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We provide tight lower bounds on the computational complexity of discrete-
time, stationary, infinite horizon, discounted stochastic control problems, for the
case where the state space is continuous and the problem is to be solved approxi-
mately, within a specified accuracy. We study the dependence of the complexity
on the desired accuracy and on the discount factor. © 1989 Academic Press, Inc.

1. INTRODUCTION

This paper addresses issues related to the computational complexity of
solving discrete-time stochastic control problems defined on a continuous
state space. There has been a great deal of research on the computational
aspects of stochastic control when the state space is finite (Bertsekas,
1987; Papadimitriou and Tsitsiklis, 1987; Hartley ef al., 1980). However,
much less has been accomplished for the case of continuous state spaces.
An explanation for this state of affairs could be that such problems are
very demanding computationally, with most realistic problems lying be-
yond the capabilities of commercial computers. However, with advances
in computer hardware and with the availability of new powerful architec-
tures, it is to be expected that the numerical solution of continuous-state
stochastic control problems will become much more common, hence the
motivation for our work.

Let S be some subset of R”* which is the state space of a controlled
stochastic process. A large class of discrete-time stochastic control prob-

* Invited Paper.
t Research supported by the NSF under Grant ECS-8552419, with matching funds from
Bellcore and Du Pont, and by the ARO under Grant DAAL03-86-K-0171.

466

0885-064X/89 $3.00
Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved.



COMPLEXITY OF DYNAMIC PROGRAMMING 467

lems boils down to the computation of a fixed point J* of the nonlinear
operator T (acting on a space of functions on the set §) defined by

(TN = inf [g(x, u) + a [ JHPGIx, 1) dy], VxeS. (1)

Here, U C R™ is the control space, g(x, u) is the cost incurred if the
current state is x and control u is applied, a € (0, 1) is a discount factor,
and P(y|x, u) is a stochastic kernel that specifies the probability distribu-
tion of the next state y, when the current state is x and control u is
applied. Then, J*(x) is interpreted as the value of the expected discounted
cost, starting from state x, and provided that the control actions are
chosen optimally (see Section 2).

A fixed point J* of the operator T cannot be determined analytically
except for a limited class of examples. On the other hand, an approxima-
tion to such a fixed point can be computed by suitably discretizing the
state and control spaces, and then solving a finite-dimensional version of
the problem. There has been some work on such discretization methods,
with typical results demonstrating that as the discretization becomes
finer, the resulting approximation of J* becomes more and more accurate
(Whitt, 1978; Bertsekas, 1975; Chow and Tsitsiklis, 1989). Upper bounds
on the approximation error are also available. One of the consequences of
the results to be derived in the present paper is that some of the earlier
upper bounds are tight within a constant factor.

Once the original problem is discretized, there is a choice of numerical
methods for solving the discrete problem (Bertsekas, 1987). One particu-
lar choice is studied in a companion paper (Chow and Tsitsiklis, 1989),
where it is shown that the total computational effort is closely related to
the amount of work needed in discretizing the problem, when a suitable
multigrid method is employed. Thus, the results in the present paper
demonstrate that the algorithm of Chow and Tsitsiklis (1989) is close to
optimal (and sometimes optimal) as far as its complexity is concerned.

In the special case where the control space U consists of a single
element, the minimization in Eq. (1.1) is redundant, and the fixed point
equation J* = TJ* becomes a (linear) Fredholm equation of the second
kind. Thus, the results in the present paper, in conjunction with the algo-
rithms of Chow and Tsitsiklis (1989), characterize the computational com-
plexity of the approximate solution of Fredholm equations of the second
kind. There has been some prior research on this subject (Werschulz,
1985). Our work is different in a number of respects that are discussed in
Section 4.

The paper is organized as follows. In Section 2, we introduce our as-
sumptions, define the problem to be solved, and state its relation to sto-
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chastic control. We also outline the model of computation to be em-
ployed. Finally, we state some known upper bounds on the
approximation error introduced by the discretization of the problem, and
translate them to complexity bounds. In Section 3, which contains our
main results, lower bounds are derived on the complexity of our problem.
Finally, Section 4 contains our conclusions and some discussion of re-
lated issues.

2. PROBLEM DEFINITION

LetS =0, 1]1"and U = [0, 1]™. Let a be a scalar belonging to (0, 1). Let
g:SxU—»NRand P: § X § X U R be some functions. Let K be some
positive constant.

Assumption 2.1: (a) 0 =< P(y|x, u),Vy,x € S,Vu € U.
®) [P(ylx,u) = P(y'|x", u)| = K|[(y,x, ) = (¥, %', )|« ¥y, ¥', x,
x' €S, Vu, u € U.
©) lgx, w) — gx', w)| = K||x, w) ~ &', u)l|«, Vx, x' € S, Y,
u ey
d) |lgx,w)|<K,VxES§ VueUU.
Assumption 2.2. [sP(y|x,u)dy =1,Vx E S, Vu € U.

According to Assumptions 2.1 and 2.2, for any fixed x € Sand u € U,
the function P(-|x, u) is a probability density on the set S. Furthermore, P
and g are Lipschitz continuous with Lipschitz constant K.

Let €(S) be the set of all continuous real-valued functions on the set .
We define the operator T: €(S) — €(S) by letting

T x) = Teizr} [g(x, u) + a L J(Y)P(y|x, u) dy],

VW ELS),Vxe s (2.1

(The fact that 7 maps 6(S) into itself is proved by Chow and Tsitsiklis,
1989). The space ©(S) endowed with the norm ||J||. = max,es|J(x)| is a
Banach space. Furthermore, T has the contraction property

7T = TP |le < allJ = T'|lw, VI, J' € €(S). (2.2)
Since a € (0, 1), T is a contraction operator, and therefore has a unique

fixed point J* € 4(S). The equation TJ = J, of which J* is the unique
solution, is known as Bellman’s equation or as the dynamic programming
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equation. We are interested in the computational aspects of the approxi-
mate evaluation of J*.

Stochastic Control Interpretation

Let IT be the set of all Borel measurable functions u: §+— U. Let I1* be
the set of all sequences of elements of I1. An element 7 = (o, 1, . - .) of
1=, called a policy (also known as feedback law or control law), is to be
viewed as a prescription for choosing an action w,(x,) € U at time ¢, as a
function of the current state x, of a controlled stochastic process. More
precisely, given a policy m = (uo, uy, . . .), we define a (generally,
nonstationary) Markov process {x7 |7 =0, 1,. . .} on the state space S by
letting P(:|x7, u,(x7)) be the probability density function of x7,;, condi-
tioned on x7. The cost J.(x) associated to such a policy is defined (as a
function of the initial state x) by

J.(x) = E [Zﬂ a'gx?, wxP) | x§ = X]. (2.3)

[Note that the infinite sum is absolutely convergent and bounded by
K/(1 - a) because a€(0,1) and the function g is bounded by K.] For any
x € §, we define J(x) by letting

Jx) = inf J,(x), (2.4)

€l

and this defines a function J: § — . This function, known as the cost-to-
go or value function, represents the least possible cost as a function of the
initial state of the controlled process. A policy 7 € I1*is called optimal if
J=(x) = J(x) for all x € S. The central result of dynamic programming'
states that J coincides with the fixed point J* of the operator 7. Further-
more, once J* is available, it is straightforward to determine an optimal
policy. [This is done as follows: Consider Eq. (2.1) with J replaced by J*.
For each x € §, choose some u that attains the minimum in Eq. (2.1), and
let u,(x) = u for each ¢.] This justifies our interest in the function J*,

The case where the discount factor a approaches 1 from below is of
substantial theoretical and practical interest. For example, as 1 1, one
obtains, in the limit, the solution to a certain ‘‘average cost problem”
(Bertsekas, 1987). Also, if one deals with a discounted continuous-time
stochastic control problem and the time step is discretized, one obtains a
discrete-time discounted problem in which the discount factor approaches
1 as the time discretization step is made smaller.

!This result requires certain technical assumptions. Assumption 2.1 turns out to be suffi-
cient (Bertsekas and Shreve, 1978; Chow and Tsitsiklis, 1989).
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In practical stochastic control problems, the state and control spaces
could be arbitrary subsets of #” and R, respectively, and there could be
state-dependent constraints on the allowed values of «. Such problems
can only be harder than the special case studied here. Thus, the lower
bounds to be derived in Section 3 apply more generally. A similar com-
ment applies to the smoothness conditions on g and P that have been
imposed in Assumption 2.1.

Further Assumptions

In the case of stochastic control problems defined on a finite state space
it is known that the convergence of certain algorithms for computing J* is
much faster when the controlled process satisfies certain mixing condi-
tions (Bertsekas, 1987) and the same is true in our case as well (Chow and
Tsitsiklis, 1989). Our next assumption introduces a condition of this type.

Assumption 2.3. There exists a constant p > 0 such that

[, min_P(ylx, 0 dy = p. 2.5)

XES, uel

Intuitively, Assumption 2.3 states that no matter what the current state
is and what control is applied, there are certain states in S (of positive
Lebesgue measure) for which the probability density of being visited at
the next time step is positive. This ensures that the effects of initial
conditions are quickly washed out,

In an alternative class of stochastic control problems, at any given time
there is a certain probability, depending on the current state and the
control being applied, that the process is terminated and costs stop accru-
ing. Such a formulation is captured by allowing P(|x, «) to be a subproba-
bility measure, as in the following assumption:

Assumption 2.4. [s P(ylx,u)dy < 1,¥x € §,Yu € U.

Model of Computation

Our computational task is completely determined by the functions P
and g, the discount factor «, and the desired accuracy e. Accordingly, a
tuple (P, g, a, &) will be called an instance. We then define a problem as a
class of instances. In our context, different problems will correspond to
different choices of assumptions.

In order to talk meaningfully about the approximate computation of J*,
we need a suitable model of computation. We use a real-number model of
computation (Traub et al., 1988; Nemirovsky and Yudin, 1983) in which a
Pprocessor:
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(a) Performs comparisons of real numbers or infinite precision
arithmetic operations in unit time.

(b) Submits queries (y, x, ) € § x § x U to an ‘“‘oracle’’ and
receives as answers the values of g(x, u) and P(y|x, u). [We then say that
the processor samples (y, x, u).] Queries can be submitted at any time in
the course of the computation and this allows the values of (y, x, «) in a
query to depend on earlier computations or on the answers to earlier
queries. (We will therefore be dealing with ‘‘adaptive’’ algorithms, in the
sense of Traub ef al., 1988.)

An algorithm in the above model of computation can be loosely defined
as a program that determines the computations to be performed and the
queries to be submitted. An algorithm is said to be correct (for a given
problem) if for every instance (P, g, a, &) of the problem, it outputs a
piecewise constant function J such that ||[J* — J||. < &, in some prespeci-
fied format. A natural format for the representation of the output is as
follows. The processor outputs a parameter A that signifies that the state
space S has been partitioned into cubes of volume /", and then outputs
the value of J on each one of these cubes, with the understanding that J is
constant on each one of these cubes.

The complexity of an algorithm of above described type is defined as
the sum of:

(a) the number of oracle queries;

(b) the number of arithmetic operations performed by the algo-
rithm.

A very fruitful method for establishing lower bounds on the complexity
of any algorithm consists of lower bounding the number of queries that
must be submitted for the desired accuracy to be attainable. The typical
argument here is that if the number of queries is small then the available
information on the problem being solved is insufficient.

Let the dimensions n, m of the state and control spaces be fixed and let
us view the constants K and p of Assumptions 2.1-2.3 as absolute con-
stants. We consider three different problems:

(a) Problem P01, Which consists of all instances that satisfy As-
sumptions 2.1 and 2.2. [In particular, P(:|x, «) is a probability measure for
all (x, w).]

(b) Problem P, which consists of all instances that satisfy As-
sumptions 2.1-2.3. (That is, a mixing condition is also in effect.)

(c) Problem P, which consists of all instances that satisfy As-
sumptions 2.1, 2.3-2.4. [That is, the mixing condition is still in effect, but
P(:|x, u) is only a subprobability measure.]
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Let us fix some ¢ and a. We define Cpop(a, ¢) as the minimum (over all
correct algorithms for the problem %,,,,) of the number of queries, in the
worst case over all instances (P, g, a, &) of Py The quantities Cpix(er, &)
and Cup(a, €) are defined similarly, by replacing problem Py by Pix
and P, respectively.

The following upper bounds, together with discretization procedures
that stay within these bounds, can be found in Whitt (1978) and Chow and
Tsitsiklis (1989).

1
Corobla, €) = O (W>, (2.6)

1
Chix(a, ) = O <(—(_1_:—a_)5)71_+7>’ 2.7

Conla, 8) =0 (ﬁw) (2.8)

We have used the O(:) notation, which should be interpreted as follows.
Let fand k be functions from (0, 1) X (0, ») into [0, ©). We write f(a, €) =
O(h(a, £)) if there exist constants ¢ > 0, g, > 0, and ay € (0, 1) such that
fle, €) < ch(a, €) for all £ € (0, &) and all @ € (ay, 1). (These constants
are allowed to depend on the absolute constants n, m, K, and p.) Later,
we will aslo use the notation f(«, €) = (h(a, £)), which is equivalent to
h(a, ¢) = O(fla, €)).

3. LowegR BouNDs

In this section, we prove that the upper bounds of Eqs. (2.6)—(2.8) are
tight, by establishing the corresponding lower bounds. Our results rest on
an ‘‘adversary’’ argument that is commonly used to establish lower
bounds on the number of queries an algorithm must make. The outline of
the argument is as follows. Suppose that a certain algorithm makes at
most A queries. We consider a particular instance (P, g, a, ¢) and we let X
be the set of triples (y, x, 4) sampled by the algorithm when presented
with that instance. We then construct an alternative instance (P, g, a, €)
such that P(y|x, u) = P(y|x, u) and g(x, u) = (x, u) for all (y, x, u) € X.
The algorithm has no means of distinguishing between the two instances
and must produce the same output J in both cases. Let J* and J* be the
optimal cost functions for the two problems. If we can manage so that
l7* — J*||l. > 2¢, then at least one of the inequalities ||/ — J*||.. > & and
[l = J*||= > & must hold. It follows that the algorithm cannot succeed for
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all problem instances, and therefore the least number of queries necessary
for the problem is larger than the cardinality of A.

THEOREM 3.1 (lower bound under Assumptions 2.1-2.3). For any
K>0,p€(0,1), m, and n, we have

Coin(@, &) = 0 (=555

Proof. We only prove the resuit for the case K = 1 and p = 1/2. The
proof for the general case is identical except for a minor modification
discussed at the end of the proof. Let us also fix the dimensions m, n of
the problem. Throughout the proof, an absolute constant will stand for a
constant that can depend only on m, n, not on any other parameters.

We fix some £ > 0 and some a € (1/2, 1). Let us consider some
algorithm that is correct for the problem %, and suppose that the number
of queries is at most A for every instance with those particular values of
and . We will derive a lower bound on A.

We choose a positive scalar 3 so that 1/3 is an integer multiple of 16 and
such that

= —1— + 16, 3.1
o

0 =

1

==

8o
where 8, satisfies

1

A= W 3.2)

We partition the set § X § X U into cubic cells of volume §2#*m, (In
particular, there will be 1/82#*™ cells.) This is done by first specifying the
““centers’’ of the cells. Let § be the set of all x = (x1, . . . , x,) € S such
that each component x; is of the form x; = (¢ + (1/2))8, where ¢ is a
nonnegative integer smaller than 1/8. Similarly, we let U be the set of all
u=@,...,uy, € Usuch that each ; is of the form u; = (¢t + (1/2))5,
where again ¢ is a nonnegative integer smaller than 1/8. For any
(3, %, 1) € § X § x U, we define the cell C;;; by letting

Ciza = {()’, LUWESXSXU| Iy, x,u)— (3, %, D < g}

Clearly, the cardinality of § and U is 1/8" and 1/8™, respectively. It
follows that there is a total of 1/82**™ cells. Note that distinct cells are
disjoint.
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Forany (¥, %, 1) € § x § x U, we define a function E;;:i:SXxSx U~
R, by letting

E;:i(ylx, w) =0, if (v, x, w) & Cj 54,
() e . .
Ey‘,x‘,.;()’IX, u) = 3~ Il(y, x.u) — (¥, x, u)Hw, if (y, x, u) € Cyz..
3.3)

Thus, E; ; ; is just a ‘‘pyramid’’ of height 8/2 whose base is the cell C; ; ;.
The triangle inequality applied to the norm ||-||.. shows that

|E;: a(ylx, ) — E5za(y'|x', u)) = (v, x, ) = (', x', )|,
Y(y, x ), (y',x" ') € Csia.

Thus, E; ; ; satisfies the Lipschitz continuity Assumption 2.1, with Lips-
chitz constant X = 1, on the set C; ; ;. The function E; ; ; is continuous at
the boundary of C; ; ; and is zero outside C; ; ;. Thus, E; ; ; is obtained by
piecing together in a continuous manner a Lipschitz continuous function
and a constant function. It follows that Ej ; ; is Lipschitz continuous on
the set § X § x U, with Lipschitz constant 1.

We define an instance (P, g, a, ) by letting

glx, w) = x, Vix,uy € § x U, (3.4

and
P(ylx, u) =1, Viy, x,uy € S X § x U. (3.5)
It is easily seen that this instance satisfies Assumptions 2.1-2.3 with K =

1and p = 1/2.
Bellman’s equation reads

Jx) = x + o fs I(y) dy. (3.6)

A simple calculation shows that the function J* defined by

o

J*x) = x + m

(3.7

is a solution of (3.6) and according to the discussion of Section 2, it is the
unique fixed point of T.
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Let X be the set of points (y, x, ) sampled by the particular algorithm
we are considering, when it is faced with the instance (P, g, a, €). In
particular, the cardinality of X is at most A. Using the definition of & [cf.
Egs. (3.1) and (3.2)], the cardinality of X is at most 1/(482#+m),

We say that a cell C; ; ; is sampled if the intersection of X and Cj ; ; is
nonempty. Otherwise, we say that C; ; ; is unsampled. We say that some
(%, ) € § x U is well-sampled if there exist at least 1/(26") elements § of
S for which the cell C;.;; is sampled. Otherwise, we say that (x, 1)
is badly sampled. Since the total number of samples is bounded by
1/(482"+'") there exist at most 1/(26"t™) well-sampled elements (x, &) €
S x U. Therefore, there are at least 1/(25"*™) badly sampled (%, ). For
each £ € § there are at most 1/8™ possible choices of 4 such that (x, &) is
badly sampled. This shows that there exists a set Sgap C S of cardinality
1/(287) such that for each £ € Sgap there exists some (i(f) € U for which
(x, p(x)) is badly sampled.

We will now construct a second instance. The cost function g is left
unchanged [cf. Eq. (3.4)], but we modify the probability density on some
of the unsampled cells. This is done as follows. Let us fix some x € SBAD-
By the definition of Spap and u(xX), if we keep x fixed and vary y, we find
at least 1/(28") unsampled cells of the form Cj ; ;. We sort these unsam-
pled cells in order of increasing y, and we let ¢ be the median value of y,.
We refer to those cells for which y, < ¢ (respectively, j; = ¢) as low
(respectively, high) cells. Let ¢ = ¢ — (1/16) and ¢ = ¢ + (1/16). We
discard all unsampled cells C; ;i for which ¢ < y; < ¢. Thus, the number
of discarded cells is bounded by 1/(88"). Since we started with at least
1/(48") low unsampled cells, we are left with at least 1/(88”) such cells. By
discarding some more low unsampled cells (if needed), we can assume
that we are left with exactly 1/(86") unsampled low cells. By a similar
argument, we can also assume that we are left with exactly 1/(88") unsam-
pled high cells. Let QL(%) [respectively, QH(%)] be the set of all § €. such
that C; ; ;) is a low (respectively, high) unsampled cell that has not been
discarded. This procedure is carried out for each ¥ € Spap.

We define

P(y|x, u) = P(y|x, u) + E(y|x, w) = 1 + E(y|x, u), 3.8)
where

EGla,u = D Eiaelxw— % Ecae(ylx ).
£€8pap, YEQL() €8pap, yEQH(X)
(3.9

In words, we add a pyramid at each low unsampled cell and we subtract a
pyramid at each high unsampled cell. This has the effect of shifting the
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transition probability distribution closer to the origin, with a consequent
decrease in the cost incurred after a transition.

We verify that our perturbed instance (P, g, a, ¢) satisfies the required
assumptions. Since each pyramid is Lipschitz continuous with Lipschitz
constant 1, and since distinct pyramids are supported on distinct cells, it
follows that Assumption 2.1(b) is satisfied with K = 1. Furthermore, for
each (x, u), the number of added pyramids is equal to the number of
substracted pyramids. For this reason, [s E(y|x, ) dy = 0 and P satisfies
Assumption 2.2. Finally, the height of each pyramid is &/2. Since § < 1,
we have P(y|x, u) = 1 — (8/2) = 1/2. This shows that Assumption 2.2 and
Assumption 2.3 (with p = 1/2) are satisfied.

Our next task is to estimate the optimal cost function J* corresponding
to the perturbed instance (P, g, a, g). Let

B= {x € § | 3% € Seap such that [|lx — ¥||. = ;?}-

For any x € B, we let u(x) = (%), where £ is the element of Szap for
which ||x — £||. = 8/4. For any x & B, we let u(x) = 0. We now consider
the quantity

o) = [ g(ME(]x, u() dy, (3.10)

which can be interpreted as the effect of the perturbation on the expected
cost after the first transition, when the control is chosen according to the
function u.

LEMMA 3.1. For each x € §, we have e(x) < 0, Furthermore, there
exists a positive absolute constant k such that e(x) = —k8, for all x € B.

Proof. Using Egs. (3.9) and (3.10) and the definition of g, we have

e(x) = > L Y1E; e i yx, u(x) dy

fE8pap, YEQL ()

- ¥ [ nEaaeOl ) d. 6.1

X-ES'BAD, iEQH(i)

For any x & B, we have u(x) = 0, which implies that E(y|x, u(x)) = 0 and
e(x) = 0. Let us now fix some x € B and let X be the corresponding
element of Spap. Then, Eq. (3.11) becomes
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W= [ nEuOh s dy

FEQLK)

- L WE; z ao(ylx, n(x) dy. (3.12)

yeQhm

Let us consider the summand corresponding to a particular y € QL(x).
We need only carry out the integration on the set Y(3) ={y € S |||y — yl|=
= 8/2} (instead of the entire set S) because E; ; ;i (y|x, ) vanishes when
y € Y(3). Fory € Y(y), we have y; < y, + 8/2 < ¢ + 8/2. We now use the
definition of the function E; ; ;(y|x, u(x)) [cf. Eq. (3.3)], together with
the property u(x) = u(x), to conclude that

L NE;.za0(ylx, px) dy = <£ + g) I(x),

where

100 = [ G- maxilx = £, Iy = 5l1) d. (.13

It is clear that the value of I(x) is independent of the choice of y, which
justifies our notation. By a symmetrical argument, each one of the sum-
mands corresponding to y € QH(X) is bounded below by (¢ — 8/2)I(x).
Since each one of the sets QH(x), QL(X) has cardinality 1/(88"), it follows
from Eq. (3.11) that

1 1
35" = —I(x) To8s7 Vx € B, (3.14)

e(x) = —(¢c — ¢ — &)lx)
where the last inequality follows because ¢ — ¢ = 1/8 (by construction)
and & = 1/16 (by definition). We now bound I(x) for x € B. We have |jx —
%||« = 8/4, and the integrand is always nonnegative and is at least 8/4 for
every y belonging to the set {y € S | ||y — y||l. = 8/4}. Therefore, for
x € B, I(x) is bounded below by §/4 times the volume of the set {y € § |
[ly = J|l= = 8/4}. This set is an n-dimensional cube, whose edges have
length 6/2. Thus, we obtain

12

Yx € B.

LN =2

Ix) =

n?

[\S}

Combining with Eq. (3.14), we obtain



478 CHOW AND TSITSIKLIS

8

e® =~ 7T

Vx € B,

which proves the desired result. Q.E.D.

LEMMA 3.2. There exists a positive absolute constant h such that
J‘B f’(ylx, udy = h, Yre S, Vue U.

Proof. The function P is bounded below by 1/2, as shown earlier.
Thus, it suffices to show that the volume of B is bounded below by some
absolute constant. Note that B consists of 1/(26") cubes of volume (6/2)",
and the result follows. Q.E.D.

Let T be the operator defined by Eq. (2.1) but with P replaced by P. We
have

1) = g() + o min [ TPyl w) dy
< gl) + [ TOPOIx, ux) dy
= x + o [ JFO) dy + o [ JOE(]x, p) dy (3.15)

= @ + e [ OB, wx) &y

2
=J*0) + L)’IE()"X’ p(x) dy + 2(1‘“_ " L E(ylx, u(x)) dy

= J*(x) + ae(x),

where we have used the fact that J* satisfies Eqs. (3.6) and (3.7), the
definition of e(x) [cf. Eq. (3.10)], and the fact that | s E(y|x, u(x)) dy = 0.
It follows that

TI*(x) = J*(x), Vx€S, (3.16)
Tr#(x) < J*(x) — ak8, Vx € B, (3.17)

where k is the constant of Lemma 3.1. Let T be the composition of
copies of T and let B = {x € § | x & B} be the complement of B. We have
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2% = g(» + o min L TI*(y)P(y|x, u) dy
< g0 + o [ TIIPOIx, w() dy
= () + a [, TPOIP(yIx, o) dy
+ a [ AP, w) dy (.18)
< () + a [, U*() — akB)P(ylx, u() dy
o [P, w) dy

= J*(x) + ae(@) — a%h8 [, Pylx, wix)) dy
< J*x) — a?kSh, Vx€ES.

[We have used here the equality between the second and the last line of
Eq. (3.15), as well as Lemma 3.2.] It is well known (BAertsekas, 1987) (apd
easy to verify) that for any real constant d, we have T(J + d) = ad + TJ.
(Here the notation J + d should be interpreted as the function which is
equal to the sum of J with a function on S that is identically equal to d.)
Using this property and Eq. (3.18), we obtain

T3I*(x) = TU*(x) — a’kdh < J*(x) — a%dh — akSh, Vx € S.
We continue inductively, to obtain

T sJ*) - (1 +a + a2+ - - + a"Ha%dh,
r=2,3...,¥x€8. (3.19

Taking the limit as 1 — o, T*J* converges to the optimal cost function J*
of the perturbed instance, and Eq. (3.19) implies that

(12

“—okh, Vx€S. (3.20)

J*x) < J*(x) ~ I

Note that the perturbed instance coincides with the original one at all
points sampled by the algorithm. For this reason, the algorithm will per-
form the same arithmetic operations and will return the same answer for
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both instances. That answer must be an s-approximation of both J* and
J*. 1t follows that ||J* — J*||. < 2s. Therefore,

ol

Skh < 2e.

1 —«
Since @ = 1/2, we obtain
8 =d(l - we, (3.21)
where d is some absolute constant.
For £ = 1/(32d), we obtain 8 =< 1/32 or 1/(28) = 16. Thus, using Eq.

(3.1), we have 1/8y = (1/8) — 16 = (1/8) ~ (1/26) = 1/(28), and Eq. (3.2)
yields

I I I 1
A = Topm = a@oyrn = 30d(1 = wern - (((1 - a)s)2n+m> :

When the theorem is proved for general values of K and p, it is suffi-
cient to multiply the pyramidal functions of Eq. (3.3) by a factor of min{K,
1 — p}. It is then easily seen that the perturbed problem satisfies Assump-
tions 2.1 and 2.3 for the given values of K and p and the proof goes
through verbatim, except that certain absolute constants are modified.

Q.E.D.

In our next result, the mixing condition (Assumption 2.3) is removed. It
will be seen that this allows us to obtain a larger lower bound.

THEOREM 3.2 (lower bound under Assumptions 2.1 and 2.2). For
every m, n, there exists some K such that

l
Cronter @) = 0 ({7 —gyzres)-

Proof. The structure of the proof is similar to that of the preceding
proof. We fix n, m, and some K that will depend on » in a way to be
determined later. An absolute constant is again a constant that depends
only on m and n.

We fix some € > 0 and some « € (1/2, 1). We consider an algorithm that
is correct for the problem P, (for the given values of m, n, K) and
suppose that the number of queries is at most A for every instance with
those particular values of a and e.

We choose a positive scalar § so that 1/8 is an integer multiple of 9 and
such that



COMPLEXITY OF DYNAMIC PROGRAMMING 481

1 1 1
5(—)55580 +9, (3.22)
where §, satisfies
R YA
A= 3 (5) W. (3.23)

We partition § X § X U into cubic cells of volume 1/82*™ exactly as in
the proof of Theorem 3.1 and we use the same notations, S, U, C;:a,and
E; ;..

We define the first instance to be considered. Let Fy, F>, G: [0, 11— %
be the functions shown in Fig. 1. We define a function H: [0, 1] X [0, 1]+~
R by letting

H(y|x) = Fi(y)G(x) + F2(y)(1 = G(x)),  Vx,y €0, 1].

We finally let

P(y|x, u) = ﬂ H(yilx), Yy, x, ) €S xS§xU, (324
i=1

Fy(z) & Fy(z) &
a aT
2 i’ 7 1 >
0 z % 1 z 0 %5 1 z
G(z) &
1 —\
o 1 @ 1 =z
3 3

‘FIG. 1. The functions F,, F,, and G. The maximum value & of F; and F; is chosen so that
Jo Fi(x) dx = [ F2(x) dx = 1. In particular, 3 < a = 9/2.
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where x; and y; are the {th components of x and y, respectively. As for the
cost function g, we only assume that g(x, «) = 1 for all x € [0, 1/3]" and
u € U, and that g(x, 1) = 0 for all x € [2/3, 1]" and u € U.

We verify that Assumptions 2.1 and 2.2 are satisfied. The function P is
certainly nonnegative. Furthermore, F| and F, integrate to 1. Conse-
quently, [0y H(y|x) dy = 1, for all x € [0, 1]. Thus, for any x, u, P(-|x, u)
is a product of probability measures [cf. Eq. (3.24)] and is itself a probabil-
ity measure. Note that F;, F,, and G are Lipschitz continuous. It follows
that P is also Lipschitz continuous with Lipschitz constant K, provided
that the absolute constant K is taken large enough. Concerning the func-
tion g, we have not specified it in detail, but it is easily seen that there
exist Lipschitz continuous functions satisfying the requirements we have
imposed on g.

Note that the Markov chain corresponding to P has the property that if
the current state is in the set [0, 1/3]” then the state stays forever in that
set. The same property holds for the set [2/3, 1]".

We now estimate J*(x) when x € [0, 1/3]*. While we could argue
directly in terms of the Bellman equation, the argument is much more
transparent if we use the interpretation of J*(x) as the optimal cost ex-
pressed as a function of the initial state. Starting with some initial state in
[0, 1/3], the state never exits that set. Furthermore, g(x) = 1 for every x
& [0, 1/3]". This implies that

JH) =X el =5 _1 . ¥x €0, 1/3]". (3.25)
t=0

a

LEMMA 3.3. There exists a set Spap C [0, 2/91" N S of cardinality
(2/9)"/(286") with the following property: for every x € Spap there exist
some ji(x) € U and two sets QL(¥) C [0,2/9]1" N S, QH(X) C [7/9,1]1" N §,
each of cardinality (2/9)"/(28"), such that the cell C; ; ;) is unsampled for
every y € QL(X) U QH(x).

Proof. Let Scoop be the set of all £ € [0, 2/9]" N S that do not have the
desired property. Since the cardinality of [0, 2/9]" N § is (2/9)"/8" it is
sufficient to show that Sgoop has cardinality less than or equal to (2/9)"/
(25"). We suppose the contrary, and we will obtain a contradiction.

Fix some x € SGOOD Then, for every & € U we can find at least (2/9)"/
(257) values of 3 € § such that the cell C; ¢ ; is sampled. This shows that
the total number of sampled cells is at least (2/9)?*/(452"*™). Using Eqgs.
(3.22) and (3.23), this implies that the number of sampled cells is more
than A, a contradiction. Q.E.D.

We now construct a perturbed instance. The cost function g is left
unchanged. We define
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P(ylx, w) = P(y|x, u) + E(y|x, ),

where

E(ylx, u) = > E; ;i y)x, u) — > E; ;i y|x, w).

%€SBaD, YEQH(K) £ESBAp, FEQL(X)

(3.26)

In effect, we are giving positive probability to certain transitions from
the set [0, 2/9]" to the set [7/9, 1]*. On the other hand, the property that
the state can never exit from the set {7/9, 1] is retained. The Lipschitz
continuity of E and P implies that £ is Lipschitz continuous. Also, P(- [x,
u) is nonnegative and integrates to 1, for reasons similar to those in the
proof of Theorem 3.1. Thus, Assumptions 2.1 and 2.2 are satisfied.

Let

B= {x € [0, 1/3]7 | 3% € Spap such that ||x ~ £||. = g}

LEMMA 3.4. For every x € [0, 1/3]*, we have

[, BOIx wdy=h,

where h is a positive absolute constant.

Proof. Fix some x € [0, 1/3]". Note that P(y|x, u) = II}-, Fo(y;) =
3n=3forally € [0, 2/9)". Since |E(y|x, w)| = 8/2 < 1, we conlude that
2 ylx, u) =2, for all y € [0, 2/9]". The set B consists of (2/98)"/2 cubes of
volume (8/2)". Thus, the volume of B is bounded below by some absolute
positive constant, and the result follows. Q.E.D.

Let us now define w(x) = g(x) for all £ € B, where x is chosen so that
|lx = %||« = 8/4, and we let u(x) = 0 for x & B.

LeEMMA 3.5. For every x € B, we have

f[zn,m P(y|x, n(x)) dy = k8,

where k is an absolute positive constant.
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Proof. Foreveryy € S, let Y(7) ={y € §||ly — yll~ = 8/4}. Fix some
x € B and let ¥ be an element of Sgap such that ||x — £||.. < 8/4. We have

fmz,nn P(y|x, p(x)) dy

f ¥(9) E; : so(y]x, pu(x)) dy

yEQH(x)

= 5 [ 2~ maxillx — £l 1y - 513) ay

FEQH(KK)

)
>24 _dy.

yEQH(x) ¥y

The set Y(¥) is a cube of volume (8/2)", the cardinality of the set QH(x) is
(2/98)"/2, and the result follows. Q.E.D.

We now estimate the cost J.(x) which is incurred if policy = = (u, u,

. .)is used, for the case where x € [0, 1/3]". The corresponding Markov
process x| evolves as follows. Whenever x7 € [0, 1/3]*, there is at least
probability # that the next state belongs to the set B and there is a further
probability of at least k8 that the state after one more transition is in the
set [2/3, 1]". Once the latter set is entered, the state stays forever in that
set. We therefore have

Pr(x7 € [0, 1/31") = (1 — kh&), V=1,
Since the cost is 1 on the set [0, 1/3]” and 0 on the set [2/3, 1]*, we have

®©

J,,(x)=}: ' Pr(xT € [0, 1/3]7)

=1+ a'(l — khd)"™! (3.27)
1=1

_ [24

= U T ad = ko)
1 + akhd

= m, Vx € {0, 1/3]™

The optimal cost function J* of the perturbed instance satisfies Jx=17,
and, using Eq. (3.25), we obtain
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. 1 1 + akhd
— J* -
J*(x) J*(x) = 1 - 1 —-a(l - khB)
akhd

= T —at ey E0 131 629

Note that the class Py contains the class P, For this reason, the
particular algorithm being considered here is also a correct algorithm for
the problem P ;.. In particular, all of the intermediate results in the proof
of Theorem 3.1 apply to the algorithm we are considering. We can there-
fore use Eq. (3.21) and conclude that § = d(1 — a)e, where d is an
absolute constant. (Actually, the definition of 8 is somewhat different in
the two proofs, but this affects only the absolute constant d.) This implies
that for € = 1/(khd), we have 8 = (1 — a)/(kh) or 1 ~ khd = «. Using this
inequality in Eq. (3.28), together with the property o = 1/2, we obtain

a’khs  _ (kh8)/4 _ 1 khs
T-ol-a) (-af2 B(-ar

J*(x) — J*(x) =

This inequality is similar to inequality (3.20) in the proof of Theorem 3.1,
except that 1 — « has been replaced by (1 — a)2. The rest of the argument
is the same, except for certain constant factors and the fact that 1 — « is
replaced throughout by (1 ~ a)’. Q.E.D.

THEOREM 3.3 (lower bound under Assumptions 2.1, 2.3, 2.4). For
every m, n, there is a choice of K and p such that

Cante, @) = 0 (=)

Proof. The proof is almost identical to the proof of Theorem 3.2, and
for this reason, we argue informally. For convenience, let the state space
§ be the set [0, 1/3]%, instead of [0, 1]7, and let P(y|x, u) be defined on that
set as in the proof of Theorem 3.2. Then, P is a probabilty measure on the
set [0, 1/3]" and the corresponding function J* is identically equal to
1/(1 — ). Note that P satisfies Assumption 2.3. Let P be as in the proof of
Theorem 3.2, except that it is defined only for x, y € [0, 1/3]". For this
reason, P is now a subprobability measure. The function J* for the cur-
rent problem is equal to the optimal expected discounted cost until the
termination of the stochastic process. However, the process considered
here terminates exactly when the process considered in the proof of Theo-
rem 3.2 makes a transmon from [0, 1/3]" to the zero-cost set [2/3, 1]". For
this reason, the function J* is the same as the function J* in the proof of
Theorem 3.2, and the result follows with the same reasoning. Q.E.D.
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Remarks

1. Suppose that we replace the correctness requirement ||J — J*||.. < &
by the requirement ||J — J*||, < &, where 1 < p < « and [|-[|, is the usual
L,-norm. Then, Theorems 3.1-3.3 remain true, with exactly the same
proofs. The reason is that in all of our proofs we have constructed our
perturbed instances so that J*(x) — J *(x) 1s ‘‘large”’ on a set whose mea-
sure is bounded below by an absolute constant [cf. Eq. (3.20) or Eq.
(3.28)]. But this implies that J* — J* is also large when measured by the
L,-norm and the proofs remain valid, except that certain constants must
be changed.

2. The lower bounds of Theorem 3.3 can also be proved for all values
of the constants K and p. The proof is similar except that we should let
P(y|x, u) = 3" for all (y, x, u) € § X § x U, so that P satisfies the
Lipschitz continuity assumption for any value of K. Furthermore, the
perturbing pyramids should be multiplied by a factor that ensures that
their Lipschitz constant is less than K and that Assumption 2.3 is not
violated.

3. We are not able to establish the lower bound of Theorem 3.2 for an
arbitrary choice of K. There is a simple reason for that: if K is taken very
small, then Assumption 2.3 is automatically satisfied and the best prov-
able lower bound is the one in Theorem 3.1.

4. Given some ¢ > 0, we say that a function u: S +— U is s-optimal if
J*(x) = J.(x) = J*(x) + &, forallx € §, where # = (w u, . . .). If an ¢-
optimal function u is available, then the function J* is automatically
determined within an error of ¢, the error being measured according to a
norm ||-||,. Thus, the number-of oracle queries needed for computing an -
optimal function u is at least as large as the number of queries needed to
determine J* within e. It follows that the lower bounds of Theorems 3.1-
3.3 also apply (under their respective assumptions) to the computation of
e-optimal functions p.

4. DISCUSSION

The lower bounds of Section 3 agree with the upper bounds of Section
2. Thus, we have completely characterized the number of queries needed
for approximating J*. This leaves the further question of evaluating the
total complexity of approximating J*, when arithmetic computations are
taken into account. This issue is addressed by Chow and Tsitsiklis (1989).
In particular, they introduce a multigrid version of the iterative algorithm
J := TJ and show that the total number of arithmetic operations and
comparisons is
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0 =z @b

for the problem P, and

1 1 _ 1 . 1
o (((1 — @)lg)ntm ’ llog Ot') =0 (((1 T T a)’ 4.2)

for the problems Pyop and Py Thus, for problem Pq, we have an
optimal algorithm. For the problems P, and P, we are within a factor
of O(1/(1 - @)) from the optimum. One might wish to close this gap but
the prospects are not particularly bright because (a) there are no effective
methods for proving lower bounds tighter than those provided by lower
bounding the number of queries, and (b) it can be shown (Chow, 1989)
that no algorithm in a certain family of multigrid methods can have com-
plexity better than the one provided by Eq. (4.2).

We expect that our results can be extended to the case where bounds
are imposed on second derivatives (more generally, derivatives of order r)
of the functions P and g. Of course, the bounds should change, with the
exponent 2n + m being replaced by a lower exponent, depending on r.

As mentioned in the Introduction, the case where the functions g and P
do not depend on u (equivalently, the case where U is a singleton) makes
the equation J = TJ a linear Fredholm equation of the second kind. Our
proofs and our results remain true, provided that the exponent m in our
bounds is replaced by 0. In particular, if we let n = 1, our results agree
with the results of Werschulz (1985).2 Our results are different from those
of Werschulz in a number of respects:

(a) We are not limited to the one-dimensional case.

(b) We quantify the dependence of the complexity on the parameter
a, which is a measure of the ill-conditioning of the problem.

(c) On the other hand, unlike Werschulz (1985), we do not study the
dependence of the complexity on the smoothness properties (e.g., bounds
on higher derivatives) of the functions P and g.
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