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Abstract

The effect of radiation on a cell population is described by a two-dimensional nonlin-
ear system of differential equations. If the radiation rate is not too high, the system
is known to have an asymptotically stable equilibrium. First, for the monitoring
of this effect, the concept of observability is applied. For the case when the total
number of cells is observed, without distinction between healthy and affected cells, a
so-called observer system is constructed, which, at least near the equilibrium state,
makes it possible to recover the dynamics of both the healthy and the affected cells,

from the observation of the total number of cells without distinction.

Results of simulations with illustrative data are also presented. If we want to
control the system into a required new equilibrium state, and maintain this new
equilibrium by a constant control, a technique of theory of optimal control can be

applied to construct a feedback control system.
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1 Introduction

The effect of radiation on a cell population has been modeled and studied by
a great number of authors, see e.g. Schollnberger et al. (1999), Sachs et al.
(2001), Belostotski and Freedman (2005). Our investigations will be based on
the model considered in Freedman and Pinho (2008), where a two-dimensional
nonlinear system of ordinary differential equations describes the respective
dynamics of the population of the healthy cells and those affected by radiation,
and the interaction between them. In this model it is supposed that the growth

of the healthy cells is logistic.

In Section 2 from Freedman and Pinho (2008), we recall the description of
the model and some stability results. Section 3 is devoted to the problem of
observation. First, in terms of the model parameters, we obtain a sufficient
condition for local observability near equilibrium. Then we also prove a theo-
rem concerning the construction of observer systems for different observation
situations. The observer system makes it possible for us to asymptotically
estimate unknown (i.e. not observed) components of the original system. Il-
lustrative simulation results are also provided. For earlier applications of the
concept of observability and observer systems, see e.g. Varga et al. (2003),
Lopez et al. (2007), Varga (2008) and Gamez et al. (2008). In Section 4 with
illustrative data we will show how the number of healthy cells can be steered
to a desired level, applying an appropriate feedback control. Finally, in Section

5, the methodology and the results are discussed.

2 Description of the model and preliminaries

We consider a dynamic model describing the interaction between the popula-
tions of healthy and radiated cells of an organ under the effect of a constant
radiation. Let 1(¢) be the number of healthy cells, and x5(¢) the number of
radiated cells at time ¢. For this situation, from Freedman and Pinho (2008)

we recall the following model:
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In this systems it is supposed that the growth of the healthy cells is logistic
as in Sachs et al.(1992) and Andronov et al. (1973). The number of radiated
cells with broken chromosomes are represented by Az, where A > 0 is the
radiation rate determined by the corresponding protocol, p > 0 is the rate at
which the radiated cells recombine into healthy cells, 6 > 0 is the washout
rate of radiated cells, and finally, » > 0 is the Malthus parameter and Ky > 0
the carrying capacity for the healthy cell population.

Freedman and Pinho (2008) proved that the system leaves the nonnegative
orthant invariant. Moreover, they proved that system (1) has always a trivial

equilibrium (0,0), and a “mathematical” equilibrium z* = (x}, z3), with

. Kolr(p+0) =A%) KoAlr(p+6) - Ad]
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Obviously z* > 0 if and only if
A<T@;®. (3)

Below from Freedman and Pinho (2008) we recall three statements. Later on,

we will use the Jacobian of the right-hand side of (1) calculated at equilibrium

*
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Theorem 2.1

a) * > 0 if and only if equilibrium (0,0) is unstable.
b) If z* > 0, it is globally asymptotically stable, with respect to R%\ {(0,0)}.
c) System (1) persists (uniformly) if and only if we have (3). Otherwise the

cell population becomes extinct.

3 Observability analysis of the model

First we recall some known concepts and results concerning observation sys-

tems, to be used in this paper.

Given m, n positive integers, we suppose that the following functions

f:R"—R",  h:R"—>R"



are continuously differentiable and for some z* € R™ we have that f(z*) =0
and h(z*) = 0.

We consider the following observation system

T = f(x) (5)
y = h(x) (6)

where h is the observation function.

Definition 3.1 Observation system (5)-(6) is called locally observable near
the equilibrium x* over a given time interval [0,T], if there exists € > 0, such
that for any two different solutions x and T of system (5) with | x(t) —z* |< €
and | T(t) — x* |< € (t € [0,T]), the observed functions h ox and hoT are
different. (o denotes the composition of functions. For brevity, the reference
to [0,T] will be omitted).

For the formulation of a sufficient condition for local observability consider
the linearization of the observation system (5)-(6) around z*, consisting in the

calculation of the Jacobians
A= f'(z¥) and C = h'(x").
Theorem 3.2 (Lee and Markus, 1971). Suppose that
rank[C | CA| CA*|...| CA" " =n. (7)

Then the observation system (5)-(6) is locally observable near the equilibrium

*

xT.

Definition 3.3 A matriz A € R™"™ will be called stable, if all its eigenvalues

have negative real parts.

We remind then how it is possible to construct the observer of a system.

Now, the construction of an observer system will be based on Sundarapandian
(2002).

Definition 3.4 Given a continuously differential function G : R* x R* — R",

dynamical system described by

z = G(Zay>7 (8>



is called a local asymptotic (respectively, exponential) observer for observation
system (5)-(6), if the composite system (5)-(6),(8) satisfies the following two

requirements.

i) If (0) = 2(0), then x(t) = 2(t), for all t > 0.
i1) There exists a neighborhood V of the equilibrium x* of R™ such that for
all x(0), 2(0) € V, the estimation error z(t) — x(t) decays asymptotically

(respectively, exponentially) to zero.

Theorem 3.5 (Sundarapandian, 2002). Suppose that x* is a Lyapunov stable
equilibrium of system (5), and that there exists a matriz K such that matriz
A — KC is stable, where A = f'(x*) and C' = W (xz*). Then dynamic system
defined by

2= f(2) + Kly = h(2)] (9)

is a local exponential observer for observation system (5)-(6).
For the application of the above construction we will suppose x* > 0.

Case 1. We assume that the total number of cells is observed, i.e. the obser-
vation function is
h(x1,x9) := 21 + X9 — T] — 5. (10)
Then for the observation system (1)-(10) we calculate the linearization around
the equilibrium z*:
2A6
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. C=(11).

It is easy to prove that rank[C|C/A]T = 2 if and only if A # =20 1y thig
case, by Theorem 3.2 system (1)-(10) is locally observable.

Case 2. Now we present another result on observability, where only the radi-

ated cells are observed. Then the observation function is given by,
h(xy,xq) := xg — 3. (11)

Hence, for the linearization of the observation system (1)-(11) we have

—r+ 220 A p
A= pHo . C=(01).
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Now we have rank[C|CA]T = 2 without any further condition. Therefore,

again by Theorem 3.2 system (1)-(11) is locally observable.

For the construction of observer systems corresponding to Cases 1 and 2, we

will prove the following
Theorem 3.6 If for ki, ky € R inequalities

(1) ke >maz {r, 6}

(1)) Ky >p+2<(5—|—rAk2>

hold, then with the corresponding choice of h, for systems (1)-(10) and (1)-

(11), a local observer is given by

Z1=1rxn ( — %0) — Az +pz + kiy — h(2)]

Zy = Azy — pzo — 020 + kaoly — h(2)].

Proof. In both cases, denoting K := col(ki, ks) and applying the Routh-
Hurwitz criterion for n = 2, we have to guarantee that the coefficients of
the normed characteristic polynomial of matrix A — KC' are positive, i.e. in

Cases 1 and 2, the following inequalities should hold:

Case 1.
2A0
— S A A+ PO+ k4 k>0, 12
r P D 1+ K2 (12)
2A4
—r+—— A=k | (—p—0—Fky) —(A—k — k1) > 0. 13
(<r 205 =8 (6= k) (A= k)~ k) (13
Case 2.
2A6
———+A+p+i+k >0, 14
"+ b ? (14)
2A4
—r+———A|(-p—0—k)—Alp—k : 1
(r+ 225 a) (o0 k) - A= ) >0 (15
Now, from (3) we immediately get —r + z%g < r, furthermore, (i) and ()

imply ky + k2 > r. Hence we easily obtain (12) and (14). Based on this, to see



(13) it is enough to show that

(r—A)(0 + ko)

k1> A

. (16)

By (7) we have rd < rky, implying

(r — A)(§ + ko) < 2rky + 2A6 + Ap = (T_A£5+k2> <p+2<5+%>.

Hence, applying (i7) we obtain (16).

Finally, to see (15), it is enough to show

2A9
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For the latter it is sufficient to prove inequality

20k,

ki > 20
ks +p+(5

+ D,

which is implied by (i), since from (3) we have

Tk’g 2(5]62
2104+ — 20 .
p+ <+ A>> Ly

Now, the application of Theorem 3.5 concludes the proof. [

Example. For an illustration set A := 2, r:= 2.1, Ky :=100, p:=1, 6 :=
0.1 In this case z* > 0 and is globally stable. Moreover, we easily get the
corresponding rank condition for local observability in both Cases 1 and 2.
On the other hand, for these parameter values, the conditions (4) and (i) of

Theorem 3.6 are satisfied:

Therefore, with K := col(150,50) we obtain the following observer system:

f=212 (1- 35) — 221+ 2 + 150(y — h(2)) an

Zg =221 — 29 — 0.120 + 50(y — h(2)).

Let us consider Case 1, and solve systems (1) and (17) with the respective ini-
tial conditions z(0) = (100, 0) and z(0) = (150, 50), with observation function
(10).



In Figure 1 we can see that the observer system (17) asymptotically recovers

the solution of the original system.

150

100K

time
Fig. 1. Solutions of (1) and (17) with initial conditions z(0) = (100, 0) and

2(0) = (150, 50)

Similarly, if we consider now Case 2, i.e. observation function (11), and solve
system (17) with z(0) = (150, 50), solution z approaches the solution of the
original system (1) with the initial condition z(0) = (100, 0).(See Figure 2.)

4 Linear feedback control for the radiation

For n,r ¢ N, L € R™" B € R™" and continuously differentiable function
g : R"™ — R"™ consider the control system

& = Lz + g(z) + BU, (18)

where U is a continuous control function. Assume that to a constant control

u* € R", there corresponds an equilibrium state z*, i.e.,

Lz* + g(x*) + Bu® = 0. (19)
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Fig. 2. Solutions of (1) and (17) with initial conditions z(0) = (100, 0) and
2(0) = (150, 50)

Then, from (18) and (19), for the new variables
y=x—2" ; wu:=U-u"

we have

y=Ly+qly)+Bu,  with q(y):=g(y+2z")—g(z).  (20)
Below a feedback control will be given which asymptotically steers system (20)
into the zero equilibrium.

Theorem 4.1 (Rafikov et al. 2008) If there exist matrices P, @, R € R™";
P positive definite and QQ symmetric, such that the function

y):=y"Qy—dq"(yPy—y"Pely) (yeR")
1s positive definite, and P satisfies the equation
PL+L"P - PBR'B'P+Q=0. (21)
Then the linear feedback

u(y) :=—-R7'B"Py  (yeR") (22)



asymptotically steers any initial state y(0) to zero.

Remark 4.2 The statement lim,, y = 0 is obviously equivalent to lim, x =

*

xT.

Remark 4.3 According to Rafikov et al. 2008, the feedback control (22) also

minimizes the functional

o) = [ (®) + u” (y(t) Ru(y(t))at, (23)
however, we will not use this statement.

Corollary 4.4 Using the notation of the previous theorem, let us suppose that
function 1 is locally positive definite. Then there exists a neighbourhood V' of
zero in R™ such that for all x(0) € V, for the solution x of system (19) we

have lim,, x = x*.

Proof. The proof of Theorem 4.1 available in Rafikov et al. 2007, is based on
the observation that under the conditions of the mentioned theorem, W (y) =
y? Py is a Lyapunov function implying (global) asymptotic stability of the
zero equilibrium of system (20). It is not hard to see that a similar reasoning
implies the following statement. If function W is locally positive definite, then
the zero equilibrium of system (20) is locally asymptotically stable. Hence, the

statement of the Corollary follows.

Now, we are going to apply the above corollary to system (1) to control cell

populations, utilizing the following control system

33:1 =TT ( — %) — Al’l + pxo (24>

.’L:Q = Al'l — Ppxg — (51’2 + U,
corresponding to system (18).

Our objective is to find a feedback control that steers the population of healthy
cells to a desired level 27 = x14. The corresponding value x5 = x94 and u* can

be calculated solving the following system of linear equations:

rat (1— %4 — Az +pxs =0
1( K) 1 2 (25)

Azy — prs —oxy +u* = 0.

10



We note that u* is interpreted as a constant radiation rate that would maintain

the desired level x] = 14 of healthy cells.

Now, for systems (21) and (22), we can choose

r—A P
L=

A —(p+9)

and

T 2 *
_K(?h + 291%)
h(y) = (y € R?).
0
If the conditions of Theorem 4.1 are satisfied, the required feedback control

can be obtained by (22).

For the parameters considered in previous model simulations r := 1, A :=
1) has

5, K := 100, p := 1, and ¢ := 0.1, it is easy to prove that system (
an asymptotically stable equilibrium, where x; = 54. Now, we suppose that
the objective is to increase the number of healthy cells, for example to a level
214 = 80. To this end, from system (25) we calculate x4 = 344 and u* = 21.6.

For matrices L and B we have

Choosing

we calculate the matrix Riccati equation (21), and using the function LQR of
MATLAB™ v 7.0, we obtain a solution

1.2362 0.9862
P =

0.9862 0.9451

11



Obviously P and @) are positive definite symmetric matrices. Furthermore, it
is easy to verify analytically that (0,0) is a local minimum point for function
[ (see also Figure 3), and by the Corollary to Theorem 4.1, we have the local
asymptotic stability of the zero equilibrium of system (20). Therefore, applying
(22), we obtain the required feedback control

u = —0.9862y, — 0.9451ys, (26)

Hence, from inequalities z = 2* + y and U = u* + u, we can calculate the

closed loop control system

=1 (1 85) = 5x1 + o2 -

Ty = 4.013821 — 2.045x4 + 425.576.

Figure 4 shows how the second coordinate of the solution of the controlled

system asymptotically reaches the desired value x4 = 80.

I(y1,y2)

Fig. 3. Function [(y) near equilibrium (0,0).
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Fig. 4. Solutions of (1) and (27) with the same initial value z(0) = (100, 0)

In Figure 5 we show the evolution of function U(t) in the controlled system.

350

300 1
250 1
200 1

150 e

100 1

time

Fig. 5. Function U (t) in the controlled system (27)

As seen from Figure 5, function U(t) is always positive, which corresponds to

its physical interpretation as radiation intensity.
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5 Discussion

Using known results on the existence of an asymptotically stable equilibrium in
a cell radiation model, in the paper sufficient conditions have been obtained for
the local observability and for the observer design, corresponding to different
observation situations. As a result, on the one hand, we can estimate both
the population of healthy cells and those affected by the radiation, provided
the total number of cells is observed. Similarly, from the observation of the
radiated cells we can recover the number of healthy cells. In both cases, by
an appropriate choice of two auxiliary parameters, we achieve a quite quick

convergence of the asymptotic estimation.

We have also shown, how a desired number of healthy cells can be produced,
using a feedback control. We note that in the resulting closed-loop system
the system practically reaches the equilibrium much more quickly than in the

original system.

Finally, the methodology we offered can be easily extended to other cell radi-

ation models, too.
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