems 4.1 and 5.1. Also, Theorems 4.1 and 5.1 imply the opinion of an asymp-
totically large network is controllable, almost surely, and the asymptotic behavior
is attained in the regime N > 30 when p = 0.2. This observation is confirmed from
Figure 1 that reveals that as IV becomes larger, the network opinion is controllable
with high probability for a wider range of edge probability p values.

e Undirected and directed graphs: Figures 1 and 2 show that the probability of control-
lability is larger for directed graphs compared to undirected graphs, in all settings.
This is an additional insight which is not evident from Theorems 4.1 and 5.1.

6.2. Probability of controllability of the power-law model. = The aim of
this subsection is to show that power law networks behave very differently from Erdos-
Rényi networks. Recall that an Erdés-Rényi network has a Poisson degree distribu-
tion, whereas a power-law network has a degree distribution of the form p(k) = Ck=¢
where C' is the normalizing constant and o > 0 is the power-law exponent. The
simulation results presented below for power-law networks show that our theoretical
results do not hold for this case, and there is a strong motivation to extend the results
of this paper to other random graph models in future work.

To evaluate the probability of controllability for a power-law model, we simulated
1000 independent realizations of undirected power-law graphs using the so called con-
figuration model [33] (for each value of the network size N and power-law exponent «).
More specifically, the configuration model generates k half-edges for each of the N
nodes in the graph where k is the number obtained by rounding the realizations sam-
pled independently from the power-law distribution i.e., &k ~ Ck~™® where C is the
normalizing constant and « > 0 is the power-law exponent. Then, each half-edge
is connected to another randomly selected half-edge avoiding parallel edges and self-
loops, yielding a graph with a power-law degree distribution. Finally, the fraction
of the realizations that satisfy the conditions of Theorem 3.1 is used as the estimate
of the probability of controllability. The results are presented in Figure 3 where the
definition of the labels are the same as those in Figures 1 and 2 (see Subsection 6.1).

Figure 3a shows that the probability of controllability decreases monotonically
with power-law exponent « for all considered sparsity models. This observation is
intuitive because a smaller power-law exponent « implies that the network has larger
number of high-degree nodes, making it easier to control. This is different from
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the non-monotone relation observed in Figure 1 for Erdos-Rényi graphs. However, it
should also be noted that the parameter p of the Erdés-Rényi model and the parameter
a of the power-law model convey different information: p is the probability of the
presence of an edge whereas « is directly related to the degree of nodes. Further,
Figure 3b shows that the probability of controllability decreases with the number
of nodes N in power-law model indicating an opposite behavior to the Erdés-Rényi
model shown in Figure 2a. Also, unlike the Erdds-Rényi model, the variation of the
probability with IV is not smooth. However, the cause of non-smoothness of the curve
is not obvious, and we defer it as future work. To sum up, these differences suggest
that the probability of controllability is an inherent property of the model.

7. Conclusion. This paper analyzed controllability of network opinions
modeled using a linear propagation framework with the additive influence of a sparsity
constrained manipulative agent. The linear propagation was modeled using an Erdos-
Rényi graph for two cases: the undirected and directed graphs. At every time instant,
the agent can influence only a small (compared to the network size) number of people
chosen according to a predefined sparsity pattern. The main results were Theorem 4.1
and Theorem 5.1 for undirected and directed graphs, respectively. They provide lower
bounds on the probability with which the manipulative agent is able to drive the
network opinion to any desired state starting from an arbitrary network opinion. Our
results indicate that in both cases, the probability increases with the network size,
and the opinions on an asymptotically large network is almost surely controllable.

One limitation of our results (Theorems 4.1 and 5.1) is that they are useful only
if s < N. Generalizing the results for all values of sparsity s is deferred to future
work. Also, relaxing the rank one assumption on the weight matrix and exploring
the controllability of opinions on other random graph models (e.g. power-law model,
stochastic block model) also remain as interesting future directions.
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Appendix A. Relation between Piece-wise and Block Sparsity Models.

In this section, we assert that the block sparse vectors can be seen as a special case of

the piece-wise sparse vectors. This observation implies that if a system is controllable

using block sparse control inputs, then it is controllable using piece-wise sparse control
inputs (see Subsection 4.1).

For any given block sparse vector z € RV, we can rearrange its entries as follows:

-z A -z A
Block 1 2 Fmt1 Block 1
Zm zN—m+1
zm+1 z2
Block 2 : : Block 2
: N :
Z2m ZN—m+2
ZN-—m+1 Zm
Block % . . Block m.
L zN . L ZN .

The rearranged vector on the right-hand side is a piece-wise sparse vector with m
blocks, each with at most sparsity s/m and the same support. Since shuffling the
entries of the control input does not change the controllability-related properties of
the system in (1.1), controllability under block sparsity can be seen as a special case
of that under piece-wise sparsity. We illustrate this idea using the example below:

ExXAMPLE A.1. Consider the case where N = 6,5 =2 and m = 2. A block sparse
vector with these parameters has N/m = 3 blocks out of which only s/m = 1 block has
nonzero entries. Therefore, for different choices of support, the block sparse vectors
can be rearranged to piece-wise sparse vectors with m = 2 blocks of size N/m = 3
where each block has at most s/m =1 nonzero entries as shown below:

a€R a€R 0 0 0 0

beR 0 0 a€R 0 0
0 N 0 a€R N 0 0 - a€R
0 beR|’ beR 0 ’ 0 0
0 0 0 beR a€R 0
0 0 0 0 beR beR

However, the rearranged vectors only form a small subset of the set of piece-wise sparse
vectors. The excluded piece-wise sparse vectors take the following forms:

a€eR a€R 0 0 0 0
0 0 a€eR a€R 0 0
0 0 0 0 a€eR a€R
0 ’ 0 “IbeR|’ 0 1beR|’ 0

beR 0 0 0 0 beR
0 beR 0 beR 0 0

Thus, the larger set of piece-wise sparse vectors is less restricted than the set of block
sparse vectors.
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Appendix B. Proof of Theorem 3.1.
At a high level, the proof has three main steps:

1. We first prove that controllability as defined in Theorem 3.1 is equivalent to the
following: there exist an integer K > 0 and a matrix U e Bk such that

(B.1) Rank {\I:} ~ N,

where B = {\Il ERNXEs = [ 1wg K 2wy, . Ws ], Sk € u} .

2. Next, we show that when one of the conditions, either Condition (a) or Condi-
tion (b) of Theorem 3.1 does not hold, the condition given in Step 1 is violated.
This is equivalent to showing that Conditions (a) and (b) of Theorem 3.1 are
necessary for our notion of controllability to hold.

3. Finally, we show that when the condition given in Step 1 does not hold, Condi-
tions (a) and (b) of Theorem 3.1 are not true simultaneously. Thus, we show the
sufficiency part of the result.

We present the proof for the above steps in the following subsections:

B.1. An equivalent condition. To characterize controllability of the system
as defined in Theorem 3.1, we consider the following equivalent representation:

K K
o — ‘I)Kao = Z @Kﬁk‘l”vk = Z @Kﬁk‘I’Sk’l}k,Sk_,

k=1 k=1
where Sy € U is the support of vy, and ¥s, € RV ISkl is the submatrix of ¥ with col-
umns indexed by Sg. Therefore, the system is controllable as defined in Theorem 3.1
iff the set Wk = RY for some finite K with Wik = U‘ileB(m CS {‘i’}, where
CS {-} denotes the column space of a matrix. However, a vector space over an infinite
field (RY in this case) cannot be a finite union of its proper subspaces [17, Chapter
1]. Therefore, CS {lil} = RY, for some ¥ € B, and Step 1 in the proof outline is
completed.

B.2. Necessity. We consider the following two cases:

(i) Suppose that Condition (a) in Theorem 3.1 does not hold. Then, from the classi-
cal PBH test for controllability, the linear dynamical system defined by the state
transition matrix-input matrix pair (®, ¥ ) is not controllable. Therefore, con-
trollability matrix lil(K) = [{)K_I\IIM 2w, . lIlM] does not have full
row rank for any finite K. Further, all matrices in Bk are submatrices of \il( K)>
and therefore, (B.1) is violated any ¥ € Bk-

(if) Suppose Condition (b) in Theorem 3.1 does not hold. Then, for every index set
S € U, there exists a nonzero vector z such that z' ¥s = 0 and z"® = 0. This
implies that for any finite K, there exists a vector z such that zT® = 0, for all
U c B(k). Therefore, (B.1) is violated any NS Bk-

Hence, we proved the necessity of the conditions given by Theorem 3.1.

~ B.3. Sufficiency.  Suppose that (B.1) is not true for any integer K > 0 and
W € Bky. We consider

U= [@PN s PN 2w . PN,
@N71WSP ‘I’Sp]v
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where P = |U| and UL 18 = U. Since (B.1) does not hold for any finite K and
¥ e Bk, the matrix ¥" does not have full row rank. Next, we can rearrange
the columns of U* to get the following matrix which has the same rank as that
of ¥ ['I)N g VN 29* . U*], where ¥* € RV*Ps is defined as ¥* £
[N  @P2Ng, ... W ]. Thus, using classical Kalman rank test for
controllability without any constraints, the linear dynamical system defined by the
state transition matrix-input matrix pair (®, ¥*) is not controllable. Then, the clas-
sical PBH test for controllability without any constraints, implies that the matrix
[® — M '] € RV*NTES has rank less than N, for some A € C. Therefore, there
exists a vector z # 0 € RN such that 2T® = Az and z"¥* = 0. However, we have

0=2"0" =2" NI-UNGg ANPDN@g ... g ].

So either A = 0 and 2"W¥s, = 0, or, if \ is nonzero, then 2TW,, = 0. Since the
ordering of the index sets in U does not matter, we conclude that either A = 0 and
2TWs=0forallS €S, or, 2T®, = 0 for some A € C. Therefore, the two conditions
of Theorem 3.1 do not hold simultaneously. Thus, the proof is complete.

Appendix C. Proof of Theorem 4.1. Theorem 3.1 provides necessary
and sufficient conditions under which a system is controllable using sparse inputs.
Therefore, the key idea of the proof of Theorem 4.1 is to derive the probability with
which the conditions of Theorem 3.1 hold when ® and ¥ in Theorem 3.1 are set to
be A and I, respectively. The main tools used in the proof are the rank properties of
the Hadamard product and a random symmetric binary matrix as stated below:

LEMMA C.1 (Invertibility of Hadamard product). For any matric A € RV*N
and a vector w € RY, the Hadamard product A ® (wa) is invertible if and only if
A is invertible and all entries of w are nonzero.

Proof. Let W € RVXN be a diagonal matrix with the entries of w along its
diagonal. Then it follows that A® (ww") = W AW, where ® denotes the Hadamard
product. Therefore,

det {A G (ww")} = det {W} det {A} = det {A} [] w?.
1€E[N]

Thus, det {A ® (ww')} # 0 if and only if det {A} # 0 and all the entries of w are
nonzero. Hence, the proof is complete. ]

THEOREM C.2. Let A € {O,I}NXN be the adjacency matriz of an undirected
Erdés-Rényi graph with the edge probability p. Then, there exist finite positive con-
stants C' and c such that, for N~ < p <1 — N~ the following holds:

P{A is non-singular} > 1 — Cexp (—c(pN)1/32) .

Proof. See Appendix E. ]

Clearly, Condition (a) of Theorem 3.1 holds with probability 1. So we focus on
Condition (b) of Theorem 3.1. Let event £ denote that event that Condition (b) of
Theorem 3.1 holds, i.e., £ is given by

(C.1) E={3S€eU:Rank{[A Is]}=N}.
17

This manuscript is for review purposes only.



In the following, we derive a lower bound on the probability P{£} which is also a
lower bound on the probability with which the network opinion is controllable under
given constraints.

For a given index set S € U, we rearrange the columns of the matrix in (C.1) as

Rank {[A Is}}ZRa”k{[ji; é]}

where S¢ = [N]\S and [S¢| = N —s. Also, As. € R¥N and Agc. € RV 5%V are the
submatrices of A formed by rows indexed by S and S¢, respectively. Consequently,
(C.1) can be further simplified as follows: £ = {35 € U : Ase . is full row rank}.

We note that £ depends on the rank of a non-square matrix As.. However, since
Lemma C.1 and Theorem C.2 deals with the invertibility of square matrices, we first
lower bound P{£} in terms of probabilities with which certain square matrices are
invertible. For this, we notice that

(C.2) ED {38 EUITCS: Az is full row rank} .

where Z¢ = [N]\Z 2 8¢, and Az.. € RVN=IZIXN is the submatrix of A formed by rows
indexed by Z¢. Here, (C.2) follows because if all rows of AIC7: are linearly independent,
then, all rows of the submatrix A507: of AIC7: are also linearly independent. Next, we
further bound (C.2) as follows:

(C.3) ED {38 EUTICS:Az. =0and Azc 7 is non—singulaur}7

where AI’; € RIZIXN ig the submatrix of A formed by rows indexed by Z, and AIC’IC S
RN=IZIXN=IZ] ig the (symmetric) principal submatrix of A formed by the rows indexed
by Z¢ and the corresponding columns. Therefore, we have

P{E} > P{EIS EUTICS: Az, =0 and Azc 7 is non—singular}.

Hence, P{€} now depends on the invertibility of the symmetric square matrix AIC’IC.
Next, we note that A = A(A @ W) where the invertible diagonal matrix A €

RfXN normalizes the rows of A ©® W and A;; = min {1, ZNlA} Since A is an
j=1 i

invertible diagonal matrix, we deduce that

P{E} > IP’{EIS EUTCS: A7, © Wz, =0and Aze 7c © Wre 7o is non—singular}.

The entries of Wze 7. are sampled from a continuous distribution, they are nonzero
with probability one. Thus, Lemma C.1 leads to the following:

(C.4) P{E} > JP’{HS €EUITCS: Az. =0 and Aze ze is non-singular}.

Further, (C.4) can be further simplified using Theorem C.2. For this, we rewrite
the right-hand side of (C.4) as P{E} > P{U;_,&;}, where we define &; as follows:

(C.5) & 2 {EIS cUITCS:|I|=14,Az. =0 and Aze 7c is non—singular}.

However, when Az. 7 is invertible, all rows of A indexed by Z¢ are nonzero. There-
fore, &; denote the event that A has exactly i zero rows (indexed by Z), and the
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remaining rows are linearly independent. Consequently, the events {&;};_, are dis-
joint, and so the union bound holds with equality. Therefore, we obtain

(C.6) P{S}zP{O&} :ZS:P{&}-

=0

Now, we simplify P {&€;} by summing over all possible values of Z (corresponding
to zero rows of A) as follows:

(C.n) P{&} = Z P{Az.=0}P{Azc zc is non-singular},

ICS:SeU,
|Z|=i

which we obtain using the fact that the entries of Az . and Aze 7o are independent.

The condition Az. = 0 holds when all the independent Bernoulli variables in

Az, are zeros. The number of independent random variables is (N — 1) + (N —2) +
.+ (N —1i)=4(N —(i+1)/2). Therefore, we have

(C.8) P{Az. =0} = (1 —p)/N-(+1/2)

Further, the entries of Aze 7c € RN =N =1 have the same distribution as that of
A. Thus, we apply Theorem C.2 to get

(C.9) P {Aze z is non-singular} > 1 — C'exp (*Cp(N _ i)1/32) :
where ¢ > 0 is universal constant. Combining (C.7), (C.8), and (C.9), we get that
(C.10) P{&) > Q.U NI/ 1~ Cexp (—ep(N — i)/

where @ is as defined in the statement of the theorem (see (4.1)). Finally, we complete
the proof by combining (C.6) and (C.10).

Appendix D. Proof of Theorem 5.1. The proof technique used here is
similar to that of Theorem 4.1. However, since Theorem C.2 does not hold in this
case, we use an an analogous theorem for directed graphs which is as follows:

THEOREM D.1. Let A € {0, 1}NXN be the adjacency matriz of a directed Erdds-
Rényi graph with the edge probability p. Let D be a real valued diagonal matrixz
independent of A with |D|| < Rv/pN where R > 1. Then, there emist finite positive
constants C' and c that depend on R such that for CW <p<l1l- C’lojg\,N, it holds
that P{A + D is non-singular} > 1 — exp (—cpN).

Proof. The result is an immediate corollary of [6, Theorem 1.11]. 0

Using the arguments similar to those in the proof of Theorem 4.1, we see that all
steps of the proof in Appendix C until (C.7) hold in this case. Hence, continuing from
there, the condition Az, = 0 holds when all the independent Bernoulli variables in
Az, are zeros. The number of independent random variables is (N — 1). Therefore,
we have

(D.1) P{Az. =0} =(1—p)i¥D
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Further, the entries of Azc 7c € RN~~~ haye the same distribution as that of A.
Thus, we apply Theorem D.1 to get

(D.2) P {Aze 7z is non-singular} > 1 — exp (—cp(N — 1)),
where ¢ > 0 is universal constant. Combining (C.7), (D.1), and (D.2), we get that
(D-3) P{&} 2 QUi U)(L —p)" ™MV [1 —exp (—ep(N —1))],

where &; is defined in (C.5) and @Q is as defined in the statement of the theorem (see
(4.1)).

Finally, we complete the proof by combining (D.3) and (C.6) (as we mentioned
in the beginning of the proof, (C.6) holds in this case).

Remark: We note that the bound in Theorem 5.1 is not as tight as the result in
Theorem 4.1 because of the bound in (C.3) used in the proof of Theorems 4.1 and 5.1
(see Figures 1 and 2). To be specific, for both cases, we claim that F; O F5 where

F12{38€U,ITCS: Az, is full row rank}
Fo £ {35 EUTICS: Az, =0and Az 7c is non—singular}.

We recall that Az.. € RN =IZXN and Az, € RZFI*N are the submatrices of A formed
by rows indexed by Z¢ = {1,2,...,N} \ Z and Z, respectively. Also, Azczc €
RN-IZIXN=IZ| i5 the principal submatrix of A formed by the rows indexed by Z¢
and the corresponding columns. To understand the difference between the directed
and the undirected graph cases, we define another event F3 as follows:

Fs & {38 EUICS: Az, =0 and Azc . is full row rank}.

Clearly, 71 2 JF3 2 F2. However, for undirected graphs, A is a symmetric matrix,
and so if Az. = 0, we have [:;} = [8 AZ(:,IC
Azc,: = [0 Azclc], and therefore, AIC,: has full row rank if and only if AIC’IC has
full row rank. Further, since Azc e is a square matrix, this is equivalent to Aze ze
being non-singular. Hence, F3 = F5 for the undirected graph case. However, for
directed graphs, F3 D JF2, and thus, the bound is not as tight as the bound for the
undirected case.

} . Hence, when Az. = 0, we have

Appendix E. Proof of Theorem C.2. The probability with which a sym-
metric random matrix with iid, zero mean and unit variance above-diagonal entries
(i.e., the entries in the upper triangular portion of a matrix other than the diagonal
entries) is invertible is studied in [43]. Our result is a generalization of [43, Theorem
1.5] which is modified to handle the adjacency matrix of an undirected Erdés-Rényi
graph with edge probability p. Our analysis is based on the concentration of inner
product using small ball probabilities whereas t [43, Theorem 1.5] uses the concentra-
tion of quadratic forms using small ball probabilities. We start by introducing some
notation and useful results from the literature.

E.1. Toolbox. In this section, we present a concept called small ball proba-
bility which describes the spread of a distribution in space. The results on small ball
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probabilities requires us to define two other quantities called Lévy concentration func-
tion and least common denominator (LCD). The definition of the Lévy concentration
function is as follows:

DEFINITION E.1 (Lévy function). The Lévy concentration of a random wvector
x € RN for any e > 0 is defined as L(z,¢) = sup P{||z — 2| < ¢€}.
z€RN
Thus, the Lévy concentration function measures the small ball probabilities, namely,
the likelihood that the random vector x enters a small ball of radius € in the space. A
useful result on Lévy concentration which we will use to define the LCD is as follows:

LEMMA E.2. Let £ be a random wvariable with unit variance and finite fourth
moment, and ¢ € {0,1} be another random wvariable independent of £ such that
p = P{{ =1}. Then, there exist constants 0 < dp,e < 1 such that the Lévy func-
tion (in Definition E.1) satisfies L(C€,€) < 1 — dop.

Proof. The proof follows from [39, Lemma 3.2] and [29, Remark 6.4]. O

We need some other definitions to introduce the concept of LCD. Let SV —! ¢ RV
denote the unit Euclidean sphere. We define a subset of S¥~! parameterized by
p € (0,1) based on sparsity as
(E.1)

_ N
Tocomp(Nop) = {2 € 871 3y € R¥such that Jyly < ¢l vl < p} .

The set Tincomp (NN, p) represents the set of incompressible vectors, i.e., the vectors

that are not close to sparse vectors with at most (pl\f)% nonzero entries.

DEFINITION E.3 (Regularized LCD [29, Definition 6.3]). Let a € (0,1), = €
Tincomp (N, p) and Z be the set of integers. We define the reqularized LCD of (x, o) as

D(z,a) = D (zz/||zz|) with D(x) = inf {6 > 0: dist (=, Z") < ~},

max
IC[N}IZ|< N

where v = (8op) "2y /log,, (v/6opb) and D(z) is called the LCD of ¢ and &y is given
by Lemma E.2.

Here, D(x) is the generalization of the least common multiple to real valued numbers.
If all the entries of x are rational numbers, then D(x) is the least common multiple
of the denominators of the entries of @, i.e., D(x) is the smallest integer 6 such that
Oz € ZN. This quantity D(x) bounds the small ball probabilities of projections, x"a.

The quantitative relation between £ (a:Ta, \/f)e) and D(x) is provided next.
PROPOSITION E.4 ( [29, Proposition 6.5]). Let a € RN be a random vector
with independent entries a; = (;& where P{(; =1} = 1 —-P{¢ =0} = p, and &
is a random variable with unit variance and finite fourth moment. Also, (; and &;
are independent random variables. Then, for any * € SV~ and € > 0, the Lévy

function satisfies L (mTa, \/}36) < C; (e—i— where D is the LCD given by
Definition E.3.

)

To state the other results used in the proof, we define a subset of Tincomp(V, p)
in (E.1) based on the regularized LCD (see Definition E.3) as follows:

(B2)  Tiarge(N,p) = {w € Tincomp (N, p) : D (w, (pN)_1/16> > exp ((pN)1/32) },
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where D is the regularized the least common denominator (see Definition E.3).
The following result shows that, with high probability, the eigenvectors of A
(defined in Theorem C.2) belong to the set Tiarge (V, p).

LEMMA E.5. There exist positive constants C and ¢ such that if N7! < p <
1 — N1, then for any X\ € R, the following concentration inequality holds:

]P’{H:L‘ € SN\ Tharge (N, p) : (A = M) x| = O} < exp(—cpN).

Here, A € RN*N and p are defined in Theorem C.2. Also, SN=1 C RN is the unit

| log1/(8p)
Euclidean sphere, Tiarge(N, p) is defined in (E.2), and p=C Rerad
Proof. See Appendix E.3. ]

The final result of this subsection bounds the infimum of || Ax|| over incompress-
ible vectors for a general random matrix A.

LEMMA E.6. Let A € RN*N be any random matriz with iid columns. Let H C
RY denote the span of all columns of A except the first column. Then, for every
€ > 0, it holds that

]P’{ inf |Ax| < \;”N} < (pN)Y1OP {dist (A1, H) < €},

we7—incomp (va)

where Tincomp (N, p) is defined in (E.1).

Proof. The result is obtained from [38, Lemma 3.5] by choosing the first parameter
of the compressible set as (pN )~1/16 and the fact that columns of A are iid. 0

Having presented the mathematical tools, in the next subsection, we formally
prove Theorem C.2.

E.2. Proof of Theorem C.2. We obtain the probability with which A is
invertible by computing the probability with which the smallest singular value of A
is positive. Using the union bound and with S¥~=! ¢ RY denoting the unit Euclidean
sphere, we have

(E.3)

P{A is singular} < IP{ inf ||AwH = 0} + IP’{ inf |Az| = O} ,
meﬂarge( mesNil\ﬂarge(Nip)

where Tiarge (N, p) and p are given by (E.2) and (E.5), respectively. In what follows,
we upper bound the two terms in (E.3).
Using Lemma E.5, there exists a constant ¢; > 0 such that

(E.4) |Az| = O} < exp(—c1pN).

P { inf
€ (SN ="\ Tlarge (N,p))

Next, we bound the first term in the right hand side of (E.3) using Lemma E.G.
To this end, we use (E.2) to get Targe(N, p) C Tincomp (NN, p) which is defined in (E.1).
Thus, we deduce that

p{ it faci=ob<p{ wf jas-of.
meﬂalge(Np € Tincomp (N, p)
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0 aT €R1XN71
aGRN71X1 AsubERNflxN—l )

Further, we write the symmetric matrix A = {

and apply Lemma E.6 to obtain

9 +{_ gttt} <o o (e [ ]) o)

where CS {-} denote the column space of a matrix. The distance term on the right
hand side simplifies as follows:

ol
dist ([ ] CcS { [A } }) > dist (a,CS{Aqw})= min |la—z|[|= max z'a.
zeSN 2

sub z€CS{Agub}
Agubz=0

Therefore, from (E.5), we have

{ Tim (N HAxH_O} (pN)Y1P{ max 2Ta <0
xre lalge p)

< (pN)l/mIP’ {ﬂz eSN 2. A pz=0and z'a= O}
< (pN)Y1OP {32 € SV 72\ Trargo (N — 1, 0): Agupz = 0}
(E.6) + (pN)'/16p {32 € Tiarge(N — 1,0/) : 2Ta =0},

log 1/(8p)

where p' £ C LOgVP(N‘”J wherein the constant C is same as the constant in (E.4).
Next, we use Lemmas E.2 and E.5 to simplify the two probability terms in (E.6).

Since the entries of Ag,p € RV ~1XN=1 have the same distribution as that of A,
we again apply Lemma E.5 to get

(E.7) P {ﬂz e sV—2 \ Tharge (N — 1,p") : Agubz = O} <exp(—c1p(N — 1)),

The second term in (E.6) can be simplified as follows:

P{3z € Trarge(N = 1,0/) : 27a =0} < sup P{|z"a|] =0}
2€Targe (N—1,p")
< sup sup P{|zTa —z| =0} < sup £(z"a,0).
zeﬂarge(N 1.p ) z€R Zeﬂax’ge(N_lvp/)

Further, we note that the entries of a have the same distribution as (&, where (,£ €
{0,1} are Bernoulli random variables with probabilities of being 1 as 1/2 and 2p,
respectively. Thus, Proposition E.4 implies that there exists a constant C; > 0 with
(E.8)

P {Hz € Tharge(N — 1,0') P G G

a:O}S sup

< b
=€ rrge(N—1p) VZPD(2) = /35 (N -1p) 2

where the last step follows from the definition of Tiage(IN — 1,p’) and the fact that
D(z,0) < D(z), for any € S¥~! and 0 < o < 1. Combining (E.6), (E.7) and (E.8),
we get that

Cy
V2pexp (N —1)p)t/32)

p{_ i llde] =0} < (V) exp(-cpN - 1)+
mEﬂarge(N P)

< Cyexp (fcz(pN)l/?Q) ,
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for some constants Co, co > 0. Finally, combining the above equation with (E.3) and
(E.4), we conclude that IP’{ iSnN ) | Ax| > O} > 1— Csexp (—c3(pN)1/32), for some
xedSN T

constants C'3, c3 > 0. Thus, the proof is complete.

E.3. Proof of Lemma E.5.  The proof is adapted from [29, Theorem 2.2],
which relies on the following lemma:

LEMMA E.7. Let X C S¥=1 ¢ RN. We fix parameters ¢ > 0, 0 < a < 1/2,
1/16 < B and A € R. Suppose for all N~! < p < 1/2 and for any y € RN, there exist
constants Cy,c1 > 0 such that

(B.9) P{3xeX:|[A-pA1" —I)] @ — x| < e(pN)*} < Crexp(—c1(pN)”).

where A € RVN*N and p are defined in Theorem C.2. Then, there exist constants
Cy, ¢ > 0 such that for any N"' <p<1—N~! and A € R,

(E.10) ]P’{ Helf\f |Ax — \z| = 0} < Oy exp(—ca(pN)P).
T
Proof. We first consider the case where p < 1/2 and note that for any & € X,
pllTx =p(1Tx)1 € Y 2 {k1: k € [-pN,pN]}.
Then, for any A € R, we have

;Ielgj wireleH[AfpllTerI]mf)\mfyH g;g{ |1Az — (A — p)x|| .

This relation leads to

p{ inf 142 el < oy f <P {ing int {45117 @~ xe g < o .

Let Vet be an e(pN)®—net of Y and |[Vyet| < % < cexp ((pN)1/16), for some

constant ¢ > 0. We then deduce from the triangle inequality that for every y € Y,
there exists ¥ € Vyet such that

H[AfpllT]a:f)\:cfyH > ||[A—p11T]a:—>\:c—yH —lyv—yll-
Therefore, taking infimum over @ € X,y € Y and y € Vyet,

;Efy érelifv || [A — pllT] T — A\x — yH > yéralzietmnel/f\f H [A — pllT] T — Ar — @H —€¢(pN)“.

Consequently, we derive

P{;2£(|Aw—)\w||§6(pN)a}§P L)) a}relch[A—pllT]:B—/\:c—y}§2e(pN)a
YEVnet

Finally, using the union bound and (E.9), we arrive at the desired result for p < 1/2.
Next, to handle the case where p > 1/2, we notice that the distribution of A —
p(11T 1) is the same as that of (1—p)(117 —I)— A where A is the adjacency matrix of
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an Erdés-Rényi graph with edge probability 1—p < 1/2. Therefore, the distribution of
|[A—p(A1T — I)] & — Az| is the same as that of H {A - (1-p)(117 - I)} x+ )\a:H

Thus, we can use similar arguments as for the case p < 1/2 to prove that (E.10) holds
for all p > 1/2. Hence, the proof of Lemma E.7 is complete. 0

To prove Lemma E.5, we invoke the union bound to get

(E.11) 11»{ inf | Az :0} gP{ inf | Az| :0}
LESN 1\ Trage(N ) €SN 1\ Tincomp (Np)

€ Taman (N, p)

+IF’{ inf || Az|| O},

where Toman(NV, p) 2 Toman(N, p) we use the fact that Tiarge (N, p) € Tincomp (N, p)
which in turn, implies that SV =1\ Tiarge (IV, p) [SN_l \ Tincomp (V; p)] U Tsman (N, p).
In the following, we show that for each of these two sets, there exist €, 3, « satisfying
the conditions of Lemma E.7 such that for any given A € R and y € R and for
all N1 < p < 1/2, (E.9) holds. Thus, using Lemma E.7 with A = 0 in (E.10) and
(E.11), our proof is complete.

We start by proving that the set S¥~!\ Tiscomp(IV,p) satisfies the condition
(E.9) of Lemma E.7. We use the non-centered version of [29, Corollary 5.5] given
in [29, Appendix B]. The corollary states that there exist constants C, ¢, ¢ > 0 such
that if 2 < p~! < M and for any A € R and y € R",

. B T - ) )
P{weﬁo,j?(fzv,mp) HA p(11° — Dz yH < CP\/IW} < exp(—cpN)

Teomp(N, M, p) £ {ac € SN¥71: 3y € RVsuch that ||y||, < Mand ||z — y|| < p}.

In our case, since N=! < p < 1/2, we get p~! < W, and with M = W,

. T ~

P {EESNI\%&W(M[)) || [A pll pI] T )\wH < cp\/]W} < exp(—c1pN),
for some constant ¢; > 0 and for any y € R. Therefore, SV 1 \ Tincomp satisfies the
condition (E.9) of Lemma E.7.

Finally, we complete the proof by establishing that Toman(N, p) also satisfies the
condition (E.9) of Lemma E.7. For this, we rely on the following related results:
(i) From the non-centered version of [29, Proposition 5.2] (explicitly stated as the

equation above Proposition 8.1), we get that there exist constants K, ¢y such that

IE”{HA—p(llT -1 > K\/W} < exp(c2pN).

(ii) From [29, Proposition 6.8, Equation (3)], for any & € Tincomp(&V, p), we know that

. _ *VN
(E.12) D (@, (pN)7/16) > W-

(iii) [29, Proposition 8.1] establishes the following: For any N=! < p < 1/2, A €
[-K+/pN,K+/pN] and y € RY, there exist constants Cs,c3,é> 0,

(E.13) IP’{ inf ||A— p(117 — Iz — y|| < C’ge(pN)7/16} < exp(—cspN),

xESp
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where c% < D < exp ((pN)'/32?) and we define € = min {g, g(pN)%} and
(E.14) Sp = {:c € Trncomp: D < D (w (pN)—%) < QD}.

(iv) [29, Proposition 8.2] proves that for any given A € [-K+/pN, K+/pN], the relation

(1.13) holds if 720 < D < e

Combining these arguments, we obtain the following result: There exist constants
Cjy,cq > 0 such that if for any N~! <p<1/2, A€ R and y € RV,

(E.15) P 1nSf |lA-p (11" - Dz —y| < Cue(pN)/16 } < exp(—cypN),
xESp

where (’OT‘{;@ < D <exp ((pN)'/32). Also, from (E.12), we deduce that

2 A
7;mall(N7 P) = {$ S 7;ncomp(]\ﬂ ,0) : 4(5‘[\/})/37?/32 S D (iL‘, (pN)_1/16) SeXp <(pN)1/32)}

Next, we use the covering set-based arguments to prove that Tgman(IV, p) satisfies
Condition (E.9) of Lemma E.7. We have Tgman(V, p) = UkK:1 Sk exp((pN)1/32) where

VN
K = min kGN:Q*kexp((pN)l/32)< »VN

1/16

and S is as defined in (E.14). Using (E.15) and the union bound, we conclude that

IE”{ |A-p (11" - I):c—yH<C46(pN)l76}<(pN)1166_C4pN<e_C5pN,
(EE,E;mall(N p)

for some constant c5 > 0. Thus, the proof is complete.
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