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ABSTRACT. The aim of this paper is first to find interactions between com-
partments of hosts in the Ross-Macdonald Malaria transmission system. So,
to make clearer this association we introduce the concordance measure and then
the Kendall’s tau and Spearman’s rho. Moreover, since the population com-
partments are dependent, we compute their conditional distribution function
using the Archimedean copula. Secondly, we get the vector population par-
tition into several dependent parts conditionally to the fecundity and to the
transmission parameters and we show that we can divide the vector population
by using p-th quantiles and test the independence between the subpopulations
of susceptibles and infecteds. Third, we calculate the p-th quantiles with the
Poisson distribution. Fourth, we introduce the proportional risk model of Cox
in the Ross-Macdonald model with the copula approach to find the relationship
between survival functions of compartments.

1. Introduction. Advances in epidemics modelling have been done recently by in-
troducing demographic aspects (i.e. consideration of host populations whose global
size changes during the epidemic and the endemic history) as well as spatial aspects
about vector or infectious agents spread.

As examples of application, malaria endemics in South Mali or recurrent seasonal
influenza epidemics with irregular pandemics, are modelled by the same type of
mathematical framework, coming from the Ross-Macdonald tradition. We will focus
in this paper to some improvements of this classical model, in terms of:

e mechanism of contacts, supposed to be assimilated to shocks, like in stochastic
chemistry.

e demography of non constant population, with fecundity and mortality param-
eters specific to considered populations of hosts and vectors.
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o differential infectious risk caused by a given population of hosts or vectors,
in comparison with other populations less or more subjected to infectious risk.

These improvements come from the fact that the Ross-Macdonald model has, in
the case of the malaria, the following interaction graph (cf.[9, 10, 13, 15, 21, 22, 25,
27, 28, 32, 37]):

sl |1
Susceptible Hosts Infective Hosts
Sz EZ K |2
f —> susceptible Vectors f —>| Infected non Infective f—> Infective Vectors
Vectors
1) 1) 6

FIGURE 1. Interaction graph of the Ross-Macdonald model

The equations of the Ross-Macdonald model are:
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where f (resp. d) is the fecundity (mortality) rate of the vector population (suscep-
tible, infected and infective vectors being supposed to have the same fecundity and
mortality), B1(resp. B2) is the host (resp. vector) contagion parameter, Ny (resp.
Ny) is the host (resp. vector) population size, the ratio m = Ny /Ny is the vec-
tor/host ratio, K (resp. r) is the vector (resp. host) speed of passage from the
infected/not infective (resp. infected) state to the infective (resp. susceptible)
state. If f = 0 — p (the fecundity of vectors compensating partly their mortality),
the value of Ry, the mean number of secondary infected vectors for one infective
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host, is equal to:
Ry = p1B2K /[Ny Ny pr (K + pu)]

If Ry > 1, assuming that w = 1, Ng = 1/ and m(0) = NJ‘\’fig)) = 1, the stationary
state (0,0,0,0,0) is unstable and the endemic stationary state is stable and reached
after a transient epidemic wave for the values:

i1 =I{/Nu,iy = I3/Nv,e5 = E5 [Ny,
with if = (Ro —1)/(Ro + f1/p), 15 = iir/[mpPa(1 —i7)], €5 = ijpr /[Kmfa(1 — i7)].

If ;1 is small with respect to K, then K/(K + u) ~ e #/X where 1/K is the
mean sojourn time in the compartment Fy (sporogonic cycle duration) and Ry =
[8182/Nv Ng pur]e /K.

In this paper, we are interested in analyzing interactions between vector com-
partments in system (1), by using a copula approach. In fact, partitioning the
studied population into several compartments having different statistical character-
istics of interaction must be done in a rigorous way. This can be made for example
by estimating the marginal distribution of the couples of sizes of susceptible and
infected populations which may be done through an Archimedean copula approach.
It must be said that copula functions permit to model compartments associations
and then highlight their dependence structure which allows a better stratification
of the population. So, to make clearer these associations we introduce the con-
cordance measure and then the Kendall’s tau and Spearman’s rho. Afterward,
we show that we can divide the population by using the p-th percentiles, where
p = 5%, 25%, 50%, 75% and 95%. Remark that it is known that the copula func-
tions are used essentially in finance and this is the first time we use the information
it brings to explain an epidemiological phenomena. We believe that this study could
open a window on several future developments.

Recall that, in statistics, a copula is used as a general way of formulating a
multivariate distribution in such a way that various general types of dependence
can be represented. The approach to formulating a multivariate distribution using
a copula is based on the idea that a simple transformation can be made on each
marginal variable in such a way that each such transformed variable has a uniform
distribution. Once this is done, the dependence structure can be expressed as a
multivariate distribution of the obtained uniform variables, and a copula is precisely
the multivariate distribution of these marginally uniform random variables. There
are many families of copulas which differ in the detail of the dependence they
represent. A parameterized family of distribution functions will typically depend
on several parameters which relate to the strength and form of their dependence.
A typical use of copulas consists in choosing such a family in order to define the
adequate multivariate distribution fitting the empirical distribution observed from
a sample of data, and then to derive the copula corresponding to this multivariate
distribution.

A copula is a multivariate joint distribution defined on the n-dimensional unit
cube [0, 1]™ such that every marginal distribution be uniform on the interval [0, 1].
Let consider a copula function C' for an n-dimensional random variable X = (X7, ...,
X,,) defined on a probability space (€2, X, P) with a joint distribution function Fx
such that for any 1, ...,z, € R, (cf. [3, 6, 18, 19, 20, 24, 33, 36]), we have:

Fx(l'l, 7$n> = C(F1($1>7 ceey Fn(xn))
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where F; is the marginal distribution function of X; for i =1,...,n.

This paper is organized as follows. In Section 2, we give the definition of the
Archimedean copula and provide the two examples of the Gumbel and Clayton
copulas, we define and discuss the Kendall’s tau, the Spearman’s rho, and then,
we propose a measure of concordance. At the end of this Section, we give the
formulas of conditional distribution functions using Archimedean copulas. Eventu-
ally, we will discuss the conditional quantiles from copulas. In Section 3, we study
an application in which we calculate the p-quantiles for any distribution function
and after for the Poisson distribution. In section 4, we discuss the interaction be-
tween compartments of the system (1) ( vector compartments: susceptible, infected
not infectious, and infectious), by providing a link between the Kendall’s tau and
the regression parameter of copulas. After, we will conduct a simulation study to
highlight the interaction between the distribution functions of these compartments.
Eventually, we will discuss the conditional quantiles from copulas.

In the last Section, we introduce the proportional risk model of Cox in the Ross-
Macdonald model (1) with the copula approach, in order to quantify the relation-
ships existing between the survival functions of the considered compartments.

2. Preliminaries.

2.1. Archimedean copula. The most important family of copulas is the Archime-
dean one [13]. This latter is defined as follows :

¢~ (plur) + - + ¢(un)) if o(ur) + ... + ¢(u,) <0

0 otherwise

(2)
where the generator of the copula ¢ is a twice continuously differentiable function
which satisfies:

o(1) =0, ¢ (u) < 0 and ¢ (u) > 0 for all u € [0, 1]

where ¢(9) denotes the ith order derivative of ¢.

There are some popular Archimedean copulas:

e Clayton copula:

C(u,v) = (U™ + v~ — 1) where a >0 and ¢(t) =t~ — 1
e Gumbel copula:

C(u,v) = exp{—[(— Inu)® + (= Inv)*]= } where & > 1 and ¢(t) = (— Int)*

Let consider that U and V are two random variables defined on the probability
space (€2, X, P) and uniformly distributed on [0, 1], and let X be the random variable
C(U, V) valued in [0, 1].

The real « corresponds to a regression parameter.

In the case of Archimedean copula, the distribution function of X is given by:

(1)

B =1=5m
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In the case of the Gumbel copula, we have ¢(t) = (—Int)*, so ¢ (t) =

_Ta(—lnt)o‘*l.
Then:
(=Int)
Fx(t) =t = g ——a7
7(—11125)0‘_1
t
=t Z(=1Int a—a+1
+(~ )
L tint
B o
and the probability density of X is given by:
1 Int
t)=1-—— — 3
fx)=1---= 3)

FIGURE 2. Distribution functions of Clayton bivariate copula
(resp. for « =2, « =5 and a = 10)

FiGure 3. Distribution functions of Gumbel bivariate copula
(resp. for « =2, @ =5 and o = 10)

2.2. Concordance, Kendall’s tau, Spearman’s rho, copula. In order to define
the concordance measure, we begin by defining the concordance (cf. [24]): two
observations (z1,y1) and (22, y2) of a pair (X, Y") of continuous random variables are
said to be concordant if both values of one pair are greater than the corresponding
values of the other pair, that is if 1 < x2 and y; < yo or if 1 > z9 and y; > yo;
and they are said to be discordant if for one pair one value is greater and the other
is smaller than the corresponding value of the other pair, that is if z; < x5 and
Y1 > Y2 or 1 > w9 and y; < yo. The simple version of the measure of association
known as Kendall’s tau is defined in terms of concordance as follows (cf. [24]):
let (x1,91), (x2,92), ..., (Tn,yn) denote a random sample of n observations from a
continuous random vector (X,Y’). The Kendall’s tau for the latter random sample
is defined by:

number of concordant pairs — number of discordant pairs

T= (4)

total number of pairs
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Equivalently, 7 may be written and interpreted as the difference between the

empirical probabilities of concordance and discordance for a pair of observations
(xi,v;) and (z;,y;), chosen randomly from the sample. The multivariate version of
Kendall’s tau will be defined similarly.
Let (X1,Y7) and (X5,Y2) be independent and identically distributed random vec-
tors, each with joint distribution function H. So the probability that (X;,Y7) and
(X2,Y3) are concordant is equal to P ((X; — X2)(Y1 — Y2) > 0) and the probability
that these two vectors are discordant is equal to P ((X; — X2)(Y1 — Y2) < 0), and
we have :

number of concordant pairs

P (X1 — X2)(Y; — Y2) > 0) =
(X1 2)(Y1 = Y2) > 0) total number of pairs

number of discordant pairs

P((X; — Xo)(Y; — V3) < 0) =
(X1 = X2)(Y1 - Y¥3) <0) total number of pairs

Then the multivariate generalization of Kendall’s tau is defined as the difference
between the probability of concordance and the probability of discordance:

T=P((X1 - X3)(Y1 —Y2) > 0) - P((X1 — X3)(Y1 - ¥2) <0)
2.2.1. Kendall’s tau and copula relation.

Theorem 2.1. Let X and Y be continuous random variables whose copula is C.
Then the multivariate version of Kendall’s tau for X and Y, denoted by Txy or
TC, 18 given by:

1 1
7o =4 / / C(u,v)c(u,v)dudv — 1, where c(u,v) = 9*°C(u,v)/Oudv  (5)
o Jo

The proof is in Appendix A.

For computational purpose, there are alternative expressions for 7. The integral
which appears in (5) can be interpreted as the expected value of the function C(U, V)
where U and V are random variables uniformly distributed on [0, 1] for which the
joint distribution function is C, i.e.,

1
TC:4]E(C(U,V))—1:4/ to(t)dt — 1 (6)
0
where fc(t) denotes the density function of C'.

2.2.2. Spearman’s rho. The multivariate version of Spearman’s rho is based on the
concordance and discordance values. In order to obtain the population value of
this measure (cf.[24]), let (X1,Y7), (X2,Y2) and (X3,Y3) be three independent ran-
dom vectors whose components are continuous random variables with a common
joint distribution function H (whose marginal distribution are F' and G) and let
C be a copula function. The multivariate version of Spearman’s rho is three time
the difference between the probabilities of concordance and discordance of the two
vector pairs (X7,Y7) and (Xs,Y3), i.e., two vector pairs with the same margins,
but one vector has distribution function H, while the components of the other are
independent:

p= 3 [P((Xl — XQ)(Yl — Yg) > 0) — ]P)((Xl — XQ)(Yl — Yg) < 0)]
The pair (X1, X3) could be used equally as well.
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On the other hand, notice that while the joint distribution function of (X7, Y7)
is H(x,y), the joint distribution function of (X3, Y3s) is F'(z)G(y) (because X3 and
Y3 are independent), thus the copula of X5 and Y5 is the independence copula
(C(ul, UQ) = U1’IL2>.

Theorem 2.2. Let X andY be continuous random variables whose copula function
is C'. Then the multivariate version of Spearman’s rho for X and Y, denoted by
PX,y OT pc, is given by:

pc = 12// ujug dC'(ug,ug) — 3
12
The proof is in Appendix B.

2.2.3. Measure of concordance.

Definition 2.3. A measure of association, denoted M, between two continuous
random variables X and Y whose copula function is C', is said to be a measure of
concordance, if it satisfies the following properties (in which we denote M by Mx y
or M¢ when convenient):

Mx y is defined for every pair (X,Y") of continuous random variables

MX,Y S [—1, 1] with MX,X =1 and MX,fX =-1

Mxy = My,x

If X and Y are independent, then Mxy =0

M_xy=Mx_y=—-Mxy

if C1 and Cy are copulas with C; < Cy then Mg, < Mg,

if {(X,,Yn)}nen is a sequence of pairs of continuous random variables with
copula functions C,, and if C), converges pointwise to C' then lim,_,; M¢, =
Me

Theorem 2.4. The multivariate versions of Kendall’s tau and Spearman’s rho are
two measures of concordance.

The proof is in Appendix C.

2.3. Multidimensional conditional distribution function using copulas.
Let X7, Xo,..., Xk be random variables defined on a probability space (2, %,P),
where the joint probability density function fj of the vector X = (X1, Xa, ..., Xx)
is assumed to exist. By using the Archimedean copula construction, the joint prob-
ability density function may be written as follows:

k
il ) = 57 (B P+ 0 i)}

k (7)
= ¢ O (o [P ()] + -+ ¢ [Fi(an)]} [ oW [F5(2)] FY ()

Jj=1

for all (x1,...,2) € R*, where F}; denotes the marginal distribution function of Xj.
Thus, the conditional density of X}, given X7, ..., Xp_1 is given by:
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fk($k|$1,...,$k,1)
_ fk(ml,...,xk)
fe—1(z1, s Tp—1) (8)
1 1 o [Fi(@)] + -+ ¢ [Frlan)]}
D F (e FO (2
¢ [Fi(or)] F( k)¢71(k71) (O[F(z1)] + -+ & [Fr_1(zr_1)]}

Further, the conditional distribution function of X given Xi,..., X)_1 is also
given by:

Fi(xp|wy, .y rp—1) = / Jr(@|ze, . xp—1)de

_ THEDLG [Fy(21)] 4 -+ + @ [Frl(an)]} (9)
¢ 1““ D{o[Fi(z)] + -+ ¢ [Fr1(zr-1)]}
_ oD {ep 1 + ¢ [Fk(ﬂﬁk)]}

¢—1(k—1) (Ckfl)

where ¢, = ¢[Fi(x1)] + - - - + ¢[Fi(z)].

3. A case where the population sizes, S; and 5, are Poissonian random
variables. A simple way to prove the Poissonian character of the distribution of
the sizes S; and I, considered as random variables, is to take into account only the
two compartments of random size S and I (for the sake of simplicity, we will omit in
the following the indices), assuming that there is at least one event (contact, birth,
death or recovering) in (¢, ¢+ dt), and by denoting by f, v, 1 and p respectively the
fecundity, contagion, mortality and recovering rates, we can write:

]P’(S(t Fdt) =k, I(t+dt) = j) -
P(S(t) —k, I(t) = j) [1 — (vkj — fk+ pk — pj)dt]

v+ DG~ DB(S(0) =k +1,1(0)=j — 1) + (fE -~ 1)+ p(G +1)) 10

IP’(S(t) —k—1,1(t)=j+ 1) + ok + 1)P<S(t) —k+1,I(t) =] — 1)1 dt
and by multiplying equation (10) by k& and summing over k and j, we obtain:

K[B(S(+di) = k.24 dt) = ) — B(S(2) = k. 1(1) = 5)]
dt

k,j=0

A[ Sz k(S0 = .1(1) = )
) dt
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= l_yk%]}»( (t) = kJ(t):j)

k,j>0

+uk(k+1)( — 1)IP’(S(t) —k+1LI(t) =] — 1)
(k= 1)+ p( + )P(S(t) =k = LI() = j + 1) + (Fk* + pkj) (1)

P(S(t) =k 1(t) = j) — uk®P(S() = k, 1(t) = 5

+ pk(k + 1)1@(5@) —k+1,I(t)=j— 1)1

Hence:
d] Sy o0 KP(S() = K, 1) = )| .
dt ~
= 3 [vkiP(S() = k1) = 3) + (fh+ pi)B(S() =k, I(1) =) (12)
k,j=0

- ukIP’(S(t) =k, I(t) = g)}
and we get from (12) the following expectation equation:

dE
TAS) _ () ~ vE(ST)at ~ uE(S) + pE(T) (13)
If the random varlables S and I can be considered as uncorrelated, we can obtain
from (13) a deterministic differential equation ruling E(S) and E(I):

dE(S
) _ () 1 B + B() (14)
Then, we get the Ross macroscopic equation for the deterministic variable S
(resp. I) which represents the size of the susceptible (resp. infected) population:
dS _— -
E:7VSI+(f*,LL)S+pI (15)

By replacing k by k? in equation (12), we obtain more, the differential system
ruling the not centred moments of order 2, E(S%(t)), then we get the differential
system ruling the variance: V(S(t)) = E(S%(t)) — E?(S(t)), and we can draw the
confidence cylinder (or viability tube) around the expected trajectory. By replacing
k by s* in the case where f = p (the host population is constant) and where I
can be considered as independent of S (which can be tested statistically and is
observed for example if the contagion rate v is sufficiently small with respect to the
whole population sizes of hosts and vectors), we get the differential system ruling
the generating function ¢(s) of the distribution of S:

dw v
~pY — %

this equation having a stationary solution: ¥ = exp((p/v)(s —1)). The gener-
ating function 1 corresponds to a Poisson distribution for S, with expectation and
variance equal to p/v, the last one being in general not negligible, which explains
the differences observed between the random and the deterministic models. The
same argument can be used for proving the Poissonian character of the distribution

of I. As equation (15) is similar to the equation relative to Sy in system (1), it
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is possible to obtain all other equations of system (1) from a microscopic random
contact mechanism and by using the same type of arguments, to show that all vari-
ables involved (51,11, S2, I2, Eo) are Poissonian. Then, the copula approach can
serve to show the independency between the pairs of variables (S, I3) and (S2, 1),
hypothesis necessary to derive the system (1) from the microscopic equations.

In the following, the statistical sampling of S and I will be numerically obtained
from Poissonian distributions, whose parameter is fixed by their steady state value
in the deterministic version of the epidemic model (equation (1)). Near this steady
state solution, we can consider that the non correlation between S and I can be
postulated if the host and vector populations are sufficiently numerous and the
contagion rate is sufficiently small. This circumstance is checkable by the statistical
test associated to the Kendall’s tau, whose value is about zero near the steady state
and whose absolute value is near 1 during the transient phase of the trajectories
[34].

4. Quantiles regression based on the system of transmission of malaria.
Recall that the regression function is the most widely used tool for describing multi-
variate relationships. Then, copulas functions can help to understand the full joint
distribution and thus be used to address some important applications, which we
tackle to explain in the sequel. In this part, we will use the Gumbel copula.

4.1. Interaction between compartments of hosts. Let X be the random vari-
able C(U, V') defined on the probability space (€2, ¥, P),where Fx is the distribution
function of X. From (3) we obtain (cf. [33]):

1
E(X) /0 tfx (t)dt

1 1
(1—1>/ tdt—l/ tintdt

%

Then, from the equation (6) the Kendall’s tau is expressed in the following man-

ner:
200 — 1
=4 -1

a—1

(17)

«

where C denotes the Gumbel copula. Notice that the parameter o measures a degree
of dependence. Recall that the higher it is, the strong is dependence between the
two studied variables.

4.1.1. Relationship between the Kendall’s tau and the equilibrium of the system
of transmission of malaria. Let (Sa1, F21), (S22, E22), ..., (S2n, E2,) be calculated
from n successive independent observations of samples of m individuals extracted
from the part of the vector population made of the two compartments, susceptible
and infected non infectious: So; (resp. FEs;) is the number of susceptible (resp.
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infected non infectious) vectors, counted in the ith sample observed in mosquitoes
population transmitting malaria [4, 12, 16, 23, 26, 35, 38].

From the equation (4), if the number of concordant pairs is equal to the number
of discordant pairs, so we will have the Kendall’s tau equal to 0 and the regression
parameter equal to 1 (7¢ = 0, & = 1), then in this case the two compartments will
be non concordant (notion similar to uncorrelated), property observed in case of
stochastic independence, and for example when the system is in equilibrium (but
also in case of deterministic chaos, cf. [5]). However, if the number of concordant
pairs is equal to the total number of pairs, so we will have 7 = 1 and then we will
have the perfect concordance and so the system is in transient state. The sampling
used to calculate 7¢ can also be obtained by simulating Individual Based Models
(IBM) in which social networks allow to simulate all the possibilities of contact
between hosts and vector, by using the same simulation techniques as in stochastic
molecular kinetics [1, 2, 7, 17, 29, 30, 31]. An example of such a social network has
been simulated for explaining the contagion process of a social disease, the obesity
[11]. This social network has been simulated on Figure 4, in which the homophilic
rule is based on the fact that individuals tend to interact with those who resemble
them in terms of social behaviour.

FIGURE 4. Simulation of social graphs representing a contagion
network, with initial conditions (a) and asymptotic state in case of
an homophilic graph (b), random graph (c), scale free graph (d)
and small world graph (e).
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In the system (1), when the contagion parameter 81 or the kinetic parameter K
between the two compartments So and Es increases, then the number of concordant
pairs increases, because in both cases the size of Sy diminishes and the size of Fo
is growing, thus the Kendall’s tau increases, so we could expect that the system is
still in a transient state.

Let consider a simplified version of the system (1), given by:

dS,

— = —[511 I

ar B2S11z + 11y

dl,

— = BSilh—rI

dt 52 142 — 711

dS

d7tQ = w_IB152Il_'U:SQ (18)
dE

i = Sk (et KB,
dls

—= = KE; — pl.

dt 2 — ui2

If we calculate its Jacobian matrix J, we get :

— B2l T 0 0 —B251
/8212 -r 0 0 6251
J = 0 518y —pihh —p 0 0
0 B15 Bil1 —(p+ K) 0
0 0 0 K —u

0 is a trivial eigenvalue and the rest of the spectrum is given by the eigenvalues
of the submatrix A:

-r 0 0 ’]"Il/IQ
A= —b152 —Pilh —p 0 0
B152 By —(u+ K) 0
0 0 K —u

If we neglect the mortality and the recovering parameter r, the eigenvalues can be
calculated at the stationary state by making explicit the characteristic polynomial:
AME =NA=51IF=53)) = MK =N (A= 51(IF —w/(B1I7))). If By increases, we
have seen in Introduction that R, increases, then I tends to 1 if K >> ) —w, the
rate of convergence to the stationary state being given by log(K /(51 — w)), which
causes a long transient. We observe the same behaviour, if 1 >> K — w.

For example, let us take a sample of tail 1000 in each compartment. Figures
5, 6, 7 and 8 show that the interaction between some pairs of random variables
coming from the set Sy, 11,5, s, B with the Gumbel and Clayton copulas. In
each figure we have three graphs. In the first graph on the left we assume that
there is neither a contagion nor a fertility for the two compartments so that the
number of concordant pairs is equal to the number of discordant pairs: it is the case
of independence between the two compartments, then the regression parameter is
equal to 1 and the Kendall’s tau is equal to 0, so in this case the equilibrium of the
system is reached. In the graph that is in the middle, we assume that there is a
dependency between the two compartments, with a regression parameter « equal to
3, so the Kendall’s tau increases and we have an unbalanced system. In the graph
on the right, we increased the part of dependency between the two compartments,
by taking the regression parameter equal to 5, thus the Kendall’s tau increases a
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little more and we have a system increasingly unbalanced. To summarize, when
7o = 1, the system is totally unbalanced and when 7« = 0, the system is totally
balanced.

In the graphs that are in the middle and right of Fig. 5 to 8, it is clear that we are
not in the case of complete independence between variables of the studied couples,
so for checking if there are sub-populations where the dependency is more or less
important, we will use in the next section the quantiles to divide the population
into several parts, where variables of the studied couples inside each part are more
or less dependent, regarding their Kendall’s tau.

FIGURE 5. Interaction between the distribution functions of Ss
and Fs using the Gumbel copula with the parameter of regression
equal to 1, 3 and 5 respectively

FIGURE 6. Interaction between the distribution functions of Fso
and Is using the Gumbel copula with the parameter of regression
equal to 1, 3 and 5 respectively

FIGURE 7. Interaction between the distribution functions of Ss
and Fs using the Clayton copula with the parameter of regression
equal to 1, 3 and 5 respectively
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FIGURE 8. Interaction between the distribution functions of FEs
and I using the Clayton copula with the parameter of regression
equal to 1, 3 and 5 respectively

4.2. Quantile regression using the bivariate Gumbel copula. In general, it
is known that the calculation of the regression function is tedious. As an alternative,
copulas are well-suited to the concept of quantile regression. Instead of examining
the mean of a conditional distribution, one looks at the median or some other quan-
tiles (for instance, percentiles) of this distribution. For p € [0, 1], the p-th quantile
is defined as the solution ¢, of the equation: p = Fx, (t,|X1 = 1, ..., Xk—1 = Tp—1),
that we will denote, for the sake of simplicity, in the following by:

p = Fip(tplz, ..., Tr—1)

Let Fgs, and Fpg, be the distribution functions of the sizes of the two vector
compartments, susceptible and infected respectively. The bivariate Gumbel copula
for these two compartments is defined as follows:

C (Fs,. Fr,) = exp{~[(~In Fs,)" + (~In Fiz,)"] *} (19)
where « is the parameter of regression. So, we can write the equation (19) as follows:
[_IHC(F527FE2)]a:(_lnFS2)a+(_lnFE2)a (20)

For simplicity, we denote C (Fs,, F,) by C. Now, we take the partial derivative
with respect to Fs, of both sides of the equation (20) to get:
(-InC)*t 8C  (—InFg,)* !
C OFs, Fs

2

Then, we extract the first partial derivative denoted C; = dC/0Fs, as follows:

Cl = Cl(FSQ,FEQ)
_ 0C(Fs,, Fg,)
B aFSQ
e (21)
- OFs,

_ In F, So o=l C
- InC F So
By symmetry, we get also the second partial derivative as follows:

aC InFg ' C
Cy: = —
InC FE

T OFg, ]
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FIGURE 9. Interaction between the distribution functions of S5 and
E5 using the Gumbel copula with o = 3, and using the quantile
regression (of Fy on Ss) curves.

Using the conditional distribution function from (9) and (21), we obtain the p-th
quantile, e ,(s) as follows:

p = Fp,(e2,(s)]S2 = s)
_ ¢ {ea(s,e2,0(8) + [Fy(e2,0(5))]}
¢~ (e1(s, e2,(5)))
_ 0 H{O[Fs,(8)] + & [F, (e2,0(5))]}
¢~ [¢(Fs,(s))]
=01 [FS2 (S)’ FEz (eQ;P(S))]
where C1 is the first partial derivative of the Archimedean copula, ¢ is the generator
of the Gumbel copula (¢(t) = (—Int)*), and Fg,(e2 5(s)) is the distribution function
of the infected compartment where es ,(s) denotes the p-th conditional quantile
conditioned by Se = s.
Notice that, in the case of the Gumbel-Hougaard copula, one can use Equation
(21) to get the distribution function Fg,(e2p):

In(Fs, ) *~ O(Fs,, Fp,(e2,))
InC(Fs,, Fr,(e2p)) Fs,

Finding the p-th quantile e , permits to divide the population into several parts
where the individuals in each part are dependent. In Figure 9, there are 500 indi-
viduals in each compartment and then there are 1000 individuals in the population.
Taking into account the interaction between the two distribution functions Fs, and
Fg, of the two compartments susceptible and infected respectively, we can divide
the population, with the conditional quantiles e ,’s, taken for different p’s, for in-
stance for p € {0.25,0.5,0.75}. For tracing the separation lines of the Figure 9, we
must calculate the former conditional quantiles related to the two compartments

(23)

p= (24)
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susceptible and infected. Then, by computing these quantiles, we can analyze each
part to find the dependence between the two vector compartments.

4.3. Quantiles from the distribution functions. The purpose of this Section is
to calculate the p-th percentile, as in equation (24), from the distribution functions
of the susceptible and infective host populations sizes Fg, and Fr,, by writing:

Fs,(s) = 1 - Ry (s) (25)
Fr, (k) = 1— Ry (k) (26)

where R, (s) and R, (k) are the rests at order k of the distribution functions Fg,
and Fr, respectively.
Then:

In [Fs, ()] =In[1 - R, (s)]
I [Fy, (k)] =In[1 - Ry (k)

Consequently, using the Gumbel copula in (19), we will have :
C(Fo,(8), Fry (1)) = exp { = [=In (1 = Ry (s))]* + [~ In (1 = Ry(0))]"]7 ) (27)

or with the Development Limited at Order 2 DLy (400) we will have when & tends
to infinity:

Q=

In (1~ Ry (5)) = ~Ry(s) — 3 R2(s) + o(R2(5))
and
In(1—R,(k)) = —R, (k) — %Ri(k) +o(R2 (k)
Then :

€ (B, (9. F3, 1) =exp { = [ [ R )+ S R209) + o) |
+ (R + gm0 (mw)] |
— exp {_ [Rg(s) (1 v %Rv(s) v O(Rw(s)))

FREW) (1+ SR +oR,()] |
.

« « o o R?yé 1(8) + R3+1(k)
exp{ [R5 (s) + BE(R)] ™ (14 5 R%(s) + Rg (k)
R R0 o(rewy)]”
mO(R,y(.s)) o) TR (k)o(Ry(k))} }
o N 1 RS (s) + RYTH(R)
— exp { [Ry(s) + Ru(kﬂ SRR Re(s) + Re (k)

+0 (R, (s) +Ry<k>>]}
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i a+1 s a+1
:exp{ - [R3(5)+R3(k)} a}, _;(1;7( )( )J};Iiz))l(if)l
(o) + Az(6)

— (R2(s) + R2(k))* 0 (R, (s) + Ru (k)

We denote by: La(s,k) = R5(s) + Ry (k). For simplicity, we denote in the
following L (s, k) by L.
Because o (R4 (s) + R, (k)) tends to 0 when s — oo and k — oo then:

C (Fs,(s), Fr (k) ~ [1 - ;La-&-lLolfa:l e L& (28)

Thus, the p-th percentile of the conditional distribution of the random variable
I, given the random variable S is obtained from a formula similar to (24) by:

l—a

In (1 - Ry())"” [Tl P
[—Lé +1n (1~ %LQHL;’T“”C“‘I 1_R(s)

where L, = R{(s) + Ry (k,(p)), and k,(p) = inf {m € N,R,(m) <1 —p}.

pR (29)

l1—a

11—«
Because In (1 — R,(s)) =~ —R,(s) and In (1 - %LQHLQT) ~ —1LaLa®
then:

In (1= Ry (s)]* " & (=R ()" (30)
and
1 1a\ 727! 1 1 1-a17!
|:—Locu —|—hl <1 - 7La+1La( >:| ~ |:_L5f - §La+1Laa :l
as1 1 Lo\
=~ (_La) al <]. + 5 L+1> (31)
a—1 a—1 La+1
~ (=L o 1
(1) (14 55
Therefore :

1
o

1 1-a —Lé
e By (1= 3lenla™ )
1—R,(s ot a—=1La
’Y() Lo <1+T +1)

p=(=1) (32)

LCY

In the case of the independence between I; and S; in the Gumbel copula, o = 1,
and we have:

(1= 3L

1 —R,(s)

This formula is general and can be applied to any distribution function. In the
next section we will apply it on the Poisson distribution.

p=

4.4. Quantile regression with Poisson distributions. In this Section we will
assume that Fis, and F, follow Poisson distributions, whose parameters v and v are
respectively the expected values of the susceptible and infective host populations
sizes.
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The distribution functions Fg,(s) and Fr, (k) of the Poisson distributions are
defined as:

Fs (s) = —e
5:(5) 2.7 (33)
=1-—R,(s)
with: R,(s) = ;r:o:+1 %;6_7
ko
v
Fr(k) =) —e*
1 — 7l (34)
=1-R,(k)

with: R, (k) = ZL(’EH %!1671/
Then the p-th quantile is as in equation (32) with L, = RS(s) + Ry (k(p)), and

k(p) = inf {m EN Y %eﬂ’ <1 *P}-

5. The proportional risk model and the copula approach. Let us consider
now the Cox model with proportional risk [6] and suppose that the risk function
would be given by h(t,z) = eP?b(t), where p is a regression parameter and b(t) the
baseline risk function. Then, by denoting ¢ = e??, the survival function 7'(¢, q) (i.e.,
the probability to survive until the age ¢ with a risk ¢) is given by:

T(t,q) = exp [— /Ot h(s, z)ds} = B(t)? (35)

where B(t) = exp[— fot b(s)ds].

In the Macdonald model (1), for calculating the survival function T5(¢,¢) of the
subpopulation I, it is possible to identify z = log(8182/NyNgur), p = —K/pu,
t =1/K, b(s) = cste = p, B(1/K) = e "% and Ry = 8182/ Ny Ny urje "/ K =
expllog(B182/Nv Nupr)] .expl-p/K] =~ To(1/K,(8182/Ny Nupr)=5/m), if
B1B2/Ny Ny ur is close to 1.

If there exist n age classes into the vector subpopulation Es whose sojourn times
U;(i = 1,...,n) are independent random variables related to the survival function
T;, we have:

P(U; > ti,i=1,...,nlq) = HTi(ti,Q) = HBi(ti)q (36)
i=1 i=1

If z is a random variable, then ¢ = e”* is also a random variable and we define
the mean survival function as T'(t) = E,[B(t)4].

If we consider now the Laplace transform defined by: E,[e” "] = exp(—v?) =
L(v), where p is a parameter depending on the probability distribution of ¢, we can
write:

]P)(U% > ti,i = 1, ,n) = Eq[H Bz(tz)q]
= (37)
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exp < —In By( >
i=1
P
exp( [ —InT;(t ?17] >
i=1

= C(Sla ey STL)

where C' is an Archimedean copula, precisely the Gumbel Copula.

M:

M:
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6. Conclusion. In this paper, we have given some definitions of Archimedean cop-
ulas used to define conditional quantiles for analysing interactions between compart-
ments of vectors and hosts in a system of transmission of malaria. By using the
bivariate Gumbel copula, we have calculated explicitely conditional quantiles and
applied it when the compartments sizes are supposed to be random and Poissonian.

Two of the direct applications of this work are:

e If the calculation of the regression parameter o of the Gumbel copula gives

the conclusion that « is close to 1, then the sizes of the concerned populations
(e.g., susceptible and infected) are not concordant or uncorrelated, which is in
favour of a total population size non constant, hypothesis rarely done in the
epidemiologic studies, especially in malaria spread modelling [5, 23], which
leads to incorporate a refined demographic part in the epidemic model.

The calculation of conditional quantiles with the general formula from the
empiric distribution functions of the observed population sizes allows to re-
construct their density, hence allows to test a posteriori their Poissonian char-
acter, which only authorizes the use of the specific simplified formulae. The
Poisson hypothesis has the interest to link the epidemic interaction mecha-
nism to the stochastic molecular kinetics [1, 31], which is a way to model the
contagious contacts.

7. Appendix.
7.1. Appendix A (after [24]).

where c(u,v) =

T=P{(X; — Xo)(Y1 —Y2) > 0} - P{(X; — X2)(Y1 — Y2) < 0}
=2 xP{(X; — X5)(Y1 —Y3) >0} — 1
=2xP{(X1>Xo; V1 >V)UX1<Xo; V1 <Y2)} —
=2xP{(X;1 >Xo; V1 >Y2)} +P{(X1 < X2 ; Y1 <Yo)}] —
—AxP{(X;>Xy; V1 >Yy)}—1

=4//IP’{X2§3:; Yo <yl X1 =x; Y1 =y} fxy(z,y)dedy — 1
zJy

—4/D/yFXY($7y)fXY($,y)dxdy— 1

:4/m/yC(FX(x)aFY(y))fXY(may)d-Tdy_1

In making the change of variables u = F'x(x) and v = Fy (y), we get:

11
T=4 / / C(u,v)e(u, v)dudv — 1
0o Jo

82C (u,v)
oudv
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Appendix B (after [24]).
p=3[P((X1—X2)(Y1 —Y3)>0) —P((X1 — X2)(Y1 — Y3) <0)]

So according to Appendix A, we can write:

p=3 [4 / / C (Fx(2), Fy () dC (Fx (x), Fy(y)) — 1

In making the change of variables u; = Fx(z) and us = Fy (y), we get:

1 1
P = 12 / / C(U1, uQ)dC'(ul,ug) -3
0 0

where dC (uy,us) = 0%C(u,v)/Ou10us duydus
Since X5 and Y3 are independent, then C(uq,us) = ujus

So

7.3.

1 .1
p=12 / / urugdC(ug, ug) — 3
o Jo

Appendix C (after [24]). For both tau and rho, the first six properties in

Definition (2.3) are obvious from the properties of the Kendall’s tau and the Spear-
man’s rtho. For the seventh property, we note that the Lipschitz condition implies
that any family of copulas is equicontinuous, thus the convergence of C,, to C' is
uniform.

Lipschitz condition:

Let C’ be a copula. If for every (u1,uz), (v1,v2) in DomC’

| C'(ug,v2) — C'(ur,v1) |[<|ug —uy | + | ve — vy

then C’ is uniformly continuous on its domain.
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