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ABSTRACT

In this paper, we investigate optimal control problems with two objective functions of different nature that
need to be minimized simultaneously. One objective is in the classical Bolza form and the other one is
defined as a maximum running cost. Our approach is based on the Hamilton-Jacobi-Bellman framework.
In the problem considered here the existence of Pareto solutions is not guaranteed. So first, we consider the
bi-objective problem to be minimized over the convexified dynamical system. We show that if a vector is
(weak) Pareto optimal solution for the convexified problem, then there exists an (weak) e-Pareto optimal
solution of the original problem that is in the neighborhood of this vector. After we define an auxiliary
optimal control problem and show that the weak Pareto front of the convexified problem is a subset of the
zero level set of the corresponding value function. Moreover, with a geometrical approach we establish
a characterization of the Pareto front. It is also proved that the (weak) e-Pareto front is contained in the
negative level set of the auxiliary optimal control problem that is less or equal €. Some numerical examples
are considered to show the relevance of our approach.

KEYWORDS
Multi-objective programming; Hamilton-Jacobi-Bellman approach; Optimal control problem; Approximate
Pareto solutions.

1 Introduction

In optimal control problems the aim is to control the dynamical systems evolution along a certain period of time
in a manner that the pair of control-and-state is optimal with respect to some criterion, given in the objective
function. The type of this objective function is of great importance when developing the theory. It can be defined,
for example, in a Bolza form [3} 21} [12} [11},|34]] or in a max-type [4} [7]].

Continuous optimal control problems have been studied with the Dynamic Programming approach, see [6,10].
The idea is to work with the value function that results from considering the optimal value of the control problem
as a function of the initial state for the dynamical system. Under suitable conditions, such value function satisfies
a dynamic programming principle and the value function can be characterized as the unique viscosity solution of
a partial differential equation, called Hamilton-Jacobi-Bellman (HJB) equation [2]]. Moreover the value function
contains all necessary information to reconstruct the optimal trajectories and control strategies [4}, 16} I8} 131]].

In general when the set of trajectories is not closed, it is not possible to guarantee the existence of a minimizer
for the optimal control problem. A very known approach to deal with it is introduce a convexified (relaxed) optimal
control problem; see for instance [} [18]. For this relaxed problem is possible to prove that the set of trajectories
is compact. Moreover, under some assumptions, this convexified set of trajectories is the closure of the set of
trajectories of the original problem. Therefore this new optimal control problem has an optimal solution and the
value function is equal to the value function of the original problem [6} [18].
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This paper presents a novel theory for finite horizon optimal control problems with objectives of different
nature that need to be minimized simultaneously. Namely, in the vector objective function, one component can be
a Bolza cost and another one a maximum running cost. So the considered bi-objective optimal problem is:

T
it (p(y(T) + [ ely(s),u(s))ds, max 0(v()).
(y,u)ex / se(t,T)

for a given final cost ¢ : RN — R, a running cost £ : RY x RM — R, and a given function ¢ : RV — R, and
where X is the feasible set, T is the final time horizon, u : [0, 7] — R is the control variable and y : [0,7] — RY
is the state variable, solution of a differential system.

Multi-objective optimization is an area of great interest in applications. In this context, generally, it is not
possible to minimize all the criteria simultaneously. For this reason, several solution concepts have been proposed
in the literature. In the famous work “Cours d’Economie Politique" [30], the pioneering economist V. Pareto
introduced the notion of efficient or Pareto solution. At a Pareto solution it is not possible to improve one criterion
without worsening at least one of the other ones. For any given problem, the set of Pareto solutions may be infinite
and unbounded. A larger set is given by weak Pareto solutions, at which it is not possible to improve all the
objective functions simultaneously. The image of the set of all (weak) Pareto solutions by the objective function is
called (weak) Pareto front. It is useful for practitioners for finding a trade-off between conflicting criteria. A great
number of works are developed in optimization problems with several goals, see for instance [[13| [14, 22, 28] and
the reference therein.

One of the most common approach for solving multi-objective optimization problem is to relate it with a family
of mono-objective optimization problems, in such a way that the solutions of the multi-objective problem can be
obtained by solving a sequence of classical nonlinear programming problems. The most popular scalarization
techniques are the weighted sum method and the weighted Chebyshev method, [22] 28]]. As the scalarization
usually depends on certain auxiliary parameters, some numerical difficulties may appear if the single objective
optimization problem has feasible solutions only with very few parameter values. Moreover, a weakness of the
weighting method is that all the Pareto optimal points cannot be found if the Pareto front is nonconvex [23]. For
multi-objective optimal control problems several numerical algorithms based on scalarization techniques have been
developed (see for instance [9} 23| 26] and the references therein).

Multi-objective optimal control problems have also been investigated within the HIB framework. A method
that combines the HJB approach and the weighted sum method to find some points of the Pareto front was intro-
duced in [29]]. In [24] a numerical method for multi-objective optimal control problems under integral constraints
is proposed. With the HIB approach for an extending state space the Pareto front can be constructed. These idea
was extended to a class of hybrid control problems, see [33]]. In [20] the set-valued function is characterized as a
unique generalized solution of an HIB equation. In [15]], the idea of introduce an auxiliary problem to deal with
mono-objective optimal control problems [3], is extended to work with multi-objective optimal control problems.

In practice, for some problems, it is difficult to calculate the sets of (weak) Pareto solutions and what it could be
obtained is just an approximate set of solutions. The notion of approximate optimal solutions for multi-objective
problems was introduced by [27]]. But this notion of e-Pareto solutions can be investigated with several different
definitions, as proposed in [35]]. We discuss in this paper three of these concepts, that are the most relevant, being
one of them the concept introduced in [27] and also investigate by [[16}117}19].

All works of multi-objective optimal control refereed here, investigate problems where the objective functions
must have the same nature. In this work, we use the HIB approach to characterize the (weak) Pareto front for a
finite horizon bi-objective optimal control problem with objectives of different nature. In the considered problem
it is not possible to guarantee that the set of trajectories is closed, so we introduce a convexified (relaxed) problem
where is possible to guarantee that the set of trajectories is compact. Moreover this convexified set of trajectories
is the closure of the set of trajectories of the original problem. Moreover we prove that if a feasible pair (y, u)
is a Pareto optimal solution for the convexified problem, then there exists an e-Pareto optimal solution of the
original problem that is in the neighborhood of (y, u). After we define an auxiliary control problem that has good
properties and can be characterized as a solution of an HIB equation. Then we show that the weak Pareto front
of the convexified problem is a subset of the zero level set of the corresponding value function. Moreover, with a
geometrical approach we establish a characterization of the Pareto front.



This paper is organized as follows. Section 2 discuss the concepts and properties of solutions of bi-objective
problems. In Section 3 the bi-objective problem with objectives of different nature is formulated. Moreover the
convexified problem is introduced and some results about the relation of solutions of two problems are proved.
In Section 4 an auxiliary control problem is considered, the HIB equation and some properties to the auxiliary
value function are derived. Section 5 studies the link between the 0O-level set of the auxiliary value function and
the (weak) Pareto front. Moreover the characterization of the Pareto Front for the convexified problem is obtained.
In Section 6 we shown how to obtain (weak) e-Pareto optimal solutions for the original problem. We discuss
the reconstruction of (approximate) Pareto trajectories on Section 7. Some numerical examples are presented in
Section 8. Section 9 concludes the paper with final remarks.

Notations Throughout this paper, R denotes the set of real numbers, | - | is the maximum norm. For a set
S C R¥, S and bdry(S) denote its closure and boundary, respectively. Moreover, for every ¢ > 0 we denote
by WHi([t, T]; RM) (for any M > 0) the space of integrable functions, from [t,T] in RM, that admit a weak
derivative integrable also on [¢, T7].

We will use the standard convention that inf ) = +o0.

For z, 2 € RY, we will use the following notations for different partial order relations:

z<d e [5n<z Vi=1,...,N|; 2<7&[x<% Vi=1,...,N|.

2 Pareto optimality
Consider the following bi-objective optimization problem:

{ Minimize g(x) = (g1(x), g2(x)) P)
subjectto x € X

where Y is a Banach space, g; : Y — R are continuous functions and X C Y a feasible nonempty set.

In the multi-objective optimization we want to minimize all the components of the objective function at the
same time. If there exists no conflict between the objective functions, then a solution * € X can be found where
all objectives attains its optimum, that is

gi(x*) = min{g;(x), z € X}, i=1,2.

In this case, no special methods are needed. To avoid such trivial cases we assume that does not exist a single
solution that minimizes all the objective functions simultaneously. This means that the objective functions are at
least partly conflicting and several solution concepts may be associated with the problem (P). In this paper, we use
the concept of Pareto optimality [30], to define the notion of solution for the multi-objective optimization problem

(P).

Definition 2.1 (Pareto optimal solutions). Let z* € X be an admissible pair.
o We will say that x* is a Pareto optimal solution if and only if there is no admissible pair x € X such that
(91(2), 92(2) < (01(2"), g2(2")), and [g1(2) < g1(&*)  or ga(x) < ga(a™)]
The set P of all Pareto optimal solutions is said to be Pareto optimal solutions set.

o We will say also that x* is a weak Pareto optimal solution if and only if there is no admissible pair x € X
such that

(91(2), g2(x)) < (g1(2), g2(27)).

The set Py, of all weak Pareto optimal solutions is said to be weak Pareto optimal solutions set.



With theses definitions, we can check that the Pareto set is a subset of the weak Pareto set: P C P,,.
The set of all vectors of objective values at the Pareto (resp. weak Pareto) minima is said to be the Pareto front
(resp. weak Pareto front). More precisely, we have the following definition.

Definition 2.2 (Pareto front). We will call Pareto front (respectively weak Pareto front) the image of the Pareto
optimal solutions set P ( respectively of P, ) by the multi-objective application g(x) :

f:{g(x), xeP} wa{g(l‘), azE'Pw}. M

Denote the image of the feasible set by Z and call it the attainable set. It is a subset of the objective space
R2. It is known that if a vector z € Z is in the (weak) Pareto front then z is necessarily a boundary point of Z
[25]]. It is a challenging problem to compute the sets P and P,,. In some cases (weak) Pareto solutions may not
exist, for instance when the feasible set is not closed. In such a problems what it could be obtained is a set of
approximate solutions. The notion of approximate solutions for multi-objective problems can be investigated with
several different definitions. One definition was introduced by [27], then in [35]] six different concepts of e-Pareto
solutions were proposed for multi-objective problems and some methods for their generation were examined. We
discuss in this paper three of these concepts, that are the most relevant and the first one is the concept introduced
in [27].

Definition 2.3 (¢-Pareto solutions). Let € > 0. We define the following sets of e-Pareto solutions:
(i) P1¥={x € X : thereisnoy € X such that g(y) < g(z) — el and g(y) # g(z) — e1}.
(ii) P*¢ ={x € X : thereisy € P such that |g(x) — g(y)| < e}.
(iii) P = {w € X : if g(y) # 9lx) and g(y) < g(x) for some y € X, then g(y) > g(x) — €1}.

An e-Pareto solution z* € P%¢, i = 1,2, 3, produces an -Pareto outcome g(z*) and the set of all e-Pareto
outcomes are denoted by F¢, i = 1,2,3. Note also that, if e; < &5 then F¥1 C F¢2 and FL1 C Fie2,
i = 1,2, 3. Moreover, if the feasible set X is a compact set, then the following relation between the £-Pareto sets
was proved by [35]]:

F C F3 C F2e C Fle, )

Remark 2.4. The reverse inclusions are not true. Consider the following multi-objective optimization problem:

{ Minimize g(x) = (z1, 22) 3)

subjectto: v € X = [-1,1]> {z € [-1,0)% : 21 + 22 < —1}.

The feasible set X is given by Figurel[l]

Ton

1 ay

Figure 1: Feasible set X

Note that for all € > 0 the point a; = (1,—1) € PYe. Infact g2(a1) — e = —1 — ¢, so there is no x € X such
that g(z) # g(a1) and g(z) < g(ay) — €, therefore a; € PY. Moreover if 0 < € < 1 then a; ¢ P3¢ C P?¢,



because g(0,—1) # g(a1), g(0,—1) < g(ay) and g1(0,—1) = 0 < 1—e = g1(a1) —&. Now, consider e = 0.1 and
the point az = (—0.8,0). As (—0.9, —0.1) is a Pareto optimal solution, we obtain that ay € P?*¢, but ay ¢ P>*.
In fact g(—1,0) # f(az2), g(=1,0) < f(az) and g1(—1,0) = —1 < —0.9 = g1(a2) — &, therefore ay ¢ P>,

The e-Pareto fronts of this example, for the three different concepts of approximate solutions (Definition [2.3)),
are represented in red in Figure[2] for ¢ = 0.1. In Figure[2d|the black dashed lines represents that those lines are
not in F1¢.

Zoh Zoh Z94

1 1

(b) F (c) F)

Figure 2: e-Pareto fronts for Problem

Remark 2.5. We stress on that the inclusions in (2) are true only when the feasible set X is a compact subset od
RN, However if the feasible set it is not closed, there is no guarantee of the existence of (weak) Pareto solutions.
Actually, the (weak) Pareto set can be empty. Consider, for example, the problem of

{ Minimize g(x) = (x1, x2) 4

subjectto: x € X = (=1,1)? {z € (—1,0)? : 1 + 23 < —1}.

In this case the feasible set is open, see Figure [3a| where the black dashed lines represents that those lines are not
in the set. Then the (weak) Pareto set and the the set P> are empty. However the sets P*¢ and P>< are not
empty and can be seen in red in Figures[3bland[3d respectively.

e

(a) Open feasible set (b) F1-e) (c) F&2)

Figure 3: Feasible set and e-Pareto fronts for ProblemE|

The concept of approximate solutions, as defined in[2.3] (i) is extended for weak e-Pareto solutions in [27].



Definition 2.6. [weak e-Pareto solution] Let € > 0. We define the following set of e-Pareto solutions:
(i) PLe={x € X : thereisnoy € X such that g(y) < g(z) — e1}.

Motivated by the case of Remark [2.5] we are going to consider a problem of minimize the objective functions
over the closure of the feasible set X and prove some interesting relations with the (weak) Pareto solutions of this
problem[3] and the (weak) e-Pareto solutions of the original problem[P|

{ Minimize g(x) = (g1(2), g2(z)) 5)
subjecttox € X

We are going to denote the Pareto set and the weak Pareto set of problem (3] by P# and P#, respectively.
The following proposition states a relation between the (weak) Pareto optimal solutions of problem (3) and
(weak) e-Pareto optimal solutions of the original problem (P).

Theorem 2.1. Assume that f; are Lipschitz continuous functions, with Lipschitz constant L;, i = 1, 2.

(i) For any x* € P¥ and for any € > 0 define § = min;(e¢/L;), then there exists x € PY such that

o —2| <5 and |g(a*) - g(a)| < e.

(ii) For any z* € P} and for any ¢ > 0 define § = min, (e/L;)the there exists x € PL¢ such that

o~ <6 and |g(e") - g(a)] <.

(iii) Given e > 0, for any x* € P3¢ there exists © € P* such that |g(z) — g(x*)| < 2e.

Proof. (i) Letz* € P# and e > 0. As x* € X, there exists a sequence {x,,} C X such that

lim z, = z*.
n—oo

Then, given ¢ > 0, define 6 = min;(¢/L;), so there exists x5 such that |z* — x| < §. By the Lipschitz continuity
of functions g;, ¢ = 1, 2 we obtain that

19i(z*) — gi(xn)| < Lilz* —an| < Lid <,

which means that |g(z*) — g(zn)| < &;. It remains to prove that 2y € P1<. Note that, by definition of z* there
isno x € X such that g;(z) < g;(«*), fors = 1,2. This implies that for any x € X at least for one i = 1,2 the
following assertion holds:

g1(x) > gi(@™) > qi(zn) —e or ga(x) > go(a™) > ga(zn) — €

Therefore, there is no z € X such that g;(z) < g;(zy) — € for i = 1,2, which means that zy € P and the
assertion is now proved with z = .
(ii) Let z* € P# and e > 0. As z* € X, there exists a sequence {z,,} C X such that

lim z, = 2*.
n—oo

Then, given € > 0, define 6 = min;(¢/L;), so there exists z such that such that |z* — x| < J. By the Lipschitz
continuity of functions f;, ¢ = 1,2 we obtain that

9: (%) — gi(zn)| < Lilz™ —an| < Lid <,

which means that |g(2*) — g(xx)| < &. It remains to prove that 7 € PL:. Note that, by definition of z* there
isno z € X such that g;(z) < g;(«*), fori = 1,2. This implies that for any x € X at least for one i = 1,2 the
following assertion holds:

gi(z) > g1(2") > gi(zn) —€ or go(x) > go(2™) > g2(xN) — €.



Therefore, there is no € X such that g;(z) < g;(zn) — € for i = 1,2, which means that x;y € P.° and the
assertion is now proved with z = x .

(iii) Let #* € P><. Assume that there is no x € P# such that |g(x) — g(z*)| < 2. Then z* ¢ P#, so there
exists y € P¥ such that g(y) # g(z*) and g(y) < g(x*). Asy € X, there exists a sequence {y,, } C X such that
lim,, 00 Yn = y. Choose yx such that g(yy) < g(z*) and |g(y) — g(yn)| < €. As 2* € P>, we must have
g(yn) > g(z*) — el. Hence g(z*) — €1 < g(yn) < g(z*), which means that |g(yn) — g(z*)| < &. Then

l9(y) — g(@)] < 1g(y) — g(yn)| + lg(yn) — g(z™)| < 2,

what is a contradiction. O

Remark 2.7. Theorem also means that for any z* € F# (resp. z* € Fi) and for any € > 0, there exists
z € FYe (resp. 2 € FL°) such that |2* — z| < e.

3 Problem statement

Let U be a given compact non-empty subset of RM (for m > 1). A measurable function u : [0, +-co[— R™ is said
admissible if it satisfies u(s) € U for almost every s > 0. The set of all admissible controls will be denoted by U:

U= {u : [0, +00) — RM measurable, u(s) € U a.e.}.

Let T' > 0 be a fixed finite horizon, and consider the dynamical system:

{ S0 = 100 020 ©

The dynamics f satisfies the following hypothesis:
(H1) f:RY x U — RY is continuous. For any R > 0, 3L ;(R) > 0 such that for every u € U:
|f(z,u) — f(z',u)] < Ly(R)(|z —2'|) Vz, 2’ € RN with 2| < R, |2'| < R.
Moreover, there exists ¢; > 0 such that for any z € RY we have: max{|f(z,u)|: u € U} < cp(1+ |z]).

By assumption (Hjy), for any control input u € U, the system (6) admits a unique absolutely continuous
solution y% in WhL([t, T]; RY). Forevery x € RY and 0 < t < T, we define the set, X; , € WL ([t, T); RN ) xU
as:

Xiz = {(y,u): y(s)= f(y(s),u(s)), forae. s € [t,T]; y(t)=zanduel}.
Now, consider the final cost function ¢ : R — R and the running cost £ : RY x U — R satisfying:
(H2) The function ¢ is locally Lipschitz continuous on R¥: for every R > 0,
JL,(R) >0 |pi(x) — pi(z))| < Ly(R)|x — 2’| Vr,2’ € RN with |z| < R, |2/| < R.
Moreover there exists ¢, > 0 and A, > 1 such that p(z) < c,(2)(1 + |z|*¢) for every z € RV,

(Hs) The function / is continuous on RY x U and is locally Lipschitz continuous on the first variable uniformly
with respect to the second argument: for every R > 0,

JLy(R) >0 |l(z,u) — (2" ,u)| < Le(R)|z — 2’| V|z| < R,|2'| <R, Yu € U,

and there exists ¢, > 0 and \; > 1 such that max{|¢(z,u)|,u € R} < cg(1 + |2|).



For x € RY and 0 < t < T, the objective function in Bolza form ®(t, z;.,.) : WhI([t, T;RY) x U — Riis
defined as

T
Ot 25, ) WHH[ETERY) xU — R, @(t,23y,u) = o(y(T)) + /f(Y(S)m(S))d& ™

Assume we are interested by another cost function that is measured all along the trajectory by:

U(t, ;) WHHE T RY) x U — R, ¥(t,z;y,u) = max P(y(s)), (8)

X
s€(t, T
where the function 1) satisfies:

(Hy) v : RY — Ris Lipschitz continuous.

Now, the multi-objective optimal control problem that will be investigated in this paper is the following:

inf(®(t, z;y,u),¥(t,z;y,u
((t, x5y, u), ¥(t 2;y,u)) MOP)
st(y,u) € Xy .

An example of this kind of problem is to consider the pest control problem, that consider the joint evolution of
two species: a nuisance for humans and its predator. The population of these species are the state variables while
the control variable is the rate at which a chemical is sprayed to poison the pest (which also kills the predator). The
growth of both populations represents the dynamics. The goal is to maintain a certain proportion of both species
along the time and also reduce the cost of spraying the chemical. The integral criterion is suitable for the spraying
cost and the other objective is naturally defined as a max-type criterion.

Define the set-valued function

Glz) = {<_€f(f”’“) ),ogagA(x,u), ueU},

(x,u) —a

where A(x,u) = c,(1 + |z|*) — £(z,u). Under assumptions (H;) and (H3) the function G is locally Lipschitz
continuous in the sense that, for any R > 0, there exists L (R) > 0 such that:

G(z") Cc G(z) + |z —y|B(0,Lr)  Va,2’ € RN with |z| < R, |2/| < R.
We also define the following set of trajectories:
Spr(2,0) = {(y,2) : (¥(5),2(s))T € G(y(s)), forae. s € [t,T]; (y(t),z(t)) = (x,0)},
and the bi-objective optimal control problem:

{ it (ol (7)) = #(T), maxseqy 6(3(5))
S.t (y,Z) S S[tj] (11770)~

©)

Remark 3.1. From definition of the differential inclusion (3), every trajectory (y,z) € Sy r)(x,0) is associated
to a control function u € U and v € T'(y(s), u(s)), where

I(xz,u) = {v:[0,400) = R measurable, ~v(s) € [0, A(z,u)]}.

Let (y*,z*) a Pareto optimal solution of (9) and u*, v* the respective controls. Then there exist no (y,z) €
St (, 0) such that

(1)) — (1), max w(y(s))) < (oly" (1)) = 2(D), mae ¥(y*(5))). (10)
and [@(y(T)) —2(T) <py"(1)) =2(T) or  max ¥(y(s)) < max w(y*(S))} (11)



T T

Note that o(y(T)) — 2(T) = o(y(T)) + [, U(y(s),u(s))ds + [, v(s)ds. As 0 < y(s) <T(y(s), u(s)), for
s > 0, and the second objective function of (9) does not depend on control v we obtain that for all (y*,z*) that is
a Pareto optimal solution of Q) the control function v* = 0. Then by (I0), we obtain that there is no (y,u) € Xy ,
such that

(et + [ " blyes), u(e)ds., max v(y() < (ol (D) + / Uy (90" (9)ds, max 0(y"(5),

s€[t,T] s€[t,T]
(12)
and oy (D) + [ 39 u(s)ds < oty (T) + [ ()" ()ds or max viv(9) < max vv'(9)].
(13)

which means that (y*,u*) is a Pareto optimal solution for problem (MOP). Moreover as n* = 0 the Pareto front
for problems and () are equal. With similar arguments it is possible to prove that if (y*,z*) is a weak
Pareto optimal solution of () with respective controls u*, and v* then (y*,u*) is a weak Pareto optimal solution
for problem (MOP). Moreover the weak Pareto front of two problems coincides.

Without any additional assumption it is not possible to guarantee that the set of trajectories Sy 71(w,0) is
closed, so the problem (9) might not have a solution and the Pareto front can not be defined for this problem.
One approach to obtain the closeness of the set of trajectories Sj; 7)(, 2), is to introduce a convexified (relaxed)
dynamical system [5. [18], whose set of solutions is given by:

St (@.0) = {(y.2): (3(5),5(5))T € @(G(y(s)), forae. s € (LTI (v(t)2(t) = (w,2)},

where ¢o(S) denotes the closed convex hull of the subset S, that is the minimal convex set that contains S.
Under assumptions (H;) and (Hjg), following the same arguments of the proof of Filippov-Wazewski Theorem
(see for instance [3]]), the closure of S} 7 (x, z) in the space of continuous functions C'(¢,T) is compact and equal

to the set of solutions S[’f 7] (z, z). So we introduce the following convexified bi-objective optimal control problem

min (ap(y(T)) —z(T), max ¢(y(s)))

s€t,T]
s.t(y,z) € S[ﬁT] (z,0).

(MORP)

In the following, for a fixed (t,z) € [0,7] x RY, we are going to denote the Pareto front and the weak
Pareto front of bi-objective optimal control problem (9) by F (¢, z) and F., (¢, ), respectively. We also denote by
Pie(t, ) and PLE(t, o), i = 1,2, 3. the set of (weak) approximate Pareto solutions of problem (9)), according with
definitions [2.3] and [2.6] respectively. Moreover we denote the Pareto front and the weak Pareto front of problem
by F#(t,z) and F (¢, ), respectively. The next proposition states that all optimal solution of problem
can be approximated with an -optimal solution of problem (9).

Theorem 3.1. Assume that (H1)-(Hy4) hold and let (¢,x) € [0, 7] x RY.

(i) Forany (y*,z*) € P#(t,z)andforany e > 0define R = |(y*, z*)|+e¢, then for § = min (¢ /(L,(R) + 1),e/Ly)
there exists (y, z) € P1¢(¢, ) such that |(y*,z*) — (y,z)| < § and

se(t,T] se[t,T]

](go(y*(T)) = (D). g 90 (3)) - (D)~ 2(T). oy w<y<s>>)] <e

(ii) Forany (y*,z*) € P¥ (t,x) and forany € > 0 define R = |(y*,z*)|+¢, then for § = min (¢/(L,(R) + 1),/ Ly)
there exists (y, z) € Py (¢, z) such that |(y*,z*) — (y,z)| < and

\(¢<y*<T>> - (1), max 00" (9)) - (p¥(T) - 2(7), max w<y<s>>)] <e

s€(t,T] s€[t,T]



(iii) Givene > 0, if (y*,z*) € P3#(t, ), then there exists (y,z) € P# (¢, z) such that

(o) = (1), o vl () (v () (7). s vl (o) )| < 2=
s€t,T] s€(t,T]
Proof. (i) Let (y*,z*) € P#(t,z) and € > 0. As (y*, ") is in the closure of S} 7)(x,0), there exists a sequence
{(¥n:2n)} C Spt,)(7, 2) such that
lim (yn,z,) = (y*,2").

n—00

Then, given € > 0, for R = |(y*,2*)| + ¢ define § = min (¢/(L,(R) + 1),e/Ly), so there exists (yn, zx) such
that |(y*,z*) — (yn,2zn)| < 0. Moreover, we have that |(y*,z*)] < R and |(yn,2zn)| < R. By the locally
Lipschitz continuity of function ¢ and the globally Lipschitz continuity of 1/, we obtain that

p(y" (1) = 2°(T) = p(yn (1)) + 2n(T)| < lp(y™ (1)) =y~ (1)) | +|2"(T) —2n (T)| < (Lo (R)+1)5 <,

s 90 (9) ~ s 9 (s)| < max 105" () — ()] < Lyd <<

which means that

\(wy*(T» - 21, max 0" (9) ) - (ipe(T) -2 (1), max w<yN<s>>)\ <.

s€(t,T] s€[t,T]

N

It remains to prove that (yn, zx) € P(t, x). Note that, by definition of (y*, z*) there is no (y, z) € Sy, 7j(x,0)
S[ﬁ&T] (x,0) such that

(1t () 2(7), mas vl (D) < (w0 (@) = 2 (1) g w0°(9) )

and  [p(y(T) — (T) < p(y*(T) = 2°(T) or max b(y() < max v(y"()].

s€(t,T] s€(t,T]
This means that for any (y, z) € S}, 7)(x,0) at least for one of the following assertion holds:
p(y(T)) = 2(T) > ¢(y"(T)) = 2"(T) = p(yn(T)) = zn(T) — &, or

nax Y(y(s)) > max, Y(y™(s)) = Jnax, Y(yn(s)) —e.

Therefore, there is no (y,z) € S, (7, 0) such that

(sa<y<T>> ~o(T), max w<y<s>>) < (so<yN<T>> ~ an(T), max w<yN<s>>) (e,

SE[th] SE[t,T]

and [‘P(Y(T)) —2z(T) < p(yn(T)) —2zn(T) —¢ or max, Y(y(s)) < nax, Y(yn(s)) — 6],

which means that (yy,zy) € P1¢(t, ) and the assertion is now proved for (y,z) = (yn,zn)-
(ii) Let (y*,z*) € P#(t,z) ande > 0. Givene > 0, for R = |(y*,z")|+¢ define § = max (¢/(Ly(R) +1),e/Ly).
With similar arguments as in item (i) we obtain (yn,zn) € Sy, 7)(z,0) such that |(y*,z*) — (yn,2zn)| < 6 and

‘(@(y*(T)) = (), g 007 (5)) — (w7 - 2 (7). oy w<yN<s>>)\ <.

set,T] se(t, T

It remains to prove that (y n,zx) € Py;°(t, ). Note that, by definition of (y*, z*) there isno (y, z) € Sj ry(z,0) C
S;’ET] (z,0) such that

(1)~ a(). mag vl (6))) < (v (T)) = 2" (1), o 005" (5) ).

s€(t,T) s€[t,T)
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This implies that for any (y, z) € Sy 71(w, 0) at least for one of the following assertion holds:
e(y(T)) —2(T) =2 o(y™(T) —2"(T) 2 o(yn(T)) —2zn(T) — ¢, or

nax Y(y(s)) = max, U(y™(s)) = Jnax, Y(yn(s)) —e.

Therefore, there is no (y, z) € Sy, 77(x, 0) such that

s€(t,T] s€(t,T]

(v ()~ D). mag w3160 ) < (5T = (D). 1 50w (s)) = (ev0),

which means that (yn,zy) € PL# (¢, z) and the assertion is now proved for (y,z) = (yn,zn)-
(iii) Let (y*,z*) € P>¢(t, ). Assume that there is no (y, z) € P# (¢, z) such that

(ot ()~ (D). g 607 () ) = (il (7))~ (D). mag w3000 )| < 22
Then (y*,z*) ¢ P#(t,z), so there exists (y,z) € P#(t,x) such that

(w(Y(T)) — a(T), max w<y<s>>) ” (w(y*(T)) — 2 (D), max]wy*(s))) and

s€t,T] set, T
(v —a0). g w360 ) < (ol (0) = 2" (1) mag w13 (5)) .
s€(t,T] s€(t,T]
As (y, z) is in the closure of S} 71 (2, 0), there exists a sequence { (¥, z,)} C S, 1(z,0) such that nli_}rgo(ymzn) =
(y,2). Choose (yn,zy) such that
(D) = (), g wiye(e)) ) < (67 () = 2(0), mox w37 () ) and

s€[t,T) se(t,T)

(D)) = a(), mae wv(9) ) — (o) — (), www»)‘ <e

s€t,T] sE[t.T)
As (y*,z*) € P3¢(t, ), we must have

(«:(.yN(T)) ~an(T), max w<yN<s>>) > (w*m) 2 (T), max ¢<y*<s>>> (9.

s€t,T]

Hence

(wy*(T)) 2 (T), max ¢<y*<s)>) (e < <<P(YN(T)) ~ a(T), max w<yN<s>>)

s€t,T]

which means that

(1@ = 277, o 00561 ) = (il (D)) = a(D). w<yN<s>>)\ <.

s€[t,T) s€(t,T]

Then

(ot (1) = (D). g 007 () ) = (1l (7))~ (D). g 050 )|

s€[t,T] s€[t,T]

< (et ) 2 (0). max 016D ) = (elrw (7))~ (7). g v (o))

Se[th] SE[t,T]

+ ’(w(YN(T)) —zn(T), max w(yN(S))> - (‘P(Y(T)) =), max, w(‘V(S)O ’
<2.

what is a contradiction. O
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4 Auxiliary control problem

In what follows we consider the single objective optimal control problems and the associated value functions:

Oi(t,z) =  min  @(y(D) —z(T), elt,e)= min  max U(y(s).  (14)
(v.2)ES] 7 (2,0) (v.2)€S] 7 (2,0) €T

Consider the following augmented differential inclusion

oo {(%)}

and for + € RN and » € R? define the set of trajectories
St @) =5 = (.2.b): §(9) € @(Cly(s))), forae. s€ LTk §(0) = (.9},

Based on [13], we introduce an auxiliary control problem and its value function w : [0,7] x RY x R? — R .
We shall see later that the O-level set of the auxiliary value function w is very useful for characterizing the Pareto
fronts of the problem (MORP).

w(t,r, 21, 22) = §E§[§1:]ﬂ(z) {(@(y(T)) - Z(T)) Sg%(w(y(s)) —z)|, (15)

where the notation a \/ b stands for max(a,b). Let us point out that the additional state components are very
important to get a Dynamical Programming Principle for the value functlon w. Moreover, we note that under as-
sumptlons (H1)-(Hy), there exists an admissible pair (y, z, b) € S[t T (x, z) that minimizes the auxiliary control

problem (T3).

Let us remark that from the definition of differential inclusion (3) and from the definition of w, it follows that:

w(t,x, z1,29) = inf [(gp(y(T)) —z(T) — z1> \/ max (W(y(s)) — 22)| - (16)

(Y7Z)ES[¢T] (7370)
Following [15]], the value function w satisfies the following property.

Theorem 4.1. Assume that (Hq)-(H4) hold. The value function w is locally Lipschitz continuous. Moreover, the
function w is the unique viscosity solution to the following Hamilton-Jacobi-Bellman equation:

min (8tw(t,x, 2) + H#(z, Dyw, Dw), w(t,z, 2) — (g(x) — 22)> =0 forte[0,T),r R, »ecR?

w(T,x,z) = (4,0(3:) - 21> \/ (g(x) - zg) forz € RY, 2 € R?,
where the function H# is defined by:

H# (x,p,q) = max <,vz, —u.(t) - )7
1. 4) (vav2)€00(G (x)) p—v:(t)-q

for p € RY and ¢ € R2.

Proof. The locally Lipschitz continuity can be obtained by arguments as in [6]]. The value function w satisfies the
following Dynamical Programming Principle that hold for all 4 > 0 such that¢ + h < T and (z, z) € R"*2

w(t,z,z1,22) = A;nf {w(t—l—h,y(t—l—h),z(t—l—h),zg) max (g(y(s)) —22)}.
yES[th](x,z) sE[t,t+h]

So we can derive the HIB equation

min (8tw(t,x, 2) + H# (x, Dyw, Dw), w(t, =, 2) — (g(z) — 22)) =0 forte[0,T),zcRY, 2cR?

w(T,z,z) = (Lp(x) - z1> \/ (g(:v) - Zg) forz € RN,z € R?,

The uniqueness result is a consequence of [3, Theorem A.1]. O
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Another interesting property is that w is monotone with respect to the third argument as proved in the following
proposition.

Proposition 4.1. Assume that (H,)-(Hy) hold and let (¢, ) € [0, 7] x R™. Then
V2,2 € R% (z < =wtzz)> w(t,x,z’)).
Proof. Let 2,2 € R? such that z < 2’ and one admissible trajectory (y,z) € S[’i 7] (x,0) . Then

o(y(T)) —2(T) — 2y < (y(T)) —2(T) — 21 and Jnax, P(y(s)) — 25 < Jnax, Y(y(s)) — 22,

and then

(oly(T)) — 5(T) — ) \/ ( max $(y(s)) - ) < (p(y(T)) — 2(T) — z0)\/ ( max B(y(s)(t, z;y, u) - ) |

s€[t,T] se(t,T]

Taking the minimum over all (y,z) € S[?t%T] (z,0) it follows from the last inequality that w(t, =, 2’) < w(t, z, 2).

O

Remark 4.2. If we consider the problem
B(t, @, 21, 25) = inf (T—T—) — ). 17
altasnz) =t (o)~ () - a) \/ max 0(3(s) - 2 )

with similar arguments of the proof of Theorem the function w can be characterized as the unique viscosity
solution of the following HIB equation:

min (@w(t,x, z) + H(x, Dyw, Dyw), w(t, z, z) — (g(z) — ZQ)) =0 forte[0,T),z RN, zcR?
w(T,z,z) = (go(m) — zl) \/ (g(m) - 22> forz e RN 2 € R?
where the Hamiltonian H is given by

H(z,p,q) = max ( — f(@,u) - p+ Lz, u) ~q1)7

forp € RN and q € R2. Moreover, it is possible to prove that for fixed (t,x, z) € [0,T] x RY x R?, the minimum
of problem is equal the infimum of problem (17).

5 Characterization of the Pareto fronts of the convexified bi-objective op-
timal control problem

For every t € [0,7], z € RY and i = 1,2, we introduce the value:

2} (t,z) = inf {C eR ‘Hz € R? with z; = ¢, w(t,z, 2) < 0}. (18)
Proposition 5.1. Assume that (Hy), (Hz), (H3) and (Hy4) hold and let (¢,2) € [0,T] x R,
(i) Forevery z € R2, we have that w(t, z, z) < 0 if and only if there exists (y,z) € S[ﬁT] (x,0) such that:

o(y(T)) —z(T) <z, and max ¥(y(s)) < 2. (19)
s€t,T]
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(ii) Moreover, fori = 1,2 and every (¢,z) € [0,T] x RN, we have 2} (¢t,z) = 9;(t, z).
Proof. Assertion (i) follows directly from : Let z € R?, then

w(t,z,2) <0< J(y,z) € S#T] (2,0) s.t. o(y(T)) —2(T) < 2z and m[iu;] P(y(s)) < 2.
’ sElt,

(i) Let show that ¥;(¢, ) < z}(t, ). By item (i) we have that for all z € R? such that w(t,z,z) <0

Ay,z) € S#

b7 (2,0) s.t. o(y(T)) — 2(T) < z1 and max ¥(y(s)) < zs.

s€t,T]
Therefore ¥, (¢, x) < z; for all z € R? such that w(t, z, 2) < 0 and then
Vi(t,z) <inf{y € R| z € R® w(t,x,2) < 0with 2, = v} = 2/ (¢, 2).

Let show now that 9J; (¢, z) > z;(¢, ). Without loss of generality, we assume here that ¢ = 1. The proof will be
the same for ¢ = 2. Assume that ¥1(¢,2) < 27 (¢, ). Then there exists § € R such that V1 (¢,z) < 6 < 27 (¢, x).
The inequality ¥1 (¢, 2) < ¢ implies that there exists (y, z) € S[fT] (2, 0) such that o(y(T)) — z(T') < 4. Then for

zo = max t(y(s)) we have that,
s€t,T)

w(t,x,0,20) < (p(y(T)) —2(T) - 90) \/ ( max ¥(y(s)) — z2> =0,

s€(t,T]

which implies that § € {y € R | 3z € R?® withz; = ~, w(¢,z,2) < 0}. But, we have chosen § such that
d < zj(t,z) which is impossible. O

Let us also denote
B*(t,x) = (2} (t,x), 25 (t,x)) € R% (20)

It follows from the proposition that 53* is the utopian point associated with the bi-objective control problem

for a given (t,x) € [0, 7] x RY. If this point is feasible (i.e., there is an admissible pair (y., zo) that realizes the

minimum of both cost functions ¢(y. (7)) — zo(T) and m[a)}] ¥ (y=(s)), then the Pareto front is reduced to this
selt,

point. In what follows it is assumed that the utopian point is not feasible. In this case, we have:
w(t,z, B*(t,x)) > 0. (21)

In the following theorem, we give the first link between the solutions of the multi-objective problem (MORP)
and the function w.

Theorem 5.2. Assume that (Hy), (Hz), (Hs) and (Hy) hold and let (¢, x) be in [0, T] x RV . Then the weak Pareto
front 777 (¢, z) for the bi-objective optimal control problem (MORP) with the initial condition (¢, z) is a subset of
the zero level set of the value function w(t, z, -, ):

FH(t,x) C Ff(t,x) C {z € R? ’ w(t,x,z) = 0}.
Proof. Let z € F (t,x). Then there exists an admissible pair (¥,Z) € S[f 7(x,0) such that

e(¥(T) —2(T) = z1, max P(y(s)) = 22

s€t,T]

and there is no other admissible pair that dominates (y,z). This means that for any (y,z) € S[ﬁ* 7) (z,0), one of
the following assertions holds:

(i) 21 < o(y(T)) - 2(T),
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(ii) or zg < m[?)f«]q’[}( v(s)).

We can easily check that in the two above cases, we have (¢ (y(T)) —z(T") — z1) V/( m[a% P(y(s)) —z2) > 0.
selt,
Therefore,

w(t,z,z) = min [
(y.2)ES], 1) (2,0)

= (1)) = #(T) = 1) \/ ( max ¥(¥(s))  22)| =0.

s€t,T]

(y(T)) = 2(T) = z1) \/ (max ¢(y(s)) - z2)

s€t,T]

Let z € RY and t > 0. We define:

Z1(t,x) = 1nf{<€R‘wth,zztz O},
0}. 22)
(

By definition, =} (¢, z) < Z; (¢, z) < 400, fori = 1,2. Denote by (y1,z1) and (y2, z2) two admissible pairs in
S[t 7] (z,0) that realize respectively the minimum of ¢(y (7)) — z(T) and m[a}%] Y(y(s)):
’ sEeft

)

Z(t,x) = 1nf{§€R‘wth1tx

(D) = m(D) = V() = 5i(ha).  max ¥lya(s)) = va(t.w) = 5(t.2).

Then, the values Z; can be interpreted as:

zZ1 = ¢(y2(T)) —22(T), Z2= max, Y(yi(s)).

Let us denote
Q= [2(t,z),z1(t, )] x [23(t, 2), Z2(t, 2)). (23)

Theorem 5.3. Assume that (Hy), (Hz), (Hs) and (Hy4) hold and let (¢,z) be in [0, 7] x RY. The following
assertions hold:

() F#(t,z) C Ff(t,x)NQ C {z € Q| w(t,z,2) =0}.

(i) Let z € Q such that w(t, z, z) = 0. If there exists a admissible pair (y,z) € S[ﬁT] (x,0) such that p(y(T")) —
z(T) = z; and m[a)%] Y(y(s)) = 22, then z € Fi (¢, x).
sE[t

)

Proof. (i) By Theorem[5.2] we obtain immediately that
Fht,z)nQ C {z € Q| w(t,z,z) =0}

Moreover F# (t,z) C Fi (t, ). It remains to prove that 77 (¢,x) C .
Let z = (21,22) € F#(t,x). By Proposition z2¥(t,z) = 0;(¢, ), for i=1,2. Then for every (y,z) €
S;’&T] (x,0) we have

21 (t,x) <p(yi(T)) —2z1(T),  z(tx) < Sren[%}w@(s»-

Therefore, z1 > 27 (t, ) and 2o > 23 (¢, x).
Now, assume that z; > Z1 (¢, ). In this case, by definition of Z; (¢, z), it would exists (y,z) € S[t 7] (z,0)
such that

o(y1(T)) —z1(T) <Z1(t,r) <z and max, Y(y(s)) < z5(t, ) < 22,
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which contradicts the fact that z € F# (¢, z). We conclude that z; < Z; (¢, x). The same argument shows also that
29 < Z5(t, x), and then z belongs to €2.
(ii) Let z € € such that w(¢, z, z) = 0 and there exists an admissible pair (¥,Z) € S[’f 7] (z,0) such that

P(Y(T) —2(T) =z and  max ¥(y(s)) = 2.

By definition of w

min  (p(y(T)) — 2(T) — ) \/ ( max $(y(s)) - ) o,

(v,2)€S[l 7 (2,0) se[t,T)

That means, there exists no admissible par (y, z) such that

o(y(T)) —2(T) < p(¥(T)) —2(T) = 21 and nax P(y(s)) < max, P(F(s)) = 2.

Therefore, by definition of the weak Pareto optimal solution z € F (¢, 7). O

Remark 5.4. As proved in [15]] outside of the set §) only some trivial parts of the weak Pareto front might exists,
that is

z € F¥(t,x) mQC & oz =zi(t,x) and 20 > Z3(t, x), or zo = z5(t,x) and z1 > Z1(t, x).

In this section we give a characterization of the Pareto optimal front of bi-objective optimal control problem
(MORP) using the value function w. Assume that the hypothesis H;, i = 1,2,3,4 hold and let (¢,2) be in
[0, T] x RY. Let us introduce the operators on R? defined by:

m1(2) = 21, ma(2) = 22. 24

Let denote
W = [21,71 Q2= [23,7(

and introduce the following extended functions

m: [Zrazl] — [2275]7 771((1) = lnf{V | w(tamacla’y) S 0}7 (253)
N2 - [25772] - [ZikaZ]v 772((2) = mf{’y | w(taxa7>42) S 0} (25b)

Proposition 5.5. Assume that (Hy), (Hz), (Hs) and (Hy4) hold and let (¢, z) be in [0, T] x R¥. Then for j = 1,2
the functions 7, (-) are decreasing:

VG ¢ e 55 (C<¢ =m0 2 m(Q)
Proof. Let assume that there exists & < ( such that

m (&) < m(C)-

It follows from definition 23)) that w(t, z, ¢, &) > 0, for all @ < 01 ().
Let us take « = 11 (&) and consider the point z = ({,71(£)). Itis clear that w(t, x, z) > 0. On the other hand,
by Proposition [#.1| we obtain that

w(t,m,z) = w(tvx’C>n1(§)) < w<t’x7§7nl(§)) <0

because ¢ < (. This is in contradiction with the fact that w(¢, z, z) > 0 as established before. O

16



The following theorem gives a characterization of the Pareto front.

Theorem 5.6. Assume that (Hy), (Hy), (Hg) and (H) hold and let (¢, z) be in [0, 7] x RV
i F#(t,2) = {(¢m(0)), ¢ € dom(m) f N{(12(0). 0). ¢ € dom(re) }.

(ii) Forany z € F#(t, ) let a trajectory (y, z) € S[f 7] (x,0) that is optimal for the auxiliary problem (T6)). Then
(y,z) is a Pareto optimal solution of (MORP).

Proof. (i) Step 1. Let us show that {(g,m(g)), ¢ e dom(m)}m{(ng(g),g), ¢ e dom(ng)} C FH(t, ).
Let z € {(Cm(Q), ¢ € Quand m(¢) < +o0}N{((0),0), ¢ € 9z and ma(¢) < +oc}. First, we

have to show that such a point is feasible, that is, there exists an admissible pair (y,z) € S[ﬁ ) (x,0) such that

(gp(y(T)) —z(T), m[ax] 1/1(y(5))) = z. By definition of the functions 7;, ¢ = 1, 2, we have that w(t, z, z) = 0.
se(t, T

Then there exists at least one admissible pair (y,z) € S[t 7] (x,0) such that

((@(Y(T)) o) \/(max $(y(s)) —za) <0 & p(y(T)) — &T) < 21 and max B(y(s)) <2 26)

Sé[th] SE[t,T}
Assume that z is not feasible. Then for any admissible pair (¥,Z) € S[’f 7] (z,0) satisfying , we have that

PET)-AT) < o max U(F(s) < 2.

Let us recall that by choice of z we have that z; = 1;(m;(z)). Then, without loss of generality, take

(=¢(F(T)-2T), so wtz(2)<0

with ¢ < n;(m1(2)) which is in contradiction with the definition of 71 (71 (2)) (see (23)).
Now, let us show that z = (21, 22) is Pareto optimal. Assume that there exists (y,z) € S;& 7] (x,0) such that

e(y(T)) —2(T) =& <2z and Sgl[ta%w(y(s)) =& < 2,

with (£1,&2) = £ # 2. Consider, without loss of generality, that £ < z1, then w(t, z, &1, 22) < 0. As & < 21, by
Propositionwe have that w(t, x, &1, 20) > w(t,x, z1,22) = 0. So we conclude that w(t, x, &, 22) = 0, with
&1 < z1 = n1(m1(2z)) which is a contradiction.

(i) Step 2. Let us show that

F#(t,2) < {(¢m(©), ¢ € domm) } () {1(0), ), ¢ € dom()}.

Assume that z € F#(t,z) and let (y,z) € S[ (z,0) be an admissible pair such that

t,T]

z1=¢(y(T)) —2z(T) and 2z = sgl[%]w(y(S))-

It follows from Theorem [5.2]that w(¢, x, z) = 0. Then it is obvious that 771 (1 (2)) < +00 and n2(72(2)) < +00.

If
2 ¢ {(Cm (), ¢ € dom(m) () {(12(0). ). ¢ € dom(ns) }

then 35 such that z; # n;(m;(z)). Consider, without loss of generality, that z; # 11 (m1(2)). As w(t,z,z) =0,
we obtain that z; > 7, (71(2)). Consider

§=(m(m(2)), 22)-
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By the definition of the function 7); we have that w(¢, z,£) = 0 and then there exists an admissible pair (¥,z) €
S;&T] (x,0) such that

PET) -TM) <& <a and max Y(F() <6 =

what is in contradiction with the assumption that z is Pareto optimal.

(ii). Let z € F#(t,x). Then w(t,x,z) = 0 and z is feasible. Take a trajectory (y,z) € S[fT] (x,0) that is

optimal for the auxiliary control problem (I6). Then, as it was be shown (see Proposition[5.1]),

(P (1)) = 2(T) = 21 \/ max d(y(s)) — 22) =0 & (2(¥(T)) ~=(T) < 1. and max ¥(y(s)) < 22

If p(y(T)) —2(T) < z1 then & = (p(y(T')) — z(T'), 22) is a feasible vector that dominates z which is impossible.
In the same manner, if max,cp ¢ (y(s)) < 22 then & = (21, max e, 71¥(y(s))) is a feasible vector that
dominates z which is impossible. So, for any trajectory (y, z) that is optimal for (I6) we have that

() —5(0), max vi3(5)) = -

s€[t,T)

that means that the pair (y, z) is Pareto optimal for (MORP).
O

6 c-Pareto solutions of the original bi-objective optimal control problem

In this section we return to the original problem presented in this paper. We prove that using the auxiliary value
function w it is possible to obtain the region of (weak) e-Pareto fronts are contained. Moreover (weak) e-Pareto
optimal solutions for problem can be obtained by applying an algorithm of trajectory reconstruction to the
auxiliary control problem (T3).

Theorem 6.1. Assume that (Hy), (Hz), (H3) and (Hy4) hold. Let (¢, 2) be in [0, 7] x RY and ¢ > 0.

(i) FLe(t,z) C FLe(t,z) C {z € R? ‘ —e< wt,z,z) < 0}.

(if) Let 2z, € {z € R? ‘ —e < wtyz,z) < 0}. If there exists (y.,z:) € Sy r(z,0) that is optimal for the
auxiliary control problem (T3)). Then (y.,z.) € PL*(t,x) of problem (9).

(iii) Let 2. € {z € R? ‘ —e < wtz,z) < 0}. If there exists (y.,z:) € Sy 7)(z,0) that is optimal for the
auxiliary control problem (T3)). Then (y.,z.) € P1(¢, x) of problem (9).

Proof. (i) Let z € F;(t, z). Then there exists an admissible pair (¥, Z) € S, 7j(x,0) such that

PF(T) ~ET) =21, max V(F(s) = 2,

then

w(t, z, z) = (M)Eg%i] o [(@(Y(T)) —2(T) - z1) \/(Sren[%] P(y(s)) — z2)

<[ (pF(T) = 2(T) = 20) \/(max $(¥(s)) - 2)] =0.

set,T]
Moreover as z € F,,<(t, ), then for any (y,z) € Sy, r)(«,0), one of the following assertions holds:

@) 21 —e < p(y(T)) —2(T),
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(b) orzg —e < Slen[gég] P(y(s)).

It is possible to check that in the two above cases, we have (p(y(T')) — z(T) — z1) V( m[a% P(y(s)) — 2z2) > e.
selt,

As the S, (,0) is the closure of the Sp,11(2,0), we can conclude that one of assertions above holds for any

[t,17]
(v,2z) € S[t#’T} (z,0). Therefore,

w(t, z, 2) = (y7z)er§%i](x7o) [(w(Y(T)) —2(T) — 21) \/(Jél[ff)%] P(y(s)) - zz)} > —e.

(ii) Let 2. € {z € R? ‘ —e < w(tz,z) < 0} and (y.,z.) € Sp,7)(w,0) that is optimal for the auxiliary
problem w(t, z, z¢ ). Then,

— e < (¢(ye(T)) — 2(T) — Z1,e sIen[?,)T(‘] Y(ye(s)) — 22,e

Suppose that there exists (y,z) € S, 7(z,0) such that

(wy(T) ~ u(T)), max w<y<s>>) < (ere — 1z —2).

s€ft,T]

Then

(Py(D)) = 2T) = 210 \/ max w(y(s)) = 2. ) < (pe(T) = 2(T) = 21, \/ max $(ye(s)) - 22..)
s€(t,T] s€(t,T]
which is impossible. So, for any trajectory (y., z.) that is optimal for the auxiliary control problem w(¢, z, z.) we
have that the pair (y.,z.) € PL¢(t, z) of problem ().
(iii) The proof can be obtained with similar arguments of (ii). O

7 Reconstruction of the Pareto optimal trajectories

Theorems|[5.3]and[5.6|provide the characterization of the weak Pareto front and the Pareto front, respectively, of the
convexified problem (MORP). Another important concern is to reconstruct an optimal trajectory corresponding
to a given Pareto optimal solution. Once the auxiliary value function w is known by Theorem [5.6] we have a
characterization of the Pareto front 77 (¢, z). Now, let z be an optimal Pareto solution. Then a corresponding
Pareto trajectory can be obtained by using the value function w. Indeed, by applying an algorithm of trajectory
reconstruction to the function w on [¢t, 7] with the initial conditions (z, z) as the algorithm presented in [4], we
get an approximation of the optimal trajectory for w(¢, x, z). Now, by Theorem item (ii), if the trajectory is
optimal for the auxiliary problem (I3)), then is a Pareto optimal trajectory of (MORP).
In the case of weak Pareto solutions, by Theorem [5.3]

Frtz)NnQcC {zeQ|w(t,z,z) =0}

And if there exists an admissible pair (y,z) € SFZET] (x,0) such that p(y(T)) — z(T) = 2z and m[a% P(y(s)) =
5 sE|t,

29, then z € F7(t,x). So we can take z € Q such that w(t,x,z) = 0, apply an algorithm of trajectory recon-
struction to the function w on [t, T'] with the initial (z, z) as in [4], and see if such a trajectory exists. If there is a
trajectory in such conditions this is an approximation of a weak Pareto trajectory of (MORP).

Now consider ¢ > 0 and let 2. € R2, such that —¢ < w(t,z,2.) < 0. By applying an algorithm of tra-
jectory reconstruction to the function w on [¢,T] with the initial conditions (z, z.) we get an approximation of
the optimal trajectory for w(t, z, z.). Now by Theorem if there exists (ye,z.) € Sy 1)(2,0) that is optimal
for the auxiliary control problem (I3). Then (y.,z.) € P,°(t,x) of problem (9). Moreover if we consider that
—& < w(t,z,2) < 0 and it is possible to obtain (y.,z.) € S 7)(x,0) that is optimal for the auxiliary control
problem (T3). Then (y.,z.) € P*(t, z) of problem (9).
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8 Numerical examples

In this section we present some numerical examples where the method proposed in this paper was applied to
compute the (weak) Pareto front. In both examples the resultant HIB equation was solved by a finite difference
method implement at C++ HJB-solver "ROC-HIJ" [1]].

8.1 A problem of business strategy

Denote by y(s) the quantity of steel produced by an industry, at time s. At every moment, such production can
either be reinvested to expand the productive capacity or sold. The initial productive capacity is > 0; such
capacity grows as the reinvestment rate. Let the function u : [0,7] — [0, 1], where u(s) is the fraction of the
output at time s that should be reinvested. The objective is to maximize the total sales. As u(s) is the fraction of
the output y(s) that we reinvest, then (1 — u(s))y(s) is the part of y(s) that we sell by a a price P at time s, that
is constant over the time horizon. So the first objective is

max/o P(1—u(s))y(s)ds = rnin/0 P(u(s) — 1)y(s)ds.

However, consider that the owner also wants that the production to be around a quantity c, so the second objective
can be modeled as

Hlln ma — C|.
RUTES ly(s) — ¢

Hence the bi-objective problem is

T
minimize (/t P(u(s) — Dy(s)ds, 81&3};} ly(s) — c|>

subject to

5) = ()()

y(s
y
0

==
|/\::

y(s
)

AII

For numerical simulation we considered P = 0.5, ¢ = 0.5 and T' = 2. Note that image set of the augmented
dynamics is convex. So, by remark [4.2] the auxiliary value function w is the unique viscosity solution to the
following HIB equation:

min (&,w(t, x,2) + H(z, Dyw, Dyw),w(t, z,z) — (]t — c| — 22)) =0, forte0,T),z€R,zcR?
w(T,x,z) = —21\/ |t —c| —25) forz € R,z € R
where the Hamiltonian is given by

H(Z,p, q) = oglaé (7‘Tup + P(u - 1)£Q1) ’ vap € R,q € R2

The HJB equation was solved on a grid of 300 nodes on the domain [0, 2] x [—e2,0] x [0,7]. For the initial
state o = 0.4 and ¢ = O first we use the formula (T8) to obtain the utopian point associated with the bi-objective
control problem:

Zi‘(t,l‘o) = inf {Cl eR ‘322 € Rs.t. w(t, 20, (1, 22) < 0} = —0.539,
25 (¢, o) = inf {@ eR ‘Elzl € Rs.t. w(t, xo, 21, (a) < 0} > (.0985.
After, following (22)), we compute the upper bounds for the set 2:
Z1(t, zp) = inf {C eR ’w (t, 20, C, 25(t,x0)) = 0} >~ —(.4359,

Z2(t, zo) = 1nf{§ eR ’w (t,x0,2](t,),() = 0} £ 0.5711.
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So the Pareto front is a subset of the bounded set:
Q= [Zf(tv xo)vzil(ta 3:0)] X [ZS (t7 xO)a z(tv xo)]

Figure@a part of the negative set of the value function w(t, 2o, -) where is contained F, (t, x¢) C F.¢ (¢, xo),
for ¢ = 0.05 that includes the blue region and the red curve. Moreover the red curve is the zero level of the value
function w(t, xg, -) that corresponds of the curve that the weak Pareto front is contained. In this figure the set {2
is represented by a box delimited by black dashed lines. In Figure @bl we show the intersection of zero level set
of w(t, zp, -) with the set . In that case this set is equal the Pareto front. The possible points in the weak Pareto
front are just trivial points and are outside the set €2.

5
6 5 4 3 2 1 [ -0.54 -0.52 0.5 -0.48 -0.46 -0.44 -0.42

(a) Set that contains F, (t, 20) C Fa® (¢, x0) (b) zoom of the Pareto front F (¢, zo)

Figure 4: Business strategy: analysis of the zero level set of w(t, x, -), where = 0.4

The value function w also gives sufficiently information to reconstruct Pareto optimal trajectories. We chose
four point z;, i = 1,2, 3,4 at the Pareto front, that can be seen in Figure[5a and compute the optimal trajectories
for w(t, xo, 2;),7 = 1,2, 3, 4, using the reconstruction algorithm from [4]. Figure shows the corresponding the
optimal trajectories for the initial states (xq, 2;) . By Theoremthe trajectories are Pareto optimal solutions for
the optimal control problem [8:1]

0.6‘ 1

(~0.5205.0.3835)
(~0.4814,0.1959)

08
0.4

0.7
NV 03 g
0.6 /
0.2

05 /

0.1 04

0.5

78.54 -0.52 -0.5 -0.48 -0.46 -0.44 -0.42 0'30 0.2 04 06 0.8 1 1.2 1.4 1.6 18 2
Z; t
(a) Points z; for initial condition of computed trajectories (b) Optimal trajectories for the initial states (x, z;)

Figure 5: Business strategy: Optimal trajectories as Pareto optimal solutions

One important advantage of the HJB approach to solve bi-objective optimal control problems is the possibility
of obtain the Pareto front for different initial states with the same auxiliary value function w. Figure [6a] shows the
Pareto front for different initial states . The algorithm is also stable, as can be seen in Figure [6b] that represents
the 0-level set for the problem construct with different grids, of 3002, 1502 and 753, respectively. It is possible to
see a difference between the zero level set with different discretizations of the state space, however the difference
between the curve red and the others is lees than 0.02.
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—xy=0.4 ——300° nodes
6 —xy=0.3{ 6 ——150° nodes
—x,=0.2 —— 1753 nodes

5 X,=0.1/1 5

1 * 1 Qo
S ¢ _— 0 ~
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 -1 -0.8 -0.6 -0.4 -0.2 0
2 3
(a) Pareto front for different initial states xo (b) zero level set of w(t, zo, -) with different grids

Figure 6: Business strategy: Pareto front for different initial states and grids

8.2 Pest control problem

Consider the Lotka-Volterra equations, also known as predator-prey equations. Those equations are a differential
nonlinear system of two equations, and they are used to model biological systems where two species interact: a
prey, that is a nuisance for humans, and a predator. Both species grow according to the following system

yi(s) = yi(s) = y1(s)y2(s)
y2(s) = —ya(s) + y1(s)ya(s)

where y; represents the pest population, ys the predator. We are going to influence these model of evolution of
species spraying a chemical to poison the pest (which also kills the predator). So the dynamical system becomes

y1(s) = y1(s) = yi(s)ya(s) = yi(s)ey,uls)
Va(s) = —ya(s) + y1(5)y2(s) — ya(s)ey,uls)

where the constants ¢y, , ¢y, represent the maximum level of the chemical in a time instant s for each population,
that, in our numerical experiments, are going to be 0.4 and 0.2 respectively, as considered in [32]. The control
function u(s) is restricted to take values of either 0 or 1.

The goal is to keep nuisance expansion under control by minimizing the maximum difference of certain pro-
portion of both species along the time horizon T" — ¢:

max 0.25(y1(s) — KYQ(S))27
s€[t,T]

and also reduce the cost of spraying the chemical:

/ " Pu(s)ds.

where, in our experiments, K = 0.7, P = 0.3 and T' = 10.

Therefore it is a bi-objective optimal control problem with two different objective functions. Note that in this
case the set of trajectories is not compact. To obtain a problem where the set of trajectories is compact we are going
to consider that the control function is continuous and can assume any value in the interval [0, 1]. So we define the
auxiliary control problem where we minimize with controls u(s) € [0, 1]. The corresponding value function w is
solution of the following HIB equation

min (8tw(t,x, 2) + H(z, Dyw, Dw), w(t, z,z) — (0.25(x1 — 0.722)? — zg)) =0, fort €[0,7),z,2 € R?

w(T,z,z) = —= \/(0.25(z1 —0.722)? — 25) forz € R? 2z € R%
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where the Hamiltonian is given by

H(z,p,q) = 01332{1 (—(z1 — 2129 — 0.421u)p1 — (—29 + T120 — 0.220u)p — 2+ 0.3uq1), Vz,p,q € R?

The HJB equation was solved on a grid of 75% nodes on the domain [0, 3.5] x [0, 3.5] x [0,3] x [0, 3]. For the
initial state zo = (0.7,0.2) and ¢ = 0, first we use the formula (T8) to obtain the utopian point associated with the
bi-objective control problem:

Zi‘(t,l‘o) = inf {Cl eR ‘322 € Rs.t. w(ﬁ,Io,Cl,ZQ) < 0} =0,

25(t,x0) = inf {@ €R ‘Hzl e Rst. w(t,zo,21,(a) < 0} =~ (.3245.

After, following (22)), we compute the upper bounds for the set 2:
Z1(¢, 20) = inf {g eR ’w (t, 20, C, 25 (1, 20)) = 0} =~ 0.9560,
Z2(t,x0) = inf {C eR ‘w (t, o, 27 (¢, ) } & 2.5427.
So the Pareto front is a subset of the bounded set:
Q = [21(t,20), Z1(E, 20)] X [23 (£, 0), Z2(t, o).

Figure shows the zero level set of the value function w(t, g, -) in red that contains the (weak) Pareto front
F#(t,xg) C FI(t,x9). Moreover it is represented a region in black, including the curve in red, where it is
possible to obtain points z € R? such that z € FL¢(t, zq), for e = 0.05. In this figure the set €2 is represented by a
box delimited by black dashed lines. In Figure we show the intersection of zero level set of w(t, z, -) with the
set 2. In that case this set is equal the set F7 (¢, x¢). The possible points in the weak Pareto front are just trivial
points and are outside the set 2.

2.5

15

0.5

0 0.5 1 1.5 2 2.5 3 0 0.2 0.4 0.6 0.8 1

(a) Set that contains Fy° (, o) and Fi (t, o) (b) zoom of F# (t, x)

Figure 7: Pest control: analysis of the negative level set of w(¢, z, -), where 2o = (0.7,0.2)

As discussed in Section 7, with the value function w we can also reconstruct optimal Pareto trajectories starting
from (z, z), where © € R? is the initial state and z € R? is a point in the Pareto front. With the algorithm
of trajectory reconstruction from [4] we reconstruct the optimal trajectories for w(t, x, 25 (t, o), Z2(t, 2o)) and
w(t, z,Z1(t, o), 25 (t, z0)) that are also optimal trajectories of the scalar problems 1 (z) = 2} (¢, zo) and 93 (z) =
25 (t, zo). Those trajectories and the respective optimal control are represented in Figure

As can be seen in Figure [8] the optimal trajectory for ¥;(x), in green, is obtained with the control u = 0,
which means that beyond (2} (, ¢), Z2(t, z0)) € F7(t, z0), we have that (25 (¢, x0), Z2(t, z0)) € F(t,70). How-
ever the control, in blue, related to the optimal trajectory for ¥5(x) do not take just values O or 1, which means
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Figure 8: Pest control: optimal trajectories and controls of the scalar problems

that (Z1(t, o), 25 (¢, 20)) € F#(t,m0), but (Z1(t,20), 23 (t,20)) ¢ F(t,z0). By Theorem there exists an
e-Pareto solution in a neighborhood of (z7, z3 ), where the control takes values in the set {0, 1}. We chose a point
(z1 + 0.01, 25 + 0.01) that is in the black region of Figure [7a] The optimal trajectory for w(0, zo, %1, 23) and
w(0, xg,Z71 + 0.01, 25 + 0.01), that corresponds to a Pareto optimal trajectory for the convexified problem and a
e-Pareto trajectory of the original problem, respectively, are represented, in Figure[9]

1 1
2.4 1.6 —— (21 + 0.01, 2 + 0.01)
0.9 0.9
2.2 14
0.8 0.8
2
12 0.7 0.7
18
1 0.6 0.6
o L6 = = =)
2 Sos Zos Zos
14 0.4 0.4
0.6
12 0.3 0.3
0.4
1 0.2 0.2
08 02 0.1 0.1
0.6 0 0 0
0 5 10 0 5 10 0 2 4 6 8 10 0 2 4 6 8 10

t t t t

Figure 9: Approximate optimal trajectory and controls of the second scalar problem

To analyze more examples of optimal Pareto trajectories, we chose four point z;, i = 1,2, 3,4 at the Pareto
front, that can be seen in Fi gure and compute the optimal trajectories and the respective controls for w(0, z, z;),i =
1,2,3,4, using the reconstruction algorithm from [4]]. Figure [5b|shows the corresponding optimal trajectories. By
Theorem [5.6] the trajectories are the corresponding Pareto optimal solutions of the convexified bi-objective prob-
lem.

3 3 3 1
—z1 = (0.072, 1.409)
25 = (0.166, 1.001)]
N 25 2.5 (0.412,0.475
0.8 |——z4 = (0.729, 0.337;
2
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N 15 = = =
15 w15 =
1 0.4
1 1
0.5 J
0.2
o 0.5 0.5
0 0.2 0.4 0.6 0.8 1
! 0 o 0
0 5 10 0 5 10 0 2 4 6 8 10
(a) Points z; for initial condi- t t t
tions of computed trajectories (b) Pareto optimal trajectories and controls

Figure 10: Pest control: optimal pairs in P# (¢, z()
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We observe that the optimal pairs represented in Figure 10| are in P# (¢, z) but are not in P(t, ), because
the respective control functions for those optimal Pareto trajectories, takes values different from 0 and 1. So we
selected two points z;, = 21 + (0.01,0.01) and z3. = 23 + (0.01,0.01) that are in the black region of Figure
[7a] to reconstruct the respective optimal trajectories. In Figure [TT] are represented Pareto optimal trajectories for
the convexified problem for z; = (0.072,1.409), z3 = (0.412,0.4753) and e-Pareto optimal trajectories that the
optimal values are in a neighborhood of z; and z3, when considering € = 0.05.
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Figure 11: Pest control: comparison between optimal pairs in P# (¢, z) and P (¢, z)

One important advantage of the HIB approach to solve bi-objective optimal control problems is the possibility
of obtain the Pareto front for different initial states with the same auxiliary value function w. Figure[I2ashows the
Pareto front for different initial states 9. Moreover the stability of the method can be seen in Figure [I2b] where
the zero level set of the auxiliary value problem w(¢, zo, -), with initial condition o = (0.7, 0.2) is represented
for different grids. The first grid represented in red, is the one used to obtain the other results of this section. It is
possible to see that the zero level set of the grids 70 x 70 x 60 x 60 and 50% nodes, in green and blue, respectively,
are practically equal.

3 3.5
—x,=(0.7,0.2) ——75% nodes
55 —x,=(0.5,0.5) 3 ——50" nodes
) —X, ,0.1) ——25% nodes
x,=(0.8,0.6) ——702 X 602 nodes
° 2.5 — 352 2
2 _xu=(0‘5'0'7) 35° X 307 nodes
.—xu=(0.3,0.8) 2

° 0 0.2 0.4 0.6 0.8 1 1.2 E)0.5 0 0.5 1 15 2 25 3 35
Zl Zl
(a) Pareto front for different initial states xo (b) zero level set of w(t, zo, -) with different grids

Figure 12: Pest control: Pareto front for different initial states and grids
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9 Conclusion

In this paper we have investigated for the first time bi-objective optimal control problems with objectives of dif-
ferent nature. As for the considered problem the existence of Pareto solutions was not guaranteed we consider
the bi-objective problem to be minimized over the closure of the set of trajectories. The relation of this relaxed
(convexified) problem with the original one is that if z* is a (weak) Pareto optimal solution of the relaxed problem
then for any £ > 0 there exist an (weak) e-Pareto solution for the original problem that is in a neighborhood of z*.
Moreover the norm of image of z* and x by the objective function is less or equal €.

We introduced an auxiliary control problem that the corresponded value function was characterized as a unique
viscosity solution of an HIB equation. Then we proved that the weak Pareto front of the convexified problem is
contained in the zero level set of the auxiliary control problem. Moreover we could characterize the Pareto front
for the convexified bi-objective optimal control problem without any assumption about the convexity of the Pareto
front.

A set where the (weak) e-Pareto front for the original problem is contained could also be determined as a part
of the negative level set of value function for the auxiliary control problem. Moreover with the value function
is also possible to obtain (weak) Pareto optimal solutions and (weak) e-Pareto solutions for the original and the
relaxed optimal control problems.

The method proposed performs well, as could be seen with the numerical examples. Moreover, some good
features are the stability of the method and the fact that after solving the derived HIB equation, the Pareto front for
the bi-objective control problem with different initial states can easily be obtained.
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