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Abstract

In the present paper, our goal is to establish a framework for the mathematical modelling and
the analysis of the spread of an epidemic in a large population commuting regularly, typically along
a time-periodic pattern, as is roughly speaking the case in populous urban center. We consider a
large number of distinct homogeneous groups of individuals of various sizes, called subpopulations,
and focus on the modelling of the changing conditions of their mixing along time and of the induced
disease transmission. We propose a general class of models in which the ‘force of infection’ plays
a central role, which attempts to ‘reconcile’ the classical modelling approaches in mathematical
epidemiology, based on compartmental models, with some widely used analysis results (including
those by P. van den Driessche and J. Watmough in 2002), established for apparently less structured
systems of nonlinear ordinary-differential equations. We take special care in explaining the modelling
approach in details, and provide analysis results that allow to compute or estimate the value of the
basic reproduction number for such general periodic epidemic systems.

1 Introduction

Generally speaking, spatial or geographic heterogeneity plays an important role in the transmission
process of many infectious diseases, as well as the temporal variations of the spreading conditions. The
diversity of the corresponding (time and space) scales makes it a challenge to model, simulate and
analyze the evolution of such phenomena. In the present paper, our goal is to establish a framework
for the mathematical modelling and the analysis of the spread of an epidemic in a large population
commuting regularly, typically along a time-periodic pattern, as is roughly speaking the case in populous
urban center. The latter account for host displacements of varied nature according to the context, and
typically distinguish the current location of the individuals, in order to define the possible infection paths.

A powerful framework to model the spread of infectious diseases among populations that are naturally
partitioned into spatial sub-units, is based on metapopulation models, see [22, 30] and [5, 3] for a quite
complete overview. Practically, ‘a metapopulation model involves explicit movements of the individuals
between distinct locations’ [3], called patches. The fluxes between the different patches, seen as the
vertices of an associated graph, are usually described through a discrete Laplacian matrix and take
place continuously. The transfers between patches are generally instantaneous, but some contributions
modelled specifically the infection occurring in transportation systems, see [31, 37] and references therein.
At the price of an increased number of variables, some models keep track of the ‘origin’ of each individual
(e.g. through a residency patch), but most of them just account for the number of individuals that are
present at each location at the current time, making them otherwise indistinguishable. This omission is
inadequate to describe precisely the complex, but quite regular, displacement schemes that shape urban
commutations. In addition, the ‘residency patch’ is not sufficient to characterize univocally the history
of the encounters, which are as many opportunities of inter-infection.

On the other hand, much work has been made to integrate various heterogeneity traits relevant to
describe the spread of an infection within a population. Such approaches consider structured popula-
tions subdivided into subpopulations that differ from each other [25]. As written by H.-W. Hethcote and
J.W. van Ark [25], the latter ‘can be determined not only on the basis of disease-related factors such as
mode of transmission, latent period, infectious period, and genetic susceptibility or resistance, but also
on the basis of social, cultural, economic, demographic, and geographic factors. In a spatially heteroge-
neous population the subpopulations can be different schools, neighborhoods, cities, states, countries, or
continents.” This also includes the heterogeneity of the contact rates and of the behaviours that impact
the disease spread. Attempts have been made to distinguish between ‘social’ encounters, occurring be-
tween individuals of the same subpopulation (on a somehow ‘regular’ or ‘predictable’ basis), and random
encounters between individuals of possibly different subpopulations [39]. Also, some structured models
accommodate geographical aspects, in the way of metapopulation [38].
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Figure 1: A population with 22 individuals, divided into 5 subpopulations p;, ¢ = 1,...,5. Their
cardinals are respectively |pi| = 6, |p2| = 1, |ps| = 5, |pa] = 3, |ps| = 7. The set of subpopulations is
P = {p1,p2, 3, P4, P5}, of cardinal |P| = 5.

An important characteristic of the ‘subpopulations’ considered in this type of models is their homo-
geneity: the members of each subpopulation are perfectly mixed, submitted to the same ‘encounters’
with other subpopulations, and they cannot usually change from one subpopulation to the other (so that
in particular, age classes are usually not treated as subpopulations). In other words, within each sub-
population, the individuals are indistinguishable from one another from the point of view of the epidemic
dynamics.

Generally speaking, in these settings, the movements are rather thought of as permanent and sta-
tionary, rather than time-varying, phenomena. On the other hand, the evolution of disease transmission
is usually subject to time fluctuations, and in particular periodic fluctuations [45]. The latter may result
from seasonal variations induced by the climatic conditions, but also from human activities at various
scales (daily commuting, opening and closing of schools, vaccination programs, etc.). Efforts have been
made to analyze the effects of such forcing conditions on infection spread [6, 9, 7]. Due to the dif-
ficulty to analyze the behaviour of periodic nonlinear systems in general, several simplifications have
been made, amounting to analyze stationary systems obtained from a (usually informal) averaging of
the periodic effects. However, examples in [45] have established that such simplifications may produce
overly optimistic or overly pessimistic estimation of the occurrence of an epidemic (overestimation or
underestimation of the basic reproduction number). Modelling and analysis of time-periodic epidemic
models therefore remain of great interest, compared to the use of ‘residence time’ stationary models. This
point is already true for the determination of the basic reproduction number, deduced from the model
behaviour in the vicinity of a disease-free equilibrium; but is even more necessary for important issues
outside the linearity range of the infection, such as e.g. the determination of the epidemic final size [36, 8].

Commuting involves complex interactions between population groups through complicated, but mostly
repetitive, spatial and temporal patterns of encounters. In the present paper, in order to account for
such situations, we shift the paradigm from a spatial ‘Eulerian’ description of the population and its
displacements, to a ‘Lagrangian’ description in terms of meeting and mizing of homogeneous groups
followed along their evolution. To carry out this program, we introduce (a large number of) distinct
subpopulations, which are homogeneous groups of individuals of various sizes that constitute a partition
of the total population. To fix ideas, here a subpopulation represents typically the group of all individuals
living in a same location A that go at the same time to another location B (which represents e.g. school,
work, shops, but also means of public transportation...), and then to a third location C at the same
moment, etc. A key point is that all individuals of a given subpopulation have the same ‘history’; that
is, all are in contact at every moment with exactly the same other subpopulations. This is similar in
spirit with the homogeneity assumption in the subpopulation models mentioned above. The example of
a subpopulation with five subpopulations is provided in Figure 1, and two different partitions are shown
in Figure 2.

In a complementary way, we assume that in each location, the different subpopulations are perfectly
mized. This assumption will allow to describe the epidemiological evolution at each fixed location where
a fixed mixture of subpopulations through a unique aggregate compartmental model. Of course, this



Figure 2: Two different partitions R, Rs of the set of subpopulations P shown in Figure 1. On the left,
the set of classes Q1 := P\ R1 = {(p1,p2,p3), (pa,ps5)} contains |Q1| = 2 elements, namely the class
q1 := {p1,p2,p3} with |¢g1| = 3 elements and the class g2 := {p4, ps} with |g2| = 2 elements. On the right,
Qs := P\ Ro ={(p1), (p2,p5), (p3,p4)} contains |Qa| = 3 elements, namely the classes ¢; := {p1} with
lg1] = 1 elements, o := {p2, p5} with |g2| = 2 elements and g3 := {p3, p4} with |g3| = 2 elements. In both
configurations all individuals from a same subpopulation are together in the same class, and one may
check that the balance formula (46) given later holds in both cases: |P| = |q1| + |q2| + |g3| + |qa| + |gs5]-
This is a consequence of the fact that in a partition, every subpopulation pertains exactly to one class.

evolution is a priori different in different locations, due to different population densities and different
behaviors modifying the contagion rate (e.g. at home, in public transportation...), and also due to the
meeting of different subpopulations (e.g. at work, at school, during seasonal holidays. .. ). This framework
is quite distinct from most models that use subpopulations to represent heterogeneity traits: here the
main difference between the subpopulations lies in the history of their contacts with other subpopulations,
and in the local conditions of infection transmission, with otherwise identical characteristics. On the
other hand, the modelling of heterogeneous traits may be achieved as usual through pertinent choice of
the state variable.

The implementation of this program requires two steps: first to model the alternating mixture of
different subpopulations; and second to describe how the epidemic spreads in a homogeneous melange
of subpopulations, in a given location during a given time interval. On the one hand, the commuting
and the induced changes in the contacts between subpopulations are modelled as piecewise-constant,
periodic, mixing of the latter. We abandon any reference to ‘physical locations’, in favour of a vision
in terms of partitions of the set of the different subpopulations. In this sense, trains or metros are
also ‘locations’, and ‘physical locations’ that are actually empty (schools at night...) do not have to
appear. On the other hand, to describe how the disease spreads locally, we propose an original class of
compartmental models in which the force of infection X is explicitly distinguished and infection occurs by
application of the latter to some (usually susceptible, but not only) compartments. Generally speaking,
the force of infection is defined as ‘the per capita rate at which susceptible individuals contract the
infection’ [30]. While the latter is usually taken as proportional either to the number of infected or
to the proportion of infected, more complex models have been used, e.g. in order to take into account
protective measures and intervention policies, or to reflect the necessity of multiple contacts to transmit
the disease, see [15, 33, 43, 47, 18, 18, 32, 40, 34, 17]. We capture explicitly the force of infection in
the class of models proposed below. This induces a special shape of the right-hand sides of the ODE
models, which are jointly linear with respect to the state variable x and affine with respect to the force
of infection . Notice that we consider in general several infective forces, first of all according to every
location, but also to every susceptible compartment in the case of ‘multi-group population’, like done
e.g. in [41, Section 23.1]. This leads, to a vector-valued force of infection.

Of course, the value of the force of infection is as usual a (nonlinear) function A(z) of the state
variable x. The framework adopted here offers the advantage that, when two subpopulations described
respectively by state vectors z1,x2 come into contact (i.e. pertain to the same class in the current
partition), the resulting force of infection is simply A(x1 + x2) and applies identically to each of them,
with in fact no other interaction between the two subgroups.



This feature has an important consequence. Many models of mathematical epidemiology describe
the evolution of the epidemiological status of a given population in terms of proportions (of susceptible
individuals, of infected individuals, etc.), allowing in particular to assume constant recruitment terms.
Here, due to our modelling choice, it is necessary to have the ability to sum up the values at each
compartment of the different populations. As a result, the models introduced here manipulate exclusively
extensive quantities, and it is usually necessary to substitute constant recruitment terms by expressions
proportional to the size of each subpopulation, in order to allocate realistically the demographic effects.

Up to our knowledge, the use of periodic epidemiological model structured in subpopulations with
the purpose of accounting for commuting is original. In contrast with the models mentioned above, here
all subpopulations will have essentially the same behaviour with respect to the infection spread: they
differ only through the history of their displacements and the local definition and intensity of the force
of infection, and subpopulations that pertain to the same equivalence class of the partition at a certain
time participate jointly and identically to the spreading.

We display in the present paper the proposed modelling framework and provide some key analysis
results extending the approach in [42]. This has to be seen as a preliminary step towards more complex
results that will fully exploit the modelling capabilities. The modelling approach based on compartmental
models has produced numerous variants in mathematical epidemiology [14, 19, 30, 13]. Attempts have
been made to obtain general classes regrouping related models, liable to common general analysis results.
See for example multi-group models [41, 21], metapopulation models [44, 4, 3], models of differential
susceptibility and infectivity [27, 12].

In a sense, the present work constitutes an attempt to unify them, and to ‘reconcile’ the classical
modelling approaches with some analysis results [42, 45] established for apparently less structured and
less specific systems of equations. It is an effort to contribute to rationalizing and systematizing the
modelling and analysis of epidemics, in line with the work [24].

The paper is organised as follows. We display first in Section 2 the representation of the changing
melange at the scale of the global population. We then propose in Section 3 a class of epidemiological
models that describe locally the infectious processes, in which the force of infection is explicitly depicted.
We show by ample examples that it includes various compartmental models previously shown in the
literature. These two scales of description are built in a consistent way, and are put together in Section 4,
which summarizes the key modelling contribution of the paper, consisting of an original class of models
of epidemics in commuting populations. Adequate assumptions (numbered (B.1), (B.2), (B.3)) are
presented, and it is shown how they allow to recover essentially the framework developed by van den
Driessche and Watmough [42] and to compute the basic reproduction number Ry of an epidemic in a
given, unique, subpopulation under stationary conditions (Theorem 2). The general analysis results are
then given in Section 5, indicating how to compute the basic reproduction number for the proposed
general class under periodic commutations and providing some applications (Theorem 4, Corollary 5 and
Lemma 1). Concluding remarks are provided in Section 6.

Notations A list of the notations specific to the present paper is provided in Table 1. We recall here
some usual mathematical notions.

e By definition let the vector 1, € R", n € N\ {0} be such that 1], := (1 ... 1). e The
componentwise order relation on any Cartesian power of the set R is denoted as usual >. The relation >
means ‘larger but not equal’, and the notation > is used to denote the strict ordering of every component
(0 <2z €R" means 0 < z;, ¢ = 1,...,n). e The spectral radius of a real square-matrix M (that is the
maximum of the moduli of its eigenvalues) is denoted by p(M); its stability modulus (that is the maximum
real part of its eigenvalues) is denoted s(M).

2 Representation of commuting populations

In order to represent commuting populations, we first introduce in Section 2.1 a notion of partitioned-
population model, with several subpopulations evolving in parallel, in contact or out of contact. We then
introduce in Section 2.2 a way to represent the commutations. This allows to define models of commuting
populations in Section 2.3, which are basically partitioned-population models where the contact pattern
between subpopulations is varying with time.



State variable of the epidemiological model

Infected compartments of the state variable
Non-infected compartments of the state variable
Vector of the forces of infection

Dimension of the state variable x

Dimension of the infected compartment state x’
Dimension of the non-infected compartment state ¥
Dimension of the vector of the forces of infection A
Set of all disease-free states (X C R7})

Set of all disease-free equilibrium points (Xeq C X5)
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Set of the subpopulations

Partition of P (possibly time-dependent)

Quotient set P\ R of the equivalence classes (‘loci’) of subpopulations by R
Global state variable (of dimension |[P|n)

Subpopulation name

Class of the subpopulation p

Class name

Subpopulation index (i € {1,...,|P|}) or compartment index (i € {1,...,n})
Class index

=
E

Interswitching interval number (in periodic evolution)
Interswitching interval index

FTIT TN RET| RO NI XM

Table 1: Nomenclature. The cardinals of the sets P, Q are written |P|,|Q|, and the cardinal of a class
q € Q is written |¢|. Without creating confusion, the same letter ¢ is used to index the subpopulations
and the compartments in the state vector of each subpopulation. The notations and explanations related
to the model itself are to be found in the text.

2.1 Partitioned-population models

A basic compartmental model describing the epidemiological evolution within an isolated, homogeneous
and perfectly mixed population, is given [14, 19, 30, 13] as a dynamical system on R’} defined by a system
of ordinary differential equations

= ) A®), D) = A (?)), (1)

for f @ R} xR — R™, A : R} — R} The vector 2 bears the numbers of individuals in each of
the model compartments, and the vector \ gathers forces of infection exerted on the components of x.
Frequency-dependent transmission mechanisms are typically rendered by a function A positively homoge-
neous of degree 0, and density-dependent transmission mechanisms by function positively homogeneous
of positive degree!, but as mentioned in Section 1, other more complex expressions may be found in the
literature. The dimension n) of the latter may be larger than 1, see examples in Section 3.

Definition 1 (Solution of a partioned-population model). Let P be a finite set, called the set of subpopu-
lations, and R C P x P be an equivalence relation on P. For any subpopulation p € P, the corresponding
equivalence class of p in the quotient set Q := P\R is denoted [p|r, simply abbreviated [p| when no

confusion is possible. We call (P, R)-solution of model (1) any continuous function X : Ry — Rrﬁm,
X = (21,...,2p|), continuously differentiable on Ry such that
= Fp®) A\p (1), A () =y (2 ®) .z = > @y,  peP. (2)

P’ €[p]

P represents the index of different subpopulations, while the equivalence relation R defines which of
them may infect each other. Therefore, one may consider each equivalence class as a location, namely

'Recall that (in an adequate setting) a function g is called positively homogeneous of degree d if g(ax) = ag(z) for
any positive scalar o and any x in its domain.



the place where are present every subpopulation pertaining to this class. However, what is done here is
not exactly to define the place where is located a given population at a given time, but rather which are
the other populations with which it interacts. In particular, this perspective suppresses the necessity of
any absolute notion of (geographical) location: after a switch in the repartition of the populations, the
new partition is a priori not related to the previous one, and the equivalence classes change and become
incomparable without supplementary information.

In (2), the conditions of transmission of the infection at time ¢ in a certain location [p] depend
upon the total population present therein at that time, which is exactly what is written 2, (¢). These
conditions may be different from one place to the other: this is rendered by the dependence of [, upon
[p]. On the other hand, the mechanisms of the infection themselves are the same in every location, and
for this reason the function f is the same at every location. Recall that, as mentioned in Section 1, the
definition of x[,) in (2) makes it essential to place in the components of x extensive quantities such as
numbers of individuals, and not relative proportions or densities.

Another point worth noting is that the coupling of two different subpopulations p,p’ € P that are
present together in the same place (i.e. [p] = [p']) is reflected exclusively through the shared force of
infection.

Summing up the contributions of every population within a given class yields:

= O [y @A), Apt) = Ay (z(8) . peEP. (3)
P’ €[p]

If f is linear with respect to its first argument (an assumption that will be explained and adopted in
Section 3), the effective number of equations in (3) is the number of components of the partition R, that
is the cardinal |Q] (rather than |P|), times the state dimension n of the model (1). As a matter of fact,
one then obtains by adding all equations within a given equivalence class

i) = Fp ) Ap (1), Ap(t) = A (e (1), peP,
or more simply:
Eq = f(zq(t), Ag(1)), Aq(t) = Aq (zq(1)) , q€ Q. (4)
This describes the evolution in any ‘location’ q.
Let ¢ € Q be given and assume x,(0) € R given, for any p € P such that [p] = ¢. From the solution
of the nonlinear problem (4), one may compute the solution of the different interacting subpopulations
p such that [p] = ¢, as follows.

1. Compute
24(0) =Y {w,(0) : p€P, [p] =q}. (5)
2. Solve (4) with the initial condition (5). This provides z4(t), and as a by product, this also provides
Aq(t) = Aq (24(1)).
3. Then, for any p € P such that [p] = ¢, one has
Ep = fxp(t), Mg (1)), x,(0) known.

Solving the Cauchy problem for this time-varying ordinary differential equation, one obtains the
solution x,, for any p € q. More specifically, as f is linear with respect to its first argument, the
solution yields the following algebraic relation

zp(t) = Oq(t)zp(0),  £20, (6)
where ®4(-) is the fundamental matrix of the linear, time-varying, equation

U= f(y, (1)), Ag(t) = Ag (m4(2))

that is by definition '

By convention, the result of applying f to the matrix ®,(¢) in the right-hand side of (7), is the
matrix obtained as the concatenation of the vectors that result from applying f to each of the
column vectors of ®,(t). In other words, the i-th column of ®,(t) contains the value at time ¢ of
the trajectory initiated on the i-th vector of the canonical basis at time 0.



The previous consideration is quite important from the point of view of numerical simulation. As a
matter of fact, solving (2) as a system of |g| coupled equations engages |g|n scalar variables for any
subpopulation class ¢; while computing jointly the solution of (4) with initial condition (5) amounts
to solve a system of ODEs with n scalar variables, and solving (7) (in sequence or in parallel with the
previous one) necessitates n? scalar variables, independently of the size of the class g. This number is
usually much smaller than the previous one. The same observation extends directly to the piecewise
autonomous models presented below in Section 2.3.

Before going further, we provide now explicit expressions of f and A for an elementary example.

Example 1. We consider the simple case where (1) is an SIR model with no induced mortality, that is

: I . I .
S=pN—f55 —puS,  I=pS55—(+ul,  R=7l-uk, (8)

where B, u,y are positive parameters, and N := S + I + R is the total population wvalue, invariant
along every trajectory due to the fact that N = 0. In order to comply with the analysis framework
constructed by van den Driessche and Watmough [42], we put first in the state vector x the (unique)
infected compartment I, and take

I AS — (v +p)I ~(y+p) A 0 7
x:=1S), fle,AN)=-AS+u(l+R)| = 1 A p |z, ANi=f——7—. (9
e 1R . o L S+I+R

The previous notation showcases the linear dependance of the function f with respect to its first argument
x and its affine dependance with respect to X\. These properties are one of the key elements of the
framework introduced later in Section 3.

The situation corresponding to system (2) (or (4)) is retrieved by introducing the function f in (9)
together with the definition of A\q, in such a way that, for any p € P, the evolution of disease analogous
to system (2) is given by:

Iy . —(y+u) Ay 0 T
zpi=|Sp |, @p= H Al BT, A =8
Ry Y 0 —H

W >0

DS It Ry 2 PED
(10)

for given positive parameters B,, ¢ € Q. The latter may be identical (homogeneous transmission condi-

tions), or not (heterogeneous transmission conditions). In (10), in agreement with equation (2), one has

Iy = Zp/e[p] Iy, and similarly for Sy, and Ry

2.2 Admissible switching signals

In order to introduce the notion of commuting population models in the next Section 2.3, we first define
the key notion of admissible switching signals.

Definition 2 (Admissible switching signals). Let P be a finite set of subpopulations. We call admissible
switching signal any function R(-) which associates to anyt > 0 an equivalence relation (or equivalently
a partition) on P, denoted R(t), and such that R(-) is constant on any bounded set of R, except on a
finite number of points (called switches).

For any admissible switching signal R, we denote I the (open) set of time instants on which R is
continuous. Otherwise said, Ry \ Z is the set of switching times.

For any admissible switching signal, there exists a finite or denumerable number of switches, and the
set Z is a (finite or denumerable) union of successive open intervals sharing common endpoints.

In order to represent commutations, our interest lies especially in switching signals showing repeating
pattern. For this, we will consider in the sequel admissible switching signals R(t) which are T-periodic
for some T' > 0. Denoting m € N the number of commutations of such a signal R(-) within each period,
we will represent the corresponding switching pattern by an element of some set A,,, m > 0, defined as

Am:{(7_077_15"'77_m):0:T0<7_1<"'<Tm:T}. (11)



For convenience, we define also the m unions Z; of open intervals, k = 1,...,m, by
vVt >0, tel, & ﬁE(Tk_l,Tk) mod T

One then has T = | ;" Zj, for Z defined in Definition 2.
As no commutation occurs during the intervals contained in Zj, we may denote unambiguously

e R(Zy) the partition in force at any t € Zj, instead of R(t);
e [plr(z,) the corresponding class of a subpopulation p € P, instead of [p]r);

e and Q(Z;) = P\ R(Zy) the set of subpopulation classes on the set Zy,, instead of Q(t), t € Zy.

2.3 Models of commuting populations

We are finally in position to introduce the models of commuting populations. Consider the following
system of equations

Ty = f(xp(t)’ )‘[:D]R(r,) (t))’ )‘[:D]R(r,) (t) = )‘[:D]R(r,) (:C[p]R(t) (t)) v Llplry = Z Ty, tel, peP,
P’ €[plRr 1)
(12a)

z,(tT) =z,(t7), teRL\Z, peP. (12b)
We call epidemiological model in commuting population the system (12).

Definition 3 (Solution of a model of commuting population). Let P be a finite set of subpopulations,
and R(-) an admissible switching signal. We call (P, R(-))-solution of model (1) any continuous function

X Ry — RZ‘P‘, t= (x1(t),...,zp|(t)), continuously differentiable on T that fulfils (12).

In (12), [p]r(+) denotes for any subpopulation p € P the equivalence class to which p belongs at time
t, that is the ‘place’ where it is located, together with the other members of the same equivalence class
[Plr(t)- The difference between (2) and (12) is only in the fact that the partition R in (12) is now a
function of time.

Due to the non-accumulation of the number of switches (which comes from the admissibility of R), it
is easy to show that there exists a unique (P, R(-))-solution of model (1) passing through a given initial
condition X(0) € Rf_lpl.

If f is linear with respect to its first argument, writing together the evolution of the populations
within each class yields the following equation, which is the analogue of (4) for system (12):

g = f(2q(£),2q(8),  Aq(t) = Aq (24(2)),  tE€ZL, qe Q)
Here by definition we put
Q(t) := P\R(¢), tel.
The considerations on simulation issues made at the end of Section 2.1 apply directly to system (12),
due to the continuity of the state variable at the switching instants.

Example 2 (continuation of Example 1). The example of partitioned system shown in Example 1 extends
straightforwardly to a model of commuting population, using the definition of f in (9), and defining, for
a given admissible switching signal, the force of infection at every (‘location’) ¢ € P\R(t) at any given
timet €7 by ;

3 Epidemiological dynamics

So far, we have introduced a description of the commutations and ‘mixing’ of different subpopulations.
In the present section, we will first focus in Section 3.1 on the representation of the different steps
of the epidemiological processes (infection, exposition, recovery, immunity. .. ), following the framework
introduced by van den Driessche and Watmough [42], further extended by Wang and Zhao [45] to periodic
problems. As an illustration and in order to show the interest of the obtained class of models, we show
in Sections 3.2 to 3.6 that it contains in particular the five relevant examples studied in [42].



3.1 A class of compartmental disease transmission models

To adapt the framework of [42], a first formality is to introduce a distinction between the ‘infected’
and ‘non-infected’ compartments (respectively with exponents I and U) and to separate accordingly the
terms in the equations which correspond to infections. More precisely we write the local model (1) under

the more precise form:
(e (F@ )V (@)
€= <.’L'U) ) f(l',)\) T ( VU(.T,)\) ) (143“)

ny = dimz’, ny = dimzY, nr +ny = n. (14b)
The components FZ(z,\), VI(x,\), VY (x, \) are chosen according to the prescriptions made by van den
Driessche and Watmough?: F(x, \) gathers solely the rates of appearance of new infections in infectious
compartments, and V! (z, \) the rates of transfer of individuals in and out of the infected compartments
by any other means; while VY (x, \) expresses the rates of transfer of individuals in and out of the
non-infected compartments.

In fact, more structure is present, as will be demonstrated in Sections 3.2 to 3.6 by the study of
examples. A key feature of most classical models is that the force of infection, which measures the
per capita probability of acquiring the infection [1], enters linearly in the infection terms; while the
other terms present in the equations are linear with respect to the numbers of individuals in some
compartments. In line with this observation, we will assume that the function f(z, ) is linear with
respect to x and affine with respect to A, and therefore that F(z, \), V!(z,\) and VY (z, \) share the
same properties. In particular, the nonlinear character of the system arises from the force of infection
A(z), and from cross products between components of A(x) and z.

Due to the fact that infections appear only in presence of infected, we assume that the function
FI(z,\) which bears the corresponding terms is linear upon A (and not simply affine), and consequently
bilinear in (x, A). The terms contained in F! corresponds to the appearance of new infected individuals,
therefore they always take on nonnegative values. They are compensated by the disparition of other
(non-infected, but also infected in case of super-infections) individuals in corresponding compartments.
We also assume that the term V! (z, \) is linear in 2 only, meaning that it does not depend upon zU.
This formalizes the fact that every transfer to an infected compartments coming from a non-infected
one, occurs through an infection process and therefore is counted within F7(z, \).

Consequently we denote more specifically

Flz,\) = F{(Nz" + Fr(\N)2Y, Vi, \) =Vl — FL(\)2!, VWi, \) =VYz -~ F-(\)zY (14c)

where VI € R>nr VU € RrXn - and where the functions FL(-) @ R™ — RMXn L (0) @ R™ —
Rrrxmu D F (1) @ R™ — R™X™ are linear. In (14c), the new infections are decomposed into infection
of susceptible individuals and infection of already infected ones, respectively by the nonnegative terms
F. (N)aY and F1(N)z'. They result in the remotion of corresponding infected individuals. This appears
through the nonpositive term —FZ(\)z! in V! (z,)) in case of infection of an already infected, and
through the nonpositive term —F_(A)zY in VY (z, ) in case of infection of a non-infected. Notice also
that these two matrices have to be diagonal, while in absence of self-infections, the diagonal of F fr (\)
has to be zero.
Denoting
Fo() i= FL() — FL(), (15)

one is finally led to adopt the general form

(Fo(A) + V2! + F+()\)$U> ' (16)

@A) = ( VU — F_(\)aV

This decomposition is indeed the most general form that integrates linear dependence with respect to
x and affine dependence with respect to A within the framework based on the distinction of the new
infection terms introduced in [42]. To summarize the comments made below, it is reasonable to assume

2The right-hand side decomposition is denoted f(z) = F(z) — V(z) in [42]. For simplicity, we choose here the opposite
sign for the term V. This has no major impact, including on the subsequent definition of the basic reproduction number
in (36a), as the spectral radius of a matrix is an even function.
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that Fy(-), F_(-) take on nonnegative values with F_(-) is diagonal, and that Fy(-) is a Metzler matrix:
this will be the content of Assumption (B.1) below.

Compartmental models describe transfers of individuals between different compartments. Except for
the processes of birth and death which may add or subtract individuals, the corresponding transitions are
essentially lossless. As a consequence, mass balance equations are usually fulfilled in absence of specific,
disease-induced, mortality, namely:

1;]F0() :O;I—L[’ 1IUF+() :1ILUF_()’ (173.)
I,
].I”VI + ]_ILUVU (0 I > = O01xn,, (17b)
ny Xnyr
O’Il n
1;UVU ( IIX U) = 01><77,U- (17C)
nu

These formulas express the conservation of individuals during the transfers from one compartment to
others during infections, for any value of the force of infection A (formula (17a)); and during the non-
infective transfers: formula (17b) concerns the transfers of infected individuals and (17¢) the transfers
of non-infected individuals. As a complementary explanation, consider the total population for system
(1)-(14), which is equal to 172 = 1], 2 + 1], Y. The derivative of this quantity with respect to time is

1, &' +1] 2 1, (Fo(N) + V' + @], Fr(N) -1, F-(\)2Y +1, VU

[1;1 (Fo(\) + V) +17 VY < T )] 2!

OnU Xnr

0
+ {1I”F+(/\) —17 F-(N) +1], VY ( nf:UnUﬂ 2V,
so that 17, &7 4+17 &Y = 0,, when all identities in (17a), (17b), (17¢) are fulfilled, and the total population
is then constant along the evolution.

In presence of specific, disease-induced, mortality, these formulas have to be modified to account for
this effect, which is limited to the infected compartments. Equations (17a), (17c) remain valid, while
(17b) has to be replaced by

1
1, viya, vv <0nun>in1> < O1xn,- (17d)
Recall that in the previous formula, < means ‘less or equal, but not equal’. As a matter of fact, the
previous computation shows that one has in this case

1, &' +1] iV = <1;IVI +17, VY ( Iy >) ' <o.

OnU Xnr

In any case, (17c) alone ensures that any disease-free evolution occurs under constant total population.
The inequalities presented above are included below in Assumption (B.2). Other properties are

needed, which are quite natural in this setting. First, the square matrices V! and VY | "™ X"U> should
ny
be Metzler matrices, as they represent intakes from other compartments for the off diagonal terms,

and outtakes to other compartments for the diagonal ones. The latter matrix accounts for the internal

in absence

. L 0
exchanges between non-infected compartments, governed by the equation @V = VU [ 7/
x

of infected. As the balance of these exchanges should be zero in order to sustain constant population

nrXnuy

levels, it is thus natural to assume that the matrix VY (0 ) admits 0 as an eigenvalue, associated

nu
to the left eigenvector 1, .

Also, every non-infected compartment is assumed to receive intakes from some infected compartments,
either ‘after infection’ or ‘before’ in the shape of births proportional to this compartment: otherwise it
is not needed for the description of the disease spread. For this it is added in Assumption (B.2) that

ILUVU (0 Ty ) > O1xn,. Recall that the symbol > has been defined in the paragraph Notations at
ny Xnr
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the end of Section 1: 0 < x € R" means 0 < z;, 1 =1,...,n

In order to exemplify the ideas behind the previous modelling choices, we first come back to the SIR
model already commented. Afterwards, we study in details in Sections 3.2 to 3.6 the five epidemiological
models shown as examples in [42, Section 4], with some slight adaptations. We then come back in
Section 4 to the formal presentation of the proposed framework.

Remark 1. We find in [12, equation (1)] a general class of models with differential susceptibility and
infectivity, and in [41, Section 23.1] a general class of models with multiple groups or populations (in-
cluding e.g. multi-stage infection). Both show evolution governed by ODEs that are at the same time
linear with respect to state variables, and affine with respect to forces of infection (which are themselves
nonlinear functions of the state). With some slight modifications (in particular, making the recruitment
terms proportional to the population), both classes can be embedded in the framework (14) by adequate
choice of the x variable.

Example 3 (end of Examples 1 and 2). The model (9) is embedded in the framework (14) with z! :=1I,
= (S R)T, so thatn =3, ny = 1, ny = 2, and one sees that ny = 1. The function f defined in (9)
is decomposed as in (14a) in its two, infected and non-infected, components, yielding

Fle N =2, VeN:=-G+nl W= <W$ ?L}AS»

and the decomposition (14c) with the following elements:

Fo()\) := 0, Fr(\):=X(1 0), V= —(v4+p), (18a)
v._(r 0 p (L0
VY= (fy 0 H) , F_(\):=A (0 0) . (18b)
One sees easily that the identities in (17a) and (17¢) are verified, and as well (17b), because
vt vy ( ) —(y+p+ (1 1) (M) =0,
nUXnI ’7

3.2 Treatment model

The first example considered in [42] is a tuberculosis model with treatment proposed in [11, 16]. It
possesses four compartments, namely, individuals susceptible to tuberculosis (S), exposed individuals
(E), infectious individuals (I) and treated individuals (T). The forces of infection applied to susceptible

1 1
and treated individuals have different rates, respectively (1 ~ and /BQN, where N := E+ 1+ S+T. The

exposed individuals enter the infectious compartment at a rate v. All newborns are susceptible, and the
mortality is uniform and equal to d > 0. The treatment rates are denoted r1, resp. 2, for the exposed
individuals, resp. the infectious individuals. A fraction ¢ of the treatments of infectious individuals are
successful, and the unsuccessfully treated infectious individuals reenter the exposed compartment. The
epidemiological model is given by the following system.

1 1
= ﬂlSN +52TN - (d+ V+7’1)E+ (1 — q)TQI,
= vE—(d+mr)l,
1
b(N) —dS — ﬂlSN,

I
= —dT +riE+qrod — ﬂzTN~

N~ b
\

In the case where the natality term is linear b(IN) = bN, this decomposes as in (16), with state
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dimension n = 4 and the following dynamics.

E S A
2l = <I> , 2V = <T> , ny =ny =2, A= ()\;) , ny =2, (20a)

Fo() = 0axa,  FL(N) = F_(A) = Ay <(1) 8) 4 (8 (1)) , (20D)
_(=d4+v+r) (1-gr (b b b—d b
Vi ( v (dH;)) LV (7’1 ' d) , (20)
I I
Ai(z) = 51m7 A2(z) = ﬂ2m. (20d)

One checks that V7 is a nonsingular Metzler matrix, that the identity in (17a) is fulfilled and that (17c)
holds when the natality and mortality rates b and d are equal. Whenever b = d, (17b) (resp. (17d)) is
fulfilled when the specific mortality d is zero (resp. positive).

3.3 Multigroup model

The second example in [42] is an m-group SIRS-vaccination model of Hethcote [25, 23]. The model is
slightly adapted here. Using numbers of individuals instead of proportions, the model equations are as
follows :

. I;
L = i —< 5 — ditvite),
Zﬁ] I +S; +R; ~(dityite)
S = (Lo pbll+ St R~ (d 008 + 0B~ > By — B @
1 1 1 1 1 1 1 1 1 1 T j:1 1] 1[] + SJ + R],
Ri = pzbz(IZ +S; + Rz) + vl +6;5; — (dz + O'z')Ri,
fori=1,...,m where x = (11 oo Iy, S ... S, R Rm)T. The natural death rate is d;,

and ¢; the specific death rate. Recovering of the infected individuals occurs at rate 7;, and immunity
wanes at a rate ;. All newborns are susceptible, with group ¢ having a birth rate equal to b;. Here,
the dimension of the state variable is n = 3m, where m is the number of distinct groups. Vaccination of
the newborns, resp. of the susceptibles, is achieved with a rate p;, resp. 6;. The incidence rates §;;(x)
depend on individual behaviour and describes the amount of mixing between groups [28].

The decomposition (16) is obtained here with

= (Il Im)T, 2V = (Sl oo Sm R1oo...... Rm)T, ny=mny:=m, ny :=2m, (22a)

Fo(*) = Omuscms Fy ()= (A Ome) , F_(\) :=diag{A;Omxm}, (22b)

V1= diag{—(di+ v + &)}, (22¢)

VU (di.ag{(l —pi)bi}  diag{(1—pi)bi —d; —0;} diag{(l—pi)bi + Ui}) (22d)
diag{p:b; + i} diag{p:b; + 0;} dlag{pibi —d; —o;}

A(z) == diag{\i(z)} € R™*™, Zﬂ” m =1,...,m. (22¢)

Again, V! is a nonsingular Metzler matrix. The two identities in (17a) are clearly fulfilled. On the
other hand, here

1, vita] VU< Ins >(b1—d1—61 v by —dy —Em)
4 v Onuxn]
On n
1;UVU( I’:UU):(bldl v b —dm bi—di .. by —d),

so that (17¢) holds when b; = d;, i = 1,...,m; and (17b), resp. (17d) also holds whene; =0,i=1,...,m
resp. (e1 ... €m)>(0 ... 0).
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3.4 Staged progression model

The third example shown in [42] has a single susceptible compartment, but the infected individuals pass
through m different stages of disease [26]. The model has dimension m + 1, with the following equations.

. 1,
L = SZM* (1 +di)lq,
I, = v 1[11—(V1+d) 1=2,....,m—1,
Im = Vm—llm—l dmIma
m—1
: By
S = bN-bS-S —
2N

where the total population is N := S+ 11 + - + L,,.
Denoting e; the first vector of the canonical basis of R™, this model writes as (16) with

= (11 Im)T, 2V =8, ny=mny:=m, ny = 1, (23a)
Fy(-) =0, Fi(X\) = deq, F_(\):= A, (23b)
7(1/1 + dl) 0 . 0
141 —(va+d2) O 0
V= 0 Vo I VU= (b1}, 0),  (23¢c)
: _(Vm—l + dm—l) 0
0 0 “ee VUm—1 _dm
m—1
B Bk
=y - (23d)
k=1

The matrix V7 is a nonsingular Metzler matrix. Identities (17a) and (17c) are fulfilled, and (17b) as
well when d; = -+ = d,,, = b (i.e. when all mortality rates are identical and equal to the natality rate).
Alternatively, (17d) is fulfilled when d; > b,i = 1,...,m (every mortality rate at most equal to the
natality rate).

3.5 Multistrain model

The fourth example from [42] is a multistrain model adapted from [16, 20]. The model has a unique
susceptible compartment, but two infectious compartments corresponding to the two infectious agents,
with possible super-infections by strain one of individuals already infected by strain two, giving rise to
a new infection in compartment I;. The model is the following 3-dimensional model, where the total
population is N := S + I} + I5.

. I I

L = 51F1 —(b+m)hL +v=1Is,

I = 52N2 —(b+y)h—-—v—= 12,

. I I

s = bN—bS+71[1+7212—MS.

N
The setting in (16) is recovered by putting

2l = (2) ;o 2V =8 np=ny=2,npi=1, Az)= G;EID (24a)

FO()\) = é)\l (8 11) R F+()\) =\ ((1)) + Ao ((1)) R F_()\) = A1+ Mg, (24]:))
1. (—(b+m) 0 o
V= ( 0 (b+72)) , VU .= (bJr’}/l b+ 0), (24c¢)
I I
Ai(z) = ﬂlm A2(z) = ﬂzm (24d)
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As before, V! is a nonsingular Metzler matrix and (17a), (17b) and (17c) are fulfilled. Notice that
here the functions Ffr and F! that appear in the decomposition (14c) are not zero, so that Fy is not
identically zero. This is due to the fact that infections may occur for already infected individuals.

3.6 Vector-host model

The last example from [42] is a simplified version of a vector—host model borrowed from [20]. The latter
couples a simple SIS model for the hosts with an SI model for the vectors. It has four compartments:
infected hosts (I) and vectors (V'), and susceptible hosts (S) and vectors (M). Inter-species transmission
occurs in both directions through infective contacts between vectors and hosts. The frequency of the
(infectious) contacts is proportional to the number of vectors, with different rates 85 and f,,, depending
on the direction. The equations are as follows.

. S
I = ——V — (b 1,
5 Sﬁ] (b+7)
V = Bm——M —¢V,
. S+1 g (25)
S = bS+I)—bS+~I—pB——V,
(S+1) + 7 ﬁ5+1
M = C(M+V) — CM*ﬂmS—HM,

Model (25) is 4-dimensional and rewrites

I S A
1'[ — <V> , .CCU = <M) , ny =ny =ny = 27 A= ( )\12> s (263:)

Fo() =0 FL(N) = F-(A) == At (}) 8) Y <8 (j>, (26b)
V= <(b0+7) OC), VU= <b37 . 8), (26¢)

v I
A(z) = /BSS—H, A2 (7) = ﬂmS—H (26d)

For this example too, one shows easily that V! is a nonsingular Metzler matrix and (17a), (17b) and
(17¢) are fulfilled.

4 Models of epidemics in commuting populations

For clarity, we first recall and summarize here the proposed class of models (Section 4.1). The disease-free
states and in particular the disease-free equilibria are studied in Section 4.2. In Section 4.3, we state a
list of adequate assumptions, which basically allows to retrieve the framework put in place by van den
Driessche and Watmough [42]. It is then shown in Section 4.4 how these assumptions allow to find the
basic reproduction number in the case of a single population (i.e. for |P| = 1), which is the case treated
in the latter paper.

4.1 A class of epidemiological models in commuting populations

For sake of clarity, we repeat and summarize here in a compact way the ingredients of the proposed
epidemiological models in commuting population.

Assume be given matrices
v e Rrixn VU e RruXn (27a)

linear maps

Fo(A) : R™ s RX™M - F(\) : R™ 5 RYXW R () : R™ — RWXm, (27b)
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and a function A : R’} — R'}*, define

(Fo(A) + VD)ol + F+(A):cU) _ (27c)

fz,4) = ( VUg — F_(\)aY

When needed, we will use the following decomposition, deduced from (27) and quite similar to the
one in [42]:

Fliaz,A) = FL(\z" + Fy(\)z¥, Vi) =Vl = FI(\)z!, VW, A\) = VY2 —F_(\)zY, (28a)
where by definition
FL()) is the main diagonal of — Fy()\),  FL(\):= Fo(\) + FL(N). (28b)

The diagonal of the matrix F'{ ()) is thus zero by construction.

4.2 Disease-free states and disease-free equilibrium points

First, as in [42], we define X to be the set of all disease-free states:

X, = {(2}5) 2V e Riv}. (29)

Another important subset of the state space is the set of disease-free equilibria (DFE), a subset of the
previous one. Here, contrary to [42], we put in this category any equilibrium point, whatever its stability
properties. In absence of infection, one has A = 0,,,, and the set Xoq C X, of the DFEs of system (12)
is given by

Xeq i ={x eXs : f(2,0,,) =0,}. (30)

Due to the assumed property of linearity of f with respect to x, the set {x € R™ : f(x,0,,) = 0,}
is a vectorial space, and the set Xcq is therefore a cone. Assume Xcq is not empty, so that there exists
(at least) one DFE y* > 0 of (1). Then, for any given total population number of N > 0 (non-infected)
individuals, there exists a DFE 2* > 0 such that 12" = N, namely

N

* *

= 1T

n

)

Y
Yy
or equivalently, considering only the non-infected compartments,

* N *
2= ey
1.y
As a matter of fact, for z* defined as before, f(2*,0,,) = %f(y*, On, ) = 0, by linearity, so that x* is
a DFE; and 1] 2" := 17{\;* 11y* = N.
Let us now characterize in a more precise manner the set X, and the condition Xeq # 0. For any
r € X,, one has 2! =0, and \(z) = 0, , so that

a0 o= (PO VR B0y = (B, ).

Therefore, the cone X, is characterized by the following property:

Xeq = X Nker VY. (31)

4.3 Assumptions on the models

We make the following assumptions on the objects defined in Section 4.1.
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Assumption (B.1) (On the operators Fy, Fiy). The operators Fy(-), F+(-), F_(-) defined in (27b) are
linear. Moreover, for any A € R}*, the matriz Fy(X\) is a Metzler matriz and Fy.(X), F—(\) are nonneg-
ative, with F_(\) diagonal. Last,

15, Fo() = 05,

nr’

L B () =15, F- (). (32)
Assumption (B.2) (On the matrices VI, VY). For the matrices VI, VU defined in (27a),

o VU <0n’ XnU> is a Metzler matriz of which 0 is a simple eigenvalue associated to the left-eigenvector

L,
1,.,;
e V' is a Metzler matriz, V O > Opyxn; ond
nyXng
-1 vi>17 vV (0 Iy ) = 015, - (33)
ny Xny

Assumption (B.3) (On the map A). The map X takes on nonnegative values, and is zero on Xs.

Explanations of the meaning of Assumptions (B.1) and (B.2) have been given in Section 3.1, and
Assumption (B.3) requires no particular comment.

One may check without major difficulties that the examples displayed in Section 3 fit Assump-
tions (B.1) to (B.3). (See however an important nuance in Remark 3 on the simplicity of the eigenvalue
0 (Assumption (B.2)), in relation with the dimension of the set of disease-free equilibrium points.)

Notice that (32) repeats (17a) without modification. Also, the link between (33) and (17b)/(17d)
is evident, while (17¢) is contained in the first point of Assumption (B.2). Before going further, we
enlighten the relation of the previous assumptions with the framework invented by van den Driessche
and Watmough [42].

Proposition 1. Assume [ defined by (27) fulfils Assumptions (B.1), (B.2), (B.3). Then the same is
true for Assumptions (A.1), (A.2), (A.3), (A.4) in [42].

As will be seen below, the present setting does not contain an hypothesis on asymptotic stability
as strong as [42, Assumption (A.5)]. Indeed, Assumption (B.3) allows for a unique zero eigenvalue
in the spectrum of the Jacobian matrix of the system in disease-free evolution. This comes from the
fact that, due to the second formula in (33), the population is constant along any disease-free evolution,
see the discussion in the beginning of Section 3. (Recall that extensive quantities are considered here;
see the related discussion in Section 1.) This insensitivity to the total population level generates a zero
eigenvalue in the Jacobian spectrum at any equilibrium point.

Proof of Proposition 1.

e We first retrieve from (27) the setting of [42]. For this, let F!(z, \), VI(z, ), VY (x,\) be deduced
from model (27) thanks to (28). From Assumption (B.2), one deduces that for any A\ € R}, Fy(A) is
a Metzler matrix and its off-diagonal elements are nonnegative. By construction, the latter are also the
off-diagonal elements of F()), which possesses a zero diagonal. Thus FI()\) > 0,,xn,. One the other
hand, —F1()) is a diagonal matrix that bears the diagonal elements of Fy(\). Due to Assumption (B.1),
one has

so that 17 F1(X) = 1] FL(X) > 0, and the diagonal matrix F()) is nonnegative. Now, the decompo-
sition of f according to

o = (7 )

is identical to the one given in [42]. We will now establish that it fulfils the Assumptions (A.1) to (A.4)
of the present paper.

e Due to Assumption (B.1), the function F!(x, A\(z)) in the decomposition (28), which gathers the
infection terms, takes on nonnegative values. This is essentially the content of [42, Assumption (A.1)].
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Assumption (A.3) in [42] states that no infection term feeds the non-infected compartments. This
property is already fulfilled by the choice of the structure of model (27).

Translated in the present setting, Assumption (A.2) in [42] states that whenever z; = 0 for some
i=1,...,n, then the corresponding component V! (z, A(z)) > 0. First let i € {1,...,n} be the index of
an infected compartment, that is ¢ € {1,...,n;}. On the one hand, due to the fact that V' is a Metzler
matrix by Assumption (B.2), and that x > 0,,, one has (V'z!); > 0 whenever z; = 0. On the other
hand, the operator F1 (\) being diagonal, the i-th component of FX (\)xz! is zero when x; = 0. Therefore,
as VI (z,\) := VIzl — FI(\)z!, one obtains that V! (z, A\(z)) > 0 whenever z; = 0.

The same argument allows to treat the case of a non-infected compartment. Let i € {1,...,n} be
the index of such a compartment, that is i € {n; +1,...,n}, and x € R’} such that z; = 0. One has

VUSC:VU Inr :L'I+ OnIXnU :L'U :VU I’TlI :L'I+VU OnIXnU :L'U. (34)
OnUan InU OnUan InU

The i-th component of the first term is nonnegative due to the fact that x! > 0,,, and VY ( I > >

OnUan
Ony xn; (Assumption (B.2)); while the i-th component of the second term is also nonnegative, due to

the fact that ; = 0 and 2V > 0,,,,, and that, by Assumption (B.2), VV (O"I’X"U) is a Metzler matrix.

ny
Overall, (VUz); > 0. On the other hand, the operator F_()) is diagonal (Assumption (B.1)), so that
the i-th component of F_(\)a¥ is zero when z; = 0. Therefore, VY (z,\) > 0 whenever z; = 0. This
achieves the proof of Assumption (A.2) in [42].

Last, Assumption (A.4) in [42] states that at any disease-free state x € X, the infectious term
Fl(z,MNz)) = FL(\)z" + F1(A\)aY is equal to 0,, and that V! (z, A(z)) = VIz! — FI(A\)z! <0,,. Let
z € X, then 2! = 0,,, and all terms F{(\)z!, FL(A\)z! and V'z! are thus 0,,. On the other hand,
A(z) = 0, due to Assumption (B.3), so by linearity the matrix F (\) is null, and thus Fy (A\)zY = 0,,,,
so that V! (z, A(z)) = 0,,, as well. This achieves the proof of Proposition 1. O

4.4 Basic reproduction number for a single-population model

The following result shows essentially that the previous setting contains the stationary, single-population,
case treated in [42]. It gives the value of the basic reproduction number of model (1) with a dynamic
defined by f in (27). The proof consists mainly in adapting the framework of [42, Theorem 2].

For any sufficiently regular function H(xz) : R™ — R", we decompose the Jacobian matrix of H in

RTXTI as
OH oH oH OH OH
e — v el 0 R""X"I 0 RTXTLU. 35
o @) <ax1 (*) 3e0 ($)> @ E a0 @) € (852)
For simplicity, this will be written in the sequel with the more compact notation
0OH

Theorem 2 (Basic reproduction number and stability for single-subpopulation epidemic models). As-
sume [ and X fulfil Assumptions (B.1), (B.2), (B.3). Then the following properties hold.

o System (1)-(27) admits nonzero disease-free equilibrium points.
o For any nonzero disease-free equilibrium point x* € Xeq of system (1)-(27), let
Ro:=p(FV1), (36a)
where F,V € RM*" qre given by:

F = 9,1 (Fr(Ma))z)| V.=V (36b)

r=x*’

The following assertions are true:

— if Ro > 1, then x* is unstable;
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— if Ro < 1, then x* is marginally stable. Moreover, if the first identity in (33) holds with an
equality, then x* is locally asymptotically stable.

In agreement with the notation defined in (35), the matrix F' of Theorem 2 is such that

x))zU* A U+ il
P o (R0, - LECENTD ) S AEDED) 2|

Proof of Theorem 2.
e From Assumption (B.2), the matrix M := VY (O"IIX"U) € R"*"U ig a Metzler matrix, of which

ny
the positive vector 1, = is a left-eigenvector associated to the eigenvalue 0. For large enough value of a,

M + aly,, is non-negative, and 1;  is a left-eigenvector associated to the eigenvalue a. The latter is
thus the spectral radius of M + al,,,, [10, Corollary 1.1.12], so that 0 is the stability modulus of M and
no other eigenvalue is located on the imaginary axis.

The matrix M also admits a nonnegative right-eigenvector w € R, see [10, Theorem 1.1.1]. Now,

. 0 .
the nonzero, nonnegative, vector < :}I > € RY is such that

U 077,1 _ U OnIXnU _ —
Vv (w =V 7 w = Mw = 0,,,.

nu
One concludes, using (31), that
(01’;1) € X, Nker VY = X,

which demonstrates the existence of a nonzero disease-free equilibrium of system (1)-(27).
o Generally speaking, the Jacobian matrix of the function f(x, A(z)) for f defined in (27) at any point

x € R} is decomposed as
_ (Ju@) Jw(z)
J(z) = < Torle) o (x)> : (37)

Jrr(x) € RM=n s Jrp(x) € RM* ) Jyp(x) € R XM Jyy(x) € R™ X" where

Jr1(@) = 01 (FoM)) + V)l + Fa (M),
Jiv () = 8y (Fo(M(@)) + V)a! + Fy(M=))2"),
Jui(x) = 0 (VU2 — F_(\(z))2Y), Juu(z) == 0y (VY2 — F_(A(z))2Y).
Let z* € X¢q be a (nonzero) DFE. We will first show that at such a point, the block Jryr(«*) is null.

As a matter of fact, one has x!* = 0,,,, A\(z*) = 0,,, and thus the matrices Fy(A\(z*)), Fyx (A\(x*)) are
zero, due to the linearity of these operators, see Assumption (B.1). Therefore,

R, i)\ .

Jro() = 0,0 (FeO@)a¥), . = By @) + By (Fe (A@)")|, . = S 0n,) ()

One has A(z) = 0,,, at any point = € X, so that
o\

a.’L'—U(z*) - OnanUa
and one concludes that at any DFE x*,
J[U(l‘*) = OnIXnU- (38)

Due to the previous property, the stability of any DFE x* is determined by the spectra of the two
blocks Jrr(z*) and Jyy(z*) of J(z*). Let us compute these quantities.

On the one hand, ain (F_ ()\(x)))‘m is shown to be zero, just as ain (Fr(A(2))) ‘I:I* previously.
Thus,

=x*

Juu(a*) = 0,0 (VY2 — F_(A(z))z")| = vUﬂ —F_(Maz*)=VY <O”IX”U> , (39)

T=z* a.’L'U InU
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which by Assumption (B.2) has zero as simple eigenvalue and possibly other eigenvalues with negative
real parts.
On the other hand, using the nullity of the terms Fy(A(z)) and Fy(A\(x)), one has

Jrr(a®) = Oy (Fo(A(=) + VD! + Fy(M@))a)| _. =V + 0pr [Fr(A2)a""]| _, ..

One checks directly that

Ot (Fr(Ma))z™)

e = O (FJF()\)QCU*)’AZOTLA Ot Ny s

where, due to the linearity of F (-), the quantity Jy (F+(/\)zU*) does not depend upon A. Comparing
with the notations introduced in (36b), one thus obtains

Jr(a®) =F +V. (40)

Notice first that the matrix V = V/ is Hurwitz. As a matter of fact, by hypotheses in Assump-
tion (B.2), one has

17 vi<-1r vV L) 2o,
1 v OnU Xnr
This, together with the fact that this matrix is Metzler, implies that V! is Hurwitz, see [35, Theorem
2.1], and in particular invertible.
On the other hand, by Assumption (B.1), the operator F; (\) is positive. This implies that the terms
EN (F+ ()\)xU*) ’)\:O” are (constant) nonnegative matrices. Also, the terms 0,1\|,_,. are nonnegative,
as A(x) is zero at any point x € X, and takes on nonnegative values. Thus, F is a nonnegative matriz.
Arguing as in [42, Proof of Theorem 2], one then obtains that

S(J[[(ZL'*>> <0 Ry<1 and S(J[[(ZL'*)) >0 Ry > 1, (41)

for the value R defined in (36), and where s denotes the stability modulus, see the Notations in the end
of the Introduction.
e Consider first the case where Ry > 1, so that s(Jrr(2*)) > 0. One has

s(J(x*)) = max{s(Jrr (")), s(Juu (z*))} = max{s(J;;(z*)),0} = s(Jrr(x*)) > 0.

The DFE z* is then unstable.

e Consider now the case where Rg < 1. One has here s(Jrr(z*)) < 0, but s(Jyy(z*)) = 0 (contrary
to what happens in [42]), and Jyy(z*) has only 0 as an imaginary eigenvalue, which is simple. Let us
first establish the (simple) stability of the DFE under the general condition (33). Let dz := x — 2™,
ozl =2l — 2, 62V := 2V — 2*Y. By definition, the tangent linear equation writes

ol = J[](.T*)(S.TI, 5iV = JU[(.T*)(S.TI + JUU(,T*)(S.TU.

Then exploiting the asymptotic stability of the block Jyj(z*), for sufficiently small ¢ > 0, there exist
¢ >0,c>1, k>0 such that, for any trajectory of (1)-(27) such that ||dz(0)]] < ¢,

16z (B)|], 1162 (£)]| < ce™*||6z(0)|]  for any t > 0, as long as ||dz(t)|| < e. (42)

On the other hand, as seen in Section 3.1, one has for any trajectory

1, &' +1] i = [1:” (Fo(N) + V) +1;, VY ( Iny )} al

OnUXnI

+ [1;IF+(A) —17 F-(A\)+1] VY (O"IIX"U)] zY,

nu

so that in the vicinity of the DFE z*, one has A(z*) = 0,,, and

A

1, 6i" + 17, 6iY = (11”1/1 +17, VY < Iy )) sz’ +1] VY <0"IX"U) 6xY.

OnU Xnr I’nU
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Due to the first point in Assumption (B.2), the second term is zero, yielding

I
U 1 I U n I
ILU&E = -1, 03" + (11”[/ +1,TWV < I )) ox

OnU Xnr

OnU Xnr

_ (1;IJI,(:E*> 1, v+ 1n, v ( Iy >) 5!
As §2' decreases exponentially, see (42), one thus gets that,

T U
17, 02" ()| < [|6z(0)]| as long as ||0z(t)] < ¢,

U

for some ¢/ > 1. Denoting 2V := (xmﬂ . znfl)T and 02V := 7Y —3*V | the evolution of 62V is then

nryXnuy

L,
The latter have negative real parts, as noticed in the beginning of the present demonstration. Therefore,

for some ¢’ > 1,

governed by the remaining eigenvalues of the matrix VY 0 mentioned in Assumption (B.2).

162Y ()| < e "||62(0)]| as long as ||0z(t)|| < e.
Take [|62(0)|| < min {¢; &; =; 55 }, then as long as [|dz(t)| < £, one deduces
loa' )l <2, A et@l<c el <
Using for example for || - || the {'-norm, one has
|62 ()] = (15,627 (1) — 15, 4027 (1)] < 1,027 ()] + |1, 402" (1)] < |1, 02" (1)] + |62 (1)]| < %

so that :
- €
6 (t)]| = [|62" (0| + 627 ()] < 62" ()] + 162V (#)]| + ([0 (B)]] < 5 <¢e

Therefore ||0x(t)|| never reaches the value €, and the simple stability of the DFE z* is proved.
Assume now more specifically that the first formula in (33) holds with an equality, i.e.

I
1;Ivf+1;UvU< n >01Xm.

OnU Xnr

Then along any trajectory of system (1)-(27), one has (see Section 3) 1],& = 0, so that 1] z(t) = 1;,2(0).
Replacing e.g. the coordinate x,,(-) by its value 37| z;(0) — Z;:ll x;(-) yields an (n — 1)-dimensional
dynamical system, of which the vector * := (:c’{ e x;‘;_l) is an equilibrium. The spectrum of the
Jacobian matrix of this reduced dynamical system at this point consists of the n — 1 eigenvalues of J(x*)
with negative real parts. The point z* is thus a locally asymptotically stable equilibrium of the reduced
system, and x* is therefore a locally asymptotically stable equilibrium of the initial system. This achieves

the demonstration of Theorem 2. O

Remark 2. The function whose Jacobian is considered in Proposition 1 is, as in [42, Assumption (A.5)],
equal to the right-and side f(z, \(x)) ‘when the function F'(x, \(z)) is set to zero’.

Remark 3. Consider the following system with two susceptible compartments, extending the SIR model (8)
by introduction of inherited heterogeneity of susceptibility and infectivity:

: 1; 1y : I; 1y
Si = uN; — 5; <ﬂu§ + ﬂiﬂﬁ) — uSi, 1; =5; <ﬂu§ + ﬂii’ﬁ) — (v + )i, R; =~I; — pR;,

with N; = S; + I, + R;, for any i,i" such that {i,i'} = {1,2}. This model may be written in the preceding
setting with ny = 2, ny = 4. One verifies that, with the state vector (11 Irh S Sy R; RQ)T, one
has (compare with (18))

w 0 0 0 p 0
VU — 0O uw 0 0 O o
v 0 0 0 —u O
0O~ 0 0 0 —pu



Corresponding to the conservation of the two quantities S; + I; + R;, respectively within the compartments

Si/I;/R; fori=1,2, one has here

0 0

U 2x4 ) U 2x4 )

1010V <I4>(0 10 1)V <I4>01.

These identities imply, but are stronger than the eigenvector property in the first point of Assump-

024
]TVU ( 2% ) or.

Here the eigenvalue 0 of matriz VY (021X4) has thus multiplicity (at least) 2, so that Assumption (B.2)
4

is not fulfilled and Theorem 2 does not apply directly. However, using the two conservation formulas of
the quantities N;, one adapts easily the demonstration, showing that two components of dzU are bounded
instead of one, while the remaining components converge to zero. One then recovers the marginal stability
property, and indeed the conclusions of Theorem 2 are still valid. This provides a substantial extension
of this result.

Notice that the same phenomenon appears for the multi-group model presented in Section 3.3 and for
the vector-host model in Section 3.6. For the first one, the disease-free equilibrium points may or may not
present individuals in every non-infected compartments S;, R;; and in the second one, they may or may
not contain both uninfected hosts S and uninfected vectors M. Generally speaking this subtlety requires
special attention when the dimension of the set Xoq of all DFEs is at least equal to 2.

5 Basic reproduction number of epidemiological models in com-
muting populations

We gather in this section the main results of the paper. In Section 5.1 is given the basic reproduc-
tion number for a partitioned-population model (that is, without commutations). This serves as an
introduction to Section 5.2, where the general case of commuting populations is treated.

5.1 Basic reproduction number of stationary partitioned-population models

Consider first the model of partitioned population given in equation (2), with a function f as in (27).
The corresponding model is stationary, and composed of |P\R| uncoupled ‘locations’ (classes).

Assuming the Assumptions (B.1) and (B.2) fulfilled, as well as (B.3) for every A;, ¢ € Q, it is easy
to see that there exist disease-free equilibrium points to this system. As a matter of fact, equation (4)
provides a description at the level of each location ¢ € @ = P\R, and due to the previous assumptions,
the latter admits disease-free equilibrium points 7, ¢ € Q (see Theorem 2). It is then easy to split the
global population at this point and allocate proportions a,zy, 0 < oy <1, > eq @p = 1 of the latter to
each subpopulation z,, p € ¢, in each class ¢ in order to obtain a DFE X™*.

We will first introduce in Section 5.1.1 a representation of the state variable for a partitioned-
population model. A difficulty is that, as we aim at obtaining tractable criteria, we can no longer
use the intrinsic formulas in (2) expressed in terms of all subpopulations indistinctly: instead, one must
consider the subpopulation classes and define a global ordering of the subpopulations that keep track
of their contacts, in order to ease the representation of the global state variable. Once this done, one
may compute the Jacobian matrix of the system (Section 5.1.2), and finally obtain in Section 5.1.3 the
analysis results related to the stability of the DFE X™*.

peq

5.1.1 Ad hoc representation of the state variable for partitioned-population model

We will now proceed to the computation of the Jacobian matrix of equation (2) at a disease-free equilib-
rium point. For this, we will choose a specific representation of the global state variable X', compatible
with the previous setting. In order to picture the analysis results in terms of matriz properties, we will
have to drop the intrinsic representation (2), expressed in terms of subpopulations, and argue in terms
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of classes, ordered in an order having some specified properties. This complicates notably the writing of
the conditions. However, this complication is more of a notational nature, than of a conceptual one.

Before displaying the new representation, notice that, in any case, the class ¢; € Q contains |g;|
distinct subpopulations, so that the total number of subpopulations fulfils the identity

Pl=> {ladl : ¢€Q}. (43)

Also, due to the fact that z, =Y __x, for any class ¢ € Q, one has for any p,p’ € P;

PEQq
a.’L'[p/]
Oxyp

5 =) G = O i 1 1) (44)

independently of the ordering of the components of the vector X.

For simplicity, we will assume that the n-dimensional vectors x, are ordered within the n|P|-
dimensional vector X according to the following principles: all vectors x{, are grouped first, then all
vectors pr ; and within the vectors x{), resp. pr , the information of the subpopulation of a first class ¢;

are put first, then of a second class g2, and so on until gg|. Schematically, this corresponds to writing
the state variable X € Rim as

X = (jgé) ;o xTerMIPl xU Rl (45a)

with
yIT — (zg,pl zg,pm‘ xé;pl xé;qu\ zé‘TQMPI ZL'é‘TQ‘7p‘q‘QH) 7 (45D)
where the vector zéjypi, j=1,...,]9], ¢ = 1,...,|q;|, represents the n; infected compartments of

the subpopulation p; in the class ¢; € Q. The vector XU is defined similarly. Notice that such a
decomposition is not unique, as the ordering of the classes on the one hand, and the ordering of the
subpopulations in every class on the other, are not unique. Once the ordering of the classes and the
ordering of each subpopulation in its class have been chosen, then the ordering of the components in
vector X is the corresponding lexicographic order: for any ¢,¢' € Q, p € ¢, p’ € ¢/, the components z,,
are located before the components x4 , if and only if ¢ precedes ¢/, or if ¢ = ¢’ and p precedes p'.

Remark 4. With the convention exposed above, one may rewrite identity (43) as

12l

PI=la| (46)

5.1.2 Computation of the Jacobian matrix

With the convention of representation of the state variable X previously exposed, the Jacobian matrix
J(X*) at a DFE X* is written by blocks as

T (X*) jIU(X*)> 7 (47)

X*) = . N
T (Jm(x ) Juo(X)
for some j]](X*) c RnI\P\Xn1|P|, jIU(X*) c RnI\P\XnU\P\’ jUI(X*) c RnU\P\Xn1|P|, jUU(X*) c
R IPIxnulPl et us assess the value of these blocks.
e Let p € P, then taking inspiration from the computations in the proof of Theorem 2, one has that, at
any DFE X, for any p € P,

Bt [(FoNpy (@) + Vg + Fr Ay () ]| oy

=Vt 8% [F+()\[p] (.T))pr*} 3 =VI+ 0, [F.,.()\).Tg*]
=)

A=0 611)\[1,](1') L
" F =T

In coherence with the previous notations, zg * represents the uninfected components of the state vector
*

of the subpopulation p at equilibrium; and xf‘p] = Zp,e[p] Ty
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Remark 5. As noticed before, the function A — Oy [F+ ()\):cg*] is constant, as it is the derivative of an

affine map. Accordingly, here and in the sequel we will simply write
O |:F+(A)zg*} instead of O |:F+(A)zg*} (0ny)-

Also, x*p] = Zp’E[p] x,,, so that the preceding deriative does not depend upon the subpopulation of the

class. One may thus write
0ot A (25)) = Dot Appl (7)),

where the variable x{o has been replaced by the dummy variable z!.

On the other hand, for p,p’ € P such that [p] = [p/] but p # p’, one has

0pr, [(Fo (A1 () + V), + Fr (A (@) ] [ e

— 8z£/ [F+(/\[p] (:C)):EPU*} . = a,\ |:F+(A).TPU*} 8961)\[17] (:L')|

—=x*

[p]

z:gc[*zj]

(using again Remark 5 to introduce a dummy variable).
Last, the partial derivative 8,1 [(Fo(Ap)(zg))) + V) + Fy Ay (zg))zY | ‘X:X* is equal to Oy, xn;

whenever [p] # [p/].
One shows with the same techniques that, for any p,p’ € P,

0,v, [(Fohp (@) + VD) + Fr O ()2 ]|y e = Ongxng -

x
p’

Last, one has for any p € P,

On n
Opy (VP — F_ (N (w{pl))xg)‘/y:x* =V ( i U) ’

nu

while for any p,p’ € P such that p # p/,

Ou, (VU = -y (@ ))af))| = O

p’ X=X~

e With the help of the previous computations and adopting now the component ordering defined in (45),
one may proceed to compute the three blocks Jr7(X*), Jru (X*) and Jyy (X™*) in the decomposition (47).
The matrix J;7(X*) is defined as

jH(X*):diag{Bql(X*);...;Bq‘g‘(é\f*)}, (48a)
where, for any ¢ € Q, the block B, € Rmlalxnrlal s given by

0,1 [Fy(A(@))a5] (x)

q,1 q
By = (I ®V")+ : (1], ® In, ). (48b)
Our | Fr M)l | ()
:I:gf,
subpopulation numbered i in the ¢ class/location; and z} = Y- {x :p e P, [p] =q} = E‘iqz‘l xy; is the
total population present in that class. One also has:

In coherence with the previous notations, in (48b) i =1,...,]¢ql, is the equilibrium value of the

jIU(X*) = 0n1|73|><nU|73|a (48C)
* On n
Juu(X*) = Iip| ®VU( i ”), (484d)
ny

where ® represents the Kronecker product. It is important to notice at this point that the 4th block
Ju1(X*) has a block diagonal structure, with |Q| blocks, respectively of size |q1],...,[qgl-
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Let us comment on that structure of the Jacobian matrix. First, formula (48a) shows a block-diagonal
structure that corresponds to the class structure: there may be no influence whatsoever between two
subpopulations whose classes (or locations) are different. Then (48b) unveils the interinfluence between
the infected populations at the same location. The first term therein, namely ({4 ® V1), originates from
the passage from a compartment to another within every given subpopulation z,; while the second one
— the product of two matrices of respective dimensions |g|n; X ny and ny X |¢gjn; — comes from the
interinfluence between the different subpopulations in the same class ¢, which results from the fact that
the force of infection A depends upon the total population z, = Zpe ¢ %p at this location. The n; lines
of this second term that correspond to a given subpopulation p,;, @ € {1,...,]|q|}, are

Opr [Fr(M@))arg ;] (23) (g ® Ln,).

They depend only upon two quantities: on the one hand upon the equilibrium value xfﬁ of this subpop-
ulation; and on the other hand upon the global sum zg* — xfﬁ of the other subpopulations in the class
¢ (and not individually of every other subpopulation in the class q).

Formula (38) is the analogue of (48¢) in the simple case of a unique subpopulation. It is a consequence
of the fact that the equilibrium considered is disease-free. Last, formula (48d) testifies of the same type
of diagonal structure than the first term in (48b), which gives in J77(X*) a term (Ijp; ® V') similar

to (48d).

5.1.3 DFE stability for a partioned-population model

The following result treats the case of several subpopulations distributed in different locations in a
permanent manner. This extension of Theorem 2 is essentially a rewriting, due to the fact that the
partition of the subpopulations is unchanged along the time. It is put here for didactic reasons, as an
intermediate towards the fully general case where the partition changes with respect to time, treated
below in Theorem 4.

Theorem 3 (Basic reproduction number and stability for epidemic models with fixed population par-
tition). Let P be a finite set, R a partition of P and Q := P\R the corresponding set of equivalence
classes. Let [ and N\, q € Q, fulfilling Assumptions (B.1), (B.2), (B.3). Then the following properties
hold.

o System (2)-(27) admits nonzero disease-free equilibrium points. The set of equilibrium points of this
system is exactly the Cartesian product XLZ‘, where Xeq, defined in (30), is the set of equilibrium

points for an isolated subpopulation.

e For any nonzero disease-free equilibrium point X* € X‘Jg‘ of system (2)-(27), let

Roq=p(FV ), q€Q, (49a)
where Fy,V € RM*™ are given by:

F,

= 0u1 (Fr(Ag(2))zl™) V.=V (49b)

—_ k)
zfmq

Let
R = IllaXR . 50
0 qeQ 0.4 ( )

The following assertions are true:

— if Ro > 1, then X* is unstable;

— if Ro < 1, then X* is marginally stable. Moreover, if the first identity in (33) holds with an
equality, then X* is locally asymptotically stable.

Recall that the notation d,r is defined in (35).
While apparently complicated, the result enunciated in Theorem 3 is in fact quite natural. On the
one hand, formula (50) states that the basic reproduction number of the system is the largest of the
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basic reproduction numbers of the (sub-)systems describing the infection spread in each independent
class (location) ¢ € Q. On the other hand, due to perfect mixing within every class, formula (49) states
that this value may be computed for any class ¢ € Q as the basic reproduction number corresponding
to a unique population at the equilibrium point zj = ZpG q x,. In this respect, it is important to notice
that Fj, in (49b) is an n; X n; matrix, while the block B, corresponding to the class ¢ of the Jacobian
matrix defined in (48b) is a nz|q| X nr|q| matrix.

Notice that when Q contains a unique class gathering all subpopulations, then Theorem 3 reduces
to the case, treated in Theorem 2, of a unique subpopulation. This is a consequence of the fact that
what matters to portray the asymptotic evolution at the scale of a class ¢ € Q, is exclusively the total
population z, present therein.

Proof of Theorem 3.
e Due to (2), at equilibrium, every subpopulation p € P evolves uncoupled, according to

i;D = f(xpaon)\)-

It is therefore clear that the set of equilibrium points of (2)-(27) is exactly the Cartesian product XLE'.
e Let us now consider the Jacobian matrix. As Jyy(X™) is null, one has

s(7(X7)) = max{s(Jrr(X7)), s(Jov (A7)},

and one is led to consider the two diagonal blocks Jrr(X™*) and Jyy(X*). We will exploit the block
diagonal structure of these two matrices.

e Let us compute first the value of the dominant eigenvalues of the diagonal blocks B, of Jrr(X™*),
q € Q. For this, let us consider a subpopulation class q. We will assess the dominant eigenvalue of the
corresponding matrix B, and show that it is equal to R, defined in (49a). Let v € R and the vector

U1
e Rl
Ylq|

be respectively the dominant eigenvalue and a positive right-eigenvector of the matrix B, defined in (48b).
In other words,

Ot [Fi (g(@)2l3] (22) " .
(I @V + : (1], ® In,) l=v| o] (51)
Dy [F+(Aq(x))zgrql} (a2) Vgl Vg
The map z¥ — F(A)zY is linear. Therefore, due to the fact that «} =z}, +--- + Ty |4 S0 that
xf{* = xfﬁ 4+ ququ, one has

Dt [Fy (Ng(2))2¥5] (25) "
(1] ® In;) : =01 [Fr @)zl 1] (25) = 0ur [Fir(Ag(2))a¥*] ().
Dt {F+(Aq(m))$grq|} (@r)] =

The emergence of an epidemic in the class ¢ depends only upon the total population present therein
and upon the local conditions of the infection, but not upon the division of this class in several subpop-
ulations: the stability of the DFE is indeed a property of the class itself, independent of its constituting
subpopulations. In coherence with this intuition, we now exhibit a dominant eigenvector at the level
of the whole population. Using the previous computations, left-multiplying formula (51) by the matrix
(1], ®1In,) € R xldn1 yields the identity:

U1 U1

(A @V + 8 [Fr Ng@)el*] @)y @ L) | 1 | =vg@ L) | ¢ ],
Ylq| Ylq|

26



that is, for any g € Q,

(VI + 0, [F+()\q(x))xf1]*} (%)) vg = vvg, with vy := v + - +v)q.
The vector v, is a positive eigenvector, it is therefore associated to the dominant eigenvalue v. The
matrix involved is the same than the one appearing in Theorem 2, and the same handling yields the
formulas in (49), similar to (36). The basic reproduction number of the system then appears as the
largest of the dominant eigenvalues of the diagonal blocks B, of Jrr(X*), g € Q.

e Let us now consider the matrix Jyy (X™), expressed in (48d). Each of the |P| blocks possesses a unique
eigenvector associated to the eigenvalue 0, therefore 0 is an eigenvalue of Jyy(X*) whose algebraic and
geometrical multiplicities are both equal to |P|. The evolution in each class of Q is independent of what
happens in the other ones, and conducting the same analysis than in the proof of Theorem 2 gives the
same stability result, depending on whether Ry given in (50) is smaller or larger than 1. This achieves
the proof of Theorem 3. (|

5.2 Basic reproduction number of general epidemiological models in com-
muting populations

We study now the behaviour of the solutions of an epidemiological model in commuting population given
by (12)-(27), for a T-periodic admissible switching signal R(-) with interswitch durations in a given set
A, defined in (11), assuming Assumptions (B.1), (B.2), (B.3) fulfilled.

We first show in Section 5.2.1 that the disease-free periodic solutions are indeed equilibrium points.
We then extend in Section 5.2.2 the framework introduced in Section 5.1.1 for representing the state
variable, and state the main result in Section 5.2.3, together with an important corollary. Section 5.2.4
provides a method to compute more easily the quantities involved. Finally a simple example is displayed
and analyzed in Section 5.2.5, in order to make visible the different steps.

5.2.1 Equilibrium states of a periodic commuting population model

We are interested in modelling and analysing the effects of periodic ‘commutations’. The latter are
specific variations in time of the considered system. Having a more acute look at the formulas (12) with
T —periodic switching signal, one sees that the time-variation only affects the definition of the (piecewise
constant) force of infection, namely the subpopulation mixing on each time interval.

Consider a disease-free evolution of system (12)-(27), that is one for which 2! (¢) = 0,,, and Aplre (8) =
0y, for any t € Z. Seen from the subpopulation p € P, this implies (see formula (34))

iy = f(wp(1),0n,) = (VOJ;CP) . el

The only changes considered here are the commutations. The latter modify the mixing of the subpop-
ulations, and possibly the value of the components of the force of infection. However, the structure of
the model is not touched, and in particular the non-infective passages from a compartment to another
are not modified along time. In consequence, contrary e.g. to what happens with the settings developed
to analyse seasonal phenomena (see for example the papers [6, 9, 45]), the disease-free attractors are all

the equilibrium points in the space R‘f‘n. See more details in the first part of Theorem 4.

5.2.2 State variable and Jacobian matrix representation for commuting population model

We extend here the notational setting introduced in Section 5.1.1, in order to accommodate the changes
of partition from a maximal subinterval of Z to the next one that model the commutations. Denote
R(Zy) the partition in force during any maximal subinterval of Zj. The class of subpopulation p during
this period of time will be denoted accordingly [p]z(z,)-

For simplicity we assume the existence of a ‘reference ordering of the subpopulations’; pre-existing
the infection; and, for any union of intervals Z,, k = 1, ..., m, of another lexical ordering such as the ones
presented in Section 5.1.1, having the property of attributing contiguous ranks to the subpopulations
located in the same class. Denote M, € RIPIXIPl the permutation matrix allowing to move from the
reference ordering to the ordering attached to Zy. In other words, the subpopulation with rank ¢ in the
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initial ordering, is ranked i’ in the new one, such that Mye; = e, during Zx, where e;, e; are respectively
the i-th and i’-th vectors of the canonical basis of RIP!.

Consider a given DFE X* € RTP‘. The Jacobian matrix of system (12)-(27) is constant on any
interval in Zj. Referring to formula (47), its value when expressed according to the subpopulation
ordering adapted to the partition R(Z), will be denoted J;(X*), and the corresponding nonzero blocks
Trrk(X%), Torw(X*), Jove(X*). In the reference ordering, the Jacobian matrix Ji(X*) is then equal
to

e (Tre(X*) Troe(XF) o
TuX7) = <jU1,k(X*) jUU,k(X*)>7 (52)
jnn’yk(X*) = ( L ® Inn)jnn’,k(X*)(Mk & Inn/)v s 77/ € {Iv U} (52b)

In particular, one has j[u,k(?(*) = J1uk(X*) = 0, 1P| xny|p| at any equilibrium point A™*.

5.2.3 DFE stability for a commuting population model

With the previous notations, it is now possible to state the main result of the paper.

Theorem 4 (Basic reproduction number and stability for epidemic models in commuting populations).
Let P be a finite set, R(-) a T-periodic admissible switching signal with set of switching times Ry \ T
according to pattern (11), and Q(t) := P\R(t) the corresponding set of equivalence classes at time t € T.
Let f be given as in (27) and A\, ¢ € Q(Iy), k= 1,...,m, fulfilling Assumptions (B.1), (B.2), (B.3).
Then the following properties hold.

o The disease-free T-periodic solutions of system (12)-(27) are exactly the equilibrium points of the

Cartesian product X.LE', where Xoq, defined in (30), is the set of equilibrium points for an isolated
subpopulation.

e For any nonzero disease-free equilibrium point X* € XLZ‘ of system (12)-(27), let

Ro = p (ejII,m,(X*)(TTYI'_TWL*I) . ej]]yg(X*)(Tz—Tl) ejII,l(X*)(Tl—TO)) , (53)

for the [Pln; x [Pln; Jacobian matrices Jirx(X*), k =1,...,m, defined in (52). The following
assertions are true:

— if Ro > 1, then X* is unstable;

— if Rp < 1, then X* is marginally stable. Moreover, if the first identity in (33) holds with an
equality, then X* is locally asymptotically stable.

Recall that the notion of admissible switching signal and the notation Z have been defined in Defini-
tion 2. Computing exactly Ry involves computing the spectral radius of a matrix of size |P|n; x |P|n;.

Remark 6. The computation of Ry by (53) is made easier in the case where, in spite of the commu-
tations, the infection evolves independently in completely disjoint subgroups of the population. This is
indeed the case if for some subpopulations p,p’ € P, there is no positive integer | and finite sequence
Do, P1,---,p1 of elements of P such that py := p, p; := p and for any i = 0,...,1 — 1, there exists
ke{l,...,m} such that

[pz‘]n(zk) = [Pi+1]72(1k)'

(Alternatively, this means that the transitive closure of the union of the relations R(Z), k =1,...,m,
has at least two distinct classes of equivalence.) When such disconnection occurs, the infection initially
present in the subpopulation p cannot move to the subpopulation p’ and vice versa, and the matriz product
in (53) involves several diagonal blocks. As is the case for Theorem 3, the value of Ro then appears as
the mazimal value of the corresponding quantities computed in each connected component of P (that is,
on each class of equivalence of the transitive closure of the union of the relations R(Zy), k=1,...,m).
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Proof of Theorem 4.

e Let us first consider a disease-free trajectory for (12)-(27). As observed previously, the coupling between
equations describing the evolution of different subpopulations is manifested only through the infection
process: due to (12), every subpopulation p € P evolves according to

&p = f(xp,On,).
It is therefore clear that the set of equilibrium points of (12)-(27) is exactly the Cartesian product Xezl.
More precisely, for any disease-free periodic trajectory, any subpopulation p € P undergoes a sta-
tionary evolution, governed (see (27¢)) by the evolution

. 0

pr — VU ( nIInxUnU) pr_
By Assumption (B.2), the matrix present in this formula has 0 as simple eigenvalue, and all other
eigenvalues have negative real parts. Therefore, every trajectory converges towards an equilibrium point,
and no other periodic solution exists.
e As established in Section 5.2.2; the Jacobian matrix of the system is constant on every maximal
subinterval of Z, and equal to jk(X *) on any Z, k = 1,...,m. Using the block-diagonal structure
and arguments identical to the demonstration of Theorem 3, one shows the marginal stability of the
uninfected components; while the stability of the infected components depends upon the position with
respect to 1 of the spectral radius of the monodromy matrix. The latter is exactly Ro. This achieves
the proof of Theorem 4. O

We now present an important corollary of Theorem 4. The following result shows that, when the
conditions of transmission are identical in the whole population (in a sense made precise in the state-
ment), then the disease evolution is identical to that of a perfectly mixed population gathering all the
subpopulations.

Corollary 5 (Homogeneous density-independent transmission conditions). Under the conditions of The-
orem 4, let X* € XEE‘ be a nonzero disease-free equilibrium point of system (12)-(27) such that

Vke{l,....m}, Va.q € QTk), O [Fr(Ng(2)2*] (27) = 0ur [F(Ny (x))x;],*} (zy) =: Gi. (54)

q q

Then, the basic reproduction number given in (53) is equal to
Ro=p (e(VI+Gm)<7m—7m71> . e(VI+G1)(”_T°)) : (55)

A major interest of Corollary 5, when it applies, is of course to reduce the determination of the basic
offspring number to the computation of the spectral radius of a square matrix of size n;.

To apply this result, the conditions of transmission of the infection should be identical in all classes
and at all times, in the sense precisely defined by (54). The function F being the same for the whole
system (independent of the class and time), this condition relates only to the forces of infection A,.
Except in very special conditions where the sizes of the classes match exactly, one has to assume that,
for any k € {1,...,m}, ¢ € Q(Z), the function

2 5 Oyt [Fy (Mg (2)2""] (&)

is constant on the cone Xeq. In particular, due to the linearity of the first factor with respect to xU*,
one should have, for any scalar o > 0,

OF (Nazax,, . O[F Nz ]ar,, .. O[Fr(Naz"* ] 10N, ,
W™= aw T a aar ™)

A natural condition is therefore that the partial derivative with respect to ! of the functions )\, defining
the forces of infection, are homogeneous of degree —1. It is sufficient for this that the functions A,
themselves are homogeneous of degree 0, a characteristic of frequency-dependent transmission.

One shows without difficulty that (54) is verified e.g. when the functions A, are all identical in every
class ¢ € Q(Zx), and constant on the cone Xcq. (This constant function is homogeneous of degree 0.)
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Thus, Corollary 5 establishes in particular that, if the conditions of the transmission are identical in
all locations (classes), then the value of the basic reproduction number is identical whatever the mixing
conditions (that is, whatever the commutation pattern and the number and composition of the classes
between two successive switchings). Up to our knowledge, this property of invariance relatively to the
mixing is new. See an application to the SIR model in Section 5.2.5.

As a last remark, notice that when Corollary 5 holds, the evolution of the infected compartments of
any subpopulation p € P in the vicinity of 27 , is identical on 7 to that of the uncoupled autonomous

linear equation @7, = (VI + Gy)(x, — 7 ,)-
Proof of Corollary 5. Let v € R™ and k € {1,...,m}. For any ¢ € Q(Z;), one has
(11 @ 0)'Bg = (1] @ " (V! + Fy))

for B, in (48b).
Then, left-multiplying the matrix e/77.#(X)(7s=7r-1) by the vector (1p) ®v)" yields

(1‘7)‘ ® ,U)Tejll,k(x*)(Tk—Tk—l)

I —
— ((1|Tq1‘ ® ,UTe(VI+Fq1)('rk77'k,1)) o (lqu‘Q(Ik)“ ® ’UTG(V +Fq\Q(Ik)\)(Tk Tk—l))) )
We now use assumption (54), which states that Fy, = - = Fy 4, = G, to deduce

(1‘7)‘ ® ,U)TeJII,k(X*)(Tk*Tk—l) — (1|T77| ® ,UTe(VIJer)('rk.f'rk,l))

9y

as the number of elements in all classes is equal to the total number of subpopulations, see (46). One

thus obtains .
(1pp ® U)Te‘y”’k(x me=Ti-1) — (1‘73‘ R ) (Ijp| ® eV +Gk)(7—k77k’1)). (56)

From the previous formula, one deduces the same property for eJrr(X) I effect, (52b) yields

(Lpy © )T XN = (L) 9 0) (M @ L, )X N (M, @ 1)
= (Lp @ 0)T el T (M @ 1)
(because 1‘T73‘/\/11C = 1‘Tp‘, as My, is a permutation matrix)
_ (1‘7)‘ ® U)T(I|P| ® e(VI-‘er)(Tk—Tk—l))(Mk ® Inr)
(thanks to (56))
= (Lp| @ 0) (M @ eV HEIemTo))
= (yp @ 0) (fjp @ eV FEIRT)
(because 1/p My, = 1p))
_ (I\TP\ ®UT6(VI+Gk)(Tk77k—1))

= (1\73\ ® e(VIJer)T(Tk*kal)U)T_

In order to finish the proof, one applies this property recursively for k =m, ..., 1:
(1jp| @ v)TeTrrm (XN Cm=tm1) | o Tr12(X)(m-m) (Trra (X )=o)
= (1 ® (VI HOR) =Ty T it () Tm=Tm) | T2 (r2mm) (Frra (@) r-m)
(1p ® (VI+G1) (ri=mo) 6(V’Jer)T(Tr,frmfl)v)T
= (p©0)'([p © e(VI+Gm)rm=rm—) e(VIJrGl)('rrm)).

Choose now for v € R™ the positive eigenvector corresponding to the dominant eigenvalue of the positive

matrix (V' +CGm)(Tn=mn-1)  o(V/+G1)(m=m0) The vector (1) ® v)" is then a left-eigenvector of the
matrix eZ11m (X Tm—Tm—1) = oIr2(X7)(12=m1) o Trra(X7)(11-70) Being positive, it corresponds to its
dominant eigenvalue. This shows (55) and achieves the demonstration of Corollary 5. g
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5.2.4 Computing the exponentials of the blocks B, in the Jacobian matrix J;r ;(X*)

The following result is useful to reduce the dimension of the matrix product that appears in the expression
of Ro in (53)

Lemma 1. For B, defined in (48b), one has for any t > 0,

qut — (Ilql ® eVIt)

Vv (t—s) a I l.l,_()\q(x))x((]{l”
t
/
0

In particular, for any infection model (27) presenting a unique infected compartment (ny = 1), one has

—
zfmq

(v’+ 8,1 [Fy(Aq(2))2l"]
e

. m:mZ)SdS (1|q| & InI)T‘ (57)
eV'i(t=9) g, [F+(/\q($))zgrql]

— ek
CE—Iq

0,1 [Fr (A (@)2?3]|

g

O,1 [Fr (g ()2l ] omss
0,1 |Fr (A U
qut — eVItI‘q‘ +€VIt (6 mI[ +( q(z))zq ]|z:m2t _ 1) : "I'q‘ (58)
0,1 [Fr (g (@)l 7] .
0,1 [Fi (A (2))zY~] -
Using (57) to compute e« amounts essentially to compute the |g| + 1 matrices of size n; x n;
t VI+6 F(k())U* *>
V't and / e V' 9, [FJF(/\q(x))zg;‘Hz:I* ( ot [FrQaed)ag “I:Iq éds, i=1,...,]ql
0 q

Notice also that formula (58), which holds true when n; = 1, may be generalised for n; > 1 when

the matrix V! commutes with every 9,:[Fy (Ay(x))z{] =1,....]q|

Proof of Lemma 1. By definition, eB¢? is characterised by the fact that: for any y(0) € R7lal
y(t) = ePty(0), t>0 &  §y=Buy, t>0.

Let § := (1) ®1n;)"y = y1+- - -+¥yq. From the structure of B, in (48b) and the fact that zg’{Jr' : '+$,[ﬁq\ =
U

x,*, one deduces, for any i = 1,...,|q|,

b= (V! 0 [Fe Q@] |, ) B = Vi O [Fr O @)2Y]], . 3
which writes as the following triangular system
PN (V0 [FeOa@)al ] Ownr (5
()~ < O [Pl V! ) ()
By integration of the first equation one gets

(VIJr o,1 [FJr(Aq(z))qu*] |m:r* K

0

(VIJF B,1[Fy(Ag ()l "] |m:m3 > t(

yt)=e 1| @ In, ) y(0);

and the second equation thus yields, for any i = 1,...,]q|,

! b s . VIto, 1 [Fr(Ag(@)zV"]| _ s
w(®) =0+ [ 00, [F+(Aq<z>>:cgi]>m_z;e( " i)'ty 1700
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This yields

y() = (L @ ") y(0)

t
i / (g @)
0

and finally, as y(t) = eBa'y(0), one identifies

oBat — (Ilql ® evlt)

t
+/ (g @' =9)
0

which yields (57).
Deduction of formula (58) in case where n; = 1 and all matrix components are then scalar, is then
straightforward. (|

Dpt [Fy (Ag(2)) 23]
’ VILo r[Fe(Ng(x)2l"
) 6<+II[+<<>>L,]

: IZIZ)sds (114 ® I,;)"y(0),
Ot [P g (@)l 1) |

zfmq

q,1

Dpt[Fi (Ag(2))zl3] (V’+6 [Fr (g (@))ag "]
- . oI [+ (Ag q

: Izzé)sds (1\q\ ®InI)T.
Oyt [Fy (Ag(2))2 1, ]

X
a4l r=x}

5.2.5 An illustrative example

e In order to illustrate the previous result, we consider the simple example shown in Figures 1 and 2.
It consists in five subpopulations, P = {p1, p2, p3, ps, 5}, with T-periodic commutations between two
different modes. The reference ordering mentioned in Section 5.2.2 is for example the order of the
enumeration of the elements of P in Figure 1. To fix the ideas, we put Z := Ry \ N, and Z = Z; U Z,,
with
7y :=(0,7) mod T, Iy :=(r,T) mod T,

for some 0 < 7 < T. This is a switching pattern from the set Ao defined in (11). We assume that the
corresponding partitions are given by the two partitions R, Ro presented in Figure 2, that is

R(Zh) = R1 = {{p1,p2,p3}, {pa;p5}},  R(Z2) = Ra:= {{p1},{p2. 5}, {p3, pa}}, (59)

in such a way that m = 2, |Q(Zy)| = 2,|9(Zz)| = 3 for the quotient sets Q(Z;) = Q; = P\ Ry,
Q(Zz) = Q2 =P\ Ra.

Choosing for example to order the classes of subpopulations, and the subpopulations within each
class, in the order in which they appear in (59), yields the correspondence

P1=P1,1, P2 = P12, P3 = P1,3, P4 = P2,1, P5 = P22

during 73, and
P1=D1,1, P2 =P2,1, P3 = P3,1, P4 = P3,2, P5 = P2,2
during Z,. With this choice, the permutation matrices My, k = 1,2, defined in Section 5.2.2 are:

1 0 0 0O
01 0 00
Ml = I5, MQ = 0 0 0 0 1 (60)
0 01 0O
0 00 10
Theorem 4 provides the exact value of Ry, namely
Ry = p (e80T a0 (Mo aV I py ) (g

When Ry < 1, Theorem 4 yields local asymptotic stability of the equilibrium point A'*, due to the fact
that the first identity in (33) holds here with an equality, see Remark 3. When R > 1, Theorem 4 yields
instability.
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e We consider e.g. the SIR model (9), for which n = 3, ny = 1 and ny = 1. The global evolution is
governed by equation (12), that is here

. L+ 15+ I3 .
I =Bi(T) 2258 g (y+ ), -1,2,3 62a
Bi( 1)N1+N2+N3 (v + 1) i (62a)
. I+ 1+ I3 .
Si:_ T —Sz-i- Il‘i‘Rz s :152a3a 62b
e e R RN (62b)
. I, + I .
Iy = Bo(Ty) 255 g, I, — 4.5, 62
Ba( 1)N4+N5 (v + 1) i (62c)

. Iy + I5 .

i = —P2(L1)——S5; 1; i) =4,5, 2d
S = ~BalB) St nlli+ R, =45 (624)
Ry =~I; — uRi,  i=1,2,3,4,5, (62e)

on 77, and
. I
Iy = 1(Te) 7St = (v + )i, (63a)
1
. I
S1 = —51(12)]\,—151 + u(I1 + Ry), (63b)
1
. I+ I .
I’L: Io)——— i IZ :27 )
Ba(Ta) g Si = (T =25 (630
. I + I5 .
i = — I e I’L 1)y :27 9 d
S, 52( 2)N2—|—N5S +/L( +R) (3 5 (63 )
. I3+ 1, .
I = Bs(T) 2" g, I; — 3.4, 63
Bs( 2)N3+N4 (v +n) G (63¢)
. I3+ 1y .
S; = —B3(Iy) ——75; I + R;), = 3,4, 63f
Bo(Te) e Si i R), (630
Ry =~I, — uR;,  i=1,2,3,4,5, (63g)
on IQ.

The decomposition of the right-hand side f for the SIR model (9) has been given in the formulas (18).
In particular,

I I
- _ =f— =A(l
and for any z* € Xqq,
o) = 0T =g =6 (64

e With these computations, let us now apply the preceding results to analyze the behaviour of this
system, in the vicinity of a given equilibrium point X'*. The latter is uniquely defined by the numbers
of susceptible individuals S}, i = 1,...,5, in the five subpopulations. At equilibrium, all individuals are
susceptible and one has necessarily S; = |p;|. For the subpopulations chosen in Figure 1 this means

Si=6, S;=1, Si=5 = Si=3  Si=T1 (65)

In the general case, applying (61) necessitates first to assess the value of the exponential of the
two matrices Jy71(X*)7 and Jr12(X*)(T — 7). The first matrix may be computed from the fact that

Tira(X*) 4+ (v + w)Is = Trra(X*) + (v + ) Is is equal to

ﬁl(fl)gf%;rsg ﬁl(fl)gf%;rsg 51(11)5;%%% 0 0
51(11)51*_,?7%4_5; 51(11)51*_,?7%4_5; ﬂl(zl)slmrgi%sg 0 0
ﬂl(Il)W ﬂl(Il)W ﬂl(Il)W 0 0
0 0 0 Ba2(Th) Sﬁfsg Ba2(Th) SZSES;
0 0 0 52(11)% 52(11)%5%
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The ad hoc ordering introduced in Section 5.2.2 provides the second matrix Jrr2(X*) + (v + p)l5 with
a block diagonal structure, for example:

B1(Z2) 0 0 0 0
0 ﬁ2 (I2) S;Sig; (I2) S Jé S 0 0
0 Ba(L)gis Ao(l)wms 5; i 0 0
0 0 0 (12) _E 57 B3(Z2) S§S'ESZ
0 0 0 aas% B3(I2) 5oz
The value back in the reference ordering is such that Jr7.2(X*) + (v + p)I5 equals
B1(Z2) 0 0 0 0
0 B2(Z2) s;fsg 0 0 P2(Io) S;SJESg
0 0 B(T2) 5 63@2)5—% 0
0 0o (@hﬁz (@hﬁz 0o
0 B2(Z2) s;ﬁsg 0 0 P2(Io) S;stg

Notice that in general the two matrices j[[,l (X*) and j[[72(X*) do not commute; so that the product

of the exponentials is not the exponential of the sum.
e Two degenerate cases that present a constant contact pattern are easy to study, as they actually boil

down to the situation of Theorem 3. These are the following.
o When 7 = 0, then (61) yields
Ro=p (M56J11’2(X*)TM2) =) (6711,2(X*)T) — e*(’YJF#)T max {eﬁl(zz)T; eﬁz(Iz)T; eﬁs(Iz)T} )

o When 7 =T, then (61) gives
Ro = p (eju,lw*)T) — e (AT o {em(:rl):r; elb(Il)T} ,

e Let us compute eZ11:1 (X7 and e7112(X)(T=7) in the general case, thanks to formula (58). In view

of (65), one has

51 _1 53 _ L S5 _5 _& _3 S __ T
Sy+S5+8; 20 Sf+S53+85 127 Sy+S3+9; 127 Sp+S: 100 S;+S: 10
S 15 7 S 5 S 3
S;+Sr 8 Sy+Sr 8 Si+S; 8 Si+Sp 8

One deduces that
1 6.6 6y 3 3
Trra(X")71 _ = (y+p)T ; — (Br(T)T _ B2(Z1)
e e I5 + diag 12(6 1) é é é ,10( 1) (7 7)

and

T2 (X)) (T=7) _ —=(v+p)(T-7)
_ 1 _ 1 1y 1 _ 5 5
. ﬂl(IQ)(T T) R ﬂQ(IQ)(T T) ﬂg(IQ)(T T)
X <I5+d1ag{(e 71),8(6 -1 (7 7> —(e —1) <3 3>}>

Denoting for simplicity

1 1
P11 = ﬁ(eﬁl(zm —1),  ¢m:=gle eI 1),

o 1= (P TTT) 1) g ( BATNT=7) _ 1) ey é(eﬁsaz)mr) _,
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with the expression of Ms in (60), one finally obtains that

14 @12 0 0 0 0
X X 0 1+ ¢22 0 0 P22
T Tr12(X )T =7) o Trra (X7 0 0 1+ 530 5¢30 0
0 0 3032 1+ 3032 0
0 Tdoo 0 0 1+ Tpao
1+6¢p11 6011 611 0 0
P11 1+ ¢11 o1 0 0
X 5011 5011 1+ 5011 0 0 . (66)
0 0 0 1 + 3¢21 3¢21
0 0 0 7¢21 1 + 7¢21

e By comparison, the stationary system usually considered when assuming fast commuter movements
in metapopulation models [30, Section 7.2.1.4] is obtained by considering the weighted mean of the
transmission terms. Accordingly, the blocks of the Jacobian matrix of the corresponding autonomous
system are obtained as weighted means, yielding an approximation of p (leIvZ(X*)(T*T)eJ”vl(X*)T)

in (61) by the expression
(ejII,2(X*)(T—T)+jII,1(X*)T) )

p
Here,
T (X)) + (T = 1) J112(X*) = ~T(y+p)s
%51 (Th) %ﬁl (Z1) %& (Z1) 0 0
?51 (Z1) ?51 (Th) ?51 (Th) 0 0
+7 | 561(T) wA(T) whi(T) 0 0
0 0 0 %62(11) %BQ(L)
0 0 0 1952(T1)  {562(Z1)
B1(Z2) 0 0 0 0
0 $62(I2) 0 0 £52(Z2)
+(T' =) 0 0 553 (Z2) 553(12) 0 (67)
0 0 583(I2) §Bs(Z2) 0
0 £B2(Z2) 0 0 2B2(2)

e As a last remark and an illustration of Corollary 5, consider now the situation where the spreading is
uniform in the whole population during each of the two phases, that is

Bi(Th) = Bo(Th) =: B(Th), B1(Z2) = B2(I2) = B3(L2) =: B(Z2).
One checks that the vector 1] is a left eigenvector of the matrix in (66), associated to the eigenvalue

(T B(T2) (T—7) BT 1) (68)

The values of Gy, G2 provided by (54) are respectively 8(Z1), 8(Zz), see (64). One then verifies that the
value in (68) is identical to the one provided by formula (55), as expected by Corollary 5.

As a side comment, this value is also equal to the one obtained through use of the stationary approx-
imation, namely the spectral radius of the matrix in (67).

6 Conclusion

A new framework for the modelling and analysis of the spread of epidemic diseases in complex commuting
populations was proposed in this paper. It consists in a general class of compartmental ODE models,
where the population is divided into homogeneous subpopulations of different sizes. At any time is
defined a partition of the set of these subpopulations, whose classes are comprised of those currently at
a common physical location. These partitions are piecewise constant and periodic in time, in order to
model repetitive contact patterns. Each subpopulation thus represents here a maximal set of individuals
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perpetually and homogeneously in contact from the point of view of epidemic spread. On top of this,
every subpopulation is further subdivided, as is usually the case, into several compartments accounting
for the epidemiological status, and more generally for any heterogeneity trait pertinent to describe the
disease spread with all the desired precision [25].

In order to allow for adequate representation of the mixtures and separations of the subpopulations,
it was necessary to revisit the epidemiological model. To this end, we introduced a new general setting
showcasing the special role of the force of infection. It led to consider compartmental models that are
jointly linear with respect to the state variable, and affine with respect to the force of infection (itself a
function of the state variable).

Based on this formulation, a limited set of assumptions was adopted, which essentially transposes the
hypotheses introduced by van den Driessche and Watmough [42] into this larger setting. The behaviour
around the disease-free equilibrium points of such systems, and especially the possibility of epidemic
bursts, has then been characterised in terms of spectral radius of matrix products. In a didactic purpose,
we gradually considered the case of a unique subpopulation (Theorem 2); then systems with several
subpopulations in stationary contact pattern (Theorem 3); and finally in full generality so-called ‘epi-
demiological models in commuting population’, that is, systems with several subpopulations interacting
through periodically alternating mixing (Theorem 4). As an interesting consequence, this allowed to
show (Corollary 5) that, when the transmission conditions are identical in the whole population, then
the value of the basic reproduction number is actually independent of the contact pattern, and is the
same than what it would be if all subpopulations were brought together. Up to our knowledge, such
result is original. An elementary example was provided to illustrate the computations underlying the
results.

The framework proposed in this paper is believed to be original, and may serve as a basis for studying
general model properties. First of all, the proposed class of compartmental models provides a significant
extension and unification of many models previously published in the literature. This larger setting should
help identify the key characteristics of epidemiological models and analyse their behaviour. Second, the
modelling of the spatial aspect in terms of partitions of the population rather than in terms of fizxed
physical locations seems well adapted to the description of the spread of an epidemic in commuting
populations. This option allows to keep track of the identity of each group, while reducing the conceptual
and computational complexity necessary to represent the system evolution compared to the classical
modelling choices. The number of variables is here proportional to the number of subpopulation classes
defined by the partition, which represent the ‘active’ locations, and not of the number of locations or
patches, or a power of this quantity. This is particularly suitable for an exact description of time-
varying conditions of disease propagation, by opposition with the stationary, averaged, settings usually
considered. It allows to analyse theoretically and assess numerically the effects of such approximations.

The proposed modelling framework should allow for extensive computational investigation. It permits
for example to address the issues of robustness with respect to the parametric uncertainties of the model
— be they related to the infection process (as e.g. the contact rates, or the latency, recovery and loss of
immunity rates) or to the commuting process and the mixing times. In this framework, the question of
the stability robustness of a DFE boils down to the study of the extremal value of the spectral radius
over a given set of matrices, or of the generalized spectral radius [46, 29] of a specific set of matrices.
Also, it should permit comprehensive exploration of the final epidemic size for such periodic commuting
systems. This relevant quantity represents the total number of individuals infected during an outbreak
(see e.g. [2] and references therein), and its computation is quite complicated. These topics will be the
subject of forthcoming research.
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