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CHAPTER 12

DYNAMIC PROGRAMMING

In science, what is susceptible to proof must not be believed without proof.

— R. Dedekind (1887)

This chapter gives an introduction to the theory of dynamic optimization. The term
dynamic is used because the problems involve systems that evolve over time. Time is
measured by the number of whole periods (say weeks, quarters, or years) that have passed
since time 0, so we speak of discrete time. In this case, it is natural to study dynamical
systems whose development is governed by difference equations.

If the horizon is finite, dynamic optimization problems can be solved, in principle, using
classical calculus methods. There are, however, solution techniques that take advantage
of the special structure of discrete dynamic optimization problems. Section 12.1 intro-
duces a method that converts any, potentially very complicated, dynamic problem into an
equivalent series of much simpler problems. This nesting technique was given the name
dynamic programming by American mathematician Richard Bellman, who is credited with
its development. Section 12.2 gives a dynamic programming version of the Fuler equation
used in continuous time control theory, which is much used in the economics literature.

Section 12.3 presents the fundamental result in dynamic programming with an infinite time
horizon, the Bellman equation. Section 12.4 offers an introduction to stochastic dynamic
programming, including the stochastic Euler equation, while the concluding section is
devoted to the important case of stationary problems with an infinite horizon.

When a discrete time dynamic optimization problem has restrictions on the terminal
values of the state variable, there is a discrete time version of the maximum principle
which may work better than dynamic programming. An appendix to this chapter sets
out the relevant discrete time maximum principle. This appendix also presents a brief
discussion of infinite horizon problems in this setting.

12.1 DyNAMIC PROGRAMMING IN FINITE HORIZON

Consider a system that changes at discrete times t = 0,1,...,7T. Suppose that the state
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of the system at time ¢ is characterized by a real number x;.! Assume that the initial state
x¢ is historically given, and that from then on the system evolves through time under the
influence of a sequence of controls u;.2 The controls influence the evolution of the system
through a difference equation

Ti41 = gt(xt,ut), xo given, uy € Ut(l't)» t=0,...,T—-1 (1)

where, for each t, g; is a given function. Thus, we assume that the state of the system at
time ¢ + 1 depends on the time £, on the state x; in the preceding period ¢, and on u;, the
value chosen for the control at time ¢. Assume also that the set of controls that is feasible
at each period depends on the specific period and on the state. That is, suppose that at
time ¢, uy can be chosen freely from set U;(x;), which is called the control region

Suppose that we choose values for wug,ui,...,ur—_1. Then, Equation (1) immediately
gives 1 = go(xo,up). Since x1 is now determined, so too is xo = g1(x1,u1), then z3 =
92(x2,uz), and so on. In this way, (1) can be used to compute recursively the successive
states x1,Ts,...,rr in terms of the initial state, xg, and the controls. In this way, each
choice of controls (ug, u1, ... ,ur_1) gives rise to a sequence of states (z1,xs,... ,x7). Let
us denote corresponding pairs (zg, ... ,x7), (ug,...,ur) by ({x:},{us}), and call them
admissible sequence pairs.

Different paths will usually have different utility or value for a given decision maker: the
problem assumes that in each time period, she enjoys a utility level that depends on the
state and the control in that period. The whole path is then assessed according to the
aggregate of these per-period utilities.®> Formally, assume that for each ¢ there is a return
function f;(x,u) such that the utility associated with a given path is represented by the

sum S fi(xs, us). This sum is called the objective function.

For each admissible sequence pair the objective function then has a definite value. We
shall study the following problem: Among all admissible sequence pairs ({z;},{u.}), find
one, denoted by ({x;},{u;}), that makes the value of the objective function as large as
possible.

The admissible sequence pair ({z} }, {u; }) is called an optimal pair, and the correspond-
ing control sequence {u}}]_, is called an optimal control.

The discrete time optimization problem can be formulated briefly as

T

maXth(:ct,ut) subject to wi11 = ge(xe, us), ur € Ug(xy); x0 given. (2)
t=0

IFor example, z; might be the quantity of grain that is stockpiled in a warehouse at time ¢.

°In the context of the example above, u; would be the quantity of grain removed from the stock at time ¢.
3Again, in the context of the example, fi(x,u) would be the net profit that the agent obtains from selling
quantity u, removed from stock .

4The return function is often called performance, felicity or instantaneous utility function. The objective
function is often referred to as intertemporal utility function. The objective function is sometimes specified
as Z?Z_OI ft(ze,ut) + S(zT), where S measures the net value associated with the terminal period. This is
a special case in which fr(zr,ur) = S(xr), and S is often called a scrap value function.
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EXAMPLE 1: Let x; be an individual’s wealth at time t. At each time period ¢,
the individual has to decide what proportion, u;, of his wealth to consume, leaving the
remaining proportion for savings. Assume that wealth earns interest at the constant rate
p —1 > 0 each period, so that her wealth is x;11 = p(1 — u;)z; at the beginning of period
t + 1. This equation holds for ¢t = 0,...,7T — 1, with g > 0 given. Suppose that the
utility of consuming c at time ¢ is Wi(c). Then, the total utility is ZZ:O Wi(ugzy), and
the problem facing the individual is

T
maXZWt(utxt) subject to w411 = p(1 — ug)xe, up € [0,1]; (o given. (%)

t=0
(See Problems 2, 3, and 8.) O

12.1.1 An Illustrative Problem.

Before giving the formal analysis of the technique developed by Bellman, it is useful to
present a simple application that will help us develop the intuition that lies behind the
formal analysis. Consider Figure 1.a, and suppose that each of the nodes in that graph
represents a city, and that the arrows represent one-way roads that connect these cities.
Suppose that a tractor salesman based in source city ¢ has to go on a sales trip that ends
at terminal city 7. Being a good salesperson, he will take this opportunity to sell his
tractors to farmers on the roads that he takes on the trip. The numbers that are next to
each arrow in the graph denote the number of tractors that our salesman would sell in
that part of his trip. His optimization problem is, then, to find the route that takes him
from o to 7 and maximizes the number of tractors he will sell on the trip.®

Figure 1.a

Note that when he is at source o, if he only looks at the tractors to be sold in the first leg
of the trip, he will chose to go to city § first. Of course, this short-sighted decision need
not be optimal: by choosing to go to 3, he is ruling out the possibility of ever going to city
v, and of selling tractors to farms that are in the roads that connect o with v and with §.
The salesman has to be more thoughtful. One possibility would be for him to consider all

5Remember that these roads are all one way, so he cannot loop around and cover all farms.

3



possible combinations of cities and the resulting sales. But is there a better way to find
the optimal solution?

It turns out that our salesman can find his optimal route in a simpler way, requiring less
computations and obtaining more information than if he solved his problem by finding all
possible combinations. Instead of solving only the problem of going from ¢ to 7, all he
has to do, following Bellman’s intuition, is to solve a series of simpler problems, looking
at the best way to go from any city to 7, starting from those that are closest to 7.

Suppose that he finds himself at (. There are no options for him, and he will sell seven
tractors in the last leg of his trip. If he finds himself at 7, there is nothing to decide and he
will sell two. These two subproblems were very easy to solve. If he finds himself at cities ~
or € in the penultimate leg, his problems is equally simple, since he has no choices: from
~ he’ll have to go via (, selling 11 tractors in total; from e, he’ll sell nine tractors going
via n. If he finds himself at §, on the other hand, he has a decision to make—whether to
go via ¢ or via n. His problem is slightly more complicated, for he has to consider the
tractors he will sell in the two remaining legs of his trip. Looking at that subproblem, it
is evident that the short-sighted decision to go via 17 would be a mistake: considering the
subsequent leg, he should go via (, selling 18 tractors in total.

Note that what we have done so far gives us the optimal routes the salesman should take
from any city in {d,... ,n} to 7. Now, suppose that he finds himself at o. He does have
a decision to make, and this decision will imply not only a number of sales made in the
immediate leg, but also will restrict the number of sales he will optimally make in the rest
of his trip. His problem now looks more complicated. But since he has already solved
the subproblems for all subsequent legs, he can be clever and reason his way to a simpler
problem. In particular, he knows that if he goes from « to d, he will not choose to go to n
afterwards, so he can dismiss that route and make his problem simpler. Effectively, he can
use his previous reasoning of the optimal subsequent choices, to delete the pre-terminal
cities from his map, as in Figure 1.b.

S

Figure 1.b

Looked at it in this new graph, the decision problem at « is much easier, and it is obvious
that he should go via 9, selling 26 tractors. If he were to start from 3, it is also immediate
from Figure 1.b that the salesman would find it optimal to sell 20 tractors, going via §.
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Now, let us consider the problem starting from o. We have already solved the problems
starting from « and from S, and know that the optimal sale levels are 26 and 20 tractors
respectively. The sales person thus knows that he will not go to cities v and ¢, so that we
can delete these cities from the map and simply consider Figure 1.c.

@ 26
@ 5 \@
10 /

Figure 1.c

It is now clear that choosing to first go to S would have been a mistake, for the maximum
number of sales he would have been able to make afterwards would have limited his total
sales to 30 tractors. The best choice for the salesman is to go via «, thus making a total
of 31 sales on his way to 7.

Let us now cast this situation in the language of the general problem. There are four
legs to the salesman’s trip. For ¢ = 1,...,4, let x; represent the city where the he is
after the t-th leg. This city will be the state of the problem after that leg, and the
initial state is the source city, xo = o. At the beginning of the problem, he can choose
to go ‘up’ or ‘down’. These are the values of his control variable. If starting at o he
goes up, he will start the next leg at a. In the general language, U;(0) = {up,down},
go(o,up) = «a, and go(o,down) = 5. The sets of controls and the dynamics of the states
are constructed similarly from other cities, with care that Us(y) = Us(¢) = {down}, and

Us(e) = Us(n) = {up},

The return function will be the tractors to be sold in each leg, as a function of where
the salesman begins that leg and what choice he makes. For instance, fo(up,o) =5 and
f1(down, ) = 8, as in Figure 1.d. The decision facing him is Problem (2).°

(NG (3 dovwen)

J3(¢, down)

f3(n, up)

Figure 1.d

6With the proviso that f4(7) = 0.



Our next step will be to present a general method for the solution of (2); we will then
point out how what we did in this section is just an application of that method.

12.1.2 The Value Function and its Properties.

Suppose that at time s < T the state of the system is . The best that can be done in
the remaining periods is to choose ug,usy1,...,ur, and thereby also 41, %sy2,..., 27,
to maximize Z;‘F:S fi(xe,up), with x5 = x. We define the (optimal) value function for
the problem at time s < T by

T
Jo(x) = maxz fe(zy, us) subject to xpy1 = ge(@e, ur), ue € Up(y); s =,  (3)

t=s
where we assume that the maximum is attained.”

At time T, if the state of the system is x, the best that can be done is simply to maximize
fr(u,x) by our choice of u. If such optimum exists, we define the value function at T as

Jr(x) = max fr(x,u), subject to u € Up(x). (4)

Two features in this construction are worth emphasizing. If U;(z) is empty, then, we
will adopt the convention that the maximum over U;(z) is set equal to —00.8 Now, let
Xi(zg) denote the range of all possible values of the state x; that can be generated by
the difference equation (1), if we start in state xg and then go through all possible values
of ug,u,...,us—1. Of course, only the values of J;(x) for x € X;(xg) are relevant for the
domain of the value functions.

We now prove an important property of the value function. Suppose that at a particular
time s < T we find ourselves in state xs = x. What is the optimal choice for us? If we
choose us; = u, then at time o we obtain the immediate reward fs(z,u), and, according to
(3), the state at time s+ 1 will be x541 = gs(z,u). Using definition (3) again, the highest
attainable value of the total reward from time s+ 1 to time 7, Z?:sﬂ fi(x¢, up) starting
from the state xs41, is Js+1(Ts4+1) = Js+1[gs(x, w)]. Hence, the best choice of the control
at time s must be a value of v that maximizes the sum

fS(xa u) + JS—H[QS(ma u)]

This leads to the following general result:

THEOREM 1 (Fundamental Equations of Dynamic Programming). For each
s=0,1,...,T —1, let Js(x) be the value functions (3) for Problem (2). The sequence of
value functions satisfies the equations

Js(l’) = max ){fs(x7u) + Js—i—l[gS(x?u)]}a (5)

UGUS (LE

"This is true if, for example, the functions f and g are continuous and U is compact.
8Frequently, the set U(z) is determined by one or more inequalities of the form hi(x,u) < 0, for some
continuous function hg.
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fors=0,1,...,T —1.

Theorem 1 gives us the basic tool for solving dynamic optimization problems. It is used as
follows: First, find the function Jr(z) by using its definition, (5). The maximizing value of
u depends (usually) on z, and is denoted by u%.(x). The next step is to use (4) to determine
Jr_1(z) and the corresponding maximizing control u%_;(x). Then, work backwards in
this manner to determine, recursively, all the value functions Jr_o(x), ..., Jo(z) and the
maximizers uh_o(z),...,uf(x).

This allows us to construct the solution of the original optimization problem: Since the
state at t = 0 is xg, a best choice of ug is uj(zo). After ui(zo) is found, the difference
equation in (1) determines the state at time 1 as 7 = go[zo, ui(zo)]. Then, uj(z}) is a
best choice of u;, and this choice determines x3 by (1). Again, u3(z3) is a best choice of
us, and so on.”

EXAMPLE 2: We can now use the example presented in Subsection 12.1.1 to illustrate
the recursive method of Theorem 1. Figure 1.d expressed the salesman problem in our
general notation. Our first step was to realize that J3(¢) = f3(¢,down), and Js3(n) =
f3(n,up), as there were not choices available at that stage. Figure 2.a makes this explicit.

Figure 2.a

It is easy to see, from Figure 2.a, that our equally simple solution to the problems facing
the salesman at cities v and € gave us that Jy(y) = fa(y,down) + J5(¢), and Ja(e) =
fa(e,up) + J3(n). The interesting case was if he found himself at d, for there he has a
decision to make. Recalling our analysis there, it is clear that

J2(0) = max{ f2(d,up) + J3(¢), f2(5, down) + J3(n)}.

Then, we can delete the penultimate stage of the problem, as in Figure 2.b.

9If we minimize rather than maximize the sum in (2), then Theorem 1 holds with “max” replaced by
“min” in (3), (4) and (5). This is because minimizing f is equivalent to maximizing — f.
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J2(7)

J2(e)

Figure 2.b
Again, we now have that
Ji(r) = max{fi (e, up) + J2(7), f1(e, down) + J»(d)},

and

J1(B) = max{fi(B,up) + J2(3), f1 (8, down) + Ja(e)},

which we can now introduce to Figure 2.c.

@\
© @

oo 7

Figure 2.c

Finally, we conclude that the solution to Problem (2) for the salesman is simply

Jo(0) = max{fo(o,up) + J1(«), fo(o,down) + J1(5)}.

EXAMPLE 3: Use Theorem 1 to solve the problem

3
maxZ(l + x; — u?) subject to Tyy1 = x4 +ug, up € R; x9 = 0.
t=0

Solution: Here, the horizon is T = 3, while at all ¢ the return function is f;(x,u) =
1 + 2 — u? and the updating function is g;(x,u) = x + u. Consider first Equation (5) and
note that J3(z) is the maximum value of 1+ z — u? for u € (—00,00). This maximum
value is obviously attained for u = 0. Hence, using the notation introduced in Theorem 1,

J3(z) =1+, with u3(z) =0. (%)
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For s = 2, the function to be maximized in (4) is 1 + x — u? + J3(z + u). Let us denote
this function by hs(u), and use the fact that (%) implies that J3(x +u) =1+ (x + u), to
get

hotu) =1+z—u? +1+ (z+u) =242z +u—u

Function hsy is concave in u, and hb(u) = 1 — 2u, which vanishes for u = 1/2, so this is
the optimal choice of u. The maximum value of ho(u) is, thus,

ho(3)=2+22+1—-1=2+22
Hence,
Jo(z) = § 4 2z, with ul(z) =3 (xx)

For s = 1, the function to be maximized in (7) is given by hi(u) = 14+ z —u? + Jo(z + u).
Substituting from (k%) gives

hi(u)=1+z—u’+ 3 +2(x+u) =2 + 32+ 2u— v’

Because h; is concave and h)(u) = 2 — 2u, which is null for v = 1, the maximum value of
hi(u) is 13/4 + 3z +2 —1 =17/4 + 3x. Hence,

Ji(z) =L + 3z, with uj(z) =1 (k)

Finally, for s = 0, the function to be maximized is ho(u) = 1+ x — u? + Ji(z + u).
Substituting from (s#*x) gives

ho(u) =1+z—u?+ L +3(z +u) = & + 4z + 3u — u”.

Function hg is concave and h{(u) = 3 — 2u vanishes for u = 3/2, so the maximum value
of ho(u) is ho(3/2) = 21/4 + 4z + 9/2 — 9/4 = 15/2 + 4z. Thus,

Jo(z) = 2 + 4z, with uf(z) =

[\J[PH

In this particular case, the optimal choice of the control each period is a constant, in-
dependent of the state. The corresponding optimal values of the state variables are
r1=x0+us=3/2, 0 =21 +u; =3/2+1=5/2, x3 = x5 +us =5/24+1/2=3. The
maximum value of the objective function is 15/2. ]

In principle, all deterministic finite horizon dynamic problems can be solved in an alter-
native way using ordinary calculus. But the method becomes very unwieldy if the horizon
T is large, and is usually hopelessly impractical for stochastic optimization problems of
the kind considered in Sections 12.4-12.5.

In the next example the terminal time is an arbitrary natural number, and the optimal
control turns out to be a specific function of the state of the system.
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EXAMPLE 4: Solve the following problem:

T-1
max (Z —%ut:ct +1In xT> subject to w41 = x¢(1 + wexy), up > 0; 9 > 0. (7)
t=0

Solution: Because z¢p > 0 and u; > 0, we have z; > 0 for all . Now, fr(x,u) =Inz is
independent of u, so Jr(z) = Inx, and any ur is optimal.

Next, putting s =T — 1 in (4) yields

Jr_1(x) = max {—2uz + Jrlz(1+ ux)]} = max [—2uz + Inz + In(1 + uz)] .

>0
The maximum of the concave function h(u) = —2uz + Inz + In(1 + uz) is at the point
where its derivative is 0. This gives h/(u) = —2z + z/(1 + uz) = 0, or, since z > 0,

u =1/2x. Then h(1/2z) = lnx —1/3 +In(3/2). Hence, Jr_i(x) = h(1/22) = Inx + C,
with C' = —1/3 +1n(3/2), and u’_,(x) = 1/2x.

The next step is to use (4) for s =T — 2:

Jr_o(z) = max {—2ux + Jr_1[z(1 + uz)]} = max [~ 2uz + Inz + In(1 + uz) + C|

u>0

Again, u = u}_,(x) = 1/2x gives the maximum because the first-order condition is the
same, and we get Jp_o(x) = Inx + 2C, with C = —1/3 +1n(3/2), and v}h_,(z) = 1/2x.
This pattern continues and so, for £ = 0,1,...,T, we get Jr_x(z) = Inz + kC, with
C=-1/34+1n(3/2) and u}_,(x) =1/2x.

So far we have been working backwards from time 7T to time 0. Putting t = T — k for
each k, we find that J;(z) =Inz + (T —t)C and ub = 1/2z for t = 0,1,... ,T. Finally,
inserting uj = 1/2z} in the difference equation gives z;, , = (2)z}. So x} = (2)'z, with
i, = (2)* /22, as optimal control values. O

In the above formulation, the state x and the control u may well be vectors, in say R™ and
R", respectively. Then g must be a vector function as well, and the difference equation
is a system of difference equations, one for each component of x. No changes are then
needed in Theorem 1, except that we would use boldface letters for x, u, and g.

Controls us(x) that depend on the state = of the system are called closed-loop controls,
whereas controls u; that only depend on time are called open-loop controls.!? Given
the initial state z¢ and a sequence of closed-loop controls uy(x), the evolution of the state
x; is uniquely determined by the difference equation

Tir1 = ge(xe, ue(we)), xo given. (%)

10Except in rare special cases, the controls u?, U5, 1, up that yield the maximum value Js(z) in (3)
do depend on z. In particular, the first control does so, and determining the functions Js(z) defined in
(3) requires finding optimal closed-loop controls u’(z), for s =0,1,... ,T.
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Let us denote by @; = u¢(x:) the control values (numbers) generated by this particular
sequence of states {x;}. Next insert these numbers u; into the difference equation:

Tep1 = ge(Te, Ug), To given (%)
This, obviously, has exactly the same solution as equation (k).

Hence, we get the same result whether we insert the closed-loop controls uf(z) or the
equivalent open-loop controls u;. In fact, once we have used the closed-loop controls to
calculate the equivalent open-loop controls, it would seem that we can forget about the
former. It may nevertheless be useful not to forget entirely the form of each closed-loop
control. For suppose that at some time 7, there is a disturbance to the state 7 obtained
from the difference equation, which has the effect of changing the state to .. Then uX(Z,)
still gives the optimal control to be used at that time, provided we assume that no further
disturbances will occur.

EXAMPLE 5: Consider the problem of an investor with planning horizon 7' and initial
wealth g > 0. Let x; denote the value of the investor’s assets at time ¢, and let u; be his
consumption. Suppose that the interest rate on this assets is 7; > 0 at time ¢, so that so
that xyp1 = (1 4+ 4¢) (x — uyg).

The utility associated with a level of consumption u at any one period is u'~7, where
v € (0,1), and the investor wants to maximize the present value of the flow of utility
from consumption. Define § = 1/(1 4 r), where r is the rate of discount. The investor’s
problem is, thus,

T
mauxZBtu%_AY subject to xy11 = ar(xy — uy), ug € [0, x¢],
t=0

where, for simplicity of notation, a; = 1 + ;.

Solution: We apply Theorem 1, with the control region Ui(x) = [0,z] and fi(x,u) =
Btul=7 for t =0,1,...,T. By definition,

Jr(x) = m[%x] BTUI—V = 5Tx1—v’ (i)
uc|0,x

and w’(x) = x is optimal. Moreover, Equation (4) yields

Js(x) = m[%x] {B°u' ™7 + Jeialas(z — u)]} . (ii)
ue|0,x
In particular, (i) gives Jr(ar_1(z —u)) = 8Tap % (z —u)' 7, so
Jr_i(z) = p1 rn[%mc][ul_v + Bap Y (x —u) 7], (iii)
ue |0,z

Let h(u) = u' =" + ¢’ (z — u)' =7 denote the maximand in (iii), where ¢” = Bay._Y. Then,
M(u)=1-y)u""—(1=y)c"(x—u)"" =0whenu™ =c"(xr—u)"Y and sou = (x—u)/c.
11



Because v € (0,1) and ¢ > 0, the function h is easily seen to be concave, so the critical
value of u does maximize h(u). This implies that

M=o, (iv)

u;}—l(iﬁ)zg, where w:l_i_CZl_i_(Ba;—_f)i)

for a suitably defined constant C'r_;. Then, because ﬁa%r__wl = ¢ = (w — 1)7, choosing
the value x/w of ur_1 gives

harfw) = 2 4 (w— 1) (1 — w )]
=2 w4 (w— 1) (w — DT ]

= azl_VC’T_l
Hence, by (iv), Jr_1(z) = BT 1Cr_121 7.1t Next, substitute s = T'— 2 in (ii) to get:

Jrale) = B mas ! 4 B0 el e ),

Comparing this function with (iii), from (iv) we see that the maximum value is at
uh () = x/C;/_E, where C%/_g = 1+(ﬁC’T_1a1T__72)1/7, so that Jr_o(z) = BT 2Cr_o2' 7.

We can go backwards repeatedly in this way and, for every ¢, obtain J;(x) = BtCyz! 7.
From (i), we can let Cp = 1, while C} for t < T is determined by backward recursion
using the first-order difference equation

O =14 (BChpral )7 =1+ (Bal )1 CM7 (v)

that is linear in C;/”. The optimal control is u}(z) = 2/C;/", for all t = 0,1,... , T — 1,
while we find the optimal path by successively inserting u}, into the difference equation
for z;41.

We can obtain an explicit solution in the special case when a; = a for all ¢t. Then (v)
reduces to Ctng — C’tl/v/w = —1/w, where w = (Ba'~7)'/7. This is a first-order linear
difference equation with constant coefficients. Using C'r = 1, and solving the equation for
Ctl/v, we obtain

01/7 — Tt + 1—w'?

t l1—w

fort=T,T—1,...,0. O

HNotice that Jr_; has the same functional form as Jr.
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Problems:
(1) Consider the problem

2
maxz [1— (27 +2u7)], subject to z441 = 24 — ;w0 =5 (%)
t=0
where u; can take any value in R.

(a) Use Theorem 1 to solve the problem.

(b) Use the difference equation in (x) to compute z; and z2 in terms of uy and uq,
and find the sum in (x) as a function S of ug, uy, and us. Next, maximize this
function.

(2) Consider Problem (%) in Example 1. Suppose that the utility function is Wy(c) =
(1+7r)"ty/c;, and that zo > 0.12 Compute J, and u?, for s =T,T7 —1,T — 2.

(3) Consider Problem (*) in Example 1. Suppose that Wy(¢;) = (1 4+ 7) " *¢; and xg > 0.
Compute Jr, uh, Jr_i, and wh_,, for x > 0. Prove that there exist constants P,
which may depend on p and r, such that Js(x) = Psx for s = 0,1,...,T. Find Jy
and ul, for s =0,...,7T.

(4) Consider the problem

T
max Z(S — uy)x? subject to xyy1 = wpwy, ug € [0,1]; 2o given
t=0

(a) Compute the value functions Jr, Jr_1, and Jr_o, and the corresponding control
functions, wp, wh_;, and wp_,.

(b) Find an expression for Jy_,(z), forn =0,1,...,T, and the corresponding opti-
mal controls.

(5) Given xg > 0, solve the problem
T—1
max [Z (-%Ut) +1HI‘T] subject to @y = 2 (1 + uy), ug € [0,1]
t=0

(6) Consider the problem

T
max Z(azt —u?) subject to ;11 = 2(x; + us); To = 0
t=0

(a) Write down its fundamental equations.

12 As in Example 4, r denotes the rate of discount.
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(b) Prove that the value function for the problem is given by
Jr_n(z) = (2" — D + Z(Zj —1)?
j=0

for each n=0,1,...,T.
(c) Find optimal controls u; = u; and the maximum value V' = Jy(0).

(7) Given positive constants « and +y, consider the problem
T—1
max Z(—e‘”“t) —ae” 7T | subject to X1 = 21 — ug; X given
=0

where u; can take any value in R.
(a) Compute Jp, Jr_1, and Jp_s.

(b) Prove that J; can be written in the form J;(z) = —aye™ 7", and find a difference
equation for aq.

(8) Consider the special case of Problem 2 where r = 0.
(a) Compute Jr, Jr_1, and Jp_o.13
(b) Show that the optimal control function is

1
Lt pt Pt pT

us ()

and find the corresponding Jg(z), s=1,2, ..., T

12.2 THE EULER EQUATION

The economics literature sometimes considers the following formulation of the basic dy-
namic programming problem, without any explicit control variable (e.g. Stokey et al.

(1989)):
T

maXZFt(xt,xtH), subject to x; € R; zg given. (8)
t=0
That is, instead of making explicit a control, in this formulation the instantaneous reward
Fi(x¢,z441) at time ¢t depends on ¢t and on the values of the state variable at adjacent
times ¢t and ¢ + 1.

If we define u; = 411, then (8) becomes a standard dynamic programming problem
with U = R. On the other hand, the dynamic optimization Problem (2) can usually be

13 Hint: Consider the function [\/u + A\/1 — u], defined for u € [0,1]. Prove that this function is
maximized at u = 1/(1 + A?), where its value is V1 + AZ2.
14



formulated as a problem of the type (8).!* To see this, let u; be a value of u € U that
maximizes f;(x¢,u) subject to the constraint that g;(x:,u) = z111, and define Fy (x4, x441)
as the maximum value of this problem. That is, define

Fy(xy, x441) = max fi(xy,u) subject to x4r1 = g¢(xy,u), u € U. (9)
u

Now, let (f,... 2%, ,) be an optimal solution of problem (8).'" Then, (z},... 2% ) is
a maximum point for the objective function

T
S(x1,...,o741) = ZFt(xt,xtH),
t=0
and by the usual first-order condition we must have Sj(«1,... ,25,,) = Ofort =1, ...,
T + 1. Hence, (z7,...,27,,) must satisfy the Euler equations:
OF] OF;_
8_xz<$taxt+1) &tutl (xt—1,7) =0, fort=1,... T, (10)
and OF
T
, = 0. 11
T (@r, T14+1) (11)

Note that (10) is a second-order difference equation analogous to the Euler equation in
the classical calculus of variations (see Section 8.2).1¢

EXAMPLE 6: Consider the problem

T-1
max (Z Inc; +1In xT) subject to x¢11 = a(xy — ¢t); xp given.
t=0

Here x; is wealth at time ¢, while ¢; is the amount subtracted for consumption, and the
remaining amount z; — ¢; is deposited in an account and increases to xyy1 = a(z; — ¢;)
at time t + 1, where o > 1.

Formulate the problem without explicit control variables, and use the Euler equation to
solve it.

Solution: Define = 1/a. Because ¢; = xy — Sx¢11, the formulation without explicit

control variables is
T—1

max Z In(z; — Briye1) + Inxr| . (%)

t=0

141f, in particular, for every choice of x; and x¢11 the equation 411 = g¢(x¢,u¢) has a unique solution
ut € U, denote this solution by ut = ¢¢(x¢, z¢41). Now, define Fy(x¢, xe41) = fi(xe, ot (xe, xe41)) for
t < T, and Fr(zr,zr41) = maxyey fr(xr,u). Then, Problem (2) becomes precisely the same as
Problem (8).

I5Remember that zg is given, and denote xy = xo.

16Note carefully that the partial derivatives in (10) are evaluated at different pairs. Note also that if TT4+1
does not appear explicitly in Fr(x7,x741), Equation (11) becomes trivial.

15



For t = T, the Euler equation (10) is:'”

oF OFp_
8$T (:ET7$T+1> + aiTl

(xr—1,27) = 0.

With Fr(zr,x741) = lnzp and Fr_i(zp-1,27) = In(zp—1 — Bxr), the Euler equation

reduces to

5

T TT—-1 — 5$T
SO Xr—_1 = 26.1’71.

Fort=1,2,...,T — 1, with Fy(z¢,zr41) = In(zy — Brryq), (10) gives

L __ 5,

- 5$t+1 Tt—1 — B«Tt

Solving this for x;_; gives the (reverse) second-order difference equation x; 1 = 28z,
B2z441. In particular, for t = T — 2 this gives xr_o = 2Bzr_1 — S22y = 4B%x7
B2z = 3B%xr. More generally, given 7 and xp_1 = 2Bz, one can show that

(T'+1— t)pTtzr, by backward induction. This implies that zo = (T + 1)BT 2, so

xr =203~ 1 /(T +1). We thus conclude that the optimal solution of the problem is

* T+1- * * * B_txo
A R G =T~ Pt =

We see that optimal consumption is steadily decreasing as ¢ increases.

A general solution procedure for problem (8) is similar to that used in Section 12.1.1%
uses the Euler equations (10) and (11) recursively backwards in the following manner:

0
It

19

170One might prefer to equate the partial derivatives of the maximand in (%) to 0 directly, rather than
introducing the function F'. In particular, equating the partial derivative with respect to z7 to 0 yields

1

rr—1 — Brr  TT
again; equating each partial derivative with respect to z+ to 0 yields

1
s, N

xt—1 — Pt Tt — th+1

fort=1,2,..., T —1.
18In Example 6 above, we used a different approach.
191n terms of the equations, the procedure is: first, solve X741 from
OFT
Oxri1

(x7,z741) = 0;

second, solve x7 from
8FT

oxr

anl (xr—1,27) = 0;
T
16
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(1) Use (11) to find zpy1 as a function of 7, denoted by 27 (z7).

(2) Imsert o7, (27) for xpy1 in (10) for t = T, and use this equation to find zr as a
function x%(zp_1) of zp_;.

(3) Insert o (x7r_1) for zp in in (10) for ¢ = 7" — 1 and use this equation to find zp_; as
a function =%, (z7_2) of z7_s.

(4) Continue this backward recursion until x(z¢) has been found.
5) Since x( is given, one can work forward to determine first 1 = x7(xg), then x5 =
g 1

x5(x1), and so on..

Problems:

(1) Consider Problem 12.1.1.
(a) Transform this problem to the form (8).

(b) Derive the corresponding Euler equation, and find its solution. Compare with
the answer to Problem 12.1.1.

(2) Consider the problem in Example 12.1.4.
a) lranstorm this problem to the form .
T f hi bl he f 8

(b) Derive the corresponding Euler equation, and find its solution. Compare with
the answer to in Example 12.1.4.

12.3 INFINITE HORIZON

Economists often study dynamic optimization problems over an infinite horizon. This
avoids the need to specify what happens after a finite horizon is reached. It also avoids
having the horizon as an extra exogenous variable that features in the solution.

This section considers how dynamic programming methods can be used to study the
following infinite horizon version of the problem set out in (2):

maXZBtf(:ct,ut) subject to 11 = g(we, ur), ur € U(x); 20 given, (12)
t=0

where U C R is given. Here, f and g are given functions, independent of ¢, and there is a
constant discount factor 3 € (0,1).20 Note that, apart from replacing the horizon T by oo

third, solve 7 _1 from

OFr_1
Oxr_1

OFr_2
Oxr_1

[z 1,27 (27 —1)] + (xr—2,27-1) = 0;

and so on.

20 As pointed out in the case of finite horizon, the same theory applies without change when z, u¢, and
g are vector functions. Having 8 € (0,1) is essential for the subsequent analysis of the problem in this
section.
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as the upper limit of the sum, the two functions f;(x¢,u;) and g;(z¢,us) in (2) have been
replaced by B f(x¢,us) and g(xy,us) respectively. Because neither the new function f nor
g depends explicitly on ¢, Problem (12) is called autonomous or stationary.

The sequence pair ({z;},{u¢}) is called admissible provided that each control satisfies
us € U(xy), the initial state xg has the given value, and the difference equation in the
problem is satisfied for all ¢.

For simplicity, we begin by assuming that f satisfies the following boundedness condi-
tion:?! there exist numbers M; and Ms such that

M, < f(xz,u) < My for all (z,u) with u € U(x) (13)

Because 0 < 8 < 1, the sum in (12) will then always converge.

For any given starting time s, with s = 0,1,2,..., and any given state x at that time,
take any control sequence s = {us, Ust1,... }, where uy € U for all ¢ > s. The successive
states generated by this control sequence are found by letting xy+1 = g(x¢, us), with s = x.
With this notation, the discounted sum of the infinite utility (or benefit) sequence that is
obtained from applying the control sequence g, starting from state z at time s, is

Vilw,iis) = > B flay,u) (14)

t=s
It is convenient to also define the value of that sum discounted back only to time s, namely
Vo (x, i) = B fwe, ur) (15)

t=s

It is immediate that Vy(z,ds) = °V*(x,ds). Now let

J¥(x) = max V*(x, uy) (16)
Us
where for each s the maximum is taken over all sequences iy = {us,usi1,...} with

Usik € Ulxgyr).2? If we define Js(z) = B5J%(x), we have the maximum total discounted
utility (or benefit) that can be obtained over all the periods ¢ > s, given that the system
starts in state x at time s. It is immediate that

Js(x) = max Vy(x, Uy) (17)

Us

Note next that function J*(z) satisfies the following important property.

211t suffices to assume that this condition holds for all z in X (z¢) = U2, X¢(z0), where X (zo) is defined
in 12.1.2.

22 The existence of this maximum is discussed later in Note (REF?). Note that function Js(z) need only
be defined on X(zp).
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LEMMA 1. For each period s =0,..., let J° be defined as in (17). For any s,

J(z) = J*(2) (18)

The intuition of this lemma is that, because the problem is autonomous and we start in
the same state x, the future looks exactly the same at either time 0 or time 5.2 In other
words, finding either J*(z) = maxgz, V*(x, ;) or J'(x) = maxg, V°(z, iip) requires solving
essentially the same optimization problem, which therefore gives the same maximum value
in each case. Importantly, the definition of function J; and Equation (18) together imply
that

Js(x) = 5°J° () (19)

Now, define
J(x) = Jo(x) = J°(x) (20)

We call function J(x) the optimal value function, or, more simply, the value function
for problem (12). This function contains all the information one needs, for (19) implies
that if we know J(x), then we know J,(z) for all s. Moreover, the main result in this
section is the following property of the value function.

THEOREM 2 (Fundamental Equation of Dynamic Programming). The value
function of Problem (12), J(x), satisfies the equation

J(x) = Ienggc){f(x, u) + BJ[g(z,u)]}. (The Bellman equation)

A rough argument for Theorem 2 resembles the argument for Theorem 1: Suppose we
start in state z at time 0. If we choose the control u, the immediate reward is 8% f(z,u) =
f(xz,u), and at time 1 we move to state z; = g(x,u). Choosing an optimal control
sequence from time 1 on gives a total reward over all subsequent periods that equals
J1(g(xz,u)) = BJ(g(x,u)). Hence, the best choice of u at 0 is one that maximizes the sum
f(z,u) + BJ(g(x,u)). The maximum of this sum is therefore J(z).

23Formally, let « be any fixed state and consider any policy sequence s = {us,Us+1,...} that starts
at time s, and define the corresponding sequence 172 = {ug,u(l), ...} shifted earlier so that it starts at
time O instead of at time s: let ug = wug4¢ for all t. Then, given the same starting state z, if z; and
z? denote the states reached at time t by following @s and @ starting at times s and 0 respectively, it
follows by construction that 9 = zs4+ and, hence, that f(z9,u?) = f(zs4t,us+t). It follows from (16)
that VO(z,@?) = V*(z,s). But every shifted admissible policy @9 is also admissible at time 0, so we can

use (17) to conclude that

JO(z) = ITLaXVO(m,ﬁo) > VO, ad) = max V?*(x,Us) = J°(x).
uo Us

By an identical argument, one can conclude that J°(z) < J*(x), and hence that JO(z) = J*(x).
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EXAMPLE 7: Consider the infinite horizon analogue of Example 5, in the case when
the interest rate is constant, so that a; = a for all ¢. Introduce a new control v defined
by u = vz, so that v represents the proportion of wealth x that is spent in the current
period. Under this change the former constraint v € (0, x) is replaced by v € (0, 1), and
the problem becomes

oo

maXZBt(vtxt)1_7 subject to xi11 = a(l — v)xy, v € (0,1). (i)
t=0

where a and x( are positive constants, 3 € (0,1), v € (0,1), and Ba'™" < 1.24

Solution: In the notation of Problem (12), we have f(x,v) = (vz)!™ and g(z,v) =
a(l —v)z. Thee Bellman equation therefore yields

J(x) = 1}1;[1<%7u:*>§){('U:z:)1_7 + BJ[a(l —v)x]}. (ii)

In the problem in Example 5, the value function was proportional to z'~7, so a reasonable
guess in the present case is that J(x) = kxz'™" for some positive constant k. We try this
as a solution, with the constant k as the only unknown. Then, after cancelling the factor
2177, Equation (ii) reduces to the equality

- |
Jnax, p(v) (iii)

where
o(v) = v + Bka' (1 — )Y

is defined on the interval [0, 1]. Note that ¢(v) is the sum of two functions that are concave
in v. A helpful trick is to define the new constant p > 0 so that Sa'~7 = p?, and therefore
©o(v) = v177 + kpY(1 — v)177. The first-order condition for maximizing ¢ is, then,

o' (W) =1 =77 = (1 =7)kp"(1—-v)"7 =0,

implying that v=7 = kp7(1 —v)~7. Raising each side to the power —1/~ and then solving
for v, we see that the maximum of ¢ is attained at

1
V= m, where P = (6&1_7)1/7. (IV)

Now, Equation (iii) implies that k satisfies the equation

1y (1-
. Y=/
(1 + pkt/7)1=

1
k= + kp = (14 pkt/7)y

(1 + pkt/7)1=

24Because the horizon is infinite, we may think of z; as the assets of some institution like a university or
a government that suffers from “immortality illusion” and so regards itself as timeless.
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Raising each side to the power 1/v and solving for k%7 yields k%7 = 1/(1 — p), or
k = (1 — p)~7. Inserting this into (iv) gives v = 1 — p, so p is the constant fraction of
current assets that are saved in each period. Because J(z) = kz!™7, we have

J(z) = (1 —p) 72!, with v =1—p, where p = (ﬁal—v)l/v (v)

Note that p increases with the discount factor S and with the return a to saving, as an
economist would expect.?> O

Whenever we wrote “max” above, it was implicitly assumed that the maximum exists.
Of course, without further conditions on the system, this need not be true. Under the
boundedness condition (13), the same assumptions as in the finite horizon case, namely
that f and g are continuous and U is compact, do ensure that the maximum in (17) and
in the right-hand side of the Bellman equation both exist.

Many economic applications, however, do not satisfy the boundedness condition, so it
is important to us investigate what happens when we use the supremum instead of the
maximum in Equation (17), as well as when the set U(x) depends on z. In fact, suppose
that Y~ 8" f (¢, us) always exists.?®. Then, Jo(zo) = supg, Vo(wo, o) must exist. By
the result (A.4.7) on iterated suprema, we have

Jo(zo) = SUpZﬁtf(%&, Uy)

do 1=
= sup [f(xo, UO> + sup Z Btf(xh ut)]
ug €U () ay t=1
= sup [f(xo, uo) + J1 (9(3707 UO))]
ug €U (x)
= sup [f(xo,u0)+ BJo(g(xo,u0))]-
ug €U (x)

25In this example, the boundedness condition (13) is not valid without a simple transformation. Note that
alzo is the maximum wealth the consumer could have accumulated by time t by spending nothing (i.e. if
vs = 0 for s < t—1. Now define the modified state variable y; = x¢+/(zoa'), which is the proportion of this
maximum wealth that remains. Obviously yo = 1, and y; satisfies the difference equation y¢41 = (1—v¢)ye,
sol>wy1---yt > yYi+1 > -+ > 0. The new objective function is

> B (@oveye) Y = (x0) T Y B (veye)' T
t=0

t=0

where B = fa'™ and so 0 < B < 1. Using the results above for 8 and a replaced by B and 1, the
maximum value J(y) of the sum is J(y) = (1 — p) " 7y*~7, with v = 1 —p and p = /7 = p. The
transformed problem satisfies the restricted boundedness condition in footnote 21, because the modified
state y; remains within the interval [0, 1] for all ¢, and so 0 < (zoytve)! ™7 < mé_'y for all ¢t and for all v¢
in [0,1]. This implies that the control v defined in (iv) really is optimal and the transformed problem is
solved. So is the original problem, of course.

263]beit possibly with an infinite value
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So the modification

J(x) = s ){f(%U) + B Jlg(z, uw)]} (21)

of the Bellman equation still holds even if no maximum exists.

We call the Bellman equation a “functional equation” because the unknown is the function
J that appears on both sides. A natural question to ask is whether this equation has a
unique solution. Importantly, under the boundedness condition (13), together with the
assumptions that the mazximum in the right-hand side of the Bellman equation is attained
and that 0 < B < 1, the equation always has one and only one bounded solution J , which
must therefore be the optimal value function for the problem. The value u(x) of the
control u € U that maximizes the right-hand side of the Bellman equation is the optimal
control, which is therefore independent of .

In general, it is difficult to use the Bellman equation to find J(x). The reason is that the
maximand in its right-hand side involves the unknown function J. Next, let us use the
contraction mapping theorem 14.3.1 to prove that Equation (21) has a unique solution.
Define the operator T' on the domain B of all bounded functions I(x) so that

T(I)(x) = sup {f(z,u)+ Blg(x,u)l} ()

uwelU(x)

for all I and all z. As in Section 14.3, the distance between any two bounded functions J
and J is defined as d(J,J) = sup, |J(z) — J(z)|. Then,

T(J)(x) = Sup ){f(% u) + BJ(g(x, ) + Bl (9w, u)) — J(g(z,u))]}

< sup )[f(sc, w) + BJ(g(x,w)) + Bd(J, J)]

= T(J)(z) + Bd(J, J).

S}}l/mmetrically, T(J)(x) < T(J)(x)+Bd(J,J),so |T(J)(x)=T(J)(x)| < Bd(J,J), implying
that
d[T(J),T(])] = sup T(J)(x) = T(J) ()| < Bd(J, ). (rx)

Because 0 < 8 < 1, this confirms that 7' is a contraction mapping, so the proof is complete.

Finally, we check that any control v = u that yields a maximum in the Bellman equation
(21) is optimal. To see this, let T% be the operator on B defined by (**) when U (z) takes
the form {a(z)}.?” By definition of 4, the unique solution J of the Bellman equation
satisfies T%(J) = .J. Because the optimal value function satisfies the Bellman equation,
this unique solution equals the optimal value function. Also, because J% satisfies (x) for
U(x) = {a(x)}, we have T%(J%) = J% But TY, like T itself, is a contraction mapping,
so T%(J) = J has a unique solution. It follows that J = J% Hence the optimal value
function J(z) equals the criterion value obtained by following the control policy .

2"Leaving no choice except u = ().
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Problems:

(1) Consider the problem
oo
maXZBt(—e_“t — Le7®t) subject to my1 = 27 — us, uy € R; 29 given
3 t+1 t ty Ut 3 Lo 8 )
=0

where 5 € (0,1). Find a constant a > 0 such that J(z) = —ae™" solves the Bellman
equation, and show that « is unique.

(2) Consider the following problem, with g € (0, 1):

o
max g Bt(—%mf - uf) subject to xi11 = x¢ + u, ur € R; xg given.
t=0

(a) Suppose that J(x) = —az? solves the Bellman equation. Find a quadratic equa-
tion for . Then, find the associated value of u*.

(b) By looking at the objective function, show that, given any starting value zg, it
is reasonable to ignore any policy that fails to satisfy both |z < |x;—1| and
lug| < |zi—1]| for all t. Does footnote 21 then apply?

12.4 STOCHASTIC DYNAMIC PROGRAMMING

In the previous sections of this chapter, we have assumed that the state evolves according
to a deterministic difference equation: given the state and the control at period ¢, the
value of the state at period t 4+ 1 is completely determined. Some of the most important
problems in economics, however, are not amenable to such an assumption. Instead we
must allow the possibility that, even given the state and the control in period ¢, the state
in period t+1 is also influenced by stochastic shocks, so that it becomes a random variable.

Following common practice in economics and statistics, we use capital letters to denote
random variables, and reserve the corresponding lower case letter for values that the
random variable can take; for example X; will denote the state at date t, whereas z;
denotes a realization of X;. For simplicity, we concentrate on the one-dimensional case, so

we assume that X; takes values on R, and that u; is required to belong to a given subset
U of R.

We use subscripts to denote the value of a variable at a date, and superscripts to
denote the historical sequence of values of the same variable up to that date. Specifically,
fort=0,1,...,T,

xt = (wg, w1, T2, ... 2¢).

Unlike in the previous sections, then, the evolution of {X;} is not governed simply
by a differential equation. Instead, we will assume that the history of realizations and
controls, up to a period, determines the probability distribution of the control variable for

the next period. Specifically, we consider two cases:
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(1) Discrete state. We can assume that X411 is a random variable that takes values in a
finite set X C R. It is assumed that the probability that X;11 = z € X may depend
on the history of states up to period ¢ and of the control in that period, and is given
by the function P11 (x,xt, uy).

(2) Absolutely continuous state. In this case, we assume that X;,; takes values in X C R,
and assume that the probability that X;11 <z € R is given by

x

Py (z, 2t uy) = / per1(v, 2t uy) do,
— o0
for some density function p;;1. As before, the density function, and hence the prob-
ability distribution function, have (z!,u;) as arguments.

EXAMPLE 1: Consider first a two-stage decision problem, and assume that one wants
to maximize the objective function

fo(xo,uwo) + Ef1(X1,u1)], (*)

where f;(x¢,u;) denotes some instantaneous reward function and E denotes the expecta-
tion operator. The initial state x( is given, after which X; is determined randomly using
the distribution P (-, o, up).

We can find the maximum by first maximizing with respect to u;, and then with
respect to ug. When choosing u, we assume an arbitrary value of x1, and simply maximize
the reward fi(z1,u1), assuming that X; = x; is known before the maximization is carried
out. The maximum point v is a function of the assumed state ;. Inserting this function
instead of u; into the objective function (x), and then replacing x; by X; yields

fo(zo,uo) + E[f1(X1, u; (X1))]. ()

A maximizing value of ug is then chosen, taking into account how this choice affects the
distribution P; (-, zo, uo).

When X, is uncertain, the following special case shows why it matters whether we
can observe the realization z; of X; before choosing u;. Suppose that fo(xg,up) = 0,
fi(z1,u1) = ruq, and X; takes the values 1 and -1 with probabilities 1/2. Suppose also
that the control © must equal one of the two values 1 and -1. If we have to choose u;
before observing x1, then E[Xju;] = 0. But if we can first observe x;, then u; can depend
on this observation. By choosing u; = uj(x1) = 1, we can make E[Xjui] = 1, which
yields a higher value of the objective (x). q

In the general problem, the random process determined by {P;} is to be controlled
in the best possible manner by appropriate choices of the successive variables {u;}. In all
that follows we shall assume that the realization x; of X; can be observed before choosing
u;. The objective function is now the expectation

E

met,ut(Xt))] . ()
Y



Here, each control uy, for t = 0,1,2,... ,T is a function us(z") of the history of states up to
period t. Such functions are called policies. For many stochastic optimization problems,
including those studied here, this is the natural class of policies to consider in order to
achieve an optimum.

The expectation in (1) is the sum ZZ;O E[fi(X¢,ui (X?))] of the expectations of each
successive term. These expectations, of course, depend on the probability distribution of
each X;. To calculate these, first recall that in the case of a discrete random variable,
the probability that the events X; = x1 and X5 = x5 occur jointly, given xg, equals the
probability that Xs = x5 occurs given X' = 2!, times the probability that X; = z; occurs
given xg. In general, thus, the probability of the history x! = (21, 22,... ,x¢), is given by

Pt(xt,ut_l) = Py(x1, 20, u0) - Pl(xg,xl,ul) Ca Pt(azt,xt_l,ut_l), (2)

given that the sequence of controls up to ¢t — 1 is u/~!. In the continuous random variable
case, the joint density p!(z!,u’~!) is determined by the same formula, with each P; in
(2) replaced by p;. Though not always necessary, we shall assume that f; and P,y are
continuous in (x*,u').

The optimization problem is to find a sequence of policies uf(zg), ... ,uk(xzT), that
makes the objective (1) as large as possible. We now define

Jo(x®) =max B | > fi(Xp,u (X)) | X* =27 | (3)

t=s

where the expected total reward is maximized over all policy sequences u; = u(x?), for
t = s,...,T. The expectation is taken over all possible sequences of realizations X;
of the random variables, given that the history of states up to period s is z®. In this
computation, each control u;(X?) in the sequence must be applied when computing the
sequence of successive states (Xg11, Xst2,... X7)

The central tool in solving optimization problems of the type (1) is the following
dynamic programming equation or optimality equation:

Js(z®) = II%LaX{fS(xS,us) + E[Js+1(Xs+1) | X° = 2%, usl}, (4)
Moreover, when s = T" we have

Jr(zT) = max fr(zr,ur). (5)

These equations are similar to (6) and (7) in Theorem 12.1.1 for the deterministic
case. The only significant difference is that (4) allows for uncertainty, by including the
conditional expectation of Js; 1. As in the corresponding deterministic problem considered
in Section 12.1, first (5) is used to find w’(z7) and Jr(zT). Thereafter, (4) is used repeat-
edly in a backward recursion to find first wh_,(z7~1) and Jr_q(z71), then uk_,(z772)
and J7_o(2T~2), and so on all the way back to u$(zo) and Jo(zo)-
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As in the deterministic case, equations (4) and (5) are, essentially, both necessary
and sufficient. They are sufficient in the sense that if u}(z') maximizes the right-hand
side of (4) for t = 0,...,T — 1, and also w}(z7) maximizes the right-hand side of (5),
then {u;} is indeed an optimal policy sequence. On the other hand, the same equations
are necessary in the sense that, for every pair z' that occurs with positive probability (or
has a positive probability density when there is a continuous density function), an optimal
control u} (z') must yield a maximum on the right-hand side of (4) for s =0,1,... , T —1,
and u.(z1) one of (5).

An important special case occurs when the probability distribution of X;,; depends
on the control at ¢, and only on the last realization of the state, ;. In this case, we can
write this distribution simply as P;41(-, ¢, us), or the associated density as psi1(+, T4, ut).
In this case, the optimal control of period ¢t depends only on the value of x;, and not on
x'~! so that we can re-express J;(z;) and us(x;) as a function of the realized value of
X; only. These policy functions are called Markov policies or Markov controls, to

emphasize their independence from earlier values of the state variable.

A particularly simple case is when the perturbations to the state variable are inde-
pendently distributed. In this case, one assumes that for £ = 0,1,... ,T the state equation
takes the form

Xiv1 = ge(m, up, Qiy1), (6)

with x; given, where {2;,; is a random variable whose probability distribution does not
depend on zt, u! or Q. In this case, we can still express J; and u; as a function of x;
only (and not of the realized value of €);), and equation (4) continues to hold. Intuitively,
this is because ; = w; would not appear as a conditioning variable in (4). Formally, this
independence can be proved by backward induction. Some examples below are of this
special form.

EXAMPLE 2: Consider a stochastic version of Example 12.1.4, where at each time
t=20,1,...,7T — 1, the state variable X; is an investor’s wealth, the control variable u,
is consumption, and the certain return a; to investment in that example is replaced by
a random return €);,;. Moreover, suppose that {€;}7_; is a sequence of independently
distributed random variables with positive values, and that the state X; is assumed to
evolve according to the stochastic difference equation

Xt+1 = Qt+1(Xt — ut), for u; € [O,Zl?t], (l)

with xg given. The objective function is the obvious counterpart of that in Example 12.1.4,
namely the expected sum of discounted utility, given by

T-1
E Y B "+ pTAX T, (ii)
t=0

where 8 € (0,1) is a discount factor, while v € (0,1) is a taste parameter, and A is a
positive constant. Thus, the problem is to maximize (ii) subject to (i). Assume that
E[Q; "] < oo for all ¢.
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Solution: Here, Jr(zT) = BTAJC;_W, exactly as in (ii) in Example 12.1.4. Because the
random variables €); are independently distributed, the value functions take the form
Ji(z¢). To find Jp_1(x), we use the optimality equation

Jr—i(2) = max{ 57t 4 B[5T A(Qr(x — )}, (+)

The expectation must be calculated by using the probability distribution for 2. In fact,
the right-hand side of (x) is of the same form as (iv) in Example 12.1.4. To make it
exactly the same, define the new constant ar_; so that aj_t = E[Q5 7]. With this new
notation, the optimal control ur_; is given by (v) in Example 12.1.4. Furthermore, equa-
tions (vii), (viii), and (ix) of that example still hold provided we define each a; to satisfy
a, " =FE [Q%Fjjl], for t = 0,1,...,7 — 1. One may call each at the certainty equivalent
return because the solution is exactly the same as if it replaced the uncertain return de-
scribed by the random variable €2;,;. Of course, each a; depends on the taste parameter

~ as well as on the distribution of €2;. q
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