MATEMATUKA U MATEMATUHECKO OBPA3OBAHWE, 2011
MATHEMATICS AND EDUCATION IN MATHEMATICS, 2011
Proceedings of the Fortieth Jubilee Spring Conference
of the Union of Bulgarian Mathematicians
Borovetz, April 5-9, 2011

NOTES ON THE SOLUTION OF DYNAMIC OPTIMIZATION
PROBLEMS WITH EXPLICIT CONTROLS IN
DISCRETE-TIME ECONOMIC MODELS"

Tordan Iordanov, Andrey Vassilev

In the paper methods of solving discrete-time infinite-horizon dynamic optimization
problems with explicit controls are studied. It is provided a justification of a solution
procedure based on a Lagrangian formulation that is frequently applied to such prob-
lems in the economics literature. Necessary conditions for optimality are derived on
the basis of the Bellman equation and sufficient conditions for optimality are provided
under assumptions commonly employed in economics.

1. Introduction. Dynamic optimization problems appear regularly in economic mo-
dels. One frequently encountered formulation takes the form of an infinite-horizon opti-
mal control problem in discrete time. It is typical in the economics literature to either
provide a solution directly, without reference to the method used to derive it (see e.g.
[4]), or to use a solution recipe based on an extension of the method of Lagrange mul-
tipliers as in [3]. The present work suggests one possible way of justifying the use of
the Lagrangian method to derive necessary conditions for optimality in this context and
formulates a sufficiency result for optimality.

Let X C R" be a given set (describing the state variables x = (z1,...,2").) We
assume that for any z € X there is a set U(z) C R™, whose elements u = (u',...,u™)
are called controls. With the aid of a scalar function g(x, u) and a vector function f(z,u)
taking values in X, where € X, u € U(z), one defines a typical problem of the type
considered here:

Find a sequence of admissible controls {u:}, ¢ = 0,1,2,..., for initial data xo, which
determines through the state equations
(1) Tep1 = f(@e, ue)
a sequence of values for the state variables {x¢1+1}, ¢ = 0,1,2,. .., for which the objective
functional

(2) jwo,u) =" a'glws, u)
t=0
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attains its maximum

(3) J(IO) = Supj(IOa u)a

where the sup operation is taken over the set of all admissible choices of {u;}. We refer
to this formulation as problem A.

The scalar « € (0,1) is called a discount factor. We denote by FC(zg) the set of
all feasible control sequences {u;}32, for initial data zg € X, i.e. 41 satisfies (1) for
ug € U(xy), t=0,1,2,..., and a given 2. We write {z},,,u;} t=0,1,2,..., to denote
the optimal sequence of state-control pairs for problem A, i.e. {u;} € FC(xo), and

(o) = j(wo,u”), u" = {us}.

We note that convergence in (2) is guaranteed by imposing additional assumptions,
e.g. boundedness of g(z,u) for all feasible values of the variables.

The usual approach to problem A in the economics literature is to proceed by analogy
to the finite-dimensional case and set up a Lagrangian function, which in the proposed

notation has the form
o0

(4) L(x1,22,...,u0,U1,...) = Z o' g(@e, ue) + af Ny - [f (24, ur) — T41],
t=0
where Ay = (\},...,A?), t =0,1,2,..., are the Lagrange multipliers and

)\t . [f(l't,’ll,t — I’t+1 Z)\ fz I’t,’ll,t x’ti—‘,-l]'

Under the assumption of differentiability of the respective objects, one can formally
differentiate £ with respect to the coordinates of x; and u; to obtain the so called first-
order optimality conditions:

Jor (e, u) —l—Z)\’ fllzp,u)| =X, k=1,...,n,
(5) i=1
:Et,ut JrZ)\’ :Et,ut =0, j=1,...,m

Then, combining (1) and (5), one computes the solution {u:}2, or, more precisely,
the sequence {xii1,ut}i2. (It is common practice to find a stationary point of the
system (1) and (5) and study a linearized version of the system around that point. This
approach is especially prevalent when analyzing stochastic versions of problem A, which
is beyond the scope of the present work.)

It is natural to ask whether: 1) the above procedure for computing necessary condi-
tions for optimality has a formal justification and 2) the solution {41, u:}s2, obtained
in this manner is optimal indeed.

The present work aims to provide answers to these questions in the spirit of the
analysis in [5], where a similar problem is studied without the inclusion of explicit controls
in the formulation.

2. Necessary conditions for optimality as a consequence of the Bellman
equation. A basic fact in the study of problem A is that the function J(zo), called
value function of the problem, satisfies the Bellman equation (see e.g. [1], p.4), which in
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the proposed notation has the form

(6) J(x) = sup [g(z,u)+ o (f(z,u))].
uweU (x)

The analysis in [5] focuses mainly on the relation between the functional equation (6)
and problem A, rather than on the way in which one obtains equation (6). A relatively
simple system of conditions ensures the existence of a fixed point of the operator
(7) T(h)(x) = sup [g(z,u)+ ah(f(z,u))],

uweU (x)
where h € C(X) and T : C(X) — C(X). This fixed point turns out to be a solution of
(6).

As the operator T preserves certain properties of h, it follows that the solution J(x)
also possess them. In this way one establishes that if g(x,u) and f(z,u) are strictly
increasing with respect to the z-variables (with z < 2’ meaning z* < 2%, Vk =1,...,n
and a strict inequality holding for at least one coordinate) and if U(z) C U(a') for < o/,
then J(x) is strictly increasing,.

As a consequence of this property we obtain that if J(x) is differentiable, then its
derivatives are nonnegative.

Let the supremum in (6) be attained at a point in the interior of U(x). Denoting by
u = v(z) the point in U(z) for which the supremum in (6) is attained and assuming that
all the derivatives considered below exist, we find sequentially

(8) J(x) = g(z,v(z)) + aJ(f(z,v(2)))

and

(9) Gui (@, v(2)) + az [Jos (f (2, v(2))) fos (2, v(2))] =0, j=1,....m.
Differentiating (8) with respect to zF, k=1,...,n, we obtain

Jok (2) =gor (2, v(2)) + Z G (@, (@) () +

(10)

n m

o> T (flav(@) | filev(@) + 3 fis (@, v(@),

i=1 j=1

In view of (9), we have

(11) Jor () = gor (2, (7)) + Z Toi (f (@, v(2))) for (z, ().

Let us denote uy = v(xf) fort = 0,1,2,..., with 2y given and x},,, t > 0, determined
by (1). In view of the counterparts of theorems 4.4 and 4.5 in [5] for the case considered
here, under a supplementary condition on the solution J(z) to (6) of the form
(12) lim of J(z}) =0,

t—o00
the sequence {z}, ,,u;}, t = 0,1,2,..., is a solution to problem A. Taking the points
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x =2af and uf = v(x}) in (9) and (11), we obtain

n
(13) gur (@}, uf) + @Y [Jue(@iy) fs(@pup)] =0, j=1,...,m,
i=1
and
(14) Tor(27) = gor (25 uf) + @Y i (@) fin ().
i=1

The last two conditions coincide with those in (5) if we set
(15) At = agrad J(z7, ).

We can summarize the considerations presented above as follows:

Theorem 1. Let {x},,u;}2, be a solution to problem A. Define ¢ as in (15) and
assume that the following conditions hold:

1. g(z,u) and f(x,u) are strictly increasing in x;
2. g(z,u) and f(x,u) are differentiable in x and u;
3. J(x) is differentiable in x;

4. zf € int X and uf € intU(z}), Vt.

Then, the sequence {x}, ,u;}2 satisfies the system (5).

The above provides a (partial) justification of the necessary conditions in (5) in the
sense that, at least under certain conditions, there exist Lagrange multipliers \; for which
these hold. The conditions on g and f in Theorem 1 have to be strengthened if one wants
to derive some of the hypotheses of the theorem (e.g. differentiability of J) instead of
assuming them.

Additionally, the representation in (15) implies that )\%, 1 =1,...,n, are nonnegative
(because of the monotonicity of J). This proves to be useful in establishing sufficiency
and is also quite natural in view of the economic interpretation of Lagrange multipliers.

Remark 1. The derivation based on dynamic programming used in this section
is potentially useful in that it could be generalized to a stochastic version of problem
A. Nonetheless, the necessary conditions in (5) can also be derived by other means,
for instance, by applying an appropriate version of Pontryagin’s maximum principle for
discrete time problems as formulated in [2]. Given a solution {z};,u;}2, to problem A,
assume for every t = 0,1,2,... that the functions f and g are differentiable at (x},u}),
that uf € int U(x}) and that f,(z},u}) is onto. Define the Hamiltonian for the problem
as

H(z,u,\,p,t) == Nag(z,u) +p- f(z,u),
where \° € R and p € R™. Then, Theorem 4 in [2] states that there exist co-state variables

{pt}2, such that p;—1 = Hy, (x},uf, 1,pt,t), t > 1, and Hy, (xf,uf,1,p,t) =0, ¢ > 0.
Applying these to the Hamiltonian and setting \; := p;/at, we yield our equations (5).
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3. Sufficient conditions for optimality. Under certain additional assumptions one
can show that, analogously to Theorem 4.15 in [5], the necessary conditions obtained
above are also sufficient.

Theorem 2. Let {\;}, {xf, ,u;}, t =0,1,2,..., be determined through equations
(1) and (5). If

1. the functions g(x,u) and f(x,u) are concave with respect to (x,u);
2. the Lagrange multipliers A}, ..., A\, t =0,1,2,... are nonnegative;
3. the state space X is a subset of R" and the transversality condition

lim oTArzt. ;=0
T—o00 7T 41

holds, then, the sequence {xj, |,uf} (with xo given) is optimal for problem A.

Proof. For T' € N and an arbitrary sequence u; € FC(xg) (and the corresponding
sequence of state variables z;), we write

£ act,ut ZO( {g act,ut) + )\t [f(xt,ut) — $t+1]} .

Then,
T

Lr(we,u) — Lo(zg,uy) = Z af; - (Ti41 — Te1)+
(16) =0

ZO‘ 9(we,ue) + Ae - f o, ue) = g(ay,up) = A - fxf, up)],

which, taking concav1ty into account, does not exceed

Za (@ — Te) +Za [ng wfup) - (o —afh)+
n n
S s ) - (uf — +ZA’“{ZL 7705 - (- )+
j=1 k=1 s=1
Z (@7, up) ’tdu}”)} :

Using the condltlons (5), we obtain

* ok = t * = t )‘t—l *
Lor(ze,ur) — Lp(xf,uf) < tz:;a A (@i — Teg1) +;a [ o (wy —xt)} :
In the last sum z¢ = a2 and, replacing ¢t — 1 with ¢, we find that (16) does not exceed
oA (@ — wrir) < @l Aragyg,
which tends to zero by virtue of the transversality condition. O
Remark 2. The transversality condition and the assumption of convergence of the
series (2) are related. They would both be true if we can guarantee that the values of
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the state variables and the controls 1) either lie in compact sets or 2) are not optimal
outside a given compact.
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BEJIE2ZKKU BbPXY PEIITABAHETO HA IVVMAHNYHUAU
OIITUMU3AIINOHHN 3AJAYN C ABHU YVIIPABJIEHU A B
NKOHOMMWYECKN MOJEJIN C AMCKPETHO BPEME

ﬂop,uan rop,anOB, Amnnapeii Bacunes

B paborara ce m3ciemBar MeTOAM 3a peIIaBaHETO Ha 3a/a9d Ha ONTHMAJHOTO YII-
paBjIeHHEe B JINCKPETHO BpeMe ¢ Oe3KpaeH XOPH30HT M sIBHU ympasieHus. lamena e
00OCHOBKa Ha €/IHA IPOIEALypa 3a pellaBaHe HAa TAKWBa 3aJa4dd, Oa3MpaHa HA MHO-
kuTesn Ha JlarpaHxK, KosiTa 4ecTo ce ynorpebsiBa B MKOHOMUYECKATa JIITEPATYPA.
W3BexteHn ca HEOOXOUMUTE YCJIOBHS 3a ONTHMAJIHOCT Ha 6a3aTa Ha ypaBHEHHUs Ha
Benmvan un ca nmpuBeneHn TOCTATHIHHE YCIOBHUS 32 ONTUMAJHOCT IIPHU JIOMYCKAHUs, KO-
HATO YECTO Ce U3IOJI3BAT B MKOHOMUKATA.
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