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ON LIPSCHITZ CONTINUITY OF VALUE FUNCTIONS
FOR INFINITE HORIZON PROBLEM

DMITRY KHLOPIN

ABSTRACT. We investigate conditions of optimality for an infinite-horizon control
problem and consider their correspondence with the value function. Assuming
Lipschitz continuity of the value function, we prove that sensitivity relations plus
the normal form version of the Pontryagin Maximum Principle is a necessary and
sufficient condition for the optimality criteria that correspond to this value func-
tion. Different criteria of optimality under different asymptotic constraints may
be used, including almost strong and classical optimality proposed by D.Bogusz.
Special attention is devoted to weakly agreeable criteria. We also obtain the
conditions on control system (like controllability) that guarantee the Lipschitz
continuity of the value function without any other asymptotic conditions besides
finiteness of the value function.

Some examples are discussed. In particular, it was shown that the same
control, regarded as agreeable optimal and overtaking optimal control, can cor-
I n ifferen rywher lue fun

1. INTRODUCTION

Optimality conditions on control problems are usually constructed with the Pon-
tryagin Maximum Principle (PMP) [29]. For infinite-horizon control problems, even
in the free end-time case, the PMP can be degenerate [1, 16].

For infinite-horizon problems, one can often prove the nondegeneracy (the nor-
mality) of the PMP under additional assumptions. One may use uniform coercivity
of running cost [30, Corollary 4.1], strong convexity of the Hamiltonian [33], or con-
cavity of the dynamics function [30, Hypothesis 5.1]; or, one may impose asymptotic
estimates on motions [3, 8, 34] and costate arcs [2, Theorem 4],[19, Remark §8],[20,
Proposition 4], e.g. their total variation [1, 4, 5, 6, 30, 31]. The nondegeneracy of
the PMP follows from the Lipschitz continuity of the value function (see [1, The-
orem 5.1], [21, 37]) under the Michel condition (see [23]). Besides, the Lipschitz
continuity of the value function is also guaranteed by estimates on motions and
costate arcs e.g. their total variation, see [1, 2, 3, 5, 6, 30, 37].

Through Dynamic Programming Principle (DPP), we prove that, for a Lipschitz
continuous value function, the normal form of PMP with sensitivity relations is a
necessary and sufficient condition of optimality in view of this value function. To
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make it a straightforward consequence of the results [11] for finite horizon, we re-
state the optimality in terms of the value function. Choosing a corresponding value
function, we obtain necessary conditions for various optimality criteria under var-
ious asymptotic constraints, including the optimality in weighted Lebesgue spaces
[4, 27, 34], agreeable [12, 18], almost strong, and classical [9, 28] optimalities. In
these results, we only assume the corresponding value function to exist and to be
Lipschitz continuous. Generally, the same optimal control can correspond to several
different value functions (see Example 7.3). For weakly agreeable optimality crite-
ria, we found a family of value functions parameterized by unboundedly increasing
sequences. We also show the conditions on a control system (see Theorems 6.1,6.3)
that guarantee the Lipschitz continuity for a finite value function without an as-
sumption on the asymptotic behavior of trajectories or adjoint variables.

We start with definitions, including the value function as a function satisfying
DPP and optimal control corresponding to a given value function. In the next
section, we obtain a necessary (and sufficient) condition for such optimality. In
Section 4, we extend these results to various asymptotic constraints. Next, we study
value functions for agreeable optimality. Section 6 is devoted to the conditions on
a control system that guarantee the Lipschitz continuity for a finite value function.
The last section is devoted to examples.

2. PROBLEM STATEMENT AND DEFINITIONS

The infinite horizon control problem. Consider the following optimal control
problem for infinite horizon:

—+00
(2.1) Minimize / fo(t,z,u)dt
0

subject to & = f(t,z,u), weP, xe&R™
x(0) = bs.

Let P be a complete separable metric space. As for the class of admissible
controls, we consider the set of all Lebesgue measurable functions u : R>9 — P that
are bounded on every time compact and denote it by U.

Assume that f : R>g xR™x P — R™, fy : R>g xR™ x P — R are continuous and
locally Lipschitz continuous in x; also, let f satisfy the sublinear growth condition,
i.e., there exists a continuous function s : R>o — R>g such that [f(¢,z,u)| <
#(t)(1+ ||z]|) for all (t,z,u) € R>p x R™ x P. Then, to each (b,t) € R™ x R>¢ and
each u € U, we can assign a solution of (2.2) with the initial condition x(t) = b.
This solution is unique and it can be extended to the whole R>q; denote it by xp ¢ .

On the dynamic programming principle.

For each 6§ > 0,y € R™, T > 60, and u € U, set

T
J(0,y;u,T) ::/0 fg(s,xyﬁ’u(s),u(s)) ds.
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Let VT(0,y) denote the infimum of the following problem in the interval [0, T):

Minimize feT fo(t,z,u)dt
P(T) { subject to & = f(t,xr,u), u€ P, x¢&R™;
z(0) = y.
Definition 2.1. For an interval I C Ry and a function V' : I x R™ — R U
{—00,+00}, we say that V enjoys DPP (Dynamic Programming Principle) iff

mf / fo(s,zptu(s), u(s))ds + V(r, xb,t’u(r))] Vb e R™, [t, 7] C I.

Remark 2.2. For every T > 0, VT : [0,7] x R™ — R satisfies DPP.

On conditions of optimality.

Note that the improper integral in (2.1) may not exist; as a consequence, for
control problems on infinite horizon, there are several optimality criteria [9, 12, 13,
14, 17, 18, 28, 38]. Hereinafter denote by u* the optimal control; however, we will
always specify which criterion do we use for u*. Set also 2™ = xp, -

Definition 2.3. Let V: R> x R™ — RU{—o00, 400} be a function enjoying DPP.
We will say that u* € U is optimal in view of V iff, for all T' > 0,

(2.4) V(T, z*(T)) + J(0,2(0); u*, T) = V(0, z*(0)).

3. NECESSARY AND SUFFICIENT CONDITIONS IN TERMS OF VALUE FUNCTIONS.

Consider a Lipschitz continuous function h : R” — R and a point x € R". The
Fréchet superdifferential 97 h(z) is the set of vectors ¢ € R" that satisfy

lim sup h(y) — h(z) — ((y — x)
Yz ly — ||

<0.

The limiting superdifferential T h(x) of h at x consists of all ¢ in R” such that there
exist sequences of x,, € R" (, € éﬂz(xn) satisfying z, — x, h(x,) — h(x), {, — C.
For different (equivalent) definitions of the limiting superdifferential, see [10].

The Pontryagin Maximum Principle.

Let the Hamilton—Pontryagin function H be given as follows:

H(z,u,,\t) = wf(t,x,u) —)\fo(t,:c,u).

Let us introduce the relations

(3.1) —ip(s)=
(3.2) sup H(a:*(s) ,)\,5) ( s),u*(s),1¥(s), A, s) a.e,
)

veP
(3.3) —1(0) € 95 V(0,2%(0)),
(3.4)  (H(z*(s),u*(s),%(s),1,5),—1(s)) €0TV(s,z*(s)) a.e.
Here, 97V is the limiting superdifferential of a map R™ 5> z + V(s,z) € R.
Halkin [16] proved that the Pontryagin Maximum Principle is a necessary condi-
tion of optimality for infinite-horizon problems: if an admissible uv* € U is finitely
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optimal [16] for problem (2.1)—(2.3), then there exists a nontrivial solution (i)*, A*)
of system (3.1)-(3.2) for a.a. s > 0; here, \* € {0, 1}.

Remember that, for the corresponding control problem with finite horizon T,
under rather general conditions on the system, see, for example [11, 32, 36], the
Pontryagin Maximum Principle with A = 1 plus sensitivity relations (3.3)—(3.4)
forms a necessary and sufficient condition of optimality. Similar conditions arise in
Hamilton-Jacobi-Isaacs PDEs for infinite horizon, see [5, 6.

Thereinafter in this section we also assume that f and fy are differentiable with
respect to x.

Necessary conditions in terms of value function.

Theorem 3.1. Assume a locally Lipschitz continuous function V: R>o x R™ — R
satisfies DPP. Let u* be optimal in view of V, i.e., satisfy (2.4).

Then, there exists a co-state arc p* € C(Rx>o, R™) satisfying PMP relations (3.1)—
(3.2) with A =1 and sensitivity relations (3.3)—(3.4).

Proof. Fix T > 0. Consider the following Bolza problem:

Minimize fOT folt,z,u)dt + V(T 2(T))
(3.5) subject to @ = f(t,z,u), u€ P,
z(0) = b.

Thanks to DPP, this problem has an optimal value, V(0,b). Now, by (2.4), the
control u* achieves the minimum of this problem, i.e., u* is optimal for it.

Thanks to [11, Theorem 6.1], for some co-state arc ¢ € C([0,7],R™), PMP
relations (3.1)(3.2) with A = 1 hold; moreover, )7 satisfies (3.4) (for a.a. s € [0,T))
and (3.3). So, for every unbounded sequence of positive T},, co-state arcs ¢’ with
A = 1 satisfy (3.1)—(3.2) and relations (3.3),(3.4) for a.a. s € [0,T},].

Remember that V is Lipschitz continuous, therefore 9} V(0,z*(0)) is a compact
(see [10]). Consider the sequence of 7 (0). By (3.3), this sequence has a limit-
ing point ¢* € 97V (0,2*(0)). Consider a solution ¢* € C(R>g, R™) of (3.1) with
¥*(0) = ¢*; it satisfies (3.3). By the theorem on continuous dependence of a dif-
ferential equation on its initial conditions, this solution is a partial limit of ¥/ in
the compact-open topology (on each time compact). Passing to the partial limit
for a.a. positive s, one can provide that the co-state arc ¢* satisfies (3.1)—(3.2) and
sensitivity relation (3.4) for a.a. positive s. O

Sufficient conditions in terms of value function.

Theorem 3.2. Assume that a locally Lipschitz continuous function V : R>oxR™ —
R satisfies DPP. Let some co-state arc ¢* € C(R>o,R™) satisfy PMP relations
(3.1)—(3.2) with A =1 and sensitivity relation (3.4).

Then, u* is optimal in view of V, i.e., satisfies (2.4).

Proof. Fix T' > 0. Consider Bolza problem (3.5). By DPP, this problem has an
optimal value: V(0,b). Now, (2.4) holds for T iff u* achieves the minimum of this
problem, i.e., if ©* is optimal for this Bolza problem with b = b,.

By [11, Theorem 6.2], u* is optimal in this Bolza problem with b = b, iff there
exists a co-state arc 7 € C([0,T],R™) with A\ = 1 that satisfies (3.1)-(3.2) and
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sensitivity relation (3.4) for a.a. s € [0,T]. Set ¢! = ¥*|jo,7]- Since the co-state 1™
with A = 1 satisfies (3.1)—(3.2),(3.4), we obtain (2.4) for all 7" > 0. O

Note that, in these theorems, the local Lipschitz continuity of V may hold not in
R>o x R™ but in a neighborhood of the graph of z*. In particular, one can require
V to be locally Lipschitz continuous in a strongly invariant (for (2.2)) neighborhood
of the graph of z*.

Of course, one would like to relax the condition of Lipschitz continuity of the value
function. On the other hand, Theorem 6.1 provides this based on the finiteness of the
value function if the optimal-time function [35] for this control system is Lipschitz
continuous.

4. VALUE FUNCTIONS UNDER ASYMPTOTIC CONSTRAINTS

Asymptotic Constraints.
For controls v/, u” € U, for each T' € R>, the concatenation v’ o7 v’ € U is as
follows: (u' op u”)(t) :==u/(t) if t < T, and (v op u”)(t) := " (¢t), if t > T.

Definition 4.1. We say that a multi-valued map €2, : R™ x R>o = U induces
asymptotic constraints iff, for all (b,t) € R™ x Rx,

(4.1) Qo(byt) ={uorur : weUu € Qo(xp10(T),T)}, VI >t

It is easy to see that each of the constant multi-valued maps U, B(Rsq, P),
L,(R>0,P)NU (if 1 < p < +00) induces asymptotic constraints.

Let us offer another example of asymptotic constraints. Fix a nonempty set
M C R™. For all (b,t) € R™ x R, denote by Qs(b,t) the set of all u € U such
that

o(zptu(s), M) :=inf{|ly — zpu(s)|| : y € M} =0

as s = +o00. Necessary conditions of optimality for problems under varying choice of
M were considered, for example, in [29, 26]; for exit-time control problems, see [25].
Let us check that ;7 does also induce asymptotic constraints. Indeed, for all (¢,b) €
R>o x R™, T > t, u,u; € U, both the statement u op w1 € Qpr(xps(t),t) and the
statement uy € Qar(xp10(T),T) are equivalent to the fact that o(zp, 7,4, (s), M) —
0 as s — +00; here, by := x44,,(T). Thus, Qs induces asymptotic constraints.

On conditions of optimality under asymptotic constraints

Define V¢ : R>g x R™ — RU{—o00, +00} as follows: for all (£,b) € R>g x R™, set
Ve(t,b) = +oo if Q(t,b) = T; otherwise,

Ve(t,b) := inf liminf J(¢,b;u,T).
u€Qe (bt) T—+o0

Theorem 4.2. Assume that s induces asymptotic constraints. Suppose that the
function V° is finite. Then,

(1) V?® enjoys the Dynamic Programming Principle (DPP);
(2) u* is optimal in view of V° if u* lies in Qo (bs,0) and satisfies

(4.2) liminf J(0, by; u*, T) = V°(0, by).
T—+o0
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Proof. Note that, since V° is everywhere finite, €2, is everywhere nonempty. By the
definition of V°, for all 7 > 0,¢ € [0, 7[,b € R™, we have
VO(t,b) = inf i 'f[Jt,b;, J(r, ;,T}
(t,b) penf ) Mo inf (t,bsu, 7) + J (7, 2o p,0(7); 0, T)
(41)

inf [J(t, byu' or u”,T)
u' €U u" €Qy (mb,t,u’ (7),7)

+ liminf J(7, p ¢ wo,u (T); u o u”, T)}
T—+o00 B

_ o
—ul/rgu [J(t, b;u',T)

inf lim inf J (7, , ;”,T}
“”690(;?,1&,“/(7)77) TI’IBJIrIolo (7 bt (7); u )

— inf [J(t, biu',7) + VO (T, Tpp (7'))]
u' €U

Assume (4.2) holds for u* € Q(bs,0). Then, for some unbounded sequence of
positive 7, we have li_)m J(0,be;u*, 1) = V°(0, by). Now,

(4.2)

Ve,b,) =" lim [J(0,bu;u", T) + J(T, 2™ (T); u", 7)]
= J(0,bu",T)+ li_)rn J(T,x*(T);u*, 1)
(4.1)
> J(0,bgu*,T) + inf lim inf J(T', zp 4, (T); u, 7o)

u€Qe (z*(T),T) n—o0
> J(0,bu*,T)+ VO(T,2*(T)) VT > 0.
Thanks to the Dynamic Programming Principle, it implies (2.4) for V = V°. 0

On conditions without asymptotic constraints.
Define the function V™"/ from Rsg x R™ to R U {—o00, 400} as follows:

Vil (t,b) = inf liminf J(¢,b;u, T)  VY(t,b) € Rsg x R™.
uelU T—oo -

One could easily prove that V™*f = V° if Qg := U. Now, Theorems 3.1 and 4.2
imply the corresponding necessary conditions for u*.

Corollary 4.3. Assume that f and fo are differentiable with respect to x.
Let V™f be finite and locally Lipschitz continuous. Let u* € U satisfy

lim inf J (0, by; u*, T) = V™ (0, b,).
T—+o00

Then, there exists a co-state arc i € C(R>0,R™) satisfying PMP relations (3.1)—
(3.2) with A = 1 and sensitivity relations (3.3)~(3.4) for V.= Vin/,

Note that u* is optimal in view of V™f if u* is an overtaking optimal control
[18, 12]. Therefore, we obtain necessary conditions of overtaking optimality. These
necessary conditions, including the effective transversality condition at infinity, can
be found in [3, 7]. However, the necessary conditions in [3, 7] exploit the assumptions
that are not required for Corollary 4.3; however, Corollary 4.3 assumes the value
function to be known.
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Analogously, set Q, = L,(R>o, P) NU. If u* achieves V°(0,b,), (3.3) holds. For
the linear case, this sensitivity relation was proved in [4, (7.13)].

On almost strong and classical optimalities.

Recall the optimality criteria from [9] and [28]. For each (b,t) € R™ x R, de-
note by Qg (b,t) (Qr(b,t)) the set of all v € U such that a map [t,+o0[> s —
fo(s,Zptu(s),u(s)) has an improper Riemann (Lebesgue) integral. We claim that
Qg induces asymptotic constraints. Fix (b,t) € R™ x R>, u,u; € U, and T' > t.
Set by := xp¢4(T). By definition, u; € Qg (b, T) iff, for all 7' > 0, there exists a
limit of [ fo(s, zp, 1, (5), u1(s)) ds, i.e., if, specifically, [ fo(s, Zb, 7 uorus (5), (wor
u1)(s)) ds has a limit as 7 — +00. By Zp, Tuoru; = Zbtuoru,, We obtain “2” in
(4.1) for Qs = Qx. On the other hand, u € Qr(b1,T) if u € Qr(b,t); thanks to
u = u o7 u, we also obtain the converse inclusion. The proof for {2, is similar.

Let the mappings V4, VR from R>oxR™ to RU{—00, +00} be V¢ with Q, = Q,
Q. = Qg, respectively. Assuming V4(0,2%(0)) € R, it is easy to verify that u* is
classical optimal [9, Definition 7.5], [28, (L1)] iff u* € Qz(2*(0),0) holds (4.2) for
V® = V£, Similarly, assuming V(0,b,) € R, u* is almost strongly optimal [9, Def-
inition 7.8],[28, (R1)] iff u* € Qg (2*(0),0) holds (4.2) for V° = V*. Theorems 3.1
and 4.2 imply necessary conditions of optimality for these criteria. In [9, Sect. 7],
see rather general conditions of existence for such optimal controls.

5. ON AGREEABLE CONTROL
Define the function V*° from R>¢ x R™ to R U {—o00, +00} as follows:
(5.1) VO(t,b) ;== liminf V™ (¢,b), V(t,b) € R5p x R™.
n—oo -
Lemma 5.1. Assume that the function V' is finite. Then, V*° enjoys the Dynamic
Programming Principle (DPP)

Proof. Fix T > 0,(t,b) € [0,T] x R™. By Remark 2.2, V™ satisfies DPP. Passing
to the lower limit as n — oo, we have

ve<(t,0) = inf | / Fols, 2 1.4(s), u(s))ds + V2 (T, 2,1,0(T)|
for all T'> 0, (¢,b) € [0,T] x R™. Thus, V> satisfies DPP. O

Definition 5.2. Call u* € U a weakly agreeable control [12, Definition 3.2(iii)] iff
this control (with its motion x*, *(0) = b,) satisfies

lim inf (J(O,b*;u*,t) + VT (t,a*(t)) — inf J(O,b*;u,T)) <0, Vt>0.
T—+00 uel
Definition 5.3. Call u* € U an agreeable control [12, Definition 3.2(ii)] iff this
control (with its motion z*, *(0) = b,) satisfies
lim (J(o, busu*,t) + VI (8,2 (t)) — inf J(0, by u,T)) <0, Vt>0.
T—4o00 uel

Lemma 5.4. For a control u* € U with its motion x*, u* is weakly agreeable iff

there exists an unbounded sequence of positive T, such that, for all T > 0,
(5.2) J(0,27(0);u", T) = lim [V (0,2*(0)) — V™(T,2*(T))]
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Proof. Let u* € U be weakly agreeable. Then, for a natural n, we can choose 7, > n
such that J(0,z*(0); u*,n) + V™ (n,z*(n)) —V™(0,2%(0)) < 1/n. For all T € [0, n],
the relation u* ¢, U C u* o U holds. Hence,
J(0,2*(0);u*, T) + V™(T,z*(T)) < J(0,z*(0); u*,n) + V™ (n,x*(n)),

also, by DPP, 0 < J(0,2*(0);u*,T)+ V™ (T, 2*(T)) — V™(0,2*(0)) < 1/n. Passing
to the limit as n — oo, we obtain (5.2) for this sequence of 7.

The converse implication is clear. O

Necessary conditions of weakly agreeable optimality

Corollary 5.5. Let u* € U be a weakly agreeable control in (2.1)—(2.3), i.e., for
some unbounded sequence T, T 0o, let u* satisfy (5.2) for all T > 0.

Let a function V° be finite and locally Lipschitz continuous.

Then, there exists a co-state arc 1 € C(R>o,R™) such that PMP relations (3.1)—
(3.2) for A =1 and sensitivity relations (3.3)~(3.4) for V.=V hold.

Proof. Fix T > 0. By (5.2), there exists a converging to 0 sequence of &, such that
J0,2*(0);u*, T)+ V™(T,z*(T)) = V™(0,2%(0)) + &
holds. Passing to the lower limit as 7, — 0o, we obtain
J0,2*(0);u*, T) + V(T,2*(T)) = V=°(0,27(0)), vT > 0.
Now, Theorem 3.1 with V = VV*° completes the proof. (|
Sufficient conditions of weakly agreeable optimality

Lemma 5.6. Let 7 be an unbounded sequence of positive numbers. Let the value
V(0,bs), defined in (5.1), be finite. Let u* satisfy (2.4) for V.=V,

Then, u* is weakly agreeable, and (5.2) holds for some subsequence of T.
Proof. Note that, by (2.4), the finiteness of V°°(0,2*(0)) implies the finiteness of
Voo (t,z*(t)) for all t > 0. Now, there exists a subsequence of 7, := 7,,(;;) such that
V7 (k, x*(k)) < V°(k,2*(k)) + 1/k for a natural k. Fix these 7/ .

For each k € N, T € [0, k], we have u* ¢, U C u* op U. Hence,

J(0,be;u*, T) + V(T 2*(T)) <  J(O,byu*, k) + V7 (k,a*(k))

J(0,bs;u™ k) + Vo (k,z*(k)) + 1/k

Y0, 2%(0)) + 1/k

= V(T2 (T)) + J(0, b u*, T) + 1/k.

Thus, V7 (T, z*(T)) converges to V(T,z*(T)) for all T > 0 as k — co.
Now, for each T > 0, passing to the limit, we obtain

2A

(

0 A J0,27(0);u*, T) + V(T 25(T)) — V(0,27(0))
= lim [J(0,2"(0); u*, T) 4+ V(T 2*(T)) — V7(0,2*(0))].
— 00
Thus, (5.2) holds for 7/, and, by Lemma 5.4, u* is weakly agreeable. Il

Applying Lemma 5.6 and Theorem 3.2, we obtain a sufficient condition for a
weakly agreeable control.
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Corollary 5.7. For some unbounded sequence T T oo, let V°° be finite and locally
Lipschitz continuous. Let a co-state arc i € C(R>o,R™) satisfy PMP relations
(3.1)~(3.2) with A = 1 and sensitivity relation (3.4) for V.=V,

Then, (5.2) holds for some subsequence of T, and u* is weakly agreeable.

See the sufficient conditions of agreeable optimality in terms of the asymptotic
behavior of 1(s)(x(s) — 2*(s)) for large s in [13, Theorems 2.5 and 2.6]. Such
conditions are often used in proofs of the turnpike property [38].

Conditions for agreeable optimality.

Theorem 5.8. Let a function VU, defined as follows,
(5.3) Vel b) .= lim VT(t,b),  V(t,b) € Rsg x R™,
T—~+o00 -

be well-defined and locally Lipschitz continuous.
Then, the following conditions are equivalent:
(1) u* is weakly agreeable;
(2) u* is agreeable;
(3) there exists a co-state arc i € C(R>q,R™) satisfying PMP relations (3.1)—
(3.2) with A = 1 and sensitivity relations (3.3),(3.4) for V=V,

Proof. 2) = 1) was proved in [12, Proposition 3.2].

1) = 3). By Lemma 5.4, u* satisfies (5.2) for some unbounded sequence of positive
7,,. Note that V> = Ve and all conditions of Corollary 5.5 hold. Therefore, for
some co-state arc 1 € C(Rx>g,R™), relations (3.1)—(3.2) for A = 1 and relations
(3.3)-(3.4) for V=V hold. By V> = V¥ 1) = 3) is proved.

3) = 2). Assume the contrary. Then, by the definition of agreeable controls,
there exist ¢ > 0 and an unbounded sequence of positive 7,, such that

lim inf (J(O, b u* t) + V™ (t,z*(t)) — V™ (O,x*(()))) > 0.

n—oo
On the other hand, V> = V! and all conditions of Corollary 5.7 hold, and (5.2)
holds for w* with every unbounded sequence of positive numbers. However, it
contradicts the choice of 7,. ]

Some conditions of validity of V% were shown in [15, Theorem 3.3]. In this
case, V't = Vall holds [15, (3.13)]. Then, a weakly agreeable control is also weakly
overtaking optimal [12]. Conditions [30, Hypothesis 3.1(i)-(iv), Hypothesis A.1]
guarantee the Lipschitz continuity for well-defined V°° and V@ (it is sufficient to
repeat the proof of [30, Theorem A.1] verbatim). On the other hand, in Example 7.3,
the value functions V™ and V! are Lipschitz continuous and there exists a control
that is optimal for both value functions, however, Vi*f > Vil holds everywhere.

6. ON CONDITIONS OF LIPSCHITZ CONTINUITY OF VALUE FUNCTIONS

Usually, the Lipschitz continuity of a value function is guaranteed by asymptotic
conditions on f, fo,J, or on solutions of (2.2),(3.1), see [1, 2, 3, 5, 6, 30, 37]. We
will use the Lipschitz continuity [24, 35] of the optimal-time function of the control
system. Let us obtain the conditions to guarantee the Lipschitz continuity of the
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value function in absence of any asymptotic conditions besides the finiteness of this
function.

Fix a non-empty compact P’ C P. By U’ C U denote the class of all admissible
controls satisfying u(t) € P’ a.e.

Let G be a non-empty open subset of R>g x R". Consider nonnegative integers
r,s (r+s = m) and aset W C R". Define optimal-time function @7y under additional

condition u € U’ and maximal-time function Q" as follows: for all y = (w',2) €
G,z e Rt >0,
Qw(t',y,z)=inf {7 >0:FueU,zyp,(t' +7)€Wx{z}},
QV(t',y, z) :=inf {T>0:VueUIse[0,T),zyp.(t' +5) €Wx{z}},
Qw (Y, 2z, t") := 400 if no control u € U’ transfers (2.2) from (¢',y') in [t/, 0o[xW x
{z}, and QW (', 4/, 2) := +oc if there exists a control u € U that does not transfer
(2.2) from (¥,y') in [t/, co[xW x {z}.
Let I,W, and Z be non-empty open subsets of R>g, int W, R® respectively.
We will prove the following theorems:

Theorem 6.1. Let V:R>o x R™ — R enjoy DPP.
Assume that a function S : Z — R and a positive locally Lipschitz continuous
function R : I x W — R+ satisfy

V(t, (w, 2)) = R(t,w)S(z) V(t,w,z) € I xW x Z.

For a point of I x W x Z, let there exist a neighborhood I' x W' x Z' of this point
and a positive L such that

Qw(t, (W', 2"),2) < L||Z —z|| Wel weW, zzeZ.
Then, V is locally Lipschitz continuous in I x W x Z.
Corollary 6.2. Let V: R>g x R™ — R satisfy DPP. Assume that
0 € intconv{f(t,z,u) : ue P'} V(t,z)€G

holds for some open set G C R>g x R™.
Assume that a function S : R™ — R and a locally Lipschitz continuous function
R: RZO — Ry satisfy

V(t,x) = R(t)S(x) V(t,z) € G.
Then, V is locally Lipschitz continuous in G.

Theorem 6.3. Let V : R>g x R™ — R enjoy DPP and P be compact. Assume
that a function S : Z — R and a positive locally Lipschitz continuous function
R: I xW — Ryq satisfy

V(t, (w, 2)) = R(t,w)S(z) V(t,w,z) € I xW x Z.

For a point of I x W x Z, let there exist a neighborhood I' x W' x Z' of this point
and a positive L such that

min {Q7(¢', (w,2), 2), Q" (¢, (w',2),2) } < LII — |

holds for allt' e I')w' e W', 2,2' € Z'.
Then, V is locally Lipschitz continuous in I x W x Z.
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Corollary 6.4. Let V : R>o x R™ — R satisfy DPP and P be compact. Assume
that
0¢cleconv{f(t,z,u) : (t,x) € G,u € P}
holds for some open set G C R>g x R™.
Assume that a function S : R™ — R and a locally Lipschitz continuous function
R :R>9 — Ry satisfy

V(t,x) = R(t)S(x) V(t,z) € G.
Then, V is locally Lipschitz continuous in G.

Proof of Theorem 6.1. Fix (t.,by,bz) € I x W x Z. Take a fitting neighborhood
I' x W' x Z' of this point with some L > 0. It is safe to assume ¢l (I’ x W' x Z') C
I x W x Z to be compact and I’ to be an interval. It will suffice to prove that V is
Lipschitz continuous in another, possibly smaller neighborhood of (¢, by ,bz). Set
b:= (bw,bz), G =W xZ.

Thanks to the sublinear growth of f, there exist a compact K (cIG' C int K C
W x Z) and v > 0 such that y € G’ implies

ryrut+7)EKt+TEl YuelU tel T€l0,9].
Now, we can choose M > max{L + 1, |V(¢,,b)|} such that
folt +1y,u) < M, 1/M < |R(t+7,w)| < M,
If(t+T1y,u)|| < M, |R(t,w)—R(t+7,w)| <M|w —w||+Mr

hold for all y € K, (w,2),(w',2') € KN (W x Z),u € P';t € I';)7 € [0,7]. Now,
we obtain ||z, (t +7) —y|| < M7 for ally € G',¢t € I',7 € [0,7]. Also, we have
1S(bz)| = |V(ts,b)|/R(ts,bw) < M2, Decreasing the neighborhood G’ := W’ x Z'
of b, we can assume diam Z' < /M.

Fix ' € I'. Consider w' € W' 2/ 2" € Z'. Set ¢ := (v',2") € G'. By the choice
of L and M, we have

Qw((w',2"), 2", 7) < L||Z = 2"|| < M diam Z'" < .

By the definition of Qfy, we can choose u € U', w € W, and 7 > 0 enjoying

Tyt +7)=(w0,2"), T<(L+1)] 2" < MdiamZ' < 7.
By 7 < v and y € G', we obtain (w, 2") € K and
61 o -l < eyl + 1)~ Il < Mr < M2 2]
Set t"” .=t + 7. By DPP, we have

V(') < Ty su ") + V" 2y v W)
In view of V(¢, (w, z)) = R(t,w)S(z) and fo(t,y,u) < M, we obtain
R(t',w')S(2") = V(t,y)

6.2
(62) < M7+ R(t",w)S(z") = Mt + V(t", (w, 2")).

In particular, in the case y' := y, 2" := bz, we can provide (w,2") € K, 7 < 7,
and

(6.2)
R(t',w")S(7) < R(",w)S(bz) + Mt < M|S(bz)| + M < 2M>3
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/

by the choice of M. In the case ¢y := b, 2" := 2z, we have (w,z) € K, 7 < and, at

last,

(6.2)
R(t",0)S(z) > R(t' bw)S(by) — Mt > M3 — Mt > —2M?3.
According to |R| > 1/M, we also have |S(z)| < 2M* for all (w, z) € G'.

Return to the general case. Consider every w’ € W', 2/, 2" € Z' and, additionally,
every w” € W/,t' € I'. Then, we again obtain (w,2”) € K and 7 < v satisfying
(6.1) and (6.2). Now, by (6.2), for all ¢t,¢' € I'w',w”" € W/, and 2/,2" € Z',
V(t',w', 2") — V(t,w", 2") does not exceed

Mt + (R{t'+7,w) — R{t',w") + R(t',w'") — R(t,w"))S(z")
< M1+ 2M° (7 + ||w — w'|| + |[w” — w'|| + [t' —t])

(6.1)
< (M 4 2M° +2MO) 7 4+ 2M°(||w” — w'|| + [t —t])

(6.1)
< TMO(|)2 = 2| + [Jw” = w'[] + [t 1))
Thus,
V(' w',2") = V(t, 0", 2" < TMT(||2" = 2| + [[w” = w'|| + [t — 1)

holds for all (¢',w’,2"), (t,w”,2") from some neighborhood I x W’ x Z' of each
(te, b, bz) € I x W x Z. Il

Proof of Theorem 6.3. Fix (t.,bw,bz) € I x W x Z. Take a fitting neighborhood
I' x W' x Z' of this point with some L > 0. It is safe to assume ¢l (I’ x W/ x Z') C
I x W x Z to be compact and I’ to be an interval. It will suffice to prove that V is
Lipschitz continuous in another, possibly smaller neighborhood of (t., by, bz). Set
b= (bw,bz), G =W'xZ.

Thanks to the sublinear growth of f, there exist a compact K (I G’ C int K C
W x Z) and v > 0 such that

Tyru(t+T1)EK t+T6E] Vye G, 1 e0,9],uecUtel.
Now, we can choose M > max{L + 1, |V(t,,b)|} such that
fot+7y,u) <M, 1/M <|R(t+7,w)| < M,
1f(t+7y,u)ll <M, |R(t,w') - R(t+7,w)| < M|[w' —w|]| + M7
hold for all y € K, (w,2),(w',2") € KN(W x Z),u € P;t € I,7 € [0,7]. Now,
we obtain ||zy ;. (t +7) —y|| < M7 for all y € G',t € I',7 € [0,7]. Also, we have
|S(bz)| < |V(ts,b)|/R(ts,bw) < M?. Decreasing the neighborhood G’ := W' x Z'
of b, we can assume diam Z' < /M.
Fix t' € I', w' € W', 2/, 2" € Z' such that QW (¢, (v, 2'),2") < L||2' — 2"||. Set
y = (w',2") € G'. Consider the following exit-time problem:

Minimize ft? fo(t,z,u)dt +V(T;2(T))
subject to & = f(t,z,u), u€ P,
(') =y, T=inf{t>1t: a(t) e Wx{z"}}U{+oo}.
By the definition of Q" for all u € U,
Ty i=inf{t > 2y, (t) € W x {"}} <t + QY (¥, (w', ), "),
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ie.,
(6.3) 0<T,—t' <L||Z 2", Ty v u(Ty) € W x {2}

Since all T,, are uniformly bounded (by ¢ 4+ L||z' — 2”||), the optimal value of this
exit-time problem is V' (¥,4); in particular,

V()< JWt,y;u,T,) + V(Tu,zy ¢ u(Ty)) VueU.
In addition, we can choose a control v/ € U with its motion z’ := Ty ¢ SUCh
that
V(ty) = It s, Tw) = V(T 2" (T)) < |12 = 27|
By (6.3) we have 2/(T) € W x {z”}. Now, we can choose w € W such that
2 (Ty) = (w,2"). So,
(6.4) |R(',w")S(y') — J(t,y';u/, T) — R(Tyr, w)S(2")| < |]2" = 27|

In addition, T,y — t' < L||2' — 2"|| < M diam Z' < ~. Then, by the choice of the
compact K, we have 2/(t) € K for all t € [¢/, T,/]. By the choice of M, we obtain

(6.5) o —w'|| < [lzypyw(Tw) =yl
(6.3)
< M(Ty—t) < M| -2
and |J(t', ;v Ty)| < M(Ty —t'). Then,

(6.4)
(6.6)  [R(t,w)S(2) — R(Tw,w)S(")| < |[l&'=2"||+M(Tw — 1)
(6.3)
S 2M2||Z/_Z//||
< 2M~ < 2M°.

So, we proved that, for all ¢ € I', w' € W' 2.,2" € Z', the inequality
QY (w',2"),2") < L||2' — 2"|| implies (6.5),(6.6).

We claim that
(6.7) 1S(2)| <3M* Vze Z.

Indeed, fix z € Z’ such that Q% (t., (bw, 2),bz) < L||z — bz||. Now, we can define
t' =t w = bw,2 = z,2" := by, provide (w,bz) € K, t" € [t',t' +~], and

(6.6)
|IR(t,w")S(z)| < |R(t",w)S(bz)|+2M?* < M|S(bz)|+ 2M? < 3M>.

Thanks to |R| > 1/M, we obtain (6.7) if Q% (¢, (bw, 2),bz) < L||z — bz||.
In the case QW (t., (bw,bz),z) < L||z—bz|| we can define ' := t,, w' := by, 2’ :=
bz, 2" := z, provide (w, z) € K, t" € [t',t' +~], and

(6.6)
|R(t",w)S(2)] < |R(t,w)S(bz)| +2M? < M|S(bz)| +2M?* < 3M3.

Thanks to |R| > 1/M, we obtain (6.7) if Q% (L., (bw,bz),2) < L||2' — bz]|.

So, by min {Qw(t*, (bw, 2),bz), Q% (t., (bw,bz),z)} < L||z = by]| for all z € Z/,
(6.7) proved.

Fix every t,t' € I')w',w" € W', 2/, 2" € Z'. We shall prove that |[V(¢,w',2") —
V(t,w”, 2")| < TM7(||2" — 2"|| + ||w” — w'|| + |t — t|). Swapping 2/, 2" if necessary
we can assume that QW (¢, (w’, 2'),2") < L||2' — 2"||. Then, we again obtain v/ €
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U, Ty € [t',t' ++] and zy pw(Ty) = (0,2") € K satisfying (6.5),(6.6). Now,
|V(t',w', 2") — V(t,w”, 2")| does not exceed

|R(t',w")S(z") = R(Tw, w)S(z")| + [(R(Tw,w) — R(t,w"))S(z")|

(6§6) 2M?||2 = 2"|| + |(R(Ty, w) — R(t',w') + R(t',w') — R(t,w")S(2")]
QM = Y M T — ¢+ — ||+ [ — |+ — 1)
DM 4 BMP 4 MY (T — ) 4 M — ||+ I 1)
QN - 3 — ]+ I~ 1),

7. EXAMPLES

Example 7.1. Let z be the capital stock, u the investment, v > 0 the depreciation
rate, and p the discount rate. Consider the following problem:

+oo
Minimize / el g(x,u)dt,
0
subject to & = —vz +u, x(0) =z, u € [0,Unaz], k> 0.
Set R() := et for all § € R. It is easy to prove that

J(0,y;u,T) = R(0)J(0,y;u/,T —0) V0 >0,y eR, T >0,
where u/(t) := wu(t + 6) for all ¢ > 0. Since u € Q iff «/ € Q for each of Q €
{Qr,Qr,U}, we have
V(0,y) = ROV(0,y) Yy e R™ 0>0,Ve{VRyn vt yaly

if V is well-defined.

Set Z. :=]0,Upaz/v[. We obtain 0 € —vx + int [0, Upnge] for all x € Z.. By
Corollary 6.3, V is Lipschitz continuous (if finite) in R>¢ x Z<.

Set Z~ :=|]Upmaz/v,00[. We obtain —vx + Upner < 0 for all z € Z~. By Corol-
lary 6.4, V is Lipschitz continuous (if finite) in R>g x Z.

So, the value functions are Lipschitz continuous (if finite) in {(¢,z) € R>gxR>¢ :
& # Upmaz/V}; no assumptions on g besides continuity are needed.

Consider a use case of Theoremae 6.1,6.3 (compare with [39, 22]):

Example 7.2.

oo
Minimize / 9(y1, Y2, u)dt
0
(7.1) subject to y1 = u, Y2 =y1, (y1,92)(0) = bs,
y1,y2 €ER, ue P CR.
For a certain k£ € R, let us also require

g(yylvl/2y27u) = ng(y17y27u> v > 0, (y17y27u) € Rg'

Clearly, the functions from {V7, yinf VL, VY do not depend on t. More to
come. First, note that u € U iff all maps ), (¢) := u(t/v) are within U for all v > 0.
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Fix (y1,12) € RZ,u e U,v > 0. Set x := T(yy,y2),0,u aNd x' = Ty 02 . For all

t > 0, we have
w(t) = a'(t/v), g(a'(t/v),u(t/v)) = v g(x(t), u(t)),
J(0, (vyr, v2y2); 0, T/v) = vE1T(0, (y1, y2); u, T).
Now, for all finite V € {VR, Vinf V£ Val} we have
V(t, vy, v2y0) = VF7IV(0,y1,12) Yo > 0,t >0, (y1,y2) € R2

Define W := Rsg, Z := R. Let some V € {VR, Vi V£ Vall} he well-defined
and finite.
The case P = R.

Consider G4 = {(y1,y2) € R? : y5 > 0} and the functions R : R>g x W — Ry
and S : Z — R defined as follows:

(7.2) R(t,w) :== w* 1, 8(2) := V(0, 2,1) VzeR,w>0,t>0;
then,

y2),0,u;,

(7.3) V(t,y1,y2) = R(t,vy2)S(1/vy2) Vyr € Roya,t > 0.
In the coordinates (w := \/y2, 2 := y1/1/¥2), system (7.1) has the form
2
- 2
(7.4) W= z/2, z‘:“u’j/, weR, (z,w)€ZxW.

Note that, for every point (y1,y2) € G4, in its sufficiently small neighborhood,
the controls u = +2z%(y1,y2) € P’ = [~2y}/y2,2y?/ys] provide for z to in-
crease/decrease with the speed at least 1/4./y2. Set L := 4,/y; in view of The-
orem 6.1, we find out that, in R>g x G4 (for yo > 0), the function V is Lipschitz
continuous. The proof of the case y» < 0 is similar.

Thus, in the case P := R, the function V is Lipschitz continuous under

{(y1,92) € R |y # 0}

The subcase P = [—a?,a%], G% := {(y1,y2) € R? : yo > 0,9% < 2ysa’}.

Consider the functions R : R>oxW — Ry, S : Z — R, defined by (7.2). Then, V'
satisfies (7.3), in the coordinates (w := \/¥2, 2 := y1//¥2), system (7.1) has the form
(7.4). Note that, for every point (y1,y2) € G, we have |y1| < a\/y2, i.e. 2(y1,y2) <
a. Hence, in its sufficiently small neighborhood, the controls u := +22(y;,92) € P
provide for z to increase/decrease with the speed at least 1/4,/y3. Set L := 4,/ys;
in view of Theorem 6.1, we find out that, in R>¢ x G%. (for y% < a®ys), the function
V is Lipschitz continuous. The proof of the case —y3 > a?ys is similar.

The subcase P = [—a?, a?], éf@ = {(y1,y2) €R? : yo > 0,47 > 2a’ys}.

Consider the functions R : R>g x W — Ry and S : Z — R defined as follows:

R(t,w) := wl_k,S(z) =V(0,1, z) VzeR,w>0,t>0,
then,
V(t,y1,y2) = R(ty1)S(y2/yi) Yy € R, ya,t 2 0.
In the coordinates (w := y1, 2 := y2/y?), system (7.1) has the form

. . 1—2zu
w=u, z=

, (z,w) € Z xW.

w
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Note that, for every point (y1,y2) € é‘}r, we have y? > 2a2ys, i.e., 2a%2(y1,y2) >
1. Hence, in its sufficiently small neighborhood, for every admissible control, the
coordinate z strictly increases. Then, in view of Corollary 6.2, we find out that, in
R>q x é‘j‘r (for y? > 2a%y;), the function V is Lipschitz continuous. The proof of
the case y? < 2a’ys is similar.

Thus, in the case P := [—a?,a?] the function V is Lipschitz continuous under

{(y1,92) € R? |y2 # 0,47 # 2a°},
Example 7.3. Let us refine Example 7.1; the new example does not satisfy as-
sumptions [5, Ch.3(A4)], [6, (A6)], [30, Hypothesis 3.1(iv)], [31, (C3)].
+0o0
Minimize / [2u + [u| — z] dt
0
subject to & =2u —x, z(0) =b,, we P =[-1/2,1/2], zeR.

Clearly, J(0,b;u,T) = xp04(T) — b+ ||ull1,(o,p) for all b € R, w € U, T > 0.
Since xp04,(7) > —2 holds for large T', the finiteness of the limit of J(0,b;u,T) as
T — oo implies u € L;(R>, P), moreover, we have

2p0u(T) — 0, b+ J(0,b;u,T) — HUHLI(RZO,p) >0as T — 0.

Then, we obtain V" (0,b) = —b, i.e., u* = 0 is optimal in view of V*f. Moreover,
VE=VR =y,
But, for T > 1, we define a control ur € U as follows: ur(t) = —1/2 for all

t € [T —In2,T], and up(t) = 0 otherwise. Then, we have xp (4, (t) = be " if
te[0,T —In2], zpouy(t) =et(b+el/2) —1ift € [T —In2,T]. Now, we obtain
In2
To0up (1) = be™" = 1/2,V7(0,6) < J(O0,bur, T) = be T = 1/2 = b+ —~.
One easily proves that V7 (0,b) = J(0,b;ur, T). Passing to the limit, we obtain
Vall(0,b) = —b+ =12 for all b € R. Thus,

Vvall(p) < vii(b) Vb eR.

Since V¥ — Vinf = const, (2.4) guarantees that u* = 0 is optimal in view of V"
and V¥ at once. Moreover, u* = 0 is DH-optimal (in particular, agreeable) and
overtaking optimal but is not strongly optimal [18].

Note that, in this example, the functions V* Vi*f are well-defined and smooth.
In [25, Proposition 3.2], for exit-time control problems, it was proved that Ve =
Vit if Vall is well-defined and continuous. Moreover, in this case V@ = yinf
is the unique nonnegative solution of the associated HJB equation. Conditions
guaranteeing the continuity of V% were showed in [25, Section 4].
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