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Abstract: This paper deals with the state estimation for a schistosomiasis infection dynamical
model described by a continuous non linear system when only the infected human population is
measured. The central idea will be studied following two major angles. On the one hand, when all
the parameters of the model are supposed to be well known, we will construct a simple observer
and a high-gain Luenberger observer based on a canonical controller form and conceived for the
nonlinear dynamics where it is implemented.

On the other hand, when the nonlinear uncertain continuous-time system is in a bounded-error
context, we will introduce a method for designing a guaranteed interval observer. Numerical
simulations are included in order to test the behavior and the performance of the given observers.
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Syntheése d’observateur d’un modéle non linéaire de la
Bilharziose

Résumé : Un observateur 'grand gain’ non-linéaire est mis en uvre pour évaluer 1’évolution
de dynamique d’une infection de la Bilharziose décrite par un modele continu non linéaire [1].
On propose un modele réduit du modele [1] de la Bilharziose pour construire 1'observateur.
Des simulations numériques ont été faites pour tester le comportement et la performance de
I’observateur proposé.

Mots-clés : Systemes dynamiques non-linéaires, Observateur, Bilharziose
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1 Introduction

Human schistosomiasis is a behavioral and occupational disease associated with poor human
hygiene, insanitary animal husbandry and economic activities. Among human parasitic diseases,
schistosomiasis ranks second behind malaria second behind malaria as far as the socio-economic
and public health importance in tropical and subtropical areas are concerned. Urinary schisto-
somiasis, caused by the species Schistosoma haematobium, is common in Africa and the Middle
East. The main clinical sign of schistosomiasis infection is haematuria itself caused by the de-
positions of eggs by an adult female’s worms through the bladder by urinary intermediary [16].
The most effective form of treatment for infected individuals is the use of the drug praziquantel
a drug that kills the worms with high efficiency. Control programs communities often consist on
mass chemotherapy possibly supplemented by snail (intermediate host) control. Since school-
age children are the heaviest infected group that suffer the most from morbidity and by that
are major sources of infection for the community, school targeted chemotherapy can be then an
adequate effective approach to control that morbidity. [16], [19].

The spread and persistence of schistosomiasis have made of it one of the most complex host-
parasite process to model mathematically because of the different steps of growth of larval as-
sumed by the parasite and the requirement of two host elements (definitive human host and
intermediate snail hosts) during their life cycle.

An efficient method to control the schistosmiasis infection that may require relatively little fund-
ing is a biological control. Particularly, trematode parasites or competitive snails of the interme-
diate snail hosts have been proved to be effective in controlling schistosomiasis in the Caribbean
area (Pointier and Jourdane, 2000). Actually, Allen and al. proposed a model incorporating this
kind of control strategies, and it has been proved that it can be found resistant snail species able
to fight against the intermediate host snail species.

Ordinary differential Equations (ODEs) are used to describe population evolution over a contin-
uous time period. Deterministic ODEs are one of the major modeling tools and are used in our
case. Symbolically one writes

with X () e R™, Y (t) € RP, p < n.

If it is possible to have the value of the state at some time ¢ then it is possible to compute X (¢) for
all ¢ > to by integrating the differential equation with the initial condition X (¢g). Unfortunately,
it is not often possible to measure the whole state at a given time and and by the same way
to integrate the differential equation because one does not know the initial condition. One can
only have a partial information of the state and this partial information is precisely given by
Y (t) the output of the system. Therefore we shall show how to use this partial information
Y (t) together with the given model in order to have a reliable estimation of the unmeasurable
state variables. A state observer is usually employed, in order to accurately reconstruct the state
variables of the dynamical system. In the case of linear systems, the observer design theory
developed by Luenberger [13], offers a complete and comprehensive answer to the problem. In
the field of nonlinear systems, the nonlinear observer design problem is much more challenging
and has received a considerable amount of attention in the literature.
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4 Diaby & Iggidr

An observer for (1) is a dynamical system
. (2)

whose task is state estimation. It is expected to provide a dynamical estimate X (t) of the state
X(t) of the original system. The output is in general a function of the state variable, that is,
Y (t) = h(X ().

One usually requires at least that ‘X (t)— X (t)’ goes to zero as t — oo. When the convergence

of X (t) towards X (t) is exponential, the system (1) is an ”exponential observer”. More precisely,
system (2) is an exponential observer for system (1) if there exists A > 0 and ¢y > 0 such that,

for all £ > 0 and for all initial conditions (X (0), X (0)), the corresponding solutions of (1)-(2)
satisfy

X() —X(t)) <e M (

X(0) —X(O)’ +c0).

The best situation corresponds to the case where ¢y = 0. In this situation a good estimate of the
real unmeasured state is rapidly obtained. One must notice that we do not need to care about
of the initial condition of the observer since the convergence of X (t) towards the real state X (t)
does not depend on this choice.

We will consider a simple schistosomiasis dynamical model described by:

dX
71 = —t15 X5 X1 + 112 Xo,
t
dXs
—= = {15 X5 X; —r12 X
dt 15 A5 A1 —T12. A2,
dX3
T by (X3 + Xy + X5) — 130 Xo X3 — d3 X3 — t37 X3 X7,
dX
d7t4 = t32 Xo X3+ 137 X3 X7 — dy Xy — 154 Xy, (3)
dXs
— = X4 —ds X5,
7 754 X4
dX
TtG = bg(Xe + X7) — tes X5 X — do X,
dX,
— = tg5 X5 Xg — d7 X7.
gt 65 X5 X6 — A7 X7
Where
X1(t) = the susceptible (uninfected) human population size,
X5(t) = the infected human population size,
Xs3(t) = the susceptible snail host population size,
X4(t) = the population size of the infected snails which are not yet shedding cercariae,
X5(t) = the infected and shedding snail population size (shedding population size),
Xg(t) = the susceptible mammal population size,
Inria
X7(t) = the infected mammal population size.
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Birth and death rates for the various sub populations are denoted by b; et d;, respectively, for
1 =1,2,...,7. The transmission parameters for the model are:

ti5 = transmission rate from infected snails to uninfected humans,
tss = transmission rate from infected humans to uninfected snails,
ts7 transmission rate from infected mammals to susceptible snail,
tes = transmission rate from infected snails to susceptible mammals.

Also, rq5 is the rate that infected humans recover and 754 denotes the rate that the latent snail
population X, becomes shedding X.

It is assumed for simplicity that b3 = d3 = dy = d5, and bg = dg = d7.

We denote the total human population, total snails population and the total mammals population
respectively by: Ny = X1 + X9, Ng = X3+ X4 + X5, and Ny = Xg + X7. All these total
populations are constant thanks to the assumptions on b; and d;. We introduce the proportions
of the snails and mammals subpopulations: x; = % for i = 3,4,5, and z; = ‘757(71 for i = 6,7.
Using the number of infected humans and the proposrtions of the other subpopulje\m/[tions and the
fact that X1 = Ny — X, 3+ 24 + 25 = 1, and a6 + 27 = 1, system (3) reduces to one of the
following equivalent systems (4) and (5). The first one using Xs, x3, 5, and z7 is given by:

d X

dt2 = ti15 (Ng — X2) Ng x5 — r12 X2,
dx
7: = by — (ts2 Xo + tsr Ny x7 + b3) 3,

dzs r5a (1 — 23 —a5) — by W
T 3~ Ts 3 L5,
dI7

e tes Ns w5 (1 —x7) — bg w7

The second one using X», x4, x5, and z7 is given by:

dX
dt2 = t15(Ng — X2) Ng x5 — 112 Xo,
dI4
i (tso Xo +t37 Nypar) (1 — xg — x5) — (bg + 7'54) 24,

%—rac—bx )
0 54 L4 3 Ts,

dzr
dt

tes Ns w5 (1 — x7) — bg w7

What is noticeable in these models is that the state of snails and mammalians are not available
for the measurement in so far as the only available information at time ¢ is the value of the
infected human population. This means that it is possible to detect through clinical signs the
number of infected people at a given time ¢. The value of the infected human population can be
then seen as the measurable output of the reduced model. If it is possible to have the value of
the state at a given time ¢y then it is possible to compute states for all ¢ > t¢ by integrating the
differential equation with the initial condition.

Unfortunately, it is not often possible to measure the whole state at a given time therefore it
is impossible to integrate the differential equation for one does not know the initial condition.

RR n° 8156



6 Diaby & Iggidr

What we can have is partial information of the state and that this partial information being itself
given by X»(t) the so called output of the system. To do so we have to show the way to use this
partial information combined with the model itself in order to have a dynamical estimation of the
real unknown state variable. This estimation will then be produced by an auxiliary dynamical
system called an observer which uses the information Xs(¢) provided by the system (4).

In addition there are numerous means to deal with the synthesis of nonlinear observers. The
most general method to tackle it is to use a "high gain method observer” when the functions
of the variables are perfectly known in the dynamical model. This means is much more general
than ”the output injection model” developed in [11], [12], [7], [8], which is applied to a very
special class of systems only.

If it happens that some functions of the variables are partially known in the dynamical model but
bounded with a priori known bounds, we can define a bounded error observer giving X (t) with

‘)A( (t) — X (t)| bounded by a ”reasonable” positive real constant ( depending on the uncertainty

), "reasonable” meaning that this constant is small with respect to the measurement errors as
developed in [6].

This paper shows out first a high gain observer for a reduced non linear model of schistosomiasis
as proposed by Allen ([1]). This "high-gain observer” method, has been initiated in [3], [2], [1].
However, the convergence of this kind of observers is difficult to prove (because of the global
Lipshitz condition). So, we propose a simpler observer whose convergence analysis is studied.
This nonlinear observer is designed requires no Lipschitz extension of functions and no change
of coordinates for the system contrary to the high gain observer.

In the second part, we will present an interval observer design to handle the already mentioned
uncertainties of the model parameters. The methodology of interval observers has already been
studied using a theoretical framework [17] and [15], and interval observers have been developed
for particular models [5], [18], and have been validated experimentally [15]. In these works the
authors address conditions for stability of the interval observer.

The construction of an observer requires some properties of observability and requires essentially
the existence of globally defined and globally Lipschitzian change of coordinates.

The paper is organized as follows: Section 2 will points out a simple observer design, section 3
highlight the question of formulation we have been confronted with before talking about the non
linear high gain design and fourth section will tackle the guaranteed interval observer, finally the
sections 4 and 5 will respectively been constituted of the simulation exercises and the conclusion.

Inria
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2 A first observer for a schistosomiasis model

In this section we consider system (5). It can be proved that the compact set D = [0, Ny] x
[0,1] x [0,1] x [0, 1] is a positively invariant set under the flow of system (5).

The measurable output is y(f) = X2(t). We shall prove that a simple candidate observer for
system (5) on the set D is given by:

dX. A - A ¢

7; = t15 (NH—XQ)NSI5 _T12X2 +L1 (y_XZ)

dy 5 N . . .

W = <t32 X2 —+ t37 NM Z‘7> (1 — X4 — .1:5) - (b3 + 7"54) T4,

985 i —byd "
dt = 54 L4 3 45,

dz . . .

T; tes Ng s (1—.277) — bg Z7.

It is remarkable that the set D = [0, Ng] x [0, 1] x [0,1] x [0, 1] is a positively invariant compact
set for system (6).

This observer is simply a copy of system (5) plus a corrective term given by Ly (y—X5). The num-
ber L, is a constant positive real number that will be chosen in order to ensure the convergence
of the estimation error.

We will denote z(t) = (Xa(t), z4(t), x5(t),27(t)) the state vector of system (5), and Z(t) =
(Xg(t),:%4(t),:25(t), :%7(15)) the state vector of the candidate observer (6). The estimation error

is e(t) = (e(t), es(t), e5(t), er(t)) = x(t) — &(t).
We shall make the following assumptions on the model parameters:
Nptsz + Nartsr rsa _ 1 Ngies

Assumption 2.1. ———> <1 o4
P bs + 754 Tobs

IN

— <1
2’ be

Proposition 2.1. Under the assumption 2.1, the system governed by (6) is an exponential
observer for the system (5) for Ly satisfying

Np Nstis5t32 >
—————= —112,0

L1 > max
b= ( bs + 54

i.e, there exists a positive real number \ such that for all initial conditions (£(0),z(0)) € D x D,
one has |2(t) — z(t)| < e |2(0) — x(0)].

Proof. The estimation error e(t) = (ea(t), es(t), e5(t),er(t)) = x(t) — &(t) obeys the following
differential equation:

é=Age+ f(x) - f(2) (7)
where
—L10—7‘12 b 0 ’ 8 8 tis Ns x5 (N — X2)
—b3 — 154 o
Ay = 0 0 by 0 f(w) = (ts2 X2 +t37]\770M 3;7) (1—24 —5)
0 0 0 —bg 5474

tes N x5(1 — x7)

RR n° 8156



8 Diaby & Iggidr

1

—_— 0 0 0
2 Ll + 27’12 1
0 — 0 0
Let P = 2b3 + 2754 1 and consider the following candidate Lya-
0 0 — 0
2b3 )
0 0 0 —
2bg
punov function for the error equation (7):
V(e)=el Pe
We can write:
. Lof A )
flz) = f(@) = %(sx—i—(l—s)x)dse:R(e,x)e
0

The explicit expression of the matrix R(e, %) is given in appendix A.
Therefore é = (Aq + R(e,#)) e and then the derivative of V' (e) with respect to time along the
solutions of the estimation error equation is

Vie)=eT (p Aq+ AT P+ PR(e, ) + R(e, )" p) e.
Simple computations give

Vie)= —3—ef—ef—c}

tis(es +25)Ns o2 tsa(ea + X) n tar(er + 27)Nu o2 tes(es + 25)Ns o2
Ly + 72 bz + 754 bs + 754 * be !

+

t1sNs (Nh - X2) (7”54 taa(ea + Xo) + tar(er + 567)NM>
e2€5 + €4€5

Ly + 7112 by bs + 754

tes(1 — 27)N, T rs — 1 t t37r N
+65( i7) 56567_($4+5€5 ) (eats2 + ertsz M)e

bg bs + 754
. t1575Ng tarx7 Ny + t32Xo tesT5Ng
Vie)= —e2 | 222241 —e2 +1)—e2—e2 [ =222 41
(¢) 2 (L1 + 712 ) * bs + 1354 T bs
_tea(Bat s —1) eseq + o <Nh _ X2> eses + (7’54 S t32X2) eqes 1DE
b3 + 154 2 Li+7r12 2 b3 bz + 754 e

t3r N (Ta + &5 — 1)6 te5(1 — 27)Ns
- 4

er + ese
. b3 + 754 ’ bG T
expression of V' can be written:
Vie)= —(az+1)e3 —(as+1)ef — €3 — (a7 +1) ¢}

—bag e2e4 + bys e4e5 — bay eser + bsr eser + bas ezes,

x5 Nstis I Xotsz + x7Nmtar g 55 Nites |
) 4 — - )
Li+7r2 b3 + 154 ! be

with: as =

Inria
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(—1+ 24 +25)t32 rsa Xolgs + 27 Nutar (=1 + 24 +25)Nastar

3 457()37 ab47:

boy =

bs + 754 bs + 54 bs + 754 '
b — (1 — 27) Nites boe — <_X2 + Nh) Ngtis
o7 b7 P Ly +719 .

The derivative of V(e) can be seen as a quadratic form in e;. Applying the Gauss-Lagrange
reduction to this quadratic form leads to:

—V(e) = (14 az) (e + Fa(eq,e5))? + 11 (es + Fu(es,er))” + 1o (e5 + Fy(er))” + ls €2

where [y, Iy, I3 are functions of the model parameters, and the F; are linear forms in their
arguments. The exact expressions of the [; and the F; are given in Appendix A.

In Appendix A we show that if the parameters satisfy Assumption 2.1, then it is possible to
choose a gain L; in such a way that all the [; are positive. This proves that V is negative definite
which ends the proof. O

RR n° 8156



10 Diaby & Iggidr

2.1 A high gain observer for a schistosomiasis model

For a comparison purpose, we construct a high-gain observer for our system using the techniques
developed in [3] and in [4]. The high-gain observer construction involves some complicated
computations (see for instance [2], [3], [2],[9]). Since systems (4) and (5) are equivalent, we shall
use system (4) which is more adapted to the high-gain observer construction.
Let us denote by x(t) = (X2(t), z5(t), z5(t), 27(t)) the state vector of system (4), f the vector field
defining the dynamics of the system (4), and h the output function, that is y(t) = h(z(t)) = Xa(t),
and
tis (Ng — X2) Ng x5 — 112 X2

— (tag Xo + tay Naj a7 + b3) 3 + bs

T's54 (1 — T3 — .’[75) — b3 5

tes Ns x5 (1 —x7) — bg 27

f=

To construct a high-gain observer for (4), one has to perform a change of coordinates in order
to write the system in a simpler form. This usually done by using the output function together
with its time derivative.

Let ® be the function ® : D — R* (D is the interior of D) defined as follows:

h(z)
Lyh(z)
L2h(x)
L3h(z)

where Ly denotes the Lie derivative operator with respect to the vector field f. Thus

Xs
—112Xs + Ngti5 (Ng — Xo) x5

Nstis (Ng — X2) (rs4 (1 — 23 — 5) — b3xs)
+ (=712 — Nsti525) (—112X2 + Nstis (Ng — Xo) @5)

(=754 + 75023 + b3xs + r5azs)
(N5t15 (bg (NH — X2) + Ny (7'12 —+ 7154 + 2N5t15.’];5) - X5 (27‘12 + 54 + 2N5t15.’1:5)))
— (r12X2 — NgNstis2s + Nstis Xoxs)
(rfy + 2Ngriatisas + Nstis (154 (—1 + @3 + x5) + @5 (bs + Nst1525)))
+Ngrsatis (Ng — X2) (—bs + bsxs + t3oXoxs + Nystarrsay)

The Jacobian of ® can be written:

1 0 0 0
d® —r12 — Nstis 25 0 Ngtis (Ng — X3) 0
dx ap —Ngrs5atis (Ng — Xo) oy 0

Qg Qs ay Nt Ns rsatistar (Ng — XInria
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where:
ay = (ri2+ Nstisxs)? + Ngtis (bsas + 154 (=1 + 23 + 25))

a1 = —Ngtis (bs (Ng — X2) + Nu (rig + 154 + 2 Ng tis 25) — Xo (2712 + 154 + 2 Ngti5 25))

as = Ngrsatistss (Ng — Xo) 34+ Nstis (b3 + 2712 + 754 + 2 Ns tis x5) + (=712 — Nstisas)
(=bszs — 54 (—1 + 23 + 25)) ((r12 + Ns t1525) 2 + N t1s (bsxs + 154 (—1 + 23 + 25)))

+Ng 154 t15 (bs — w3 (b3 + t30 Xo + Nastzr x7))

a3 = Ngrsatis (203 (Ng — Xo) + Ny (112 + r5a + t32 Xo + 3Ns t15 x5 + Nastar a7))

—Ngrsatis (Xo (3r12 + 54 + t30X2 + 3 Ng tis x5 + Ny tar 7))

oy =b3 Ny Nstis +bs Ny Nsriatis + Ny Ngriytis +2bs NuNgrsatis + Ny Nsria 754 t1s
+Ng Ng T’§4t15 — 3Ny N§T54 t%5 — b% Ngti15 X9 —3b3 Ngrigtis Xo — 3NS7‘%2 tis Xo
—2b3 Ngrs4ti5 Xo —3Nsr127r5a t1s Xo — Ng 13,115 Xo + 3 NG rsatly + 3 Ny NErsatisas
—3NZrsatis Xowg +6b3 Ny N3t x5 + 4Ny NEriatis a5 + 6 Ny N3rsatis s

—6b3N§t%5X2£L'5 —6N§T12t%5X2£L'5 —6N§T54t%5X2£C5+3NHN§vt?5§ —3Ngti’5X21'§

dd
The determinant of Ia can be expressed by:
x

[(Xy,23,25) = Nay Nev3, th5 tsr (N — X2) ° w3,

. dP . . . L : 2
The Jacobian 55 s roon nonsingular in the region D and moreover ®(z) is one-to-one from D
x

to ®(D). So the map ® is a diffcomorphism from D to ®(D). This implies that the system (4)
with the output y(t) = X5(t) is observable. In the news coordinates defined by (21, 22, 23, 24)T =
z = ®(z) = (h(x), Lyh(z), L?h(x),L?h(x))T, our system can be written in the canonical form
as follows:

01 0 O 0
0 = [ o000 |50+ o |
0000 U(z(t)) (8)
y(t) = =10 = (1,0,0,0) (1),
C

where: U(z) = L‘J%h(q)’l(z)) = L‘}h(:c) = (x).

The function v is smooth (it is a polynomial function of x = (X, x3, x5, 7)) on the compact set
D. Hence, it is globally Lipschitz on D. Therefore it can be extended by 1;, a Lipschitz function
on R* which satisfies 1)(z) = 9 (x), for all € D. In the same way we define ¥ the Lipschitz
prolongation of the function ¥. So we have the following system (9) defined on the whole space

RR n° 8156



12 Diaby & Iggidr

R%. The restriction of (9) to the domain D is the system (8):

0
. 0
2 = Az+ 0 , )
¥(z)
y = Cz.
According to [3], an exponential (high-gain) observer for system (9) is given by
0
F=Az+ 8 +S7Ho) CT (y - C 2), (10)
U(2)

where S(6) is the solution of 0 = —0 S(0) — AT S() — S(0) AT + CT C and 0 is large enough.

1 11 1
0 62 9 et

1 2 3 4

92 63 9+ 5
Here, S(0) = 1 3 6 10

63 et 95 66
1 4 10 20
B T

This observer is particularly simple since it is only a copy of system (9), together with a corrective

term depending on 6. For the proof one can see [3].
An observer for the original system (4) can then be given by:

+S7H0)CT (y - C 2),

0
0
0
(2) (11)

x S(0)"*CT(y — h(2)). (12)

However, the set D which is positively invariant for system (4) is not necessary positively invariant

for the observer (12), and ®(D) is not positively invariant for the observer (10). Therefore the

expressions [%];i and ®~!(z(t)) are not well defined in general.

If there exists ® a prolongation of the diffeomorphi§m ® to the whole space R%, that is P is a
diffeomorphism from R* to R* whose restriction to D is ®, then it will be sufficient to replace ®
by ®in (11) and (12) and so all the expressions will be well defined. However, for our system such

a prolongation does not exist since 42 is singular on the set {X> = Nps} U {3 = 0}. So instead

Inria
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of working on D, we have to consider first a set D, C D given by D, = DN{Xy < Ny —¢, 3 > €}.
The positive number € has to be chosen in such away that D, is positively invariant for system (4).
On {X; = Ny — ¢}, we have

dX
WQ < tise(Ng — Xo) Nsas —ria (Ng —¢€)
< €(ti5s Ng +r12) — 112 Nu.
On {z3 = €}, we have
dz
7; > by — (tsa Ng +t37 Ny + b3) xs.
N b
So we take € < min{ LR 3 }

t15 Ns + r12” tso Ng + ts7 Nag + bs

Incidentally, even if in the domain D, we can extend the diffeomorphism @ it is difficult to find
the explicit form. And then simulations will be done without extending the diffeomorphism &.

RR n° 8156



14 Diaby & Iggidr

3 Design of the interval observer for a schistosomiasis model

The logic of interval observers is to generate estimated bounds that are caused by a lack of
reliability in the models of measurements [17], [15]. Here, we intend to explore the possibility of
designing interval observers in the case where transmission rate of the model (3) that are ¢15, t32,
t37 and tgs; remain partially known. Moreover, we seek to obtain an estimation even during the
transients of the system that is to choose bounds that have been valid since the beginning. Given
the uncertain bounds in the model, we are looking for dynamic ones to estimate the variables.
This situation resembles many epidemiological models either by the lack of confidence in model
parameters calibrated from experimental data, or because of models dynamical simplicity taking
into account their complexity.

We will consider in this case that such parameters are bounded by a given positive number this
means that that those measurements are no longer given by a single value but rather by an
interval. The design is based on two points observers which help estimate in real time the lower
and upper bound of the vectors state, given the following type of uncertain nonlinear systems.

at) = Ax(t) +¢(z,p),
(9):9 y() = Cz(t),
z(to) € [xo] Apelpl,
where A is a matrix of dimension n X n, t € [to, tn,], [p] = [p~,p] is a real interval vector of

R, 1 € C*~Y(D x [p]), D x [p] € R™"™ is an open set; n, m and n, are the dimension of
respectively the state vector x, the output vector y and the uncertain parameter vector p. The
choice of the type of systems () is not restrictive since one can find reversible mappings for the
state vector in order to transform a given system to a system of type (S), see [10]. We assume
that measurements y,,(t) are subject to an unknown but bounded, with known bound, additive
error. Thus the feasible domain for measurements are given by the following boxes

Y = [Ym(t) — b, ym(t) + 0],

where b is the vector of maximal measurement error.
We suppose that the input is uncertain with known bounds 1, 1™ such that:

Y~ <y <yt vt eRY

Remark: The inequalities applied to vectors must be considered term by term.
Under this assumption, we build two asymptotic observers.

Definition 3.1. Let us consider the system (S). The pair of systems (S~,S™) with

(57) :{ e (t) = Af_(t)+3_(¢_(t),w+(t)),

xi(to) = Iy,
(5% { B = Aet(t) + B (), (1),
. zt(ty) = zf,

where Ty < 2o <z is an interval estimator for the system (S) if for any compact set Dy C D,
the coupled system (S,S~,ST) verifies for any initial conditions x(ty) € Dy:

Vi >to, o (1) < x(t) <z (t).
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Function BT (respectively B~ ) is such that:
B~ (¢~ (1), 4" (1)) < B(y(t)) < BT (¥~ (1), ¥™ (1))

We assume that the imprecisely known function v can be bounded by a lower and upper Lipschitz
function. Moreover, there exists two known functions ¥~ (-) and () built according to the
bounds of [p] and a known number M < 400 such that:

Wpelpl, VoeD,
V™ (z,p) < ¥(2,p) < YF(2,p), (13)
||7/’7($7P) - /(er(xup)” < M.
Proposition 3.1. ([15])
If there exists a gain K, a positive matriz, such as the non-diagonal elements of the matrix
(A — KC) are non-negative and Hurwitz with the condition (13) fulfilled, we can propose the

interval observer for system (S) the same spirit as for the classical Luenberger approach, provided
Ty <9 < xar:

() = (A-KC)a* () +¢*(a™ 2%, p7,p" ult) + Ky (b),

. 14

B0 = (A= KO (0 + 0 (o ,atp,ph () + Ky (1), )
Remark: It is shown in [15] that the observation error remains positive and with A — K C a

Hurwitz matrix this error converges.
We consider our model whose dynamics are expressed in (4) and rewriting as follows for some
convenience.

dc‘;ﬁ = t15(Ng — X2) Ns 25 — 112 Xo,

dxy

— = (tsa X2 +t37 Nvw7) (1 — 24 — x5) — (b3 + 754) T4,

das (15)
o T T bs 5,

% = tes Nsxs (1 —x7) — bg 7.

We write system (15) in the typical form of (S) where

—T12 0 0 0
A— 0 — (b3 + ’l‘54) 0 0
0 T's54 —b3 0

0 0 0 —bg

and
ti5 (Ng — X2) Ns x5
| (t3eXo +tsrNarar) (1 — 24 — 5)
Y= 0
tesNszs (1 — 27)

and C = (1,0,0,0).
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We assume that the transmission rates ti5, t32, t37 are unknown but belong to the following
intervals [t75,t15], [t taals [tas, tag)- We denote p = (t15,t32,t37). The initial state variables are
also unknown but within the interval vector.

All the components ¥(+) of the vector function are Lipschitz on D with respect to the state vector
for any p € [p]. Then we can consider a Lipschitz extension of 1(-) on R* since D is positively
invariant by the system (15), see for example [14], that we also denote by ¢ (-). Moreover, there
exists two known functions 1~ (+) and 1T (-) built according to the bounds of [p] such as

t1_5 (NH - XQ) NS Iy
w_ _ (t??QXQ + t??SNM(E7) (1 — X4 — {E5)
0
t7_5NSi$5 (1 — 3;‘7)

and
t;rs (NH — XQ) NS Is
¢+ _ (t;_QXQ + t;SN]wx7) (1 — Xy — .135)
0
t¢5NSiﬂC5 (1 — $7)

It is not hard to show that there exists a known number M < +oo such that the condition (13)
fulfilled. For the observer gain K = [, 0, 0, 0]7, where [ is a positive real number, the matrix

—T12 — l 0 0 0

o 0 —bg — T's4 0 0

A-KC= 0 T's54 —b3 0
0 0 0 —bs

is Hurwitz.
Therefore, given an interval estimate ([2, 21|, [25, 23], [25 5 29 ], [z, 24 )T, the estimation in the
basis (Xs, 24, T5,27) is given by

a = (et +t; (Nu—27) 25 Nsi + 1y} (1),

Zy = —(bs+rsa)zy + (ta +igNael) (1— 23 — =),

A= szl —byzd

2 = —bezf +tHNsizf (1—2]), (16)
o= —(r2+ 0z 15 (Nu— 21 ) 23 Nsi + Ly (1),

G o= —(bs+msa) 2 + (tar +tsNuzy) (1—2 —25)

Z3 = Tsa2y — b3zg,

Zy = —bezy +itmNsizg (1—27).

4 Simulations

This part consists in showing out some simulation exercises to stress on the efficiency of the
proposed observers of system (4) and system (5). The different snails and mammals populations
are estimated via infected humans population measurements. In the first place the simpler
observer design was implemented. Moreover, the reconstruction of the uncertain term is adequate
and the population sizes estimations behave satisfactory along the simulations. For the simulation
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OBSERVER DESIGN FOR A SCHISTOSOMIASIS MODEL 17

of the high gain observer we extend the function f that defines the system (4) by continuity in
order to make it globally Lipschitz on R* in the following way: We denote f the prolongation
of f to R* and the function 7 the projection on the domain D and we construct f = f o 7.
The extend function f has the same Lipschitz coefficient as f. The projection « is defined as
follows: for # € R*, n(z) = T where T € D is such that dist(z,D) = ||z — 7|, i.e., T satisfies
|z = Z|| = minyep||lu — z||. The initial values of state variables in all simulations concerning the
high gain observer are X»(0) = 1600, 23(0) = 0.4, x5 = 0.3, 7 = 0.5, 42(0) = 2000, 25(0) = 0.5,
s = 0.2, @7 = 0.6.

The parameters are: ti15 = 2,23.1072, t37 = 2,0.1072, t3 = 1,05.1072, tg5 = 1,02.1072, 712 =
4471071, 75y = 2,50.10~%, by = 11,00.10~1, dg = 1,00.1072, d3 = 8,86.10~", dg = 1,00.10~2,
Cc33 = 5,11.10_5, C36 = 5,11.10_6, Ccrr = 7,00.10_6, Ce = 1,50.10_3, Cea = 25,11.10_4, bg =
6,60.10~2, ag = by — do, a3 = by — ds, Nig = 5000, Ng = — 0093 = Cs600) -y by —dr.
(¢33 Co6 — C36 Co4) crr
With these parameters, the gain chosen is § = 2 in all the simulations.

The simulation results are presented in figures 9 to 16 and illustrate the evolutions of the states
variables and the estimated states with/without prolongation delivered by the high gain observer.
Using the same parameters values, when we do not use the Lipschitz prolongation of the function
f to the whole R?, the state estimation & computed by the observer tends to infinity in finite
time. This actually happens in the beginning of the integration process. When the Lipschitz
prolongation of the function f to the whole R* is done, the convergence of the estimates delivered
by the high gain observer is quite fast.

5000
4500
4000

3500 |

Populations

3000 |
2 500 |

2000 -}

—— Observer

i Infected humans
1500 T T T T T T T T T T T T T T T T T T T |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Figure 1: Time evolution of the number of infected humans X5 (¢) (red line) given by (5) and its
estimate X3(t) (blue line) delivered by the observer (6).
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0.95

0.9 -

0.85 —

0.8 —

0.75 —

o
N
1

Populations

0.65
0.6 -
0.55
0.5

0.45 —— Observer

—— Latent snails
0.4 T T T T T T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Figure 2: Time evolution of the number of latent snails z4(t) (red line) given by (5) and its
estimate #4(t) (blue line) delivered by the observer (6).

In order to test the robustness of the observer to noisy measurements, the measurements are
vitiated by an additive Gaussian noise (with 30 as the signal-to-noise ratio per sample). In
figures 13 to 16 the states variables and their estimates obtained using noisy data of X5 are
shown. However, such values are to be avoided since the estimators mate become noise sensitive.
Simulations corresponding to free-noise and noisy data have been carried out with the same 6
value. The chosen value is the one which provided the best compromise between fast convergence
and well noise rejection. In the case of noisy measurements, the choice of relatively high values
of 6 are to be avoided since they amplify the noise and the obtained estimates may be unusable.
The time histories of the estimates of the bounds on X = (Xy, x3, x5, x7), the states of the system
(3), under the constraint that the transmission rates t3z, 37, tg5 are uncertain, are given in pic-
ture (Fig. 21 to 28). The partial unknown parameter vector is p = [t15, t32, t37, t65]T = [tis, t1s] x
[t taa] X [t3g, tag] X [t7s, t4s] = [1.231077,2.23 107 7] x[0.05 1077, 1.05 10~ 7] x [1.00 1077, 2.00 10~ 7] x
[0.021077,1.0210~7]. Model output is taken as y(t) = X2(t) and the maximal measurement error
is b = F2% Yy (00) where y,,(00) is a nominal value. A gain vector is taken as K7 = (3,0,0,0).
These last figures demonstrate that even with loose initial estimations on each bounds of unmea-
sured variables, we obtain estimates of the uncertainty intervals with a reasonable accuracy, the
results keep on showing that the measurements are always inside the estimated bounds and the
interval estimation converge to a box whose width depends itself on those measurements error
bounds.

In the next simulations we consider a maximal measurement error b = F2% y,,(c0) with the
same parameters of system as below:
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0.9 -
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0.75 o
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0.65 —

0.6 —
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—— Observer
Infected mammals

0.5 s e T L E e e e e o o e e e B e e e e T I e e e e ]
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
time t

Figure 3: Time evolution of the number of infected mammals z7(¢) (red line) given by (5) and
its estimate #7(t) (blue line) delivered by the observer (6).
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0.3
—— Observer

0.28 — Infected snails

0.26 ]
0.24 ]
0.22 ]

02
0.18 ]
0.16 ]

0.14

Populations

0.12

0.1 ]
0.08 ]
0.06 ]
0.04 ]

0.02

(S N EN——— e
o 1 2 3 4 5 6 7 & 9 10

Figure 4: Time evolution of the number of infected snails x5(t) (red line) given by (5) and its
estimate &5(t) (blue line) delivered by the observer (6).
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Populations

Figure 5:
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4500—:
4000—:
3500—:
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2500—:

2000

—— Observer
Infected humans

1500

4 5 6 7 8 9 10

Infected humans population X5(t) (red line) and estimated state X5 (t) (blue line)
versus time (t) with proposed observer (6), for system (5), with gaussian noise output X, mea-
surements.



22 Diaby & Iggidr
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0.9 -

0.85 —

0.8 —
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0.55 —

0.5 -

0.45 —— Observer
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T S
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Figure 6: Latent snails population z4(t) (red line) and estimated state &4(t) (blue line) versus
time (t) with proposed observer (6), for system (5), with gaussian noise output Xs measurements.
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Figure 7: Infected mammals population x7(t) (red line) and estimated state Z7(t) (blue line)
versus time (t) with proposed observer (6), for system (5), with gaussian noise output X, mea-
surements.
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Figure 8: Infected snails population x5(t) (red line) and estimated state Z5(¢) (blue line) versus
time (t) with proposed observer (6), for system (5), with gaussian noise output Xs measurements.
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25

Populations

—— Observer
Infected Humans

T T T L L T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

time t

Figure 9: Simulation of system (4) with its observer: X (red line) and its estimate X (blue line)
delivered by the high gain observer (12) when f is not extended
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4 400 — —— Observer
Infected Humans

Populations

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
time t

Figure 10: Simulation of system (4) with its observer: Xs(t)(red line) and its estimate X ()
(blue line) delivered by the high gain observer (12) when f is extended
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Figure 11: Simulation of system (4) with its observer: z5(t)(red line) and its estimate Z3(t) (blue
line) delivered by the high gain observer (12) when f is extended
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Figure 12: Simulation of system (4) with its observer: xz3(¢)(red line) and its estimate #3(¢) (blue
line) delivered by the high gain observer (12) when f is not extended
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Figure 13: Simulation of system (4) with its observer: z5(¢)(red line) and its estimate &5(t) (blue
line) delivered by the high gain observer (12) when f is extended

RR n° 8156



30 Diaby & Iggidr

g —— Observer
Infected Snails

Populations

Figure 14: Simulation of system (4) with its observer: x5(¢)(red line) and its estimate &5(¢) (blue
line) delivered by the high gain observer (12) when f is not extended
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Figure 15:
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Simulation of system (4) with its observer: z7(t)(red line) and its estimate &7(t) (blue

line) delivered by the high gain observer (12) when f is extended
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Figure 16: Simulation of system (4) with its observer: xz7(¢)(red line) and its estimate &7(¢) (blue
line) delivered by the high gain observer (12) when f is not extended
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Figure 17: Simulation of system (4) and its observer (12) with gaussian noise output X, mea-
surements when f is not extended: X5(t)(red line) and its estimate Xa(t) (blue line) delivered
by the high gain observer (12)
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Figure 18: Simulation of system (4) and its observer with gaussian noise output Xs measurements
when f is not extended: x7(t)(red line) and its estimate #7(¢) (blue line) delivered by the high
gain observer (12)
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Figure 19: Simulation of system (4) and its observer (12) with gaussian noise output X, mea-
surements when f is not extended: x3(¢)(red line) and its estimate Z3(¢) (blue line) delivered by
the high gain observer (12)
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5 Concluding remarks

At the end of this work, let us recall that it dealt with non linear observers, designed and
tested, using simulations to estimate the total population size of snails and mammalians; the
study was besides covering noise free as well as noisy measurements. Then, to test the observers
performance we had to use numerical simulations to demonstrate that the observer is robust when
it is about modeling error and white Gaussian noise. Using the gain parameters 6 adequate value,
concerning the high gain observer, we finally obtained a satisfactory estimation of the real state.
Actually, the high gain observer convergence is quite fast now and does no longer depend on the
initial condition choice one can thus get a good estimation of the incommensurable real state
some quickly.

Since the high gain observer convergence is difficult to prove and we have proposed a simple
observer which convergence is obtained. We have also compared the two observers numerically.
However the observers proposed before considering the model good enough, and the parameters
values quite available, we choose to present another way of coping with uncertainties in the
model, when estimating the variables though taking into account the outputs. Our basic idea
was then simple: when given deterministic bounds on the uncertainties, we notice that one
obtain deterministic guaranteed dynamic intervals containing the variables to estimate. The
interval observer presented moreover very good convergence properties and by that was correctly
predicting the dynamic bounds for the unmeasured variables.
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Appendix A Proof Of Prop

Here we shall prove that the derivative of V(e) is negative definite. Thanks to Gauss-Lagrange
algorithm, V'(e) can be written as follows:

Vie) = — ((1 Fas) (2 + Folea,e5)) + 11 (ea + Fales,en))? + 1o (es + Fs(er)® +Is ei) .

where:
baabys  bas\’
bas® bas” 414 az) 2
h=1tdas— — 24 ,=1- -
! Ut an) Mra) W
4 4(1 + ag)
2
boabss  bus b
dt+day 2 )77 by
bos® 2
211 -
s ( T it
l3 =1 + a7 — 3 3
boy basbas bas
4(14 ag— 2 , b
4(1 + (ZQ) 1— b25 _ 4—|—4a2 2
4+ 4das ( e >
T4as— —2
4(1+ az)
And:
boy bas
F: = —
2(eq, €5) 2(a2+1)64 2(az + 1) €5
bog b b
Files,er) — 24b225 B - 45 os
4 ) -——2— 1 2 (——2 1
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b <bz41?25 1745)
T\4(+1) 2) by

b2
2(——2—~+a +1>
( Aas +1)
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5( 7) ( b24b25 } b45>2 7

B 4(a22+ ) 2) b O

_ by fait1 4(az +1)
Aag+1) !
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o1 "\t 2) kst .

A 210 2 |7

Let us prove that [, [5 and I3 are positives with assumption 2.1:

We recall the following quantities:

4y — x5Nstis | g = Xotss + x7Nutsr - @5 Nstes

Ly + 112’ bs + 754 ! be
by — (=14 24+ 25)l32 b — 154 KXotz + x7Nptsr

b3 + 754 PR b3 + 154

ber — (=14 &4+ 25)Nstar be (1 —27) Nstes bor — (_X2+Nh> Nstis
47 T— e L A :
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Nt Nust Nt Nt Nt
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122 1— - hisfl I T'4+7
4\ L1+ 3 \ b3 2
3
> ->0
- 4>

and since by7 <0

Vib b Vib b 2/(X r Nyt Nt
Vs = et < 1347+57<(+54> MEST 6
2(1+a o bam 2 92 2 3\ 4  2b3) bz+rss 2b;
YT A1t ay) 4
1/ Nytsr\> V2
I3>1+a7r— = - =
3= 7 3<b3+7“54> Iy
Nyt Nyt Nt
Since M 137 hi32 + Mls7  Tsd
b3 + 754 bs + 154 b3
we get
2
1 T'54 V22
I3 > 1 _o () 2
8= bt 3(1)3) I,
1 T'54 2 2 X T'54 54 Nt65 2
I3 > 1 B (T RN (el (I T B
8=t 3<b3) <3<4+2b3> by T 2b7)
11 25
Iy > R
szt g0
* Second case: by <0 =Y <by5 <0
We get
1754 boy bos 1 X Y
-5 <W —Sbis < ——+
2 b3 4(1+az) 2 4 2
T'54
Iff |Y| <|==| then
b3
bay bas 1 X | 7Ts4
| <|——— — | < =4 22
vi —‘4(1+a2)|+| ol = 7+ oy,

X reg )’
It follows that 0 < V2 < (4 + 24 )

So
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Lo L (NaNstis \* LX)
4 L+ 112 3 4 2b3

ly >
lo > g >0
v <12 < S (s ) (T o) + oo
4
I3 > 1+a7_;<b§ftj§4>2—‘f.
Since *% <Y = b]:f?; < 2%, we obtain I3 > 1+ a7 — % - g > 0.

Iff [Y] > | 224 then
b3

boy bos 1 X Y
Vil < |——— Il < 4
| 1'*'4(1+a2)|+‘ gl < 7+ 3
X Y\°
It follows that 0 < V2 < <4 + 2)
So
o1 L (NaNstis \* 1 (10’
2= 4 Ly + 1712 3 b3
41
Iy > —
2 =~ 13 >0
V1 byr bs7, 2 ( Nnrtsr X Y Nites
‘V2|§| 3 |+|2|<3<b ><4+2) 2h
9° 3+ 754 7
4
2
Vibir b 2 ( Nyt X Y\ N\’
V2 < 1347+ﬂ S(( MS7)<+)+ 65)
92 2 3 bg + 754 4 2 2 b7
4
So ,
1 [ Nastsr V2 1 400
I3 >1 - = ——=13>1 - — — —>0.
3= bhar—y <b3+r54> L BT T T o7 7
. . o _ [ Ri1 Ripz
And finally we give here the full expression of R(e, %) = R R
2,1 2,2
where:
R = —%(65 + 2%5)Nst1s 0
L7 —Lea+es +2(8a+ @5 — 1))tz 2 ((—62 —2Xo)ts2 — (e7 + 2567)NMt37)
R - —% (62+2X2—2Nh) Nst15 0
b2 % ((—62 . 2X2)t32 — (er + 252'7)N1V1t37) —%(64 +e5 + 2(Za + &5 — 1)) Nartar
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R o 0 54 X R o 0 0
270 o )0 2T —L(er +2i7 —2)Nstes —L(es + 2#5) Nstes
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