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Stability and Reachability analysis for a controlled
heterogeneous population of cells. *

Cécile Carrére and Hasnaa Zidani

January 10, 2019

Abstract

This paper is devoted to the study of a controlled population of cells. The modelling of
the problem leads to a mathematical formulation of stability and reachability properties of
some controlled systems under uncertainties. We use the Hamilton-Jacobi (HJ) approach
to address theses problems and to design a numerical method that we analyse on several
numerical simulations.

1 Introduction

The treatment of cancers with cytotoxic chemotherapies often encounters two major pitfalls:
the side toxicity of the drugs on healthy cells and organs, and the emergence of resistance
to the treatment. This resistance can occur because of an initial genomic heterogeneity
of the tumour: in its early stages, it contains several distinct populations of cells, that
differ from one another because of successive mutations [I7]. If one of these lineages is
resistant to the first line of treatment, then using strong doses of drug, as it is done in
many classical protocols, kills all sensitive cells, and lets this resistant lineage grow without
control. It is thus important to take into account cancer heterogeneity before starting a
treatment. Mathematical modelling can, in this framework, give guidelines on how to treat
such tumours.

For example, [0 [7] study the growth and treatment of heterogeneous tumours, and de-
termine optimal dosages of drugs for fixed time injections. The treatment protocol is there
considered as instantaneous injections of drugs. We will work here in a framework of conti-
nous treatment. In [25], an ODE model of heterogeneous tumour growth is studied under
continuous treatment. The optimal control theory is used to give necessary conditions on
optimal protocols, in order to reduce the tumour volume while preserving its heterogeneity.
We refer the reader to [I8] [25] BT [30] for different models of tumour growth, presented and
studied in the framework of optimal control theory.

In this paper, we will consider a model for heterogeneous tumour growth, with interac-
tions between two cancerous cells populations: s which is sensitive to the treatment, and r
which is resistant to it. The biological model is an in vitro experiment, with both ligneages
developping in a Petri dish, so that no other cells intervene in their evolution. It has been
already considered in [I2], where an optimal treatment is characterized to treat heteroge-
neous tumours. This objective is satisfactory for experiments on in vitro tumors, but might
not be adequate for medical applications with longer time objectives.
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DGA under grant 0660037



The main goal of the present work is to maintain permanently the tumour size under a
certain threshold, defined by medical considerations, under which the tumour is considered
benign. When this objective cannot be satisfied (for instance, if the initial tumour is already
bigger than the designed threshold), we would like to find a good strategy to lower the tumour
volume, in such a way that we will then be able to maintain it under the size threshold.
These problems will be referred as stability or reachability problems. We will formulate
these objectives as control problems that we will solve in the framework of Hamilton-Jacobi
(HJ) equations.

An important problem arising from biological applications is the influence of uncertain-
ties. For example, since several cytotoxic drugs target cells during their dividing phase, the
drug efficiency may greatly differ depending on the tumour composition at the time of injec-
tion. The Hamilton-Jacobi framework is suitable to consider uncertainties as an opponent
player, thus adjusting the optimal strategies to varying parameters.

Hamilton-Jacobi theory has been investigated, for stability and reachability problems, in
many works. We refer to [28] 23] 27), 26, 24}, [13] 9, 2] and the references therein. In particular,
let us also mention the works [16] where Hamilton-Jacobi framework is considered to take
into account uncertainties in the case of collision avoidance for unmanned vehicles. In that
paper, the uncertainty is the trajectory of another vehicle.

Recall that Hamilton-Jacobi equations characterise the value function associated to the
control problem. Once this value function is computed numerically, a reconstruction algo-
rithm can be used to get the optimal strategies for stability or for reachability. In this paper,
we consider a reconstruction algorithm for control problems in presence of state constraints.
We prove the convergence of this algorithm and we show with several numerical simulaitons
the relevance of our approach.

This article is organized as follows. Section 2 presents the different models, objectives and
constraints that will be considered in this paper. Section 3 is devoted to the mathematical
analysis. In this section, a Hamilton-Jacobi approach is introduced to characterize some
reachability sets. In section 4, we analyse some trajectory reconstruction algorithms. Finally,
section 5 presents and analyses some numerical simulations.

2 Mathematical formulation of the problem

We present here some notations that will be used throughout this paper. We will denote by
| - | the Euclidean norm and by {-,-) the Euclidean inner product on RY (for any N > 1).
The notation B stands for the unit open ball {z € RY : |z| < 1} and B(z,r) := 2 4 rB for
any z € RY and r > 0.

For every set M C RY, /C{, M and OM denote its interior, closure and boundary,
respectively. The distance function to M is dist(z, M) = inf{|z —y|: y € M}.

For any M > 0, the set L'(0,400; e ™'dt) is the set of functions f : [0,400) —
R such that f0+oo |f(t)|le ™ dt is finite: |f| is integrable for the measure e ™'dt. The
set Wh1(0,400; e Mtdt) is the set of functions f € L'(0,4+o00; e M*dt) such that their
derivative is also in L* (0, +-00; e ™M!dt).

We consider the following controlled differential system :

9(t) = foly(t), (b)) + f1(y(1), (t))u(?), (1)

where u is the control, y the vector of state variables (y(¢) € R", with n = 2 or 3 depending
on the problem we consider), and «(t) a vector of m parameters that can change over time ¢,
representing the uncertainties. We consider only measurable controls taking value between
0 and Upaz ; in other words,

u €U := {u:RT = R is measurable, u(t) € [0, Unaz] a.e.}.



We also consider that the uncertainties are measurable functions taking values in a given
compact subset A of R™ (with (m > 1)):

a € A:={a: Rt - R is measurable, a(t) € A a.e.}

In all the sequel, we will consider models where the vector fields fo : R™ x R™ — R" and
f1:R" x R™ — R"™ satisfy the following assumption:

(H¢) fo and fi1 are continuous fonctions, and Lipschitz continuous with respect to the
first variable uniformly with respect to the second variable: there exists a constant My > 0
such that:

|f0(I,Oé) - fo(l‘,7a)| + |f1(I,Oé) - fl(l‘lva” < M()'l' - l‘,‘ V$,$I € R" and Va € A. (2)

Under this assumption the functions fo and fi satisfy a linear growth: there exists a
constant M; > 0 such that:

|fo(z,)] < Mi(1+ |z|) and |fi(z,a)| < Mi(1+ |z|) Yz € R" and « € A. 3)
We will also use a function f that is defined as:
flz,a,u) = folz,a) + fi(z,a)u forz € R", a € A, u € [0, Umax]-

Let x € R™, u € U be an admissible control and o € A a perturbation. By a solution to
we mean an absolutely continuous function y(-) that satisfies

y(t) =z + / [fo(y(s), a(s)) + f1(y(s), a(s))u(s)]ds  for all £ > 0.

By the Lipschitz continuity of fo, fi and by their linear growth, the solution of is
uniquely determined by the control input u € U, the initial condition y(0) = z € R™ and
the uncertainties @ € A and will be denoted by yg*. Furthermore, the maximal solution is
defined for all times. Note, that by the Gronwall Lemma, we have:

ly ()] < (1+ |z)e* t>0,
ly2 " (t) — 2| < (L4 |z) (e =1)  ¢>0,
lget(8)] < My(1 + |z|)eM? a.e. t > 0.
Moreover, for any R > 0, there exists Mpr > 0 such that:
lya (1) = yo ()] < Mple — 2’| Va,a' € B(0, R).

For any = € R", we denote by S(z) the set of all solutions y5'*, on [0, +00[, of equation
associated to a € A and u € U and with the initial condition x:

S(x) = {y2" € WhH(0, +00,e MY o e A, ueU}.

In the control problems that we will consider, the control input u will have to adapt
to uncertainties «. In this context, we consider a differential game with two players, one
can act by choosing the control o and the other one can respond by chosing the function
u. Following the work of [19], we use the notion of strategies u : @ — ufa], and since we
cannot predict the fluctuations of the parameters we consider the set of all non-anticipative
strategies YT given as:

T := {u:A%U/V(a,a/) € Aand Vt <0,
(a(T) =d(r)Vr € [07t]) — (u[a} (1) = u[d'|(T) VT € [07t])} .



2.1 Two models for heterogeneous tumour growth

The first model that will be considered in this paper, has been presented and studied in
[12]. It represents the growth of two populations of cells in a Petri dish in competition for
nutrients: s is the population sensitive to the treatment u, and r the population resistant
to it. They are fairly similar, so their division rate for small populations p is identical.
They compete for food and space with a logistic growth rate, which is represented by the
total remaining space K — s(t) — mr(t), K being the size of the Petri dish and m the size
ratio between sensitive and resistant cells. Moreover, interspecies competition is stronger on
resistant than on sensitive cells, which is represented by a supplementary competition term
Bs(t)r(t). We suppose that no mutations occur during the time of our study. Finally, the
treatment only has an influence on the sensitive population.

{fgi(t) = ps(t)(1 — =020 — () s(t)u(t),
(1) = pr(t)(1 — 252 — B(6)s(t)r(t).
This model includes some uncertainties a(t) = (v(t), 3(¢)) on the drug efficiency and on the

interspecies competition. We suppose throughout the paper that these uncertainties take
values in a set A that has the following form

(M1)

a(t) S A= ['Vmin7'7max] X [ﬂminy ﬁmax],

where the parameters Ymin < Ymax and Bmin < Bmax are given. The values that will be used
in the numerical simulations are summed up in section [5} Table[I]

One can show easily that the set K := {(s,r) € R*/s > 0,r > 0 and s + mr < K}
is invariant under the action of system , whichever a € A and v € U are. This is
consistent with the fact that K represents the total space in the Petri dish, thus it is a
bound on the size of the in vitro tumour.

Remark 1. Note that the dynamics function doesn’t satisfy the Lipschitz continuity of
assumption (Hg). However, since we are interested in system in I, we can modify fo
and fi1 outside of K such that for a certain R > max(K, K/m), |y| > R implies fo(a,y) =
fi(a, ) = 0 for any « and fo and fi are Lipschitz continuous on R? x R?,

In our simulations, we will consider the case where YminUmax > p, meaning that we have
access to relatively large doses of treatment.

Limiting the drug dosage to a maximal value umax is important, but the cumulated dose
of treatment over a period of time should also be kept under a certain threshold. Otherwise,
cumulated effects on the patient global health can be very harmful [I4]. A first solution to
take this toxicity into account is to set the following condition: for any t > 0, we impose
that:

t47
/ u(s)ds < Dmax (4)

where 7 is a typical time of treatment, and Dpax the maximal quantity, or dose, of treatment
to be delivered during time 7. This condition gives rise to a delayed system of equations.
This proves very difficult to control, both theoretically and numerically, for the problems we
are about to define. But since the necessity of comes from a biological interpretation,
one can transform this condition by adding a virtual global health indicator, which will keep
track of the toxicity. We thus propose the following model:

% (1) = ps()(1 — 22O — y(t)s(tyu(t)
G (1) = pr(t)(1 — ) — 5(8)s(t)r(t) (M2)

(1) = pu — pw(t) — vw(t) max(0, u(t) — Urox).

This model is inspired by [4], in which the state variable w is a white blood cells count.
The new state variable w represents a virtual global health indicator, that is renewed at a



constant rate p,,, evacuated from the system at rate pw, and destroyed by drug doses larger
than the threshold utox > 0. The set

K= {(s,r,w) €eR¥/s>0,r >0,w>0,s+mr <K and w < pu/u}

is invariant under action of system . As mentioned in remar the dynamics can be
changed in adequate way outside of K’ such that it fits assumption (Hg).

Note that in , the indicator w does not interact with sensitive or resistant cancerous
cells. Indeed, we are still considering cancerous cells cultivated in wvitro without any other
population: the state variable w only serves as as way to limit drug usage, by imposing for
example w(t) > wmin for any ¢ > 0.

In Section [5} we will present numerical simulations of the problem ; the values chosen
for the different parameters are listed in Table

2.2 Objective functions and state constraints

From now on, we will consider two control problems. Both problems involve the tumour
size, that we define as:
¢:y=(s,7)— s+mr.
For the simplicity of notations, even when we consider the model where the state
variable is y = (s,7,w) € R®, we will still denote ¢(y) = s + mr.
Now, we can state the two problems that will be considered in this paper. The first one
is a stability problem.

Problem 1 (Stability). Let @ > 0 be such that @ < K. Given zo € R™, does there exist a
strategy u € T such that for any perturbation a € A,

vt >0, p(yo (1) < Q.

In other words, given a threshold in tumour size @), can we find a control strategy such
that the tumour size never exceeds this threshold?

The second problem that will be analysed in this paper is a reachability problem.

Problem 2 (Reachability). Let @ > 0 be such that Q < K, and let " > 0. For zo € R",
does there exists a strategy v € YT and a minimal time 7 € [0,7] such that, for any
perturbation o € A,
vt > T, 6y (1) < Q
In other words, given a certain time of treatment 7', minimize the time 7 at which the
tumour size is stabilized under the threshold @, without this time exceeding T'.

The above two problems will be considered for models (M1]) and (M2).

State constraints (Global health indicator). In both models (MI]) and (M2)), the functions
s(+) and r(-) should take values respectively in [0, K] and [0, K/m)].

Furthermore, in the model 7 the global health indicator system w(t) should remain
above a certain threshold wmin, at any time ¢:

Yt > 0,w(t) > Wmin, (5)

where wmin is a given constant that satisfies P;" > Wmin. Omne can also check from the
dynamics of w that if w(0) < £, then:

vt >0, w(t) < %".



3 Stability and reachability

We now describe the mathematical formulations that will be used to address Problems [I]
and 21

3.1 Definition of the stability kernel

Let T be a subset of R". We will call the stability kernel of T under the dynamics (2.1 the
set Nt C R™ defined by:

Nr:={zeR"/Jue T, Vae A Vt>0,y>"t) e T}

It is the set of starting points for which there exists a strategy u € T that keeps the solution
in T for any time ¢ > 0 and for any perturbation a € A.

Let us point out that the above definition of stability is identical to the notion of descrim-
inating kernel analyzed in [11]. It is also related to the notion of viability under set-valued
dynamics in the monograph [3]. Here, we prefer to call the set N7 a stability set because
it will represent in our application the initial sizes of the tumours that can be kept forever
under a certain threshold.

In our context as described in the previous section, and in order to answer the stability
problem (Problem 1), we are lead to the question of determining the stability kernel for a
set T that is defined, for a given threshold value @ € (0, K) of the tumour size, as follows:

- In case of model (M1]),
Tq :={(s,7) €R*/s > 0,r > 0 and s + mr < Q}
- In case of model (M2]),

To :={(s,r,w) €R*/s > 0,7 > 0,5+ mr < Q, and w € [Wmin, %]}

Proposition 1. For Model (MI)), if Q > K(1— 2mic 1) then Ny, has a non empty

Ymax 1+p/KBmin

interior. If Q < m then Nz, = [0,Q] x {0}.

Proof. The two assertions of this proposition come from phase plane analysis of System

().
Assume that Q > K(1 — Xmin 1) Tn this case, consider the constant control

Ymax 1+p/KBmin

u(t) =’ = - fmin— For any fixed 8 € [Bmin, Bmax], and any fixed 7 € [Ymin, Ymax],

one can check that the point (K (1 — %uo), 0) is stable and locally attractive in R+2 since

K(1- %uo) > 71+K? e Thus the segment [K (1 — —'Y"/‘j" u®), K(1— ’V’;“’ u®)] x {0} is locally
attractive in R4+2 for any perturbation a(t). Thus there exists a neighbourhood of this
segment embedded in Nr,, since K (1 — %uo) <Q.

Now, consider the case @ < m.

Under constant control u(t) = ﬁ(l — %)7 for any s € (0,Q] and any perturbation
a € A, we have y % (t) € (0,Q] for all t > 0. Moreover, (0,0) is stable under any treatment,

(s,0)
thus [0, Q] x {0} C Nr,. However, suppose that 5(t) = Bmin ; for any (s,7) € Tq such that
7 > 0, we have 2 (¢) > rﬁmin(m — s) > 0. Thus any trajectory starting in Tq will

leave it in a finite time.

O

With similar arguments as in the above proof, it is possible to check that the statement
of proposition |1} is still true for system (M2)) as long as utox > 72-(1 — M)
As we are interested in controlling heterogeneous tumours (i.e. with » > 0), we will

consider in the sequel that @ > m.



3.2 Level-set approach for stability problem

To characterize the stability kernel, we use a level-set approach and define a control problem
and its value function whose 0-sub-level set coincides exactly with the stability kernel (see
[9, [16] and the references therein).

For this, we fix Q >

go : R" — RT such that

Wlmx/p and define a bounded Lipschitz continuous function

z € Tg < gg(z) =0.
A particular choice of g could be:

go(x) = max(1, dist(x, Tq)).

Now, consider the following control problem parametrized by the initial position x € R":

“+oo
(Pa) minmax/ e‘”gQ(yi"“[a] (t))dt,
ueT acA [,

where A > 0 is a constant that will be chosen later. We consider also the wvalue function
(called also cost-to-go function) defined by:

Vo(z) = min(P.), VzeR™
Before studying this control problem, let us first point out some straightforward remarks on

the value function

Remark 2. First, go being bounded, the integral f0+oo e Mgo(y2(t))dt is well-defined
for any a € A and any u € U. Also, because the function g¢ is bounded, the value function
Vg is also bounded.

Furthermore, it is not difficult to check that the stability kernel ./\/TQ can be characterized
as the 0-sub-level set of the function Vi:

Nty = {z € R" | Vo(z) = 0}.
In the sequel, we shall study the properties of the value function Vg and show a way to
get an efficient approximation on I by solving an appropriate partial differential equation.

Proposition 2. The value function Vg is Lipschitz continuous on R™ if A is large enough.
Morevover, it satisfies the following dynamic programming principle:

h
¥z € R", Vh > 0, Vo(x) = min max </ e Mgo(y2(t))dt + e_AhVQ(yf’“(h))) . (6)
ueY ac 0

Proof. Because f is Lipschitz continuous on R"™ for problems (M1]) and (M2]), according to
the Gronwall lemma, for any z, ' € R, any t > 0, any o € A and any u € U,

e (8) =y (O] < €|z — o).

Furthermore, function gq is 1-Lipschitz continuous, thus for x, 2’ € R", we have:

Vo(@) = Vo(a')| =

+o0 oo
inf ma e M ?’u[a] t))dt — inf ma e M a,’u[a] t))dt
uer agif/o 9q(y="""(t))dt — inf max i 9oy, (1)

IN

+oo
sup max / ¢ Mgo (2 (1)) — gy ) ()]t
ueY @€A Jg

—+o0
< / e MeMot|z — &/ |dt.
0

If we choose A > My, then the function Vg is Lipschitz continuous.
The proof of the dynamical programming principle comes from classical arguments (see
[6] for example). O



From @, one can show that Vi satisfies a Hamilton-Jacobi equation:
Theorem 1. For any A > My, the value function Vg is the unique viscosity solution of the
Hamilton-Jacobi equation:

ANV + H(z, D:Vo) — go(x) =0, z €R?, (7

where D, Vg represents the derivative of Vg (in the viscosity sense), and the Hamiltonian
H :R" x R" — R is defined by:
H(xz,p) :=min max (—f(x,a,u),p).
(@p) :=min max (=f( ),p)
This theorem can be obtained by using classical arguments in viscosity theory [20] [5].

We note that the expression of the hamiltonian H can be given in a more explicit form
for the different models we are considering in this paper:

For model (MI1)), the hamiltonian is:

s+ mr s+ mr

H((s,r),p) = —p1ps(1 — % ) — p2pr(l —

) 4+ min(p2 Bmin ST, P2 BmaxST)

+ max (0, Yinin SUmaxP1)-

For model (M2]), the hamiltonian is:

s +mr

s+ mr
) — p2pr(l — 7 ) — p3(pw — paw)

K
+ min(pQBminsrv pQBmaxsr)

H((s,r,w),p) = —p1p8(1 -

+ rnax((), YminSUtoxP1, ’YminSUmaxpl + ,Ufw(Umax - utox)pS)-

These expressions will be useful for the numerical implementation purposes in the ap-
proximation of the HJ equation.

3.3 Minimum time function - Reachability problem

We now move to the problem of reachability (Problem , Here, we assume that Nr, is
known (or an approximation of ./\/TQ is given). Then, we are interested in the set of initial
positions from where there exists an admissible trajectory that can reach NTQ in a finite
time horizon T > 0 while remaining in a given domain; D := [0, K] x [0, K/m] for model
(MI), and D := [0, K] x [0, K/m] X [wmin, £e] for model (M2). Therefore, the reachable set
is defined as:

R(T) = {z € R" | Ju € T,Va € A,ys"NT) € N7, and y31*)(s) € D Vs € [0,T]}.

An illustration of /\/'qu and some trajectories reaching it are presented in In this figure,
the blue region represents the set viab. Starting from the points A or B, it is possible to
find admissible trajectories that can reach ./\fqu in a finite horizon T'. So both points A and
B are in the reachable set (represented in the figure as the set surrounded by the red dashed
line).

Notice that for some = € R™, it may not be possible to get to the stability set NTQ in a
finite time. For example, if z = (0, K/m), then for any ¢ > 0, any u € U and any o € A, we
have y2*(t) = (0, K/m). Thus, if Q@ < K, whatever control is chosen, the trajectory will
never enter ./\/TQ. Moreover, for a certain fixed realization of o and a starting admissible
point z, there can be a control u and a time ¢ < T such that y5*(t) € NTQ. This trajectory
will stay in N, for ever because Nr,, is the stable set.

Here, again we will follow some ideas investigated by [29, B2, 22} [9] and use a level-set
approach to define the reachable set R(T) at time 7.
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Figure 1: Illustration of the sets N, (blue region) and R(T) (set surrounded by the red dashed

First, we introduce the function g : R™ — R that is the oriented distance to the set D:

(2) dist(z,0D) ifz €R"\D,
w(X) =
g —dist(z,0D) ifz € D.

Now consider the control problem and its value function W defined, for every x € R"
and t € [0,7], by:

W (z,t) := min max { max ( max gw(yg’”[a] (1), VQ(yg‘*“[“] (t))) }

ueY acA 0<r<t
According to [9], for T' > 0, the reachable set is given by:
R(T)={z e R" | W(z,T) < 0}.

Moreover, the minimum time, 7 (z), for a starting position # € R™ to reach the target Nr,,
(before time T') is given by:

T (z) = min{t € [0, T]/W (x,t) < 0}.
Besides, as it has been shown in [9], the value function W satisfies the following dynamical

programming principle (for every z € R", for every ¢t € [0,7] and h € [0,T — {]:

ueY acA

_ . a,ufal a,ulal
W (et +h) = minma ((max ( max g, (), W2 (), 1) ),

and W is the unique viscosity solution to the following Hamilton-Jacobi-Bellman equation:

min (&W(Jc, t) + H(z,VDg(x,t)), W(zx,t) — gw(x)) =0 forxeR",t€|0,T],(8a)

W(z,0) = Vg(z) for z e R", (8b)
where 0, W (z,t) and D, W (z,t) are respectively the time derivative and the space derivative
(in the sense of viscosity notion, see [5] ).
4 'Trajectories reconstruction

Once the value functions are constructed up to some error on a grid of calculations, we want
to deduce optimal controls for a starting position zg.



4.1 A trajectory staying in N,

Let f* be a family of numerical approximation of f. We make the following assumption:
(Ha1) for any R > 0, there exists kg > 0 independant of h such that:

|f(x,0,u) — f*(z,0,u)| < krh V|z| < R,a€ AueU

We will use an approximation scheme for the differential equation using f": an approx-
imation of y2*(t) with @ and u constant will be

g=a+hf" (@ au).

For example, the case of an Euler forward scheme corresponds to the choice f* = f.

Now, for any h € (0,1) consider an approximation of Vg, noted VCSL. We make the
following assumption:

(Haz) For every h € (0,1), there exists an approximation V/; of Vi, which satisfies:

En o

By 1= max|Vo(e) - Vd (@), T+ —

The function V(S could be a numerical approximation obtained by solving a discretized
form of the HJB equation.

Let h € (0,1) be a time step, and N, € N a number of steps. The actual realization of
the uncertainties & is known ; we will denote oy, = @(kh) for simplicity. For any y € R?, we
define the following trajectory reconstruction algorithm up to time 7} = Nph:

Algorithm 1: Stability

e The starting point y and the uncertainties realization & = (@x)r are known.
o Initialization  Set yb = y.
o Recursive definition of yl'  Suppose (y;) is known for £ = 0..k — 1. To

determine y!, we define an optimal control u} such that:

Uy € argmin, ey V3 (k-1 + Af" (o1, @, w))e ™ + Mhgo (g 1)
The new position is then defined by:
y/}cl = yl}clfl + h’fh(yl}clfh 6{]@, UZ)

o Complete trajectory  We associate to the sequence of controls (uﬁ)k the piece-
wise constant function u™(t) = uf for t € [kh, (k + 1)h), and an approximate
trajectory y™ defined on [0, 4+-00) by:

"(t) = f"(yr, ek, up) for t € (kh, (k + 1)h)

y
y"(kh) =yr VkeEN, k<N,
y"(t) = f(y(t),@,0) Vt> Ty

J

Note that in general, yg‘o’“h # y". We shall show that any accumulation point y of (y")s
is a trajectory realyzing better than a minimum for the cost function Vg: since & is an
actual realization of the uncertainties, it might be "better than the worst".

Theorem 2. Let y € R™ and let (y1) be the sequence defined by Algorithm 1, under
hypothesis (He) and assumptions (Ha1) - (Haz2). Suppose furthermore the following limits
to hold true:
Nyh — 400, Nph®> — 0, N,E, — 0. (9)
h—0 h—0 h—0
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Then the functions (yh ) form a better than minimizing sequence in the following sense:

—+oo
Voly) > limsup / Moy (1))t (10)
0

h—0

Furthermore, the family (y") has an accumulation point y in W!([0, +00),e~*0%), and if
Vo (y) = 0 then it is a viable trajectory, in the sense that:

vt >0, y(t) € Ny,

Proof. Let y € R? and let (y}) and (u}) be the corresponding sequences constructed by
Algorithm 1. One can show that there exists R > 0 such that for any h > 0 and any
n < Np, |y,@| < R. Thus taking into account , there exists Mg such that

Vh >0, Vk < Ny, Yu € U, | f(yr, ax,u)| < Mg.

The proof of Theorem [2] is carried out in three steps.

Step 1 Let us show that there exists x > 0 such that:
Va(yo) > Valys + hi" (Y, a0, us))e ™ + Mgo(yo) — kh® — 2B, (11)

For simplicity, we will note here y& = 3o, and uf = wug. Recall that the dynamical
programming principle for Vi writes as:

h
Va(yo) = min max [VQ(y;;“M(h))e—M / 9oy N ()e Mt . (12)
u [e3 0

Let 4o € T be the minimizing strategy for this problem. Let a® be an approximation
of the uncertainties, satisfying a*(t) = ai for any ¢ € [kh, (k + 1)h). Then the following
inequality holds:

h
Voluo) = Valye ™l (h))e ™ + / da (e PR 1))e M, (13)
0

We denote @o[a*] = ug € U.
Let us consider the first term of the right-hand member of inequation (I3)). By convexity
of f(z,a,U) for any x € R™ and « € A, there exists ug € U such that

h
yo + / £ (90, 0, 0 ()t = yo + hf (3o, 0, 45).
0

Then, yﬁ‘o* M0 the trajectory starting at yo for ¢ = 0 and following uncertainties o™ and

control ug satisfies \yg‘:’“o(h) — yo| < Mrh. Moreover:

h
lyyo ™° () = yo — hf (yo, 0, ug)| < / | (g ™ (1), @0, 10 (t)) — f (o, o, wo(t))|dt
0

Yo

h
< / Mo‘yao’uo (t) — yo|dt < MoMRh2,
0

where My is the Lipschitz coefficient of f.
Moreover, using f” the approximation of f:

500 (h) = yo — hf" (yo, a0, u5)| < MoMph? + krh?.

Yo

11



From we know that Vg is a Lipschitz continuous function on R? ; thus by denoting Ly
its Lipschitz coefficient:

Vo (ype ™ (k) = Vo(yo + hf" (yo, a0, ug))| < Lylyye™ (k) = yo — hf" (yo, a0, ug)],

which leads to:

Vo(ygd™® (h) > Vo (yo + hf" (yo, a0, ug)) — Lv (MoMg + kr)R?,
> V5 (yo + hf" (yo, @0, u5)) — Ly (MoMg + kr)h® — Ep,
ZVé(yO"‘hf (o, a0, u0)) — Lv ((MoMg + kr)h* — En, (by definition of u)
> Va(yo + hf" (yo, a0, Co)) — Lv (MoMpg + kr)h*> — 2Ej,.

We now deal with the second term of . Since the function gqg is 1-Lipschitz, we get
that for any ¢ € [0, h:

96 (¥, ™™ (1)) — 90 (o)) S/ | (yyo "0 (s), a0, uo(s))|ds < krt,

which leads to:

h h h 9
/ gQ(ys‘O Mo ))ef)‘tdt > / gQ(yo)efMdt - / krte Mdt > Ahgo(yo) — KR -
0 0 0

Going back to , we get that:

_ h?
Vo (yo) = Vo (yo + hf"(yo, a0, u0))e” ™" — Ly (LMg + kr)h* — 2E5 + Ahgq(yo) — Lokr—

which concludes the demonstration of by setting kK = Ly (LMg + kr) + Lgkr/2.

Step 2 We can generalize to any k < Np:
Volyr) > Vo (yk + hf™ (yr, i, ur))e ™™ + Ahgo (yx) — 2Eh — kh?.
Moreover,
Va(yo) > Va(yi)e ™ 4+ Ahgo(yo) — 2Eh — kh?
> Va(ye)e ™" + M(ga(vo) + ¢ ga (1)) — 4Bn — 26h”.

By induction we deduce that:

Np—1

Va(yo) > Volyn,)e ™" + \h Z — 2Ny Ej, — kNph?

Step 3 Now consider the complete integral fOTh’ e Mgo(y™(t))dt. We have that:

Ty Np—1 a(k+1)h Nh 1
[ e aatt o= Y [ gty @y - / V(6 + kb))t
0 o Jkn
Np—1 Np—1 B2
—kh
Z / gQ yk —|—tCR dt < kzo <Ath(yk) + 203) .

Moreover,

+ oo
—A h —A
[ e aa @ < laallee™™.
Tp
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Thus,

+oo

_ C _

Volw) > [ ¢ aaly* )it - 12N+ 8) =200 = aalle 0 (1)
0

This concludes the proof of , since using the assumptions @7 we get;

“+oo
Vo(yo) > limsup / Mo (y" (1))dt. (15)

h—0

Finally, the functions (y™) are equicontinuous in W' ([0, +00), e~ *0?)

accumulation point y € W"'([0, +00),e”*0"). Using (15)), we have:

, so they have an

+oco
0= Volyo) > / Mg (y()dt.

Therefore, the trajectory is viable, which concludes the proof of Theorem [
O

Remark 3. It is possible that for a fixed h > 0 the constructed trajectory " is not viable
on [0,Ty]. However, because of , for h small enough the trajectory stays close to NTQ.

Moreover, it is possible that for an initial point yo that satisfies go(yo) = 0 but Vg (yo) >
0, for certain realizations of the uncertainties &, the trajectory y constructed by Algorithm
1 is viable.

4.2 Minimal entry time

We now study how to construct optimal trajectories, knowing an approximation of W,
entering N1, in a minimal time. We focus on system , an extension to can be
obtained with results from [9].

The first algorithm we present is a direct application of the value function W. Suppose
an approximation W" of W has been constructed. Choose a starting point zo such that
Wh(:co, T) < 0. Given a fixed perturbation & € A, and maximal number of time steps N
(the fixed time step being h = T'//N), we define the trajectory reconstruction by the following
algorithm:

Algorithm 2

o The starting point z¢ and the uncertainties realization & := (a)x are known.
o Initialization  Set y& = xo.
o Recursive definition of yi  Suppose (yf) is known for £ =0...k — 1 < N. To

determine y?, we define an optimal control u} such that:

ui € argming ey W (yiior + hf" (Yk-1, @, v), kh)
The new position is then defined by:
y]kl = yllclfl + hfh(y2717 A, uz)

o Complete trajectory ~We associate to the sequence of controls (u} Jo<k<N—1
the piecewise constant function u”(t) = uf for t €]kh, (k + 1)h], and an ap-
proximate trajectory y" defined on [0, 7] by:

yh(kh) =y VYneN n<N
V() = f"(yit, an,uit) - for t € (kh, (k+1)h], k < N.
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We suppose that there exists Ep > 0 such that Eh/h — 0 when h — 0 and:
vt > 07 HW(at) - Wh(>t)||°0 < Eh.

Then the following convergence theorem holds:

Theorem 3. Let y € R? and let (y,’;) be the sequence defined by Algorithm 2. We suppose
true the assumptions (He) and (Ha1)-(Haz). Then the functions (y") form a better than
minimizing sequence in the following sense:

vt € [0,T], W(x,t) < limsupdo(y" (£))
h—0

Moreover, the family of functions y”* admits cluster points as k — 0. Any such cluster ¥ is
a trajectory of system (M1)) with uncertainties a.

This theorem can be proven similarly as in

By using this algorithm, note that we have to keep in memory the whole mapping
W. Instead, we can use the mimunal time of entry function mapping 7, which is of one
dimension less than W, to reconstruct optimal trajectories. Suppose an approximation 7"
of T is constructed. The algorithm now becomes, for a starting point zo € K:

Algorithm 3
e The starting point x¢o and the uncertainties realization & are known.
o Initialization  Set y§ = xo.

o Recursive definition of yi  Suppose (y}) is known for £ =0..k —1 < N. To
determine 3!, we define an optimal control u} such that:

ujp € argmin, iy T"(Yi—1 + hf" (Yi_1, ax, u))
The new position is then defined by:
h h he(h -~ _h
Yk = Ye—1 + RS (Y1, Q, ug).

o Complete trajectory ~ We associate to the sequence of controls (UZ)OSkSNfl
the piecewise constant function u”(t) = ul for t €]kh, (k + 1)h], and an ap-
proximate trajectory y" defined on [0, T] by:

vy () = fh(l, an,ul) for t € (kh, (k+1)h], k< N.

{yh(kh) =yt VkeN k<N

Remark 4. Since the function 7 is not a priori Lipschitz, we cannot prove similarly that
this algorithm converges. However, an interesting numerical proposition can be highlighted.
If A is reduced to a single point {ao}, 4.e. if there are in fact no uncertainties, this con-
struction depends only on the point  and not on time ¢. Thus, for any time step h we can
construct a complete mapping of:

’U/}eLff R" = U
T quf(:r) € argmin,, Tz + hf"(z, a0, u)).

This mapping highlights zones of R” where one should not use treatment, or zones where
the maximal treatment wumax should be applied.

Remark 5. As there might be several controls such that the trajectory is optimal, the
control found by Algorithms 2 and 3 might present lots of variations depending on the
implementation of the argmin function. Moreover, recall that u represents a dosage of
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drug to give to a patient (or to put on a Petri dish as a first biological model). Thus,
shattering controls are really not interesting for a medical application. Gratefully, as shown
in Section [5] the controls found by the different algorithms are rarely shattering, so their
actual implementation would be feasible.

5 Numerical Simulations

We present in this section numerical simulations solving the viability and reachability prob-
lems. The simulations were performed with the software ROC-HJ. The values of the different
parameters are listed in table These parameters were chosen arbitrarily to show some
general numerical results.

Parameter Symbol Value for numerical simulations
Growth rate p 1.0
Capacity K 3.0
Metabolism difference m 2.0
Size threshold Q 1.3 (Q=0.8 in Test 1)
Maximal time of treatment T 2,5 o0r 10
Ghobal health indicator renewal Pw 1.0
Global health indicator evacuation I 1
Drug effect on the global health v 1.0
Drug threshold for the global health Ugox 6.0
Maximal drug dosage Upnax 10.0
Minimal/Maximal drug efficiency Ymins Ymax 0.1+6
Minimal/Maximal competition force | Bmin, Smax 2/3+4
Range of uncertainties o 0.0% (Tests without uncertainties),
2.0%, 5.0%, 7.5%, or 10.0%

Table 1: List of parameters and their values for numerical simulations

To solve the viability and reachability problems formulated in the previous sections, we
proceed by solving the corresponding Hamilton Jacobi equations. We first start with some
simulations for model when there is no uncertainties in the model, in other words when
the set A is reduced to a singleton.

5.1 Numerical approximation of the value functions V; and W

Following Theorem [I] we know that the value function Vg, corresponding to the viability
problem, is the unique solution of a steady HJ equation in the following form:

AV + H(z,VVg) — go(xz) =0, z€R",

where A > My and the Hamiltonian H is defined in Theorem [I}] An approximation of Vg
can be obtained by a numerical discretization of this HJ equation. Note that numerical
approximations of HJ equations have been studied extensively in the literature. One can
cite for instance the Semi-Lagrangian methods [21] [33] 8], or the class of finite differences
methods. It is known that a Semi-Lagrangian scheme would require a discretization of the
set of the control variables. Since we have an explicit formula of H, we prefer to use a scheme
that will exploit this structure of the Hamiltonian and hence avoid the discretization of the
control variables. For this reason, in all our simulations we will use a scheme based on finite
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difference approximations. Let Ay = (Ayk)i<k<n be a spatial discretization step (with
Ay > 0). Consider a uniform grid on R™ as follows:

G = {yi = iAy = (ixAyk)i<han, i = (i1,...,in) € Z"}. (16)

Denote {e) }k=1,...,n the canonical basis of R". For a function V : G — R, the terms DV (z)

are given by:

.....

V(z + Ayger) — V(z)

Ay '
The vectors DTV (z) are defined by: DV (z) := (DfV(x),---, DEV(x)). An approxima-
tion of Vg can be obtained by solving the following approximated scheme:

DV (x) =+ (17)

Viz) =1 = A)V" — H®(z, D"V (), D"V"(x)) + g(z) forzeq, (18)

where the numerical Hamiltonian H is an approximation of the Hamiltonian function H.
The numerical approximation V" : R® — R is a bilinear interpolation of {V"(x),z € G}.
Following [15, 9], if the numerical Hamiltonian H A is Lipschitz continuous on all its argu-

ments, consistent with H (i.e., H*(y, p,p) = H(y, p)) and monotone (i.e %(y,pﬂp*) >0,
k

oH- (y,p~,p") < 0) together with the following Courant-Friedrich-Levy (CFL) condition

8;0;:
"1 (leE®,
h — p,p" <1,
;Ayk{'ap;(yp ) }

then, as h goes to 0, the numerical solution V" converges uniformly, on every compact set,
towards the desired solution Vg.
In this paper, a simple Lax-Friedrich scheme has been used:

A

6p2’

(y,p~.p")

+ ‘

_ ]f—i—pJr - Ck _
H@,p,p%) = Hly, ) = > 50 —pi)s
k=1

with constants ¢, > ‘gTi" and a fictious time step h such that:

Ck
E —— < 1. 1
hk—l Ak~ (18)

Although is a nonlinear equation, the use of a fictuous time h such that hA < 1
guarantees that the following fixed-point algorithm converges towards a unique solution
that happens to be V" (see [5] 21 [§]):

e For k =0, consider V"? a given function on the domain of computation D
e For k > 0, compute V***1 by:
VR () = A=A VP —H2 (2, DTV * (2), D"V (2))+g(z) forz € G.
(20)

In practice, the above fixed-point algorithm stops at a stopping criteria:
th,k+1 . Vh’k”oo S e,

where ¢ is a given tolerance. In all our simulations, this tolerance will be set to € = 1le — 8.

Remark 6. Instead of a fixed-point algorithm described here above, one can use a policy
iterations method (or Howard algorithm), see [10] [I]. In the rest of the paper, we prefer to
focus on the analysis of the obtained results and not on the performances of the numerical
schemes. We simply use the Lax-Friederich scheme coupled with a fixed-point algorithm.
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Let N a given integer, denote At the time discretization step such that 7/N = dt. Set
t¢ := LAt, and denote by w! an approximation of the solution W (t¢, ;). By using again the
Lax-Friedrich scheme, we consider the explicit scheme, as in [9]:

w! = max (wlHl — AtH” (yi, D w!tt, D+wf+1) . wi — gw(y¢)>, (21a)
te{l--- ,N} vi €G
wd = Vo(y) foryi€g. (21b)

Remark 7. Under the CFL condition:

3

Ck

At —
k=1 Ayk

<1

)

the scheme produces a numerical approximation that converges to the desired solution
W, as At and Ay go to 0 (see [9] for more details).

Next, we will present different simulations and discuss the results on the two models
(M1) and (M2). Here below a table gathering all the parameters used in our simulations.

Domain of computation for model D :=[-0.1,3.1] x [-0.1,1.6]
# grid points 320 x 170
Domain of computation for model D :=[-0.1,3.1] x [-0.1,1.6] x [0,1.2]
# grid points 320 x 170 x x120
’ Fictuous time h in \ 2.6e-4 ‘
’ Time step in \ 2.6e-4 ‘
’ Stopping threshold ¢ in \ e:=1le—38 \

Table 2: Parameters used in numerical reconstructions of functions V and W.

5.2 Model without toxicity and without uncertainties

m, then the set NTQ is reduced to the

Test 1 As stated in proposition |1} if Q <
segment {(s,0),s € [0,Q]}.

Our numerical resolution is robust enough to retrieve this result, as shown on figure
Furthermore, for T large enough, one can check that the set of initial tumours that can
be brought to N1, is then reduced to {(s,0),s € [0, K]}, which we can also numerically
observe in figure 2B for 7' = 10. If we chose a size threshold too small, the only tumours
that can satisfy the objectives are the ones without any resistant cells. We do not represent
trajectories corresponding to this problem here, as they are all part of the {(s,0),s € [0, K]}
segment. Of course, this case is trivial, and the aim of this simulation is just to show that

the methodology works even when the reachable set has an empty interior.

Test 2 1In this test, we consider the model (M1]) with @ = 1.3. We first compute the
stability kernel NTQ which is displayed in figure In this figure, some viable trajectories
and the corresponding control functions are represented.

More precisely, in Figure [3a] the computed stability set is represented in cyan and is
limited by a dash line in red. Three viable trajectories are represented (by blue, red and black
lines) inside the viable set. On Figure are displayed the control functions corresponding
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Figure 2: Test 1 - Model (M1]) with @ = 0.8.

to the three trajectories. The time horizon chosen for this display is ¢ = 20. In Figure
and we show the two components of the stable trajectories. In this figure and all the
following, for every displayed trajectory, we use a different color that is the same also used

for the corresponding control function.
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Figure 3: Test 2 - Model (M1]) with @ = 0.13, stability kernel NTQ and some viable trajectories

One can notice that the controls for each trajectory, after a certain amount of time
without treatment, do not reach the maximal control value Upax, but reach an intermediate
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value. Moreover, the trajectories seem to be attracted to a region on the {(s,0),s € [0,Q]}
segment. Recall from proposition [I] that this segment contains points that are stable and
locally attractive for certain constant values of the control u: the stability problem is thus
numerically solved, here, by reaching their basin of attraction and setting the control value
to the corresponding fixed control.

Moreover, in this case, setting the control law u(-) to a high value near Umax, even for
a short time, could make the system escape /\/TQ. Indeed, the trajectory under control
Umax starting from any point in NTQ is rapidly shifted to the left (corresponding to a fast
elimination of sensitive cells s), thus if the treatment is not stopped early enough, the system
would exit /\/TQ by its left-side border.

Test 3 Here, we still consider the case of Model (M1)) with @ = 1.3. Now, we consider
the reachability problem where we want to steer the trajectories to the stability kernel N’EQ

computed in Test 2.

Reachable Set at T=2

Reachable Set at T=10

Resistant Cells.
Resistant Colls

o 05 1 25 3

s
Sensitive Cells

(a) Reachability set for T = 2 (b) Reachability set for T'= 10

Figure 4: Test 3 - Model (M1]) with @ = 1.3, different capture basins

FigureEI shows the capture basin R(7T) (the blue region) corresponding to the positions
from where there exist trajectories that can reach the stability kernel NTQ in a time less
than 7' = 2 (ﬁgure@ and in a time less than T' = 10 (ﬁgure@. In the same figures, some
trajectories are represented. These trajectories correspond to the optimal paths starting
from some initial positions outside the stability kernel and that reach the stability kernel
in a minimum time less than 7. The same trajectories along with the associated control
functions are also displayed in figure [5]

The trajectories shown here all exhibit the same behaviour: two phases of control can be
observed, a first one with no treatment, and a second one with a maximal line of treatment, as
pictured on figure[5c] During the first phase, the sensitive cells population usually increases
as seen on figure [fa] while the resistant cells population globally decreases, as seen on
figure fb] During the second phase, we see a decrease in the sensitive cells population, and
a stabilization of the resistant cells population.

This can be expressed through the following biological interpretation. Since the control
only acts on sensitive cells s, and that resistant cells are repressed only through competition
with sensitive cells, a tumour can be treated only if sensitive cells already have a numerical
advantage over resistant cells. Thus, if a tumour is initially too resistant, it is more inter-
esting to wait for it to be "resensitized" than to treat it immediately. Then, once sensitive
cells are sufficiently present, the control is set to its maximal value in order to minimize the
time of entry into ./\/TQ. This maximal dose period would then correspond to the loading
charge treatment used in classical chemotherapies.
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Figure 5: Test 3 - Model (M1)) with @ = 1.3. Some trajectories in R(T'), for T' = 10.

Using maximal doses on actual patients can be very harmful for their sane cells, because
of the general toxicity of the drugs used. This is why system (M2) takes into account the
effect of high doses of treatment on a quantity representing the global health of the patient.
We expect that this should change the behaviour of the system for the reachability problem,
but not for the stability problem.

5.3 Model with toxicity and without uncertainties

Here, we consider the model . Likewise in the simulations performed with model ,
we first compute the stability kernel and then we compute the set of positions from where
it is possible to find admissible trajectories that can reach this stability kernel in a time less
than T = 10.

The stability kernel is a 3-dimensionnal object, we represent a section of NTQ for a
fixed value of the indicator w(0) = ”ﬁ. The trajectories represented on the phase planes are
projections of the 3-dimensional trajectories on the 2-dimensional plane. For the reachability
problem, we also represent only the section of R(T) for w = %”7 but bear in mind that the
trajectories might be entering NTQ at a different value of w.

Test 4 TFigure [6af displays the set N, for a fixed initial indicator w(0) = 2. This
corresponds to a patient initially healthy.

As expected, the stability kernel pictured on figure looks quite similar to the stability
kernel for model . This is because of our choice of parameters Q and wtox.

Indeed, we chose @ such that the control u = ug = 5(1 — %), for which the point
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Figure 6: Test 4 - Model (M2]). approximation of the stability kernel.

(Q,0,wo) is stable and attractive, is small enough so that wo = m is greater than

Wmin. Thus some values of u smaller than ., which do not affect the evolution of w, can
be sufficient to remain in NTQ.

However, models and do not produce the same trajectories nor the same
control laws. Figure [6c] shows three trajectories, starting from three different positions yo
in ./\/TQ and that stay forever in the stability kernel. The corresponding control inputs are
given in figure [6b] As can be noticed in this figure, the control laws present periods of drug
holiday (periods without drug application), which correspond on figure to an increase
of the global health indicator. The controls are constant by parts, which is interesting for
further medical applications.

Test 5 We now run simulations for the reachability problem for model , We gather
the resulting trajectories into three groups of similar structure.

Figure [7] presents a set of trajectories where the initial tumour is mostly sensitive to the
treatment. The treatments begin with a maximal dosage, but since this is very toxic for
the patient, the controls switch quickly to an intermediary value, as seen on figure [7h] This
intermediary value maintains the indicator w at its minimal value wmin, as seen on ﬁgure
This delays the time of entrance into NTQ, when compared with figure [5( from model .

The set of trajectories gathered on figure [§ represents tumours initially large and hetero-
geneous. As in model , the control starts with an initial phase at u = 0, then switches
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(c) Trajectories: sensitive cells population, resistant cells population, global health indicator.

Figure 7: Test 5- Reachability analysis for model (M2]). A set of trajectories corresponding to
large sensitive initial tumours.
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(c) Trajectories: sensitive cells population, resistant cells population, global health indicator.

Figure 8: Test 5- Reachability analysis for model (M2]). A set of trajectories corresponding to
large heterogeneous initial tumours.

to higher values, as pictured on ﬁgure Because of the toxicity constraint, except for short
periods of time the control does not maintain © = Umax. Instead, an intermediary value is
selected, which maintains the indicator w at its minimal value, as pictured in figure [Bd

Finally, ﬁgure@represents tumours that are initially very resistant to the chemotherapy.
The controls gathered on figure[@b]are very shattered, but present a global behaviour similar
to previous results: a first phase without treatment to resensitize the tumour, then an
increase in dose. The control finally mainly selects a value maintaining the indicator w at
its minimal value.

We note that the model still favours the use of maximal treatment doses for the reach-
ability problem, but for shorter periods of time, as it immediately augments the toxicity.
Then, intermediary doses of treatment are preferred. During the intermediary doses arcs,
we notice that the condition w(t) > wmin is saturated: the global health indicator is at the
lowest level the patient can endure.

5.4 Model with toxicity and with uncertainties

In this section, we consider again the model , this time we assume that the treatment
efficiency (-) and the competition force () are unknown functions (i.e. there are uncer-
tainties on some parameters of the model). In our simulations, we will consider the range
of uncertainties for these functions are £0%, +5%, +7.5%, or +10%.

23



Reachable Set at T=10
Control inputs - (Modele

i
Sensitive Cells

a) Capture set (section at w = 2%) and projected
Er;jectories ( ) (b) Controls

a
|

Sensitive Cells
Resistant Callss
Virtual immune system
a
3

o
n

as

a
+

a
b
o
W

s 10
time

o
b

-
e
=}

a s 10 o =
time time
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Figure 9: Test 5- Reachability analysis for model (M2)). A set of trajectories corresponding
almost resistant initial tumours.
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Test 6 Figure [10| presents sections of the stability kernel /\/TQ and the reachability set
R(T) at time T' = 5. In all these sections, the health indicator is fixed to the value w = 2«

As it can be seen on Figure[I0] as the range of uncertainties increases, the stable set ./\/;Q
shrinks in size, and for a fixed tlme T, the reachability set R(T") also appears smaller. Indeed,
as the expected uncertainty on the parameters is bigger, the model is more pessimistic.
Especially, with a range of uncertainties of +10%, both the sets are almost reduced to a
segment, as seen on Figure [[0d] With a medical application in mind, this tells us that if
uncertainties on the parameters are too high, our method or the model might not be adapted
to the objective.

Reachabie Set at T=§ e Reachabie Set at T=§

Resistant Cells
5
Resistant Cells

o 05 1 5 Fl 25 3

1
Sensitive Cells Sensitive Cells

(a) Range of uncertainties=+0% (b) Range of uncertainties=45%

Reachabis Set at T=§ Reachable Set at T=5

Resistant Cells
Resistant Cells
o

1 s z 5
Sensitive Cells ‘Sensitive Cells

(c) Range of uncertainties=47.5% (d) Range of uncertainties=+10%

Figure 10: Test 6. Stability kernel (in cyan) and Reachability set (in blue) at time 7" = 5 for model (M2))
in presence of uncertainties

Let us stress on that the reachable sets represented in figure [I0] corresponds to the set of
initial positions from where it is always possible, for any uncertainty (within the prescribed
range), to find a control law u(-) such that the corresponding trajectory reaches the stability
kernel and then stays there for ever.

In Figure we represent the trajectories corresponding to four different functions «; :=
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Figure 11: Admissible trajectories corresponding to different uncertainties

2/3):

¥(1+68) for t €0,1], B(1—6) fortelo,1],
5 for t €]1,2], Bi(t) =< B for t €]1,2],
¥(1 —68) fort>2, B(1+06) fort>2,
~ for t € [0,1], B for t € [0, 1],
F(1+46) fort €]1,2], B2(t) =< B(1+6) fortel,?2)],
¥(1 —8) fort>2, B(1—106) fort>2,

Y =5(1-368),  Ba(t) =B -0),
74()=% () = B

We observe that the time of entry in NTQ depends on the outcome of the uncertainties
but the overall trajectories are quite similar.
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