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Abstract—This paper proposes and analyzes a generalized epi-
demic model over arbitrary directed graphs with heterogeneous
nodes. The proposed model, called the generalized—susceptible
exposed infected vigilant, subsumes a large number of popular epi-
demic models considered in the literature as special cases. Using a
mean-field approximation, we derive a set of ODEs describing the
spreading dynamics, provide a careful analysis of the disease-free
equilibrium, and derive necessary and sufficient conditions for
global exponential stability. Building on this analysis, we consider
the problem of containing an initial epidemic outbreak under
budget constraints. More specifically, we consider a collection of
control actions (e.g., administering vaccines/antidotes, limiting the
traffic between cities, or running awareness campaigns), for which
we are given suitable cost functions. In this context, we develop
an optimization framework to provide solutions for the following
two allocation problems: 1) find the minimum cost required to
eradicate the disease at a desired exponential decay rate, and
2) given a fixed budget, find the resource allocation to eradicate
the disease at the fastest possible exponential decay rate. Our
technical approach relies on the reformulation of these problems
as geometric programs that can be solved efficiently in polynomial
time using tools from graph theory and convex optimization. In
contrast with previous works, our optimization framework allows
us to simultaneously allocate different types of control resources
over heterogeneous populations under budget constraints. We
illustrate our results through numerical simulations.

Index Terms—Diseases, Markov processes, networked control
systems, nonlinear control systems, optimization.

I. INTRODUCTION

HE analysis of spreading processes over complex net-

works has recently garnered a large amount of attention
due to its relevance in a wide variety of practical applications.
A few examples include epidemiology and public health [2];
computer viruses [3], [4]; and viral marketing [5]. Proper
modeling and analysis of spreading processes is important in
understanding the complex dynamics of these processes and in
designing control strategies to tame (or promote) the spread.
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We propose a dynamic spreading model over networks that
generalizes most epidemic models of current interest. In con-
trast with many existing models, we assume that the spreading
takes place in an arbitrary directed network of heterogeneous
nodes. These extensions allow our model to capture a wider
variety of practical situations in which the interactions between
nodes are not reciprocal, and nodes are not identical. After
developing this dynamic model, we derive conditions for global
exponential stability of the spreading process. Based on our
stability analysis, we then propose an optimization framework
to find the optimal allocation of control resources to contain
a spreading process. We can numerically solve this allocation
problem in polynomial time using geometric programming via
standard off-the-shelf software.

The analysis of epidemic models has been a long-standing
research topic. The most widely studied spreading model in the
literature is the susceptible infected susceptible (SIS) model.
Early works consider simplified versions of this model that
assume each individual has equal contact to everyone else [2].
More general models were recently studied in [6] in the case of
homogeneous mixing. The first paper, to our knowledge, that
considered the situation of networked populations is [7]. Mean-
field models over arbitrary contact graphs are now gaining pop-
ularity in both discrete time [8] and continuous time [9]. In [10],
we find a detailed analysis of the SIS model in undirected net-
works of homogeneous agents. In this paper, the authors derive
conditions for global exponential stability of the disease-free
equilibrium for both the continuous and discrete-time cases. If
these conditions are not satisfied, the authors prove the exis-
tence of an endemic equilibrium where the disease never dies
out. In practice, directed graphs may be more appropriate to
model the spread of diseases in human populations with asym-
metric contact rates as well as the spread of computer viruses
[3], [4], or information in social networks [11]. Similarly, by
considering heterogeneous agents, we are able to capture the
fact that individuals may respond to a given disease differently.
This has been rigorously studied for the SIS model in [12].

Apart from analysis, the problem of controlling spreading
processes in complex networks is also a thriving avenue for
research. The majority of existing works consider the SIS
model in different scenarios. Unlike works that propose subop-
timal feedback control strategies, such as [13] and [14], we are
interested in allocation strategies based on the spectral proper-
ties of appropriate matrices. In the control systems literature,
Wan et al. proposed a method to design control strategies for
the SIS model in directed networks using eigenvalue sensitivity
analysis [15]. This is then formulated as a semidefinite pro-
gramming problem in [16], and extended to a metapopulation
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model in [17], where nodes represent subpopulations (e.g., a
city or district). A distributed approach to deciding the recovery
parameters is presented in [18]. A game-theoretic formulation
of this problem is proposed in [19]. In [20], a multilayer SIS
model is considered where the spreading of multiple processes
must be contained simultaneously. Most similar to our work is
[21], in which a geometric programming allocation solution is
proposed for the SIS model.

An interesting departure from the SIS model on arbitrary net-
works can be found in [22]. In this paper, we find a susceptible-
alert-infected-susceptible (SAIS) model where the alert state
captures the effect of human awareness about the disease and
its influence on the dynamics. Based on this model, an opti-
mization framework to design cost-optimal disease awareness
campaigns can be found in [23]. Unlike the aforementioned
works, we utilize the analysis of our generalized epidemic
model G-SEIV to formulate and solve optimal resource allo-
cation problems that can be generalized to a large number of
models including the SIS model. Furthermore, our framework
allows us to simultaneously optimize the distribution of multi-
ple types of control resources (e.g., vaccines, traffic constraints,
and awareness campaigns).

The contributions of this paper are threefold as follows.

1) We propose the continuous-time generalized susceptible-
exposed-infected-vigilant (G-SEIV) model in which the
exposed and infected states are infectious. This model
generalizes many models studied in the literature, includ-
ing SIS, SIR, SIRS, SEIR, SEIV, SEIS, and SIV [24],
[25]. Having two infectious states allows us to model
human behavioral changes when infected with a disease.
The exposed state corresponds to a person having the
disease and being contagious, but not yet aware that
he or she is sick. The infected state means a person
is infected and aware of the disease, which means the
person might behave differently. For instance, a person
knowingly infected with a disease may have much less
contact with others, yielding less of a chance of spreading
the infection.

2) We use nonlinear analysis techniques to provide a useful
coordinate change that allows us to study the stability of
the spreading dynamics. By showing that the nonlinear
system is upper-bounded by its linearization, we are
able to provide necessary and sufficient conditions on
the graph and parameters of the infection such that the
disease dies out exponentially. Furthermore, this sets the
stage for our third contribution.

3) We are interested in cost-optimal strategies for eradicat-
ing the disease. We consider three types of resources to
control the disease: 1) corrective resources (e.g., antidotes
to help increase recovery rates); 2) preventative resources
(e.g., vaccines to help increase resistance); and 3) pre-
emptive resources (e.g., awareness campaigns and/or lim-
iting traffic to help reduce exposure to the disease). We
assume that we have access to the cost functions associ-
ated with each control resource and show that, under mild
conditions, we are able to find the optimal allocation of
resources to eradicate the disease. We illustrate our results
through numerical simulations on synthetic data.

The structure of this paper is as follows. The description of
the G-SEIV model is formally presented in Section II. We state
the main problems of interest in Section III and show how they
can be reformulated as geometric programs in Section IV. We
illustrate our results through simulations in Section V and finish
with closing remarks in Section VI.

Notation and Preliminaries: We denote by R, R, and
R~ the sets of real, non-negative real, and positive real
numbers, respectively. Given my, ..., my where m; €, we let
diag(mi,...,my) denote the N x N diagonal matrix with
mi,...,my on the diagonal. We define the indicator function
17 to be 1 if Z is true, and O otherwise. Given two column
vectors x,y € RN, we let xy denote their Hadamard product,
that is, xy = (2191, ...,zNvyn) 7.

A directed graph (also called digraph) is defined as G = V&),

where V 2 {v1,...,un}isasetof Nnodesand £ CV x Vis
a set of ordered pairs of nodes called directed edges. By conven-
tion, we say that (v;, v;) is an edge from v; pointing toward v;.

We define the in-neighborhood of node v; as N;» = {7+ (vy,
v;) € £}, that s, the set of nodes with edges pointing toward v;.
A directed path from v;, to v;, in G is an ordered set of vertices
(Viy s Viy, - -+, v5,) such that (v;,,v;, ) € Efors =1,...,1—
1. A directed graph G is strongly connected if, for every pair of
nodes v;,v; € V, there is a directed path from v; to v;.

The adjacency matrix of a digraph G, denoted by Ag =
lai;], is an N x N matrix defined entry-wise as a;; = 1 if
edge (vj,v;) € €, and a;; = 0 otherwise. The matrix Ag is
irreducible if and only if its associated graph G is strongly con-
nected. For simplicity, we only consider unweighted digraphs in
this paper but note that all results trivially hold for all positively
weighted digraphs as well.

Given a matrix M € RV*N we denote its eigenvectors and
corresponding eigenvalues by vy (M), ..., vy (M) and A (M),
...y AN (M), respectively, where we order them in decreasing
order of their real parts, that is, R(A1) >R(A3) > - - - >R(An).
We call A (M) and vy (M) the dominant eigenvalue and eigen-
vector of M, respectively. The spectral radius of M, denoted by
p(M), is the maximum modulus across all eigenvalues of M.

II. MODEL DESCRIPTION

Our model follows the idea of the N-intertwined SIS model
in [9]. The model we study, called the G-SEIV, is described as
follows. Consider a virus spreading model where each node can
be in one of four states: susceptible S, exposed E, infected I,
or vigilant V. The susceptible state S corresponds to a healthy
node. The exposed state E corresponds to a node that has
been exposed to the disease and is contagious, but is not
aware of the contagion (e.g., the symptoms have not yet been
developed). The infected state I corresponds to an infected node
that is aware of the infection (e.g., the node is symptomatic).
Finally, the vigilant state V corresponds to a node that is not
contaminated, but is also not immediately susceptible to the
virus (e.g., vaccinated, quarantined, or recently recovered).

For each node ¢ € {1,..., N}, we define the random vari-
able X;(t) € {S,E, I, V} as the state of node 7 at a given time ¢.
A susceptible node is only able to become exposed if it has at
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Fig. 1. Example of a five-node network (left) with an underlying directed contact graph shown by solid black lines and effects of infection shown by dashed red
lines and the stochastic compartmental model (right) for node ¢ = 2 with one exposed and infected in-neighbor.

least one neighbor that is either exposed or infected on a contact
graph G. We assume that G is strongly connected. Fig. 1 (left)
shows a simple five-node network with an underlying digraph
G shown with solid black lines. The dashed red arrows indicate
the potential paths of infection in the graph (notice that the
“tails” of those arrows are either infected or exposed, and the
“heads” are susceptible). As discussed before, a node 7 can
only be affected by a neighboring j € N™ if j is in either the
exposed state [E or infected state I and ¢ is in the susceptible
state S.

The stochastic dynamics of each nodal state is described
as a networked Markov process, similar to the one proposed
in [9], but extended to the case of four states per node. The
transition between states is graphically represented in Fig. 1
(right) for node X5. The parameter §; in Fig. 1 represents the
natural recovery rate of node ¢ when infected, that is, the rate
at which infected states transition into the vigilant state. The
parameter ; is the rate of becoming susceptible after the node
has become vigilant. This could represent, for example, the rate
at which the immune system of an individual that has recovered
from a disease (e.g., the flu) becomes susceptible to a new
infection. Similarly, 37 (respectively, 8/ < BF) corresponds
to the natural rate at which a susceptible nodes ¢ transitions to
the exposed state due to contact with a node in the exposed
state (respectively, infected state). Let €; be the rate at which an
exposed node ¢ becomes infected (the rate at which an exposed
individual exhibits symptoms). Finally, let §; be the rate at
which a susceptible node 7 becomes vigilant (e.g., through
vaccination or quarantine).

The dynamics of the epidemic spread is then modeled using
a networked Markov process with the following transition rates,
for a chosen timestep At [26]:

P (Xi(t') = E|X,(t) = S, X(1)) = BPALY;(t)

P (X;(t'") =V|X;(t) =S, X(t)) =0;At + o(At)
P(X;(t) =11X;(t) = E, X(t)) =¢;At + o(At)
P(X;(t)=V|X;(t) =1,X(t)) =0;At + o(At)
P (X(t') = S|X;(t) = V, X (t)) =7:At + o( At) )

where t' =t + At, and
A A
Yi(t) = Z 1x,0)=5, Zi(t) = Z 1x, =1

JEN JEN

are the number of exposed and infected in-neighbors of node 1,
respectively.

Fig. 1 (right) shows the stochastic compartmental model for
node 2, which is affected by one exposed and one infected node
as shown on the left. In this figure, the solid black lines show
the internal state transitions and the dashed red line corresponds
to the node having one or more infected or exposed neighbors.

According to the Markov process described in (1), the whole
network state X (t) lives in a 4% dimensional space. The
exponential size of the state space makes the Markov process
very hard to analyze. Instead, we consider a mean-field approx-
imation, similar to the one proposed in [9], that allows us to
study the dynamics of the spreading using a set of 3/V nonlinear
ODEs. We refer the reader to [9] for a detailed derivation of
the mean-field approximation for the SIS model and to [27] for
a numerical exploration of mean-field approximations in net-
worked dynamics. We denote by [pf(t),pf(t),pf (t),py(t)]T
the probability vector associated with node ¢ being in each of
the states S, E, I, V, respectively, i.e.,

Py (6) + pF(8) + pf () +p] (1) =1
p7 (0,27 (), pi (8), i (1) 20 @)
foralli € {1,..., N} and ¢t € Rxg. For simplicity, we drop the

explicit dependence on time when it is not important. The mean-
field approximation of the G-SEIV model is then given by

5y =vip{ — 0] —p7 | D B+ Blp]

]‘E'/\GH
pf =0 | > BEpY +8lp] | —epf
je./\/'iin
P =i —dip;
B =0ip] + 07 —vip! (3)
forall i € {1,..., N}. From (2), we see that one of the states

is redundant, reducing the entire network state to be in R%f .
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Remark II.1 (Relation Between the Markov Process and
Mean-Field Approximation): The remainder of this paper fo-
cuses on the analysis and control of the deterministic mean-field
approximation. Based upon extensive simulations, we conjec-
ture that the exposed and infected states of our approximation
upper-bound the expectations of these states in the original
stochastic model. This is known to be true for the SIS model
[28]-[30] and very recently shown to be true for a more general
SIRS model [31]. Given the rigor required to properly justify
this claim, we leave this to be addressed in future works. °

III. PROBLEM FORMULATION

Given the G-SEIV model developed in Section II, we are
now ready to state the two main problems we seek to solve.
The first problem, which we denote the budget-constrained
allocation problem, consists of optimizing the rate of decay
to the disease-free equilibrium given a fixed budget to invest
in various control resources. The second problem, denoted the
rate-constrained allocation problem, consists of minimizing
the cost of eradicating a disease at a desired rate of decay. In
both control problems, we consider three types of protection re-
sources: 1) corrective resources (e.g., antidotes) able to increase
the recovery rate d; of the node to which they are allocated;
2) preventative resources (e.g., vaccines) able to increase the
parameter 60;; and 3) pre-emptive resources able to decrease the
values of the infection rates 37 and (3} of the node to which
they are allocated. For example, a pre-emptive resource can
be the restriction of incoming traffic to a particular city. We
assume that we are able to modify these parameters within some
feasible bounds

0;, 0<9

0<pl<pl<B;. 4)

0<

>
-

<0,

IN

—FE

We define four cost functions to account for the cost of
controlling each one of the variables 6;, &;, 37, and B!. The
preventative cost function f;(6;) accounts for the cost of tuning
the value of 6; of node i. We assume that this cost function is
monotonically increasing since investing in a node should in-
crease its rate 6; of becoming vigilant. Furthermore, we assume
that @, is the lowest achievable value for the parameter 6;. In
practice, it is sensible to assume that this value is achieved in the
absence of any investment to tune 6;; therefore, f;(6,) = 0 for
all 7. Following a similar logic, we can assume that the correc-
tive cost function g;(;) is a monotonically increasing function,
while the pre-emptive costs hZ(3E) and h!(3!) are monoton-
ically decreasing. Also, in the absence of investment, we
have that f;(6,) = g:(d,) = hP (B} ) = h!(B;) = 0 for all i.
We let €;,; > 0 be fixed parameters that depend on the nature
of the disease and each individual node. In other words, the rate
at which a node develops symptoms (represented by ¢;) is a
variable that is hard to control in practice; hence, we assume it
to be fixed. Similarly, the rate in which an individual that has
recently recovered from a disease (e.g., the flu) can get infected
again is also hard to control in practice. In the next section, we
analyze the disease-free equilibria of the G-SEIV model.

A. Analysis of Disease-Free Equilibria

We are interested in studying the disease-free equilibrium of
(3). At this equilibrium point, we have p" = p!” = 0. Note
that in the disease-free equilibrium, the healthy states pf, pZV
are not necessarily 0, and their equilibrium values depend on the
parameters 6; and ;. In what follows, we compute the values
of the healthy states at the disease-free equilibrium.

Since p; =1 — pF — p! — pY, we can reduce the system of
4N differential equations in (3) to 3V equations

> BEpP +Bp | —enf
JEN

pf = (L—p7 —pi —p))

pi =& — 6ip}
Py =08 +0; (1 —pf —pf —p{") —wip) (t) (5)

for all 4 € {1,...,N}. We find the disease-free equilibrium
point p} " from the last equation in (5), by substituting p} = 0
and pF* = p!" = 0tobe

g
0; + i

Notice that at this equilibrium, p¥* =1 — p}".

The following proposition states a spectral condition to con-
verge toward the disease-free equilibrium exponentially fast,
that is, eradicate the disease at an exponential rate. In the state-
ment of this proposition, it will be useful to resort to the follow-

,BE), B & (B1,...,
A
761\7)’ Y= (’ylw'w’yN)’

ing vectors of parameters 3F 2 (BF . ..
BLY), 62 (61,...,0n), € 2 (1, ...
and 0 2 (61,...,0N):

Proposition I11.1: Consider the G-SEIV epidemic model in
(3) and assume that all the parameters in (4) are strictly positive.
Define the matrix

TBYA; - E TB'A
Q= It D (©)

where Ag is the adjacency matrix of the strongly con-
nected contact graph G, BF édiag(ﬂE), B! édiag(ﬁl),

e diag(é), E = diag(e), and T' £ diag(y/(0 + +)). Then,
the largest real part of the eigenvalues of () satisfies

M(Q) < —k )

for some k£ > 0 if and only if the disease-free equilibrium is
globally exponentially stable with an exponential decay rate
upper bounded by k.
Proof: In the Appendix. |
Remark I11.2 (Tightness of Convergence Rate Bound): 1t is
important to note that although Proposition III.1 only provides
an upper bound on the exponential convergence rate of the non-
linear system, this bound is tight. This can be shown by seeing
that although the nonlinear terms are all helpful (in terms of
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speeding up the convergence), they are all sums of second-order
monomials. This means that the nonlinear terms go to 0 much
faster than the linear terms as the state of the system approaches
the disease-free equilibrium. °

Based on Proposition III.1, we now formulate the two main
problems considered in our work. In both problems, a central
decision maker (e.g., a health agency) is responsible for the
allocation a variety of control resources to contain an epidemic
outbreak. As mentioned before, we assume that we can invest
resources to tune the parameters 6, 9, BE , and 61 , within the
feasible ranges defined in (4). For simplicity of notation, we

define the global set of parameters as P = {6,6, 3%, 1} The
budget-constrained allocation problem is formalized next.

Problem 1I1.3 (Budget-Constrained Allocation): Given a
fixed budget C' > 0, find the cost-optimal allocation of re-
sources to eradicate the disease at the maximum possible
exponential decay rate. This problem can be mathematically
formulated as

m7ijn. A (@)
N

sty fi(0;) +9;(8;) +hF (BF) +hi (B]) < C
j=1

(0;,0:) < (0;,6;) < (0;,0;)

for all ¢ € {1,..., N}. The first constraint in the aforemen-
tioned optimization program accounts for the budget constraint,
while the second and third constraints represent the range in
which the control parameters can be tuned.

In the problem above, the decision maker is given a fixed
budget to be invested in resources to eradicate the disease at
the fastest possible decay rate. However, this budget may not
be sufficient to eradicate the disease. It may be the case that the
optimal decay rate in the budget-constraint allocation problem
is negative (i.e., the disease never dies out). Therefore, it is of
interest to find the minimum budget required to eradicate the
disease at a desired exponential decay rate. The rate-constrained
allocation problem is formalized next.

Problem I11.4 (Rate-Constrained Allocation): Given a de-
sired decay rate k£ > 0, find the cost-optimal allocation of
resources to eradicate the disease with an exponential decay rate
greater than or equal to k. This problem can be mathematically
formulated as

min. hi' (B7) + 1 ()
S.t. )\1(@) S —k

(87.87) < (88.81) < (5751

foralli € {1,...,

As a particular case of Problem II1.4, we may want to find
the minimum budget C* needed for Q to be Hurwitz. In other
words, C* is the minimum budget required by the health agency
to eradicate the disease. Due to the practical importance of this
particular case, we state it below for future reference.

Problem II1.5 (Eradication Allocation): Find the minimum
budget (and its allocation) required to ensure eradication of the
disease. This can be mathematically formulated as

- ng ) +95(05) + b7’ (87) +h; (8))
S.t. )\1(Q)<0
(éfaﬁf)é(ﬂ Bl < (ﬂEBf)

foralli € {1,...,N}.

In the following section, we propose an approach to solve
these problems in polynomial time under certain assumptions
on the cost functions.

IV. CONVEX OPTIMIZATION FRAMEWORK

In this section, we show how the problems presented in
Section III can be efficiently solved by recasting them as equiv-
alent geometric programs [32]. Geometric programs are quasi-
convex optimization problems that can be transformed into a
convex problem using a logarithmic change of variables and ef-
ficiently solved using off-the-shelf software in polynomial time
[32], [33].

A. Geometric Programming

We begin by briefly reviewing some important concepts that
will be useful in our derivations. Let x = (z1,...,zx)7, where
Z1,...,xn > 0 denote N decision variables. In the context of
geometric programs, a monomial function h(x) is a real-valued
function of the form h(x) = coz{* 25, ..., 23" with ¢g >0
anda; € Rforalli € {1,..., N}. A posynomial function ¢(x)
is a real-valued function that is a sum of monomials, that

is, q(x) = ZkK OR ’“132 Mooy, where ¢ > 0 and
a;, € Rforalli e {1,. N}andke{l,...,K}.

A geometric program (GP) is an optimization problem of
the form

minimize f(x)
such that ¢;(x)<1,i=1,...,m
hj(X):].,j:l,...,p (8)

where f and g; are posynomial functions, and &; are monomial
functions. A GP is a quasiconvex optimization problem [32]
that can be transformed to a convex problem via a logarithmic
change of variables y; = log z;, and a logarithmic transforma-
tion of the objective and constraint functions. (For more details
about this transformation, see [33].)
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We are now interested in reformulating Problems II1.3, I11.4,
and IIL5 in the form (8). This requires mild assumptions on
the cost functions to ensure all constraints can be written in
terms of posynomials and monomials. Posynomial functions
can be used to fit any function that is convex in a log-log scale
with arbitrary accuracy. Furthermore, there are well-developed
numerical methods to fit posynomials to real data. For more
details about the modeling abilities of posynomial, we refer the
reader to [33, Sec. 8]. In the following section, we recast the
problems posed in Section III as standard GPs.

B. Optimal Resource Allocation

In our derivations, it will be useful to resort to the following
result from [32, Ch. 4].

Proposition IV.1: Consider an N x N non-negative, irre-
ducible matrix M (x) with entries being either 0 or posynomials
with domain x € S where S = NI, {x € RY | fi(x) < 1} for
some posynomials f;. Then, minimizing the largest real part of
the eigenvalues of M (x), denoted by Ay (M (x)), over x € S'is
equivalent to solving the following GP:

minimize A\
A7{“1 }fV:] X

Yol Mij(x)u;

h that
suc al )\Ui

<1, ie{l,...,N}

filx) <1, ie{l,...,m}. 9)

Remark IV.2: The value of the argument A that minimizes
(9) is equal to the minimum value of the largest real part of the
eigenvalues of M (x). As a result of the Perron-Frobenius the-
orem, we know there exists a corresponding eigenvector with
components that are all strictly positive allowing us to write this
as a GP. Notice that the numerator on the left-hand side of the
first constraint in (9) is a posynomial, while the denominator is
a monomial. Since the division of a posynomial by a monomial
results in a posynomial function, the optimization in (9) is a
standard GP as described in (8). °

In what follows, we shall use Proposition IV.1 to minimize
the largest real part of the eigenvalues of the matrix @ in
(7) which, according to Proposition III.1, determines an up-
per bound on the exponential decay rate of the spreading.
Unfortunately, the matrix () does not satisfy the requirements
of Proposition (IV.1) since it is not non-negative. We can
address this issue by creating a non-negative matrix from ) by
simply adding a constant ¢ 2 max {&i, gi}il to the diagonal.
We then obtain

—~a |TBPAg+E TB'A

Q= d 0 (10)
E D

where E = diag({&;}) = ¢I — E > 0 and D = diag({6;}) =

¢I — D > 0. Notice that the eigenvalues of @) are equal to the

eigenvalues of () plus the known quantity ¢.

In what follows, we show how to solve Problem III.3 by
applying Proposition IV.1 over Q. In particular, we show that
this problem can be efficiently solved as a GP if the cost
functions f; and g; satisfy the following assumption.

Assumption 1: The cost functions f; and g; can be written as

ﬁ@ﬁﬁ(gfv) (11)
gi(6:) = gi(¢ — d;) (12)

where f; and g; are posynomial functions with domains

fit i/ (05 + i), 7i/ (05 + 7i)) = [f(85), f(6:)] and g; : [ —
0i,¢ — ;] = [9(9;), 9(65)].

Theorem IV.3 (Solution to the Budget-Constrained Problem):
Under Assumption 1, Problem III.3 can be solved by solving
the following auxiliary geometric program with decision vari-

ables \, {ﬂ{,ﬂf,&,ﬁ,ui,vi}if
min. A
N
S.t. Zaijri (ﬁfu] + ﬁi]vj) + (¢ — Ei)ui < A\u;
j=1

ety + 050 < Av;

N

> hg (Bf) +hF (B]) +3;(05) + fi(ry) < C
j=1

777, STzS Vi

0; + i 0; + i

13)

for all i € {1,..., N}, where 67 = ¢ — 67 and 0} = (y;(1 —
75))/ 7} solves the problem with rate A1 (Q) < A* — ¢.

Proof: As we mentioned above, solving Problem III.3
is equivalent to minimizing the maximum eigenvalue of Q
under budget constraints. According to Proposition IV.1, we
can minimize the maximum eigenvalue of @ by solving the
following GP with decision variables X, P, {u;, v; }~

min, A
— [u u
oo
N
th‘l (B]) +h (B) +9:i(6:) + fi(6:) < C
=1
52.8") < (67,61 < (.31

(14)

for all € {1,..., N}. Notice that @ is irreducible when Ag
is the adjacency matrix of a strongly connected graph G and
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€i,0; > 0 for all 4. The first constraint in (14) can be split into
the following two constraints:

N
i
— Zaz’j (875 + B{v;) + (¢ — ei)ui < du
0i + i
gty + (¢ — 03)vy < Av;
fori € {1,..., N}. In order to rewrite the above constraints as

posynomial constraints, we define the variables 7; 2 ~i/(0; +
~i) and 6~i 2 ¢ — 0;, which results in

N
Z aijTi (BFus + Blvg) + (¢ — ei)us < M

j=1
gil; + 61"01‘ S )\’U7

Notice that due to the definition of ¢, ¢ — ¢; and ¢ — §; are
non-negative for all 7. After the above change of variables,
we now seek to optimize over the new decision variables 7;
and gl rather than #; and J; in their respective domains. It is
easy to verify that the box constraints in (13) ensure that the
new decision variables are in the correct domains. Furthermore,
due to Assumption 1, the problem (13) is now written in the
standard GP form (8). Finally, noticing that A\; (Q) = A\ (Q) +
¢ concludes the proof. |

Remark IV.4: Theorem IV.3 allows us to find the joint
optimal allocation of heterogeneous resources in a networked
population under a budget constraint. We do this by exactly
transforming the original Problem III.3 into a GP by using an
appropriate change of variables. °

We are able to solve Problem II.4 in a similar fashion as
stated next.

Theorem IV.5 (Solution to Rate-Constrained Problem): Un-
der Assumption 1, Problem III.4 can be solved by solving the
following auxiliary geometric program with decision variables

{6113 5?,51',7'1',11,2',’01‘}2-:1:

N
min. > A5 (B]) +hy (BF) +3;(55) + f5(y)
j=1

N
S.t. Zaijn (BLEUJ + ﬂilvj) + (¢ - Ei)ui < (¢ - k)ul

j=1
gil; + gﬂ]i < (¢p—Fk)v
_ Vi

0 + i 0; + i
$—0; <0 <hp—9;

(81.87) < (81.8F) < (B..B/)

for all 4 € {1,..., N}, where §} = gzﬁ—gj and 0] = (v;i(1 —
77))/7; solves the problem with cost

<7 <

s)

SO () () 4 s 67) + 5 09,
=1

Proof: The proof of this Theorem follows similar steps as
those in the proof of Theorem IV.3. |
Problem IIL.5 is a particular case of Problem III.4 in which
the decay rate £ — 0. In this case, we are able to provide a
simpler algorithmic solution as we state next.
Lemma IV.6: Let () be given by (6) and define its Schur
complement

RE2TBPA-FE-TB'A(-D)'E
=T(B¥A+ B'AD™'E) - E

then (Q is Hurwitz if and only if R is Hurwitz.

Proof: 'We begin by showing the sufficiency of the result.
Since @ is Metzler, there exists ¢ > 0 such that @ + ¢I non-
negative. Furthermore, it is easy to see that () is irreducible due
to Ag being strongly connected.

Then, by [34, Th. 2.2]

p(Q+¢I) =X (Q)+ ¢
- p(TBEA—E+qSI—TBIA(p(Q—i—(;SI)I—D)’lE)
<p(TBPA—-FE+¢I —TB'A(-D) 'E)
=M(R)+ ¢

which is well defined because —D is diagonal with strictly
positive elements. Since the inequality is an almost direct result
of [35, Lemma 3], we have omitted its proof. Thus, A1 (R) < 0
implies A1 (Q) < 0.
Necessity follows from a direct application of [34, Th. 2.2].
|
Theorem 1V.7 (Solution to Eradication Problem): Assume
the cost function f satisfies Assumption 1, and choose k& > 0
arbitrarily small. Then, Problem III.5 can be solved by solving
the following auxiliary geometric program with decision vari-

ables {3!, BE,6;, 7, Ui}ﬁvﬂ

N
D05 (8]) + 17 (BY) +95(05) + f3(7)

min.
Sy aigig (BE + £61) + (6 — ei)ui
S.t. = <

o—k

7%‘ << Yi

O;+v T O+

3; <6 <6

(87.87) < (81.5F) < (51,5 (16)

foralli € {1,..., N}, where 0] = (v;(1 — 77))/7; solves the
problem with cost

O = S HE(B17) 0 (57) +.: 51+ £, 0.
i=1
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Proof: We begin by going back to the original definition
of @ given in (6). To solve Problem IIL.5, we are only interested
in ensuring that @ is Hurwitz. We now apply the same trick as
before by creating a non-negative matrix R = R + ¢I. Using

Proposition IV.1 and the fact that A\;(R) = A\ (R) + ¢, the
proposed optimization ensures that A\;(R) < —k. This then
ensures () is Hurwitz as a result of Lemma IV.6. |

Remark IV.8: For simplicity, we have considered ¢; > 0 as a
fixed parameter for all nodes throughout this paper. However,
the design over this parameter can also be considered using the

same methods proposed before. °

V. SIMULATIONS

Here we demonstrate the effectiveness of the algorithms
proposed in Section IV-B through simulations on a randomly
generated strongly connected digraph with N = 20 nodes. We
begin by showing how the proposed optimization algorithms
determine allocations to ensure the deterministic mean-field
approximation (3) satisfies the desired properties. Comparisons
are then made with the trajectories of the exact Markov process
(1). The fixed parameters are randomly generated for each
node with ; € [0.2,0.4] and y; € [0.05,0.45]. For the decision
variables we use the lower and upper bounds

1

Bl =005 B; =06 BF=01 p; =07
5,=01, 8, =1, 0,=0.1, 6; =1
for all nodes i € {1,...,N}. The cost functions associated
with our decision variables are given by
1 1 1 1
hf ﬁlI By —" ) hf ﬁlE — 2E  —E
U =g mge WO
1 1 bi+vi bt
9i(0;) = -, [fil0;) = - .
(6) =0 -9 (6 Yi Vi

Note that the preemptive cost functions h! and h¥ are monoton-
ically decreasing functions while the preventative costs f; and
corrective costs g; are monotonically increasing functions.

Fig. 2 demonstrates the performance achieved using the
budget-constrained allocation algorithm from Theorem IV.3.
We begin by solving the eradication problem posed in
Problem II1.5 to find the optimal cost C* for eradicating the
virus, that is, A1 (@) < 0. We then allow a budget of C*s where
s is a scaling of this optimal cost to see how the algorithm
performs. Fig. 2(a) shows the achieved decay rate A1 (Q)) given
the budget C*s for varying values of s and Fig. 2(b) shows
the steady state value of the average infection rate across all
nodes P* = (1/N) Zf\il pE" 4+ pI". As expected, we see that
the virus can be fully eradicated for s > 1, which means we
allow a budget greater than or equal to the minimum required
cost. Conversely, for s < 1 the virus cannot be fully eradi-
cated because the matrix () cannot be made Hurwitz, which
is consistent with the necessary and sufficient condition of
Proposition II1.1.

Fig. 2. Plots of (a) the achieved decay rate A\* = A1(Q) and (b) the average
steady state probabilities of infection P* = (1/N) "N | pP* + pI™ for a
budget of C*s where C* is the optimal cost for ensuring eradication of the
virus, that is, A1 (Q) < 0.

Fig. 3 demonstrates the performance achieved using the rate-
constrained allocation algorithm from Theorem IV.5. The plot
shows the required cost C' = C*s as a function of the desired
decay rate £ > 0. As expected, we see that as & — 0 we recover
the eradication problem and thus we have that C — C*.

Fig. 4 shows how the corrective, preventative, and pre-
emptive resources are allocated as we increase the allowed
budget. Interestingly, we see that corrective resources are the
least important to be allocated in terms of containing an epi-
demic. This means that vaccinations and minimizing exposure
to the disease is more important than deploying antidotes or
cures.

Fig. 5 shows the trajectories of the average infection rate
P(t) = (1/N) X, pP(t) + pl(t). The solid red line shows
the average trajectories of the exact Markov process for
400 simulations and the dashed red line shows the trajectories
of the deterministic mean-field approximation. This helps val-
idate the claim that the mean-field approximation is an upper



NOWZARI et al.: OPTIMAL RESOURCE ALLOCATION FOR CONTROL OF NETWORKED EPIDEMIC MODELS 167

0 0.05 0.1 0.15

Fig. 3. Plot of the cost C' = C'*s required to achieve a desired decay rate
k > 0 where C* is the optimal cost for ensuring eradication of the virus, that
is, A1 (Q) < 0.

—%—5 gl

- % 'ZBE
26 s

|=06 > 6

Fig. 4. Plots of the normalized amount of the corrective, preventative, and
preemptive resources allocated for a budget of C*s where C* is the optimal
cost for ensuring eradication of the virus, that is, A1 (Q) < 0.

bound on the true expectation of infection in the stochastic
model but this has yet to be shown. We also plot the theoretical
upper bound provided in (25) for an achieved A\ (Q) < —0.15
to show the effectiveness of controlling the maximum eigen-
value of Q.

VI. CONCLUSION

We have proposed the Generalized Susceptible-Exposed-
Infected-Vigilant (G-SEIV) model for spreading processes on
arbitrary networks. The G-SEIV model generalizes many ex-
isting models and also accounts for arbitrary directed graphs
and heterogeneous node parameters. We have carefully an-
alyzed the disease-free equilibrium and provided necessary
and sufficient conditions for global exponential convergence

40

Fig. 5. Plots of the trajectories of P(t) = (1/N) Efil pE(t) + pl(t) for
the exact Markov process (solid red, average of 400 simulations) and
the mean-field approximation (dashed red) with parameters obtained from
Theorem IV.5 for k& = 0.15. The dashed blue line shows the theoretical upper
bound as given in (25).

to this equilibrium. Using this analysis, we have studied and
shown how to solve two important optimal allocation problems.
Provided with suitable cost functions for deploying corrective,
preventative, or preemptive resources (e.g., antidotes, vaccines,
awareness campaigns, or quarantining certain areas, in the
context of a spreading disease), the first problem is finding
the optimal cost for achieving a desired decay rate of the
disease. The second problem is, given a fixed budget, finding
the optimal allocation that achieves the maximum possible
decay rate. We are able to efficiently solve these problems
in polynomial time by reformulating them as quasiconvex
optimization problems known as geometric programs. In the
future, we are interested in formally showing that the infec-
tious states of the deterministic mean-field approximation used
upper-bounds the expectation of the original stochastic model
proposed in this paper. We also plan to also provide analysis
for the endemic equilibrium, that is, the case where the disease-
free equilibrium is not globally asymptotically stable. Future
work on the control side will be devoted to cases in which
parameters of the problem are unknown and we instead only
have access to some empirical measurements of the evolution
of the disease.

APPENDIX

Proof of Proposition I1l.1: In what follows, we begin by
studying the local stability of the disease-free equilibrium via
the Jacobian matrix of the system of ODEs in (5) evaluated
at this equilibrium point. This analysis is easier to perform
using a change of coordinates that translates the disease-free
equilibrium to the origin. This translation can be achieved
defining the following new variable:

LAY 0i + (6; — 0:)p] — Oipf’
P 0; + i '

A7)
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Using this new variable, we can rewrite the system of ODEs in
(5) as follows:

B Vi Yi g it
Pi <97L +v 0+ %‘pl 0; + %‘pl Z)

x > (BFpf +Blp}) — e’
jeNi®

Pl =eipl — Sip!

. €i0; E 51‘(91'_52') I
p = — ;= i — (0 +vi)ri
i p— P— (0i +i)r
0 E.E | Al I
+7(92'+%)2 Z (Bi D; +ﬁipj)

jenn

0i + i

E i i T

f I 4
p; +9¢+%pl+ Z)

b < Vi
0; + i 0; + v

x > (BFpf + B!p])

je./\[iin

Although seemingly more complicated, this new system of
equations allows for a simpler analysis of stability. We can
rewrite the above system of ODEs in matrix-vector form by

defining the following vector variables: p” 2 (pF, ..., pﬁ)T
p! 2 (pl,... ,p{V)T, andr 2 (r1,...,7nx)T. In the following,
we use these vectors to express the dynamics of the spread in

vector form, while separating the linear and nonlinear compo-
nents of the dynamics, as follows:

)

p'E p” HE
p/|=Q|p'|+]|0 (18)
r r H"

where the matrix Q, defined below, is associated with the
linear part of the dynamics, and the nonlinear components are

encapsulated in the vectors HY = (HE ... HE) and H" =
(HY,...,HY), with
e s (L2 pE+6i+7ipz+r‘ > (BFpf + 8!p])
’ Oi+vyi' ' Oty ) = N B
jeNin
(19)
r A 01 Vi E 51 + Vi T )
Hi = - ;T ; T
0; + i (9i+'Yip 0+
x> (BFpY + Blp)) (20)

jE./\/iin

In particular, the matrix Q in (18) is given by

TBPA;—FE TB'Ag 0

0% E -D 0 @21)
Q31 Q3o Qs3
where
AL 0~ E L )
Qu &g (5507 ) 4o s (57 )

0
Q35 édiag <(9 +’YV)2 51> Ag — diag (

6(96)>
0+
Qa3 2 — diag(0 + 7).

The nonlinear terms in (18), described in (19) and (20), can
be written in terms of the original variable p}” using (17), as

HE = —(pF +pl+9Y) Y (BFpF + Blp}) @2)
JEN®
0;
HI = Sy (pF +pl +p)) Z (ﬁiEprrﬁilpJI')
iTYi i i
JE/\[;D
(23)

Then, from (2) we see that HZ, H < 0 foralli € {1,...,N}

at all times. Letting X 2 [p®,p!,r] and H 2 [HF 0, H'],
this means that the linear system

X = 0X (24)
upper bounds the original nonlinear system (18)
OX + H < OX. (25)

Since the linear system (24) upper bounds the nonlinear dy-
namics (18), we are able to bound the rate of spreading of the
nonlinear system by controlling the maximum eigenvalue of
Q. This provides a sufficient condition for global exponential
convergence. Notice that, due to the structure of Q in (21), NV
of the eigenvalues of Q are equal to the eigenvalues of Qss,
which are given by —(6; + ;) for i =1,..., N. The other
2N eigenvalues are equal to those of the 2V x 2N matrix @,
defined in (6) as

0= TBPA;—E TB!Ag
E -D

In fact, the largest real part of the spectrum of () determines the
exponential rate in which the epidemics dies out. Necessity for
global exponential convergence follows from [36, Th. 4.15].
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