EE 223: Stochastic Estimation and Control Spring 2007
Lecture 3 — January 23
Lecturer: Venkat Anantharam Scribe: Nikhil Shetty

3.1 Outline

In this lecture, we argue that the optimal strategy in the finite horizon fully observed stochas-
tic control problem we have been considering so far is a Markov strategy. In addition, we
define the optimal cost-to-go functions associated to the problem and sketch a proof of the
theorem that says that optimal Markov strategies must be defined in terms of the minimizers
in the equations defining these optimal cost-to-go functions. We do not concern ourselves
with the question of existence of optimal strategies, rather, we discuss their nature, assuming
they exist.

3.2 Assumptions and Definitions

The evolution equation of our dynamical system is:
ka:fk(xk,uk,wk) ]{ZIO,...,N—l

where z is the state of the system at time k, uy is the input applied at time k and wy is
a random variable. The functions f; determine the system transition at time k. xy may be
fixed or random.

At time k the controller has access to the state trajectory up to time k, i.e. (zo,...,x;). The
aim of the controller is to choose the controls causally to minimize the objective function,

written informally as:
N—-1

ED>  gr(Xx, Us, wi) + gn (X))

where gy (g, ug, wi), 0 < k < N — 1, and gn(zy) are some prescribed cost functions.

Formally, a strategy W = (v, 14,...,vn_1) is comprised of functions vg(zg,z1,. .., xx)
which take values in the allowed set of controls at state xx for 0 < k < N — 1. Our aim is
to minimize the following objective function over all strategies W,

N-1

E[Z gk(Xl\cIj’ Vk(X(\)II>XIII’ ce >Xl\clj)>wk) + gN(XJ\{If)]
k=0

where X!, = fu(X)/, ve( Xy, XYoo X)), we) k=0,...,N—1.
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We have Xy = X/ for all ¥. The w!s are assumed to be independent of each other and
of Xy. The v, could also be randomized but we do not consider that here.

Markov strategy: A Markov strategy m = (po, ..., un—1) is prescribed by functions

i (zr) taking values in the set of allowed controls at state xx, k=0,...,N — 1.
Define functions Jy, Ji,. .., Jy by backwards recursion as follows with Jy(zy) = gy (xn)
and

inf

Ji(zr) = v Elge(or, w, wi) + Jpgpr (fr(zr, w, wi))]

where in the infimum u ranges over the allowed control choices at state x;. These are called
the optimal cost-to-go functions. Note that these equations are defining functions. Ji is a
function on the set of possible states at time k, defined in terms of the function Ji. 1, which
has already been defined in the backwards recursion procedure.

3.3 Theorems

1. Let py(zx) be any minimizer in the equation defining Ji(zx). (Note that this sentence
is talking about a function ux(xy), i.e. we want the control py(xy) to minimize in
the expression defining Ji(zx) for each xy.) Then consider the Markov strategy m =
(t0, - - -, piy—1). This is an optimal strategy.

2. For any Markov strategy m = (1o, ..., pinv—1) that is optimal, p(X7) must be a mini-
mizer in the definition of Ji(X7), almost surely, for each k =0,..., N — 1.

3.3.1 Cost-to-go function

Given any strategy ¥ = (v, 14,...,Vn_1), we define for each k = 0,..., N — 1, the cost-to-
go function of the strategy at time k, denoted I'Y. This is a random variable depending on
(XY, XY, ..., X)), Tt is defined via:

Ty = gn(Xy) = Elgn (X¥)IXy, XY, X

and

N-1
FI:I;! = E[Z gl(qujv VZ(X(;IijIIjv s 7quj)7wl> + gN(XZ‘{jfﬂX(‘)Iju XIP? SR XI;II]
I=k
The expected total cost of the strategy V¥ is thus seen to be given by E[I'Y]. (Note that
['Y is a random variable depending upon Xj.)
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3.3.2 Comparison Principle

The main theorem is actually a consequence of the following “comparison principle” which
says

Let Vi(zx), k=0,...,N, be any functions satisfying Viy(zx) < gn(zxn) and

Vi(aw) <t Blgs(we, w, wg) + Viesr (f(wr, u, wp))]

where the infimum is taken over u ranging over the allowed control values at
state . Then, for any strategy ¥, for every k =0,..., N, Vi(X}¥) <T},
almost surely.

Proof (by backward induction)

By definition of Viy(zy),

Vn(XN) < gn(X¥) =T%

Thus, the claim is true at time N. Assuming it is true at time k£ + 1, we need to show that
it is true at time k. By the definition of Vi (xy),

V(X)) < Blgn( XY, vn( Xy, XY, ., X)), wi)+
Vk-l-l(fk(XlgIka(X(;vaflv s 7Xlgj)vwk>>|X(;Il7X£pa o 7Xlgl]

Understanding this equation requires some thought. On the right hand side of this equa-
tion, we have an expression conditioned on (XY, X\, ..., X}¥). The conditioning determines
both the state X;' and the control v (X, XY, ..., X}Y) that appear in the expression that
is being conditioned. Now, appealing to the independence of w;, from the random variables
that are being conditioned on, and appealing to the definition of Vi (x;) (taking X! for zy
and noting that this definition involves an infimum over all allowed controls at this state)
the truth of this equation becomes apparent.

Also, Vi (fe(X, ve(Xy, XY, ., X)), we)) < T4, by the inductive hypothesis.

Hence, Vi(X}Y) < Elgin(X¥, ve (XY, XY, ., X0), we) +E[E[ 0 al(XY v(XY, XY XY, w)+
gN(X]%If”X(;II’XIpa cee 7XI;I]+1]|X(;II>XIIIa cee >X];II] = Fl\f

3.3.3 Proof of Part 1 of theorem

We observe that Ji(zy) for &k =0,..., N satisfy the inequalities that apply to the Vi (zy)
for &k =0,...,N in the comparison principle (in fact with equality). So Ji(X}) < T}
almost surely for all ¥ and all k = 0,..., N. In particular, Jo(Xo) = Jo(X}') < I’y almost
surely for all U. Taking expectations in this equation we get E[Jy(X,)] < E[['y] for all .
Thus we have found a universal lower bound on the expected total cost achievable by any
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strategy. Thus, any strategy whose expected total cost equals this universal lower bound
would be an optimal strategy.

To prove part 1 of the main theorem, let po(xg),. .., un—1(zny_1) be minimizers in the
definition of Jy(zx) and let m = (uo(xo), ..., unv—1(zn-1)) be the corresponding Markov
strategy. If you trace through the proof of comparison principle (replacing ¥ by 7 and each
Vi by Ji), all inequalities become equalities. Let us do this explicitly. At time N we have
IN(XF) = gn(XF) = I'}, where both equalities are by definition. Assuming it is true that
Ji+1(Xp, 1) = I'f,, almost surely. we will show that J,(X]) = I'f almost surely. Because
wr(X7) is a minimizer in the definition of Ji(X]) we have

Je(XE) = Elgn(Xg, e (XT), wie) + Jioa (fe(XE, (X5, wi))| X, XT, - X{]

Since X7, = fu( X[, (X[ ), wy) and we have the inductive hypothesis, this equation can
be written as

Je(XT) = Elge(Xg, i (X7), wie) + T [ X, XT,. . X(

However, the right hand side is just the definition of I'f, which completes the proof. ( Note
that in the case of Markov strategies the cost-to-go at any time is just a function of the
current state, and this is also the case for the specific 7 that is being considered here.)

In particular, I'T = Jo(X§) = Jo(Xo) almost surely, and taking expectations we get
E[I'f] = E[Jy(Xo)], i.e. this Markov strategy m achieves the universal lower bound on the
total expected cost, so it is an optimal strategy.

Please note that in this proof the existence of m was hypothesized and not proved. In-
deed, such 7 may not exist, unless suitable technical assumptions are made. There is a rich
literature full of existence theorems under various sorts of conditions.

3.3.4 Sketch of proof of Part 2 of theorem

Suppose m = (po(xo), - - -, n—1(zn_1)) is an optimal Markov strategy. We prove by backward
induction that p(X7) is a minimizer in the definition of Jx(X]) (almost surely).

Consider k = N — 1. Suppose there is some function zy,_;(xy_;) different from the function
pn—1(xyn_1) such that

Elgn 1 (Xy_1 pv—1(Xx_1), wn-1) + IN(fv—1 (XN_1, pv—1 (X)), wn—1)) | Xj_] >

Blan—1(X5 1, iy (X5_ 1) wn—1) + In(Frt (X5 vy (X5 ) wn—1)) | X 5y

and that this inequality holds strictly with positive probability. (If uy_1(X7_;) is not almost
surely a minimizer in the definition of Jy_;(X%_,) then such yy_,(zy_1) must exist.) Now
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consider the Markov strategy @ = (i, . . . ,,uN_g,,u'N_l). We will argue that the expected
total cost achieved by this strategy is strictly better than that achieved by the strategy
7, thus arriving at a contradiction. Since Jy(zx) = gn(xn) by definition, the preceding
inequality can also be written as

Elgn1(X{_1, pv—1 (XN 1), wn—1) + gnv (X3) | XR_y] >

Elgn-1(XK_1, b1 (XRo1), wnv—1) + gn (X5 ) [ XK 4]
with the inequality being strict with positive probability. Both strategies result in exactly
the same state evolution up to and including time N — 1, i.e. X7 = X almost surely for
k=0,...,N—1. Thus the difference between the total expected cost of the strategy m and
that of the strategy 7 is precisely the difference between the expectation of the left hand

side and the expectation of the right hand side of the preceding inequality, and this is strictly
positive, which is the sought for contradiction.

For the cases k < N — 1, we will assume, for simplicity, that minimizers exist in the
definitions for Jj(x;) for l = k+1,..., N — 1 (this is only to avoid the need to go through an
approximation argument). Suppose there is some function p (z;,) different from the function
g () such that

Elgi (X e (XT), wi) + Joa (Fe(XT (X)), wie) )| XFT] =

Elgn(XF, i (XE), wi) + T (i (X i (XF), wi)) | X

and that this inequality holds strictly with positive probability. (If px(X]) is not almost
surely a minimizer in the definition of Ji,(X7) then such i, () must exist.) Now consider the
Markov strategy © = (fo, - - -, k-1, g flki1s - - - 5 fin—1), Where fy(z;), l =k +1,...,N —1
are respectively minimizers in the definitions for J;(z;) for l = k+1,..., N — 1, which are
assumed to exist. We will argue that the expected total cost achieved by this strategy is
strictly better than that achieved by the strategy m, thus arriving at a contradiction.

We consider as an intermediate the Markov strategy @ = (pto, - - -, flk—1, fks bkt - - -5 AN—1)-
We have X = X[ for [ =0, ..., k+1. Considering the restricted optimization problem over
the interval of time k£ + 1 < [ < n (i.e. with the original one step and terminal costs, but
thinking of the state at time k + 1 as an initial condition) and appealing to the assumption
that fy(x;), l=k+1,...,N — 1 are respectively minimizers in the definitions for J;(x;) for
l=Fk+1,...,N —1, and the first part of the theorem we get I'f | = Jy11(X[, ;). From this
we learn that the Markov strategy 7 is also an optimal strategy for the original problem.
Thus, if we can show that the expected total cost achieved by the Markov strategy 7 is
strictly better than that achieved by the Markov strategy m, we would arrive at a contradic-
tion.
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Since the Markov strategy 7 uses the minimizers ji;(z;), l =k +1,..., N — 1 from time

k41 onwards, we have Fg;l = Jk+1(X,7§Jlrl) (again, this comes from considering the restricted
optimization problem over the interval of time k+1 <[ < n). Now, the presumed inequality
with which we started the discussion can be written as

Elgi(Xg, i (X7), wi) + e (X )1 X5 ] >

Elge(XT, (X5, wi) + Jra (X )IXTT
with the inequality holding strictly with positive probability. This can be further written as
Blgi( X7, (X7, wr) + Jea (XT40) 1 XE] >
Elge(XT, (XD, wi) + Joea (XE0)IXT]
with the inequality holding strictly with positive probability, and again as
E[gk(Xlir? Mk(XI?)v wk) + FZH‘X/?] )
with the inequality holding strictly with positive probability. Since X[ = X7 “forl = 0,...,k,
throwing in the costs incurred before time k and taking expectations in this inequality shows

that the total expected cost of 7 is strictly bigger than that for 7', which is the sought for
contradiction.
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