Metadata, citation and similar papers at core.ac.uk

Provided by International Institute for Applied Systems Analysis (IIASA)

TECHNISCHE operations  S\WM
UNIVERSITAT Research and
WIEN Control Systems O RCOS

Optimality Conditions for Discrete-Time
Optimal Control on Infinite Horizon

Sergey M. Aseev, Mikhail I. Krastanov, Vladimir M. Veliov

Research Report 2016-09
November, 2016

Operations Research and Control Systems
Institute of Statistics and Mathematical Methods in Economics
Vienna University of Technology

Research Unit ORCOS
Wiedner Hauptstrale 8 / E105-4
1040 Vienna, Austria

E-mail: orcos@tuwien.ac.at


https://core.ac.uk/display/79433354?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Optimality Conditions for Discrete-Time
Optimal Control on Infinite Horizon*

S. M. Aseev' M. I. Krastanov* V. M. Veliov®

Abstract

The paper presents first order necessary optimality conditions of Pontrygin’s type
for a general class of discrete-time optimal control problems on infinite horizon. The
main novelty is that the adjoint function, for which the (local) maximum condition in
the Pontryagin principle holds, is explicitly defined for any given optimal state-control
process. This is done based on ideas from previous papers of the first and the last
authors concerning continuous-time problems. In addition, the obtained (local) max-
imum principle is in a normal form, and the optimality has the general meaning of
weakly overtaking optimality (hence unbounded processes are allowed), which is im-
portant for many economic applications. Two examples are given, which demonstrate
the applicability of the obtained results in cases where the known necessary optimality
conditions fail to identify the optimal solutions.

Keywords: discrete-time control systems, optimality conditions, Pontryagin maximum
principle, transversality conditions.

AMS Subject Classification: 49K21, 93C55

1 Introduction

Optimal control theory provides a relevant and widely used instrument for economic analysis.
Many aspects in the development of control theory were motivated by economic applications,
in particular such on infinite horizon. A large number of investigations have been devoted to
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that kind of problems, most of them for continuous-time (ODE) models. However, discrete-
time economic models are often even more relevant due to the truly discrete nature of the
economic decisions. Even more, the applications of such models are not limited to economics.
For example, Model Predictive Control, which is a main mathematical tool for engineering
process control, has intrinsic relations to optimal control of discrete-time infinite-horizon
systems (see e.g. the book [9] by L. Gruene and J. Pannek). On the other hand, the optimal
control theory for discrete-time problems on infinite horizon is far from being complete.
A comprehensive account of the state of the art in the area, what concerns optimality
conditions, is given in the recent book [6] by J. Blot and N. Hayek. For other aspects of this
theory we refer to A. Zaslavski [13] and the bibliography therein.
In the present paper we consider a general discrete time optimal problem of the form

Zg(k, Tk, U) — Max,
k=0

subject to the dynamics
Thy1 = f(k’, a:k,uk), k= 0, 1, N

with a given initial state xy and control constraints u, € U,. The states x, and the control
vectors ug belong to finite-dimensional spaces (an exact formulation is given in the next
section).

One specific feature of discrete-time optimal control problems (in contrast to continuous-
time ones) is that the Pontryagin-type maximum principles on a finite horizon (developed
first in the book [7] by V.G. Boltyanskij) are known to have a local form. That is, if no
additional concavity-type conditions are posed, the maximum condition for the associated
Hamiltonian represents, in fact, only a necessary condition for a local maximum. This also
applies to problems on infinite horizons, in particular to the results in the present paper.

The (local) maximum condition for the Hamiltonian, which for the problem indicated
above has the form' H(k,x,u,, o) := Xog(k,x,u) + 1 f(k,z,u), holds along a specific
solution {9}, of the so-called adjoint equation. In order to identify the “right” solution
of the adjoint equation one needs additional conditions, usually in the form of transversality
conditions for 1, when k — oo. In contrast to the continuous-time case, such conditions are
present only in a few contributions that we discuss in the next lines.

In the very enlightening and general paper [12], P. Michel, introduced several types of
transversality conditions (some of them known from earlier publications, see the account in
[12]), among which we mention the following ones:

(1) (7) lim ¢ = 0; (i7) lim 9y x; = 0; (23) lm oy, (2 — x) <0,
k—o0 k—o0 k—oo

where {2} }72, is an optimal state sequence, and in (iii) {x}?2; is an arbitrary state sequence.
This is done under concavity-type conditions on the problem.

In J. Blot and N. Hayek [6, Theorem 3.2, Section 3.2.3] it was proved that a local
maximum principle holds with a solution {t,}%2; of the adjoint equation, which satisfies the

! In order to avoid multiple use of the transposition sign, everywhere in the paper we consider the adjont
vectors 1 as row-vectors, while z, v and f are column-vectors.



transversality condition (1)-(i), provided that (among several additional assumptions which,
however, do not concavity) there are no control constraints and the optimal solution (control
and trajectory) of the problem is bounded. It is remarkable that the maximum principle
holds in a normal form, that is, with Ay = 1. We mention that for problems on infinite
horizon the maximal principle does not necessarily hold in the normal form, even if no state
constraints are involved (in contrast to the finite-horizon case).

In the present paper we obtain that for any optimal solution (x*,u*) = {(z},u;)}2,, the
(local) maximum condition

(2) %H(k,xz,uz,wkﬂ, Xo) v <0 for every v € Ty, (uy), k=0,1,...,

holds with A\g = 1 (normal form) and with an adjoint sequence {1}, which is defined
by an explicit formula (see the next section). Here Ty, (u}) is the contingent cone to the
set Uy at the point u; € Uy. The optimality is understood in the sense of weak overtaking
optimality (see e.g. [8] and the definition in the next section), so that problems with infinite
vales of the objective function are included. In fact, the explicit definition of the adjoint
sequence {1}, selects the “right” solution of the usual adjoint equation, for which the
maximum condition (2) holds. The result is based on an assumption, which guarantees that
the definition of ¢, produces a finite vector. Of course, this assumption rules out abnormal
optimal processes for which the maximum principle cannot have a normal form. On the other
hand, it is not restrictive for a large class of problems, including rather challenging ones,
where the known optimality conditions do not hold or are not informative. In particular,
the transversality conditions (1)-(i),(ii) are not necessarily satisfied for the explicitly defined
adjoint sequence {v}32, while (1)-(iii) is too weak to identify a useful adjoint sequence.
Two such examples are given in the last section: a complete solution of the discrete-time
version of the well-known Halkin example [11] is obtained, and an economic model of optimal
utilization of a non-renewable resource is solved.

The paper is structured as follows. The next section contains the exact formulation of
the problem and the main results, including discussions. Section 3 presents two examples
illustrating the advantages of the obtained results.

2 The discrete-time control problem

Denote by R™ the n-dimensional Euclidean space and by N — the set of all nonnegative
integers. Let G be an open subset of R", U, k € N, be nonempty subsets of R™, and let
for every k € N, a function f(k,-,-) : G X U, — R™, be given. Here U, denotes an open
set containing Uy, (the case Uk = Uy, is not excluded). We consider the discrete-time control
system

(3) Tpp = f(k,op, up), up € Uy, k€N,

with a given initial state xo € G, where x; and ug, £ = 0,1,..., are regarded as state
and control variables, respectively. Any sequence u = {ug}32, with u, € Uy, k € N, is
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called admissible, and the set of all admissible control sequences is denoted by . For a
given u € U, equation (3) generates a trajectory zg,xy,. .. extendible either to the minimal
number k such that f(k,zg, ur) ¢ G (if such exists) or to infinity. In the latter case we call
the pair (u,x = {z;}32,) admissible process.

Given an admissible process (u,x), the trajectory {z;}32, can be represented from (3)
as

Tpt1 = ffk © 5;11 o0 fo(w), keEN,

where f5(z) := f(k,z,u) for z € G and u € Uy, and o denotes the composition of the
corresponding maps.

For a sequence of functions g(k,-,-) : G X U, — R, k € N, we consider the optimal control
problem

(4) Zg(kaxkauk) — max,
k=0

where u = {u}52, together with x = {z}32, is an admissible process. In order to define
the meaning of this problem, for any w € N we denote

JY(u,x) = Zg(kz,xk,uk).
k=0

Definition 2.1. An admissible process (u*,x*) is called weakly overtaking optimal if for
each € > 0, for each positive number w and for each admissible process (u,x) there exists a
positive integer & > w such that J°(u*,x*) > J%(u,x) — ¢.

Let (u*,x*) be a weakly overtaking optimal process. For any k& € N and for each vector
¢ we denote by 2%¢ = (a1, 7141, . ..) the trajectory of (3) starting from z;, = £ at the instant
k, that is,

k€ . s oo fF —
(5) Toi = fu0r o fur(§), s=kk+1,....

Clearly, ¢ may happen to be an infinite sequence or may terminate at the minimal s > k
such that f,(s,2%¢ u?) € G.

We assume that for every k € N the functions f(k,-,-) and g(k,-,-) are continuously differ-
entiable on G x Uy.

In the next assumption and further we use the notation B(x; «) for the closed ball with
radius « centered at x.

Assumption A. For each k € N there exists o, > 0 and a sequence {85}%°, with >0, % <
oo such that B(z}; ax) C G, for every € € B(z}; ai) the sequence z%¢ is infinite, and

0
—g(S, x?,&) U*>

k
85 S S/BS

sup
£eB(z);0k)




Assumption A implies that for every k£ € N the series

Zag S7x§£7 )

is absolutely convergent, uniformly with respect to & € B(z; ax). Due to the identity

gls, 2t ut) = g (s, fi 0w fl(€),u)
we have by the chain rule that

k

0 e «
(6) agg(swr?ga )_g:r(s xlsfﬁ’us) H fx(z7xf’£7ui)

i=s—1

for s > k, where by definition for s > k

k
I A=Ay As -0 Ay with A; = f1(6, 25, u)

i=s5—1
k
and H A; = I (the identity map) for s < k.
i=s—1

k
We use the symbol [ instead of the usual symbol Hf:s for products in order to indicate
i=s
that the “increment” of the running index i is —1 (since s > k).
Next we define the adjoint sequence v := {1}, as follows

>0
(7) V=Y —g(s, 2% ul) , k=1,2,....
;8{ £ =},

According to assumption A, we have that ||¢x|| < co. Also, taking into account (6) and
,(EZ

the equality mlz

k
(8) ng scasul) £t a )

i=s—1

= x}, we obtain that

and the above sum is absolutely convergent.

To formulate the main result of the paper, we denote by Ty, (u) the Bouligand tangent
cone to the set Uy, at the point v € Uy. We remind that Ty, (u) consists of all v € R™ such
that there exist a sequence of positive real numbers {t,}°2, convergent to 0 and a sequence
{vutpz; € R™ convergent to v such that u + t,v, € Uy for each p = 1,2,... (see, for
example [1, Chapter 4.1]).

Theorem 2.2. Let Assumption A be fulfilled and let (u*,x*) = ({up}o, {zi}2,) be a
weakly overtaking optimal solution. Let the adjoint sequence ¥ = {1;}32, be defined by (7)
(or equivalently by (8)). Then for every k € N the following local maximum condition holds:

9) (g, (k, x5, up) + g fo(k, af,up))v < 0 for every v € Ty, (uf).



Proof. Let us fix arbitrarily £ € N and v € Ty, (u}). Without any restriction we may assume
that [[v]| = 1. Then there exist an a; > 0, a sequence of positive reals {t,};>; — 0 and a
sequence of elements {v,}>°; — v as y — oo such that B(uy; &) C Uy and uf + t,v, € Uy
for each p = 1,2,... . Without a restriction we may assume that ||v,|| = 1 and ¢, < d.
Define the number

ci= max |[f,(k i, w)].

uEB(uy;a
Let 1o > 0 be such that ct, < ag41 for every p > 1o, where agq is introduced in assump-
tion A.
For a parameter y > g we define the control sequence u* as follows:

o ul for s # k,
s up +t,v,, fors=k.

Clearly, u*(¢,) is an admissible control. The corresponding trajectory x* can be represented
as
xy, for s =0,1,...,k,
ot = f(k,xf, up +t,v,), fors=k+1,
fls=1,28 [ ut ), fors>k+1,
i.e. for each s > k + 1 we have that

k+1 k *
up g © up+tuvp (‘rk>

o ps—1
ak '_f{::flo”'o

Notice that for pu > g
|xllz+1 - x2+1| = |f(k:,x’,;,u’,; + tuvk) - f(k‘,l‘;;,u;;” < Ctu < Qpyr,

since co {uj, uy +t,vp} C B(uj; ay). Then according to assumption A, the trajectory {z#}
is defined for all s € N.
Let us choose an arbitrary positive number € and an arbitrary w > k such that

[e.e]
c Z BEt < e

s=w+1

For any p > 1o we apply the definition of weak overtaking optimality for w and for ¢,
instead of e: there exists a positive integer w, > w such that

et, > J¥(uk, x") — J9(u*, x").

Using the mean value theorem we obtain that

Wy
stll Z Z(g<sax57ug>_g(s7x:>u:))
s=0
Wy
= gk, xhup + tuv,) — gk, ap,up) + > (g(s, i ul) — g(s, 2%, ul))
s=k+1

W
~ k+1, f(kxf ur+tuvn)  « k+1, f(kxl,uy)  «
o / %~ 2 : e
- tugu(l{:?ajk?uk)vu + <g(s7$8 o aus) - 9(57175 P >us)
s=k+1

Wy

(10) = tugy(k, z}, U )v, + 1, Z a_fg(sv ay e, U:)|g:§;:+1 fulk, @i, u + 40 v,
s=k+1



where @ € co{u},u} +t,v,}, t, €0,t,] and §k+1 [k, up + t,0,).
Notice that

||glll:+1 - x;:c—i—l“ = ||f(k:7$lt:7ul>: + EM”M) - f(k:,x,’;,u,’g)ﬂ S Ctu S CVk;—&—l-

Then due to assumption A we have

Wi
8 ~
Z a_ég(sax];Jrlg: 5)|£ 5# fl(k?w;;?u;;—i_tuvu)vu
s=w+1
= || 0
< Z 8_59(87513];+1§,U5)|§ =& Hf (k mk,uk—{-tuvu “uH
s=w+1
o0
< ey pif<e
s=w+1

Dividing (10) by t,, and using this inequality we obtain that

* - 9 * % g
2¢ > g,(k,zp, @), + Z 8_59(5 $§+ u )\5 & fulk, xj, uj + 0.,
s=k+1

* ok - 0 x ok
= g;(kuxkauk)vﬂ—i_ Z a—gg(s,$§+1£ )‘f zk+1 f/<k7xk7uk>vﬂ

s=k+1
(1) i 83 P e fa T )0 + Rl
where
R(t,) = (gu(k, 23, @) — g (b, 23, ui) v,
¥ Z e g AR ) = (et e, Lkt )] o,
s=k+1

, 0
From the continuity of f/ and ¢/, with respect to u and from the continuity of —g(s, %%, u*

s 7S

with respect to £ (see e.g. (6)), we obtain that R(¢,) converges to zero with t,. Then
|R(t,)|| < e for all sufficiently large p. Moreover, for the second last term in (11) we have
from assumption A

=0
Z 8—§g(s,x’§+1£7 s)l£ wk+1f (k, xp, up)v
s=w+1

Thus, regarding (8), we obtain from (11) the inequality

<625k+1<€

s=w—+1

de > (k xk’uk Uu+ Z 85 3753575’“ )|§ =Tp41 f’(k’afBZvUZ)Uu

s=k+1
= (gu(k’xl:’u;;) +¢k+1 fu(k’afz:aUZ))Uu

for all sufficiently large . Since € was arbitrarily chosen and v, — v, we obtain the inequal-
ity (9). [



Notice that in the above theorem the “adjoint” sequence {1}, for which the local
maximum condition (9) holds, is explicitly defined by (7) or equivalently by (8). The next
corollary makes a link between this result and the familiar Pontryagin-type maximum prin-
ciple. In the formulation we use the notation

(12) Zy:= [ fils,atu), k=1

Corollary 2.3. Under the conditions of Theorem 2.2, there exists a sequence {1y}, sat-
isfying the adjoint equation

'lvbkr = @ij-i-lf;;(kv 9527 UZ) + g;(k, xzv UZ)v k= 17 27 T
and the transversality condition

(13) kBI_{l 1/1ka = O

such that the local mazimum condition (9) is fulfilled for every k € N.

As seen in the proof, the above corollary holds with the same adjoint sequence as defined
explicitly in Theorem 2.2.

Proof. The first claim is fulfilled with {1y}, defined by (8). To obtain the second claim
we multiply (8) by Z;. The right-hand side becomes

0
(14) Y2y = ng (s,a%,ul H fo(i, xf,ul).

i:s—l

The sum >~ g, (s, %, uf) H fo(i,xf, ul) is absolutely convergent since it is the same sum
i1=s—1

that appears in the definition of ;. Hence, llgir% U2y = 0. n
‘}

In the next paragraphs we give some explanations about assumption A. Clearly, its meaning
is that the marginal effect of a disturbance of the optimal trajectory at time k£ on the
future running objective values ¢g(s, -, u¥) is summable. This assumption takes a simpler
form (similar to that in assumption A2 in [4] in the continuous-time case) if the equation
(3) is invertible. The latter means that for every £k > 0, x € G and u € Uy the matrix
fi(k, z,u) is invertible (see [5], where this property is introduced). A somewhat weaker form
of this condition (formulated along the reference process ({u}},{z;}) is that for every k
there is some a > 0 such that B(z%;a) C U and the mapping ff}t :B(z;0) > R is a
diffeomorphism (see [10]). In the lemma below the latter definition of invertibility suffices.

The invertibility condition is satisfied, for example, if the discrete-time equation (3)
results from the Euler (or another Runge-Kutta discretization) of a controlled differential
equation, provided that the discretization step is sufficiently small.



Lemma 2.4. If equation (3) is invertible then assumption A is implied by the following one:
there exist positive numbers oy and s, s € N, such that Y.~ Bs < 0o and

< Bs.

g(s, 2%%, u?)

85(’575

m
B(xo; ao)

Proof. Let us fix an arbitrary positive integer k. The invertibility assumption implies that
there exists ay > 0 such that the map

k- k-
F, = fuz_ll o fuz_i 0---0 fga : B(QZ(), Oé()) — R"”

is a diffeomorphism. Because of x} = Fy(x¢), the set Qx := {y = Fr(§) : £ € B(zo;a0)}
contains an open neighborhood of the point z}, and hence there exists oy > 0 such that
B(z}; o) C NG, Let € be an arbitrary point of B(x}; o). Then there exists & € B(xzo; ap)
such that £ = Fj(&), and hence for each integer s > k we have that

rYs 1 s

—1
g(s,ad8u}) = g(s,20%,u3) = g (Sawg’F’“ (5)7“*> :

and hence

»Ys 0 s

0 0,F1(¢) o
8§ g(s, x u)——agg(s,xs ,u)o—F (&).

Therefore, for s > k we have

N k& < . -1
| pots.atsan)| < | 2o i)
S PGl N Gl PR
B o¢ " ~ ceBlpan 1108 s
This completes the proof, since Y >, B is convergent. [
3 Examples

We give two examples that illustrate the applicability of Theorem 2.2 in cases where the
known to the authors previous results do not give comprehensive solutions.

Example 3.1.

Let us consider the following discrete version of the well known Halkins’s example (see [11],
also [12, Remark 4] for the discrete-time case):

o0
E (1 — zp) up, — max,
=0

(15) Tpa1 = Tp + (1 —xp)ug, x0=0,
uy, € [0, 1], keN



It is straightforward that for any admissible control u = {u4 }32, the corresponding trajectory
x = {zg}72, satisfies the inclusions zj € [0, 1] for each k£ € N.

For each positive integer w and admissible process (u,x) the truncated objective func-
tional takes the form

16) F(,%) = Y (U ) e = T (o — 22) = 2

On the other hand, we can prove by induction (see the next paragraph for a similar proof)
that the solution x of (15) for an admissible control u can be represented for k£ > 0 as

k—1

(17) rp=1-JJ1-u) <L

s=0

(In this example we use the standard notation Hg:p instead of 1]%[ since in the scalar case
i=q

the order of multipliers does not matter; again Hf:p is defined as 1 if p > ¢.) Since for the

admissible control 4, = 1 we have Z; = 1 for all £ > 1, we obtain that J(u,x) = 1, thus

(u, X) is optimal (in any reasonable sense). Taking into account also the monotonicity of the

sequence {zy}2, we see from (17) that an admissible process (u*,x*) is weakly overtaking

optimal if and only if

o0

(18) [[a-u)=o.

s=0

Now, we analyze what Theorem 2.2 provides for this example. Let (u*, x*) = {(u}, x})}22,
be an weakly overtaking optimal process. Again by induction we verify that

= (- ul ) (), =kt
Indeed, having in mind the particular form of f, we have for s = k 4+ 1 that
T =+ (1= up =1—-(1 -1 —up)
and inductively,
rip =t (L= aul =1 - (1= a1 —u) =1 - (1 =1 —ul) ... (1 —uj).

We have ¢/ (z,u) = —u (in this example the functions f and g do not depend on k), thus

9 k& %\ _ 1/ kE % s * *
(19) agg(xs ’us)_gar(ajs ’U's) ag - us' (1 uz)

In order to prove that assumption A is satisfied for the considered optimal process (u*,x*)
we define

= [T - u).

‘ s—1
i=k

B H%gws&up

10



Let us prove that the series > -, 3% is convergent. In fact we will prove by induction that
for every positive integer u > k

(20) PBEEE | (R

For ;1 = k we have that
BEZUZZl—(l—uZ%

Let us assume that (20) holds true for some positive integer © > k. Then

w1 ~ ~ L H H pt1
DB =B Y B = [T )+ (1 -11a —ui>) =1- [0 -,
s=k s=k i=k i=k i=k

which proves (20).

Since the process (u*,x*) is optimal, condition (18) holds. Then (20) implies that
S B* < 1 Thus assumption A is fulfilled. Then Theorem 2.2 claims that the process
(u*, x*) satisfies the maximum condition (9) with {¢;}?2, defined by (7) (or equivalently by
(8)). That is, the claim of Theorem 2.2 holds for every weakly overtaking optimal process
in the considered example.

We note that the adjoint sequence {1 }%2; defined by (7) has the explicit form (see (19),
the definition of the numbers 8 and (20))

s—1

(21) v ==Y w [0 —wu) == B = -1+ ][0 —u)).
i s=k i=k

Conversely, let the admissible control process (u*, x*) satisfy assumption A and the maximum
condition (9) in Theorem 2.2 with the adjoint sequence {1 }%2; defined by (7), that is by
(21). Observe that, as argued after (7), 1y are all finite due to assumption A.

For the particular functions f and g the maximum condition takes the form

(1 —23)(1 + Ypp)v <0 for every v € Tjoq(uy).

If for some k it happens that uj = 1, then [[2,(1 — u}) = 0, thus the process (u*,x*) is
optimal. Alternatively, if for every k it holds that u; < 1, then [0,00) C Tj1j(uz). The
maximum condition implies that (1 — z})(1 4+ ¢x41) < 0 for every k. Since zj, € [0, 1], this
means that either zp = 1 or ¥p;; < —1. In the first case the process is optimal because
JU(u*,x*) = xf, = 1 for all w > k. In the second case (21) implies that [[;°, (1 —uf) < 0.
Hence, [[;2(1 — u}) = 0 and the considered process is again optimal.

Summarizing, we proved that Theorem 2.2 provides a complete characterization of the
optimal controls in this discrete-time version of Halkin’s example.

Notice that if an optimal control sequence u* = {uj}?°, is such that uj # 1 for all & =
0,1,2... then in view of (21), (17) and (18) both “natural” transversality conditions

lim ¢, =0 and lim ¢z, =0
k—o0 k—o0

11



fail in this example. This is also noted in [12, Remark 4], where P. Michel argued that
his transversality condition (1)-(iii), which for the example reads as limg oo ¥x < 0, is
satisfied. The trouble is, that for any admissible process there exists an adjoint sequence
{1, }32, satisfying this transversality condition so that the local maximum condition is also
satisfied. That is, the maximum principle with this transversality condition does not give any
useful information for this example. According to Corollary 2.3, the “correct” transversality

condition is the following:
k—1

lim wkr_[ou —u;) =0,

Indeed (18) and (21) imply the last equality immediately.

Example 3.2.

Let us consider application of Theorem 2.2 to a discrete version of the continuous-time
model of optimal exploitation of a nonrenewable resource (see [2, Section 2.2, Example 1]):

(22) J(u,x) = Z 0% In(zy, — a) + Inug,] — max,
k=0
(23) Tpy1 = xp — uk(x) —a), xo=x0 > a,

u, € Uy =U = (0,1), k e N.
Here 0 < # < 1 and a > 0 are given values.

In this example the state variable x; represents the stock of the nonrenewable resource
and the control variable wuy represents the extracted share of the available for exploitation
stock 1, — a of the resource at stage k € N respectively. The discount factor 8% characterizes
subjective time preference, and the value In(zy — a) + Inwy represents the instantaneous
utility of the extracted amount uy(xy — a) of the resource at stage k € N. If a = 0 then the
initial resource stock xg > 0 can be fully exhausted. If a > 0 then the initial resource stock
o > a can be depleted only till the minimal possible level a.

Here we have G = (a,00), f(x,u) = 2 —u(z —a) and g(k,z,u) = 0% [In(z — a) + Inu| for
z€G,uelUandkeN (in this example the function f does not depend on k).

It is easy to see that for any admissible control sequence u = {uy}32,, ux € (0,1), k € N,
the corresponding trajectory x = {zx}32, (see (23)) is admissible, and for any integers
0 < wy < we we have

6
1-0

Z 0% In(xy — a) + Inuy) < Z 0¥ In(z¢ — a) <

k=w1 k=w1

In(zg — a).

This implies that for any admissible process (u,x) the corresponding series (22) either con-
verges to a finite number or diverges to —oo. Thus, for any weakly overtaking optimal admis-
sible process (u*,x*) (if such exists) the corresponding value J(u,x) of the functional (22)
is finite.
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For any admissible process (u, x) we have f!(xy, ug) = 1—uy, and g’ (k, z, u) = 0%/ (x)—
a), k € N. Since f(z,u) = (1 —u) + au and u € (0,1), the mapping z — f(-,u) is a
diffeomorphism. Then the system (23) is invertible (which is not the case in the previous
example!). Further, it can be easily shown that the conditions of Lemma 2.4 are satisfied
for any admissible process (u,x) with ag = (29 — a)/2 and S5 = 260°/(xg — a), s € N. Thus,
assumption A is fulfilled for any admissible process (u, x).

Let (u*,x*) be an optimal admissible process. Then due to Theorem 2.2 the adjoint
sequence ¥ = {¢y }32,, specified by (7) (or equivalently by (8)) for every k € N, satisfies the
local maximum condition (9). Since the process (u*,x*) is interior and

k ~
g;(k,x,u)zz, fi(z,u) = —(z — a), reCG, uwelU, keN,

the local maximum condition (9) reads as

(24) — = Y1 (zf — a), k e N.

*

Due to (8) we have?

Vry1 = Z x*ﬁs H (1 —up), ke N,

a
s=k+1 S i=k+1

and due to (23) we have

k—1
xk—@:H(l—uf)(xo—a), keN
i=0
These equalities imply
00 03 s—1 k—1
25) veati—a = Y —— [] (- [[0-u)wo—a)
s=k+1 "% i=k+1 i=0
00 95 s—1
= ~ 111 =) (zo — a)
2 Gan il
1 0 gk+1
= 0 = , k e N.
T P [
Due to the maximum condition (24) this implies
1 _ *
o b en
uy 1—4

p
2Here as in the previous example we use the standard notation Hg:p instead of [ since in the scalar
i=q
case the order of multipliers does not matter; again Hg:p is defined as 1 if p > q.
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Solving the last equality we finally get
(26) ui=1-0, 2 =a+60"(zy—a), ke N.

Thus we have proved that if an optimal admissible process (u*,x*) exists then it is
uniquely defined by (26), and due to (25) the corresponding adjoint sequence ¢ = {¢x}32,
is defined as follows:

1
27 = k € N.
( ) ¢k+1 (1 — Q)(xo — a)’ S
Now let us prove that the process (u*,x*) defined by (26) is optimal.
For this notice first that for any £ = 0,1,2,... the unique absolute maximum of the

function A(k, -, ¥rs1) : (0,00) — R, defined by

h(k,C, Yps1) = 0" In ¢ — Yr41C, ¢ >0,

is reached at the point ¢, = 0% /¢y = 0%(1 — 0) (2o — a) = u}(x} — a). Here the sequence
Y = {4 }2, is defined by (27) and the process (u*,x*) = {(u}, ;) }322, is defined by (26).
Now let {(vk, yx)}22, be an arbitrary admissible process. Then for any k € N we have

h(k, up(zy, — a), Yry1) = h(k, vp(ye — a), Yri1)

or, equivalently,
(28) ok Inwu; + In(x) — a)] — Yppup(zy, —a) > ok o + In(yp — a)] — Yrr1vk(ye — a).

For an arbitrary integer w > 1 summing (28) we get

(29) Z 0% Inu} + In(z} — a)] — Z 0% [In vy + In(yx — a)]
k=0 k=0

> k(e —a) = Y drpavn(ye — a)
k=0 k=0

L o 1 )

" (1= 0)(x0—a) Z [k = 25s0) = (Y — 1)) = 0= 0)(z0—a) (Y — ).

k=0

Since

. . *
lim y, >a and lim 2z = a,
w—r00 w—0o0

taking the limit in inequality (29) as w — oo we get

w

Z 0% Inu} + In(x} — a)] > limsup Z 0% [In vy, + In(yp — a)] .
k=0

Thus, the process (u*, x*) defined by (26) is optimal. As already proved above, if an optimal
process exists then it is unique. Hence, the process (u*,x*) defined by (26) is a unique
optimal admissible process.
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Notice that if @ > 0 then in view of (26) and (27) both “natural” transversality conditions

lim ¢ =0 and lim ¢Yyx; =0
k—o00 k—o0
fail in this example. Due to Corollary 2.3 the “correct” transversality condition is the

following:
k—1

lim 9 r_[ou —u;) =0,
Indeed, (26) and (27) imply

k—1 "
Jim 00 [[0 =) = Jim iy =0
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