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Introduction

Lecturer: Ben Van Roy Scribe: Ciamac Moallemi

1 Stochastic Systems

In this class, we study stochastic systems. A stochastic system consists of 3 components:
e State x; - the underlying state of the system.
e Noise w; - random disturbance from the environment.
e Decision u; - control decision.

The state x; evolves over time according to the equation

Ti41 = F((Ehutawt)v (1)

for some deterministic function F(-,-, ).

A policy 7 is a sequence of mappings (o, i1, - - ), where, at time ¢, the mapping p; determines the control
decision u; to take given that the state is x;. The objective in this course is to determine policies that are
Légood.”

2 Examples

In order to understand our framework, we consider a number of examples which can be viewed in the context
of stochastic systems.

2.1 Tetris

Tetris is a computer game in which falling pieces must be positioned on a two-dimensional grid (see Figure 1).
The goal is to form contiguous rows of blocks, at which point such rows are deleted. Falling pieces are selected
at random and the game is over when the height of the pieces exceeds the height of the board. Tetris can
be viewed as a stochastic as follows:

shape of current falling piece

ﬁ .
state x; = < board configuration ) 7

decision u; = (where to put the falling piece, i.e. orientation/translation),

noise wy = (next falling piece) .

2.2 Linear Systems

One common example of a stochastic system system is a linear system. Here, z; € R"™ u; € R™, and w; € R™
are vectors, and the system evolves according to the linear update

Tep1 = Azy + Bug + wy,



Figure 1: The computer game Tetris.

where A € R"*™ and B € R™*™. In such instances, linear policies are of particular interest. In a linear
policy, the decision is a linear function of current state, in other words,

Uy = thv
for some K € R™*". Aside from their simplicity, linear policies are interesting because in many cases the

optimal policy will be a linear policy.

2.3 Dynamic Asset Allocation

Consider the following simplified dynamic asset allocation problem. At every time ¢, an individual can choose
to invest portions of his wealth in either:

1. Money market - constant rate of return p (that is, p dollars returned at time ¢ + 1 for every one dollar
invested at time t).

2. Mutual fund - rate of return r; which is a random variable.
In the context of stochastic systems, we have
state z; = (wealth at time t) € Ry,

decision u; = (fraction of wealth to invest in mutual fund at time ¢) € [0, 1],
noise r; = (mutual fund rate of return at time t) € R,.

The system evolves according to the equation

Ti41 = p(l — ut)xt + rur Ty
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Figure 2: A queuing network.

2.4 Queuing

Consider the queuing network in Figure 2. Here, there two classes of products to be manufactured by servers
1 and 2. For the first class of products, produced along the top path, raw materials enter from the left, are
first processed by server 1, then processed by server 2, and finally exit on the right. The second class of
products are produced in an analogous fashion right-to-left along the bottom path. There are four queues
in the system which buffer materials in different stages that are waiting for a busy server. Raw materials
arrive to the input buffers at random times. For simplicity, assume that each server can serve one item per
time step. Hence, if a server has items waiting in both of its buffers, it must make an allocation decision of
which buffer to process an item from. This queuing network can be viewed as a stochastic system as follows:

state x; = (queue lengths),

decision u; = (allocation of servers 1 and 2),

noise wy = (random arrivals of raw materials) .

3 Transition Probabilities

In general, stochastic systems may evolve in discrete or continuous time, and their state/decison/noise
variables may take values in finite or continuous state spaces. For simplicity, we will initially focus on
discrete-time, finite-state stochastic systems. Note that the ideas we will present can be extended to other
frameworks as well.
In particular, assume that
Ty € SZ{I,...,’IL},

ug € Ulxy),

where for each = € S, U(z) is a finite set of available decisions or actions given state z; = . For =,y € 5,
and u € U(z), we can define transition probabilities

Ppy(u) =P{aep1 = yloy = z,ue = u}. (2)

Transition probabilities provide an alternative to the state evolution equation (1) to specify the random
structure of a stochastic system. In particular, we can relate (1) and (2) by

sz(u) z]P’{F(a:,u,w) = y}

Both viewpoints will be useful in the study of stochastic systems.



4 Optimality Criteria

We would like to determine the “best” policy for a given stochastic system. In order for this question to be
well-posed, we must define a criteria for optimality. The most general formulation that may be considered is

n}ninE[g(xo,uo,xl,uo,...)]. (3)

Here, we attempt to minimize the expected value of a cost function g(-), which is a function of the entire
sample path (xg,up,z1,u1,...). While this criteria is the most general, the optimization problem (3) will
not be tractable in general.

A more tractable criteria is to assume that the cost function in (3) decomposes additively across time,
resulting in

minE
T

Zg(xtautaxﬂrl)] . (4)

t=0

Here, g(x¢, Uy, x141) is the cost of selecting decision u; at time ¢, resulting in next state xy11, given current
state z;. Note that the evolution of the system is considered only up to time N. Hence, (4) is called the
finite horizon problem.

In some systems, there is no natural time horizon N to pick. For these systems, the total cost objective
may be more appropriate,

minE
T

o0
Zg(xtautvxt-i-l)] : (5)
t=0

The total cost objective is fine for systems that eventually terminate and generate zero cost thereafter.
For systems that generate ongoing cost, however, the total cost will be infinite and will not provide a
useful mechanism for differenting amongst policies. For such systems, one alternative is the discounted cost
objective,

oo
. ¢
m#nE lZa g(xt,ut,xt+1)] . (6)
t=0

Here, « € (0,1) is a discount factor which weighs the relative contribution of costs in the near and long-term
future to the total cost. The discounting also guarantees that the sum in (6) is finite.

Another alternative for the infinite horizon case is the average cost criteria,

N

z_: g(l"nut,xtﬂ)] . (7)
t=0

1
min limsup —E
™ N-—oo N

Here, we are looking at the long-term average expected cost. The averaging ensures finite values even when
the system generates ongoing cost. However, if the system eventually terminates the average cost will be
zero, hence the average cost objective is not appropriate and the total cost objective (5) should be used.
Given an optimality criteria, we need a way to determine the optimal policy. One easy way out is to
select at time t the decision u; which minimizes the expected cost over the next time step, in other words

n}LinE [g(@e, ue, Teq1)| 2] -
t
This strategy, while simple to implement, does not factor in the effect of the current decision u; on future
costs. Hence, it is myopic and not generally optimal.
An alternative is to select the current decision u; by the optimization problem

minE [g(xs, ug, xp41) + J(@e41)| 2] -

Ut



Here, the value J(z1y1) captures the future cost that is incurred as a result of being in state x;11 at time
t+ 1. The field of dynamic programming provides methods for choosing a value function J(-) so as to result
in an optimal policy.

In practical problems, number of possible values that x; can take is enormous. For these problems,
computing the value function J(-) by dynamic programming or even storing such a J(-) is infeasible. We
will focus on approximate methods to find good policies. In particular, there are two broad classes of such
methods:

1. Value function approzimation. In a spirit similar to regression, we will consider a parameterized family
of value functions Jy(-), where the number of parameters 6 is tractable. We will develop methods for
tuning the value of € to result in good policies.

2. Policy gradient methods. Here, the class of possible policies will be parameterized, and the parameter
will similarly be tuned to yield a good policy.
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Dynamic Programming Overview
Lecturer: Ben Van Roy Scribe: Vassil Chatalbashev and Randy Cogill

1 Finite Horizon Problems

We distinguish between finite horizon problems, where the cost accumulates over a finite number of stages,
say N, and infinite horizon problems, where the cost accumulates indefinitely. First we consider the finite
horizon problems.

The dynamic system evolves according to the following mapping:

Ti41 = f(ﬂCt»/it(CUt),wt) €S, t=0,1,--- ,N -1

where |S| < 0o, pt(z:) is the decision at time t. A policy 7 is m = {po, i1, ...un—1}, where p(z) € U(z),
and U(x) is the set of all legal decisions in state . Our goal is to minimize the expected cost:

We will now define a useful cost-to-go function Jy (), which represents the remaining cost to be incurred
starting at ¢ = k£ and assuming that at time k we are in state xy:
.%';!|

Then, our goal would be to calculate the cost-to-go function Jy(z¢), which is the overall cost to be incurred
in the finite horizon of N steps. We now state a simple theorem, which will be useful later:

N-1

II;_iIlE lz g, pe(Te), Teg1)

t=0

N-1

Z 9(@e, (@), Tes1)

t=k

Ji(zp) = min E
Hks---HMN—1

Theorem 1

Te(w) = min " puy (u)(g(@, u,y) + Jri1 ()
yeS

where Jy(z) = 0. Also, a policy m* = {ug, ..., u_1} is optimal if and only if

Hi(v) € arg min > pay(w)(g(@,u,y) + Jep1 ().
yeSs

The proof is easy, simply use the definition of Jy(z) and split up the minimization and the expectation.

2 Discounted Dynamic Programming

2.1 Discounted Finite Horizon Problems

Before talking about discounted infinite horizon problems, let’s look at discounted finite horizon problems.
Assume we have a discount factor a(€ (0,1)). The cost-to-go function now becomes:

.

and again, our goal is to find Jy(zg), and the minimizing policy. We can re-state the above theorem, by
simply accounting for the discount factor appropriately. No proof is provided.

N-1
Jk(iﬁk)z min K Zat_kg(xt7ﬂt($t),l‘t+1)
t=k

Moo - N —1




Theorem 2
Te(w) = min Y " py (u)(g(z,u,y) + @ria(y))
Y

where Jy(z) = 0. Also, a policy 7* = {ug, ..., u_1} is optimal if and only if

pi(e) € arg min pry 9(x,u,y) + i1 (y)-

2.2 Discounted Infinite Horizon Problems

Now we can make the appropriate definitions for infinite horizon problems. Everything is the same as before,

only now ¢t =0,1,... and m = {uo, g1, .. .}. Let’s redefine the cost-to-go function to account for that:
Ji(r) = min lza g(@s, e (xt), e y1) xk]
Pk k41,
Let’s also define the cost function with respect to a particular policy m = {po, 1, }:

Je(z)=E lz alg(xe, pe(xe), Te41)

t=0

x0:$‘|

Note that the expectation above converges because a € (0,1) and also because g is bounded, because we
assume a finite state space.
In discounted infinite horizon problems, our goal is to find the optimal policy and its associated cost:

J*(x) = iITlrf I ()

3 The Dynamic Programming Operator

We now define the Dynamic Programming Operator (DP Operator) T'.

(TT)(x) = min > pay(u)(g(@, u,y) + ] (y))

Also let’s define the operator 7T}, with respect to a fixed p:

2) =Y Pay(p(@)) (92, u,9) + @ (y))

yeSs

Notice that with the above definitions we can restate Theorem 1 compactly as:
Theorem 3 J;, = T Jy41 and 7 = {ug, ..., us} is optimal if and only if
Ty Jpt1 =TIk
Now let’s prove an interesting property of the operator and the optimal value function J*.

Theorem 4
J* = Jim TN J.



Proof Let’s look at J.(zp) and split up the expectation in it in two parts:

N-1 0o
Jo(x) =B | Y a’glas, p(r), 141)| 20 = 2| + E alg(@e, p(24), 41)| w0 = 17]
t=0 t=N
Let’s look at the second term. Notice that its absolute value is less than %M , where M is a constant such

that |g(z,u,y)| < M.
Recall that

N-1
(TN J)(x0) = min E lz o' g(ae, (), wesn) + o™ I (zy)

05 N —
H 1 1 =0

:

Now using our bound on the absolute value of the second term, and the above, we can write the following
inequalities:

N—-1

Z o' g(@e, pe (), Tes1) + aNJ(a:N)
t=0

oV
———M—-a"[|J|| <E
11—«

N
Q

—— M+aV |||l
«

Jﬂ(xo) 1—

960] < Jx(xo)+

Let’s minimize each term w.r.t m:

a N N * al’ N
Jr(@o) = ——M —a || Joo <T7J < Jr(z0) + T M+a (AP

11—«
Clearly as n — oo, a¥ — 0. Since N was arbitrary it follows that J* = lim,_ ., TN J.

The above proof used our assumption of finite state space to get an upper bound M on g(). It needs addi-
tional assumptions to work with infinite state spaces. 0

We can also show that the operator 7" has the following additional properties:

Theorem 5 (Maz-norm contraction) T is a mazximum norm a-contraction. That is, |TJ —TJ||s < af|.J —
Jloo for all J, J.

Proof For arbitrary functions g, h : A — R, where A is some arbitrary set, the following property holds:

min g(a) — min h(a)| < max |g(a) — ha).

Using this property we get

(TT)(w) = (TT)(z)] = |min > pay(u)(gla,uy) + ol (y) | - min > pay(u)(gla,u,y) + o (y)
yeS yEeS
< maxa ) py(u)lJ(y) — I(y)l
yeSs

Since |TJ—TJ| oo = max, |(TJ)(z)—(TJ)(x)|, the previous inequality implies [|TJ —TJ ||oo < a|J —J||0o. [

Theorem 6 (Monotonicity) If J > J, then TJ > TJ.



Proof Suppose J > J. Then
mey (U)J(y) > szy (U)J(y)
yes yeS

for all z € S and u € U(x). By multiplying both sides by a and adding the term »_ s puy(u)g(z,u,y) to
both sides of the inequality, we get

D oy (W) (g, u,y) +ad(y) 2> pay(u)(g(e, u,y) + @ (y))

yeS yeS

for all z € S and u € U(x). The above inequality implies 7},J > Tij for any decision rule u. Suppose p* is
such that T),-J =TJ. Then TJ > T),~J. Also, it is clear that 7,-J > TJ. Therefore T'J > TJ. J

Theorem 7 (Offset property) Let e be such that e(x) =1 for allz € S. Then T'(J + ce) = TJ + ace for all
ceR.

Proof

T(J +ece)(w) = min Y poy(u)(g(e,u,y) +alJ(y) + ce(y)))
yeSs

= min » (pey(u)(9(z,u,y) +al(y)) +ac
yeS

= (TJ)(z)+ ace(z)

4 Contractions

As was shown in the previous section, the dynamic programming operator 7' is an a-contraction in the
max-norm. In this section we will prove some useful properties of contractions, and discuss some of their
implications for dynamic programming. Throughout this section we will let F' be an a-contraction with
respect to some norm || - ||. For simplicity we will assume F : R™ — R™.

Theorem 8 The sequence {FNJ} converges for any J.

Proof Since F : R® — R", it will suffice to show that {F~.J} is a Cauchy sequence. Since F is an a-
contraction, |[F'J — F2J| < «||J — FJ|. In general, |[FNJ - FN+1]|| < o||J - FJ||. To show that {F~.J}
is a Cauchy sequence, we need to show that for any € > 0, there exists some K such that |[FMJ—FNJ|| < e
for all M, N > K. For any K and M,N > K,

N—-1
|EMJ—FNJ| = (F'J — Fi*L))
=M
N—-1
< [(F*T = F )|
=M
—1
< Yl -FI)|
=M
aK
< I =FI



For any € > 0, we can find K such that

«

- F <
(- Pl e

hence {FNJ} is a Cauchy sequence. O

Theorem 9 F has a unique fized point.

Proof The sequence {FY.J} converges to a fixed point of F, so at least one fixed point exists. Now
suppose J; and Jo are both fixed points of F'. Since FJ; = J; and FJy = Jo, this implies

|FJi = Fda|| = ||J1 — J2,
contradicting the contractive property of F. Therefore, the fixed point of F' is unique. 0

Recall that the dynamic programming operator 7" is a max-norm a-contraction and that TV.J — J* as
N — o0o. By the previous two theorems, we can conclude that J* is the unique solution to the equation

Jr=TJ".
This is known as Bellman’s equation. We can also use the fact that T}, is a max-norm a-contraction for any
1 to establish the following result:
Theorem 10 A stationary policy m = {u, i, i, ...} is optimal among all policies if and only if TJ* =T, J*.

Proof First suppose that the stationary policy described by 1 is optimal. Let J, be the cost-to-go function
under this policy. Since this policy is optimal, J* = J,. Also, the equation J = T},J is uniquely solved by
Ju-So Jy =T, J, = J =T, J = TJ" =T,J".

Now suppose T'J* = T}, J*. This implies J* = T,,J*. Since J,, is the unique solution of the equation J = T}, J,
J* = J,, so the stationary policy described by p is optimal. 0

5 Homework

The homework is due on Wednesday, April 14. You are allowed to work on the homework assignments in
small groups.
1. Suppose F is an a-contraction with respect to the norm ||-|| and has fixed point J*. Suppose F satisfies

|FJ—FJ|| <eforall Jand F'J — 7. Show that
€

=T < =

2. Define the operator T, such that
_ ] @)y ify==
(Ta)(y) = { J(y)  otherwise
Consider Jxi11 = T, Ty—1 -+ 1311 Jy,. Prove that J, — J*.
3. Consider the dynamic programming algorithm Ji 1 = T'Ji. Which converges faster, this algorithm or
the algorithm using the operator T, described in problem 2?7 Be prepared to answer this question in a

3 minute presentation in class with your group. You do not need to prepare a detailed argument, just
give some intuition on which algorithm converges faster.
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Policy Iteration and Rollouts
Lecturer: Ben Van Roy Scribe: Jose Blanchet and Su-In

1 Policy Iteration

In contrast to the value iteration algorithm, which implies that TV .J — J* as N — oo, the policy iteration
algorithm generates a sequence of policies such that their associated cost-to-go functions J = J* for all k
large enough; where J* is the optimal cost-to-go function (the only fixed point of the dynamic operator T').

In other words, policy iteration generates an optimal stationary policy. The policy iteration algorithm
proceeds as follows: given a policy ug, choose g1 such that Ty, J,, = TJ,, . Recall our notation, J,,
satisfies J = T}, J, where T}, is the corresponding dynamic operator with respect to a problem with only
one policy, namely, the stationary policy generated by pg. The next result constitutes the most important
theorem of this lecture.

Theorem 1 There exists a natural No such that for all kK > No we have that J,, = J*.

Proof The next diagram shows what is happening at every iteration in the procedure.

First, note that, by optimality of J*, we can write J,,, > J*. Also, by definition of ji;41 and T, we have

T

Hr+1

Jﬁk ::jﬂjﬁk S;TLkJLk ::Jﬁk'
Thus, summarizing, T},, ., J,, < Jy,, which implies

S 2 TN S = Iy

Hr+1 k+1°

Here, we have used standard properties of the dynamic programming operator i.e. monotonicity and con-
tractive properties, in this case applied to the dynamic programming operator corresponding to the problem
with only one policy, pr41. Now, if T'J,, = J,, then J,, = J* (because T has only fixed point), otherwise
we must have that 7}, J,, # J,, and at least one improved can be made. The procedure terminates in a



finite number of steps (when no improvement can be made) because there are finitely many decisions and
the algorithm converges to J* as it is the only fixed point of T'. [

A very interesting feature of the the policy improvement method is that it seems to work remarkably
well in practice; in fact, a complete satisfactory explanation for which policy iteration has the mentioned
fast convergence characteristics is still an open problem. The best bound known in the rate of convergence
for a general problem with n states and 2 decisions is of order 2™/n. However, in practice policy iteration
seems to converge in very few iterations, perhaps fewer than 10-15 iterations, for even very large problems.
The worst known cases involve problem instances with n states (for small n) and require n + 2 iterations.

2 Rollouts

In this algorithm the idea is to carry out a single policy iteration step from a given (heuristic) policy, while
estimating the cost-to-go function of the given policy via simulation directly from the performance. For
example, let’s suppose we are studying a discounted dynamic programming problem. Fix a policy p and a
state x, then the idea is to estimate

oo
~ _ . t
i(x) = mumIE Lgooz g(xe, ug, xe41)

Lo = L, Uy = U, Ut = M(It)]

by
1 N e’}
flz) ~ min 3 [Zatgwwm)

i=1 Lk=0

Ty = T,U) = U, Ut = N(xt)] )

where N is the number of paths to simulate (of course, one has to truncate the infinite horizon in the previous
computation).

The complexity of this method, naturally, grows exponentially as the computational power needed for the
sequence of update may be enormous at each state. However, this procedure can work well if one has some
good heuristic for o and the controller is interested in how does the value (corresponding to the selected
policy u) amplifies in very few iterations.
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Rollout Review, Linear Programming, and Real-Time DP
Lecturer: Ben Van Roy Scribe: Mark Peters and Michael Rotkowitz

1 Rollout Review

Suppose that we have a heuristic h such that h(x;) specifies an action for each z;. To implement a rollout,
we would consider each possible action at each state that the system reaches and calculate the expected
cost-to-go based on taking each action then using the heuristic from that point onward. Simulation is used
to estimate the expected cost-to-go for each considered action. The rollout will select the optimal action
based on the estimated cost-to-go function and implement this action at the current state. If the dynamic
program path is infinite, we can simply truncate it when the discounted value drops below some threshold.

Rollout is some kind of a real time policy iteration, it carries out a single policy improvement step, and it
updates the policy only when the state is visited. We can think of rollout as a black box, the inputs are the
heuristic policy h and current state x, the output is action a. Since policy iteration always converges to the
optimal policy in a few steps (say 10-15), rollout usually improves the heuristic policy a lot. Additionally, we
can implement a rollout with multiple iterations. After implementing a 1 iteration rollout A’ (as shown on
the right side of Figure 1), we can apply the rollout procedure to h’' (basically treat A’ as the heuristic). This
creates a 2 iteration rollout. Increasing the number of iterations will exponentially increase the compute
time for the rollout. Practically, though, we will often see large improvements with just a few iterations.

h h'

N

h
= 3 — a

X

Figure 1: Schematic of Rollout Procedure

1.1 Example

Suppose we have the dynamics x;41 = f(2¢, us, wt) where w; ~ g(-) is some arbitrary distribution. Further
assume that u; € {0,1}, so that there are two possible actions for each time ¢. We have a heuristic
w:S — {0,1}, which when applied yields the closed-loop dynamics

Tep1 = f(@e, p(we), wy)

To improve on this, we try the following rollout procedure.



atg(xt, Ut, $t+1)

M2

(a) Estimate E l

xo = x,ug = 0,up = p(xy) Vt>0]

t=0

atg<xt7 Ut, $t+1)

M8

(b) Estimate E l

xo = x,up = 1, us = p(zy) Vt>0]
t

Il
=

The rollout simply chooses the lesser of the two. Two steps often used to make this estimation are truncation
and simulation as shown for (a)

E Zatg(l‘t711/t,xt+1) xo = x,up = 0,ur = play) Vi > O]
t=0
M
~ E alg(xs, up, eg1) | o = 2,00 = 0,uy = p(wy) V > O]
t=0
| KoM
o Z Zatg(xgk),ugk),xgi)l) where xg = z,up = 0,us = p(z) V>0
k=0 t=0

We choose M large enough so that o is negligible, and simulate by the following steps

e Sample wl(kk) according to ¢(+)

® )0 ift=0
® u = (k) .
wlxy?) ift>0

k k k k
d xg—i-)l :f(mrg )7u1(5 )7w1£ ))

2 Linear Programming

We examine another algorithm for computing J*. Consider the following optimization problem.

maximize Z J(x)

zeS (1)
subject to TJ > J

T is a nonlinear operator, so we seek to convert the constraint into several linear constraints.

(TT) (@) = min > pey(u) (9(we,u,y) + @l (y) = J(@)

is equivalent to

Y pay(w) (glzeuy) + @d(y)) = J(z)  VueU()
yeS

Theorem 1 Problem (1) is uniquely optimized by J*.
Proof If J is feasible, then T'J > J, and then by the monotonicity of T,

J<TI<T?’J<..-<J*



So any feasible J satisfies J < J*. Then J* is feasible and dominates all other feasible points when
maximizing the sum. So J* solves Problem (1), and it’s unique. [

Remark This proof holds if we instead maximize > ¢(x)J(x) for any ¢ such that ¢(z) > 0 for every = € S.

3 Real Time Dynamic Programming

3.1 Gauss-Seidel Value Iteration

This algorithm updates one component of J at a time, as in HW#1. It can be shown that the entire cycle
of updates (to all components of J) is a max norm contraction. The homework problem asks that we prove
convergence to J* using the Gauss-Seidel value iteration.

3.2 Asynchronous Value Iteration

Asynchronous value iteration picks out an infinite sequence of states (z(*), z(), 22 (3 ) such that every
state occurs infinitely often. Consider the following algorithm:

oo () = (T Jk)(x) if 2 =g
AAR Ji(x) otherwise

We can easily show that this will converge. First, look at states until we reach (") which is the first time
that every state has been reached at least once. In other words, let I; be the first time at which z; = i for
every state ¢ for at least one ¢t < [;. Similarly, let [ be the lowest possible value such that x; = i for every
possible state i for at least one ¢ such that I; <t <3, and so forth. Then,

141 = Tl < @fldo = J7[
and repeating for z(2)

[igsr = T e < @l = Tl < 02 [ Jo = Tl

Thus J; converges to J*.

The name for asynchronous value iteration was derived from asynchronous computation since, if you had
each processor work on a component then you could have the component completion times correspond to
when J is updated for that component. This justifies parallelizing the process.

3.3 Real Time Value Iteration

This is actually just a special case of asynchronous value iteration. This algorithm simply calls for a se-
quence of states to be generated by simulating the underlying system. Convergence of real time value
iteration doesn’t follow from the convergence of asynchronous value iteration due to the fact that you are
not guaranteed to update each state an infinite number of times.

Example:

Generate xg,x1, T2, T3,...

with corresponding Jy, Ji, J2, Js, . ..

Method for generating the z;’s



xp is arbitrary

sample w; from ¢()

Let Uy € arg minuEU(Zt) Zyes plty(u) (g($t7 U, y) + O(Jt (y))
o Ty = flay, ue, wi)
Theorem 2 If Jy < J* then RTDP converges, and there exists to such that u; is optimal for every t > tg .

Proof Next lecture. J

Notes:

e Jy doesn’t necessarily correspond to a policy.

to is finite with probability 1 (but it is a random variable).

Jy doesn’t necessarily converge to J* but the action derived will be optimal.

Jo < J* means we are optimistic about the cost-to-go function at each state, so we have incentives to
go to each state and we are unlikely to get stuch in a bad loop.

From the monotonicity of the DP operator, all functions will be less than J*

Jo < J*
TJy <TJ* =J*

Then J; < J* for all ¢
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1 Real Time Dynamic Programming

1.1 Overview of the Process

o Simulate the dynamics of the System:
Tt+1 = f(xtauhwt)

e Select decision:

w € arg _min )pr(U)(g(x, u,y) + adi(y))
¢ yEeS

e Update J according to:

A R i Vi

Theorem 1 If Jy < J* then 3t such that uy are optimal for all t >t (where t < co with probability 1)

Proof First, recall that J; < J* V¢ (established previously).

Partition the state space S into two sets. Let V be the set of states visited infinitely often and V' be the
complement of V in S. Thus S =V UV,

If we consider a sample path, 3¢ such that Pay(us) =0 Vy € V, Vt > t with probability 1.

At all times subsequent to #, the probability of travelling to V is zero. (This follows from the fact that
we have a finite state and decision space). Intuitively, this makes sense because each of the states in V
are only visited a finite number of times. So there must be a time f after which the system remains in V.
Subsequently, only states in V' are relevant and as we are updating each infinitely often, we know we will
converge on this set (i.e. for z € V, Jy(x) — Ji;(x) for some J{; () which includes only decisions that keep
us in V).

We also know that for z € V, Ji(x) = J(x) where J, is the cost-to-go function for some legitimate
policy 7. As J* is the minimum cost-to-go over all policies, J(z) > J*(x) Vo € V. This fact, in addition to
the fact that J; < J* Vt implies:

Jy(z) =T (x)Ve e V

When the algorithm terminates, we are left with Ji,(x) = J*(z) Vo € V and Jy(z) < J*(z) Vo € V.
Under J35, all z € V have corresponding decisions that ensure we never visit V using Jy () as the cost-to-go
for all z € V. Thus, if we increase all cost-to-go functions for € V to J*(z) this would leave Jy unchanged,
but would increase the cost-to-go for policies containing decisions with positive probability of returning to
V from V. Thus, Jy- would still correspond to an optimal policy over V. O

This theorem implies that eventually you will be making optimal decisions. However the process could
become stuck in a bad part of the state space. To expand the theory to show global optimality one must



J*

J<J*

Figure 1: State Space for RTDP

add additional conditions specifying communication exists between all states, i.e. providing it is possible to
get from any x € S to any y € S.

According to this theorem, one valuable application of this algorithm might be to problems with very
large state space (e.g. 100 billion states). For such problems we couldn’t possibly store J values for each
state. However, this theorem suggests that we might be able to use this approach to find an optimal policy
among a small subset of the total state space.

2 Q-Functions

Suppose you knew J*. To make optimal decisions, you would still need to solve

min Y pay(u)(9(x, u,y) + @J* (y)) Va (1)

and in doing so, you would have to take expectations for every possible decision u € U(x) for all states x.
As an alternative, you might define

Q* (. u) =Y pay(w)(g(z,u,y) + aJ*(y)). (2)

yeS

and choose optimal decisions by
min Q™ (z, u) (3)

So how do we compute Q*? First observe that Q* satisfies the equation J*(z) = min, Q*(z,u) =
Q*(x,u*(z)). Substituting into equation 2 above we obtain:

yeSs
Q™ is the unique optimal solution of this equation.
For compactness we can define the operator F' - similar to the dynamic programming operator 71" - such
that:
(FQ)(x,u) =) pay(u)(9(w, u,y) + amin Q(y, a)) (5)
yeS

Thus, we can rewrite equation 3 as Q* = FQ*, the Q-equivalent to Bellman’s equation.
As we would expect, the following properties also hold for F:



e [I'is a maximum norm a-contraction

e F has a unique fized point which is Q*

o All of the following algorithms applied in Q will converge to Q*: Q-Value Iteration (where Qri1 =
FQy), Gauss-Seidel, and Asynchronous Value Iteration

2.1 Real Time Dynamic Programming using the Q operator

We can also apply Real Time Dynamic Programming (RTDP) to @ rather than J by in any iteration updating
only the state-action pair currently under consideration. The following is an overview of this process:

e Simulate the dynamics of the System:
Tep1 = f(2e, ue, we)

L J Sel@ct d@CiSiOn.'
Uy € A min (Q T, U
¢ g weU (z¢) t( ¢ )

e Update Q) according to:

| (FQ)(z,u) if (z,u) = (x4, u)
Qe (w,u) = { Qi(x,u)  otherwise

The characteristics of @ lead to the following theorem (analogous to theorem 1) which we will not prove.
Theorem 2 If Qo < Q* then 3t after which the estimate will be optimal.

The advantage of Q-RTDP over standard RTDP is that only one expectation for each state-action pair
has to be calculated. This means that individual iterations are executed more quickly. However convergence
may be much slower under Q-RTDP.
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1 Real Time Dynamic Programming

1.1 Overview of the Real Time Dynamic Programming Algorithm
e Simulate the dynamics of the System:
Top1 = f@g, up, wy)

e Select decision:

w € arg min > pey(u)(g(x,u, y) + adi(y))
¢ yeS

e Update J according to:

(Jt+1)($) = { Zyespmy(Ut?ég(iJ;’u,y) ! O‘Jt) i)ftiejwfse

1.2 Real Time Dynamic Programming using the Q operator

We can also apply Real Time Dynamic Programming (RTDP) to @ rather than J by in any iteration updating
only the state-action pair currently under consideration. The following is an overview of this process:

e Simulate the dynamics of the System:
Ti+1 = f($t7ut7wt)

e Select decision:

ur € arg min  Q¢(x, u)
ueU (z+)

e Update Q) according to:

Qi(z,u)  otherwise

Qi1 (z,u) = { (FQy)(z,u) if (z,u) = (x4, us)

In evaluating the above update for @Q;+1, the following expectation has to be calculated :

(FQ)(w,u) =Y puy(u)(9(z, u,y) + aminQ(y, ) (1)

yes

1.3 Q-Learning

As an alternative to the computationally expensive calculation of the previously mentioned expectation, the
following update algorithm can be used:

Qi (,u) = Ve(g(e, e, Y1) + aQ(@eg1, uegn)) + (1 — 1) Q@e, we)  if (2,u) = (24, uy)
A Qi(z,u) otherwise
This is known as the Q-learning update rule. Provided that every state is visited infinitely often, the Q-

learning update can be proven to converge to Q*. However, this proof requires basic results from stochastic
approximation theory.



2 Stochastic Approximation Theory

2.1 Strong Law of Large Numbers
The following theorem is known as the Strong Law of Large Numbers (SSLN):

Theorem 1 Let X1, X5, ..., Xi be a sequence of i.i.d. random wvariables, each having a finite mean of
E[X;]. Then:
Y=+ Zf:l Xi=r, —r*=E[X;]wp. 1 (2)

2.2 Recursive Version of Strong Law of Large Numbers and A Generalization

&

Figure 1: Graphical Interpretation of the SLLN generalization.

Based on the left hand equations in (2) we can write the following regarding ry:

Trt1 = (1 — %H)Tk + ﬁ_lxlﬁrl =Tt %_H(wk+1 —1k) =71k + % (@er1 — k) (Ve = ﬁ) 3)

However, it can be proven that r; converges to r* for a range of v;. More specifically the following
theorem is true:

Theorem 2

*

= Tha1 =T + Ve (Top1 —7R) — 7

{ 22021’)%:00

ZZO=1 ’Yl% <00

An intuitive interpretation of this theorem is presented in Figure 1.

Now suppose F' is an a-contraction with respect to the Euclidean-norm ||...||2 and furthermore, assume
that it has a fixed pint r* (r* = Fr*). Then, we know that ry 1 = Fry — r*. We will now prove the
following theorem:



Figure 2: Graphical Interpretation of the SLLN generalization involving a-contractions.

Theorem 3 Define 111 = 1t + Y (Fri + wi — rg) with wy 4.i.d. such that E[wy] = 0. Assume:

135 e =00
2. v € (0,1)
Then r, — r*.

Pr(zcjil intuitive interpretation of this theorem is presented in Figure 2.)
First let wy = 0. Then rip41 = 1, + Y (Fri — 7). We will first prove for this case that ry, — 7*.
17kt = ll2 = NI + e (Fre —ri) = r7l2 <
<A =y)llre = rllz + el Fre — |2 <
< (A =w)llre =l + yrellrk —r*l2 <
<l =7 ll2 = (1 = a)l[r = r7l2 <

Define g, = ||rg — r*||2. Obviously:

ery1 < ek — (1l —a)e

Thus ¢, is non-increasing. Since e = ||[rx — r*||2 > 0 & is also bounded below. Therefore we conclude
that g5 converges. Assume it converges to &.
If £ > 0 because :

k1 S ER — ’yk(l — Oé)e?k <ep— "yk(l — 05)5

so by summing the previous inequalities we conclude that:



which leads to a contradiction. So it must be true that £ =0 ]

In the next section we will build the general proof for noisy wy by introducing additional concepts like
Lyapunov functions.

3 Stochastic Approximation with Noise

Now let wy, # 0. Let’s consider the more general case where ry41 = ri + ViS(rk, wi). Also let §(ry) =
E [s(rk, wg)]. A Lyapunov function is a function V' : R™ — R that satisfies the following conditions:

1. V(r) >0

2. V,V(r*)=0

3. (V.V(r)Ts(r) <0, for all r # r*
1

Theorem 4 V(r) = L||r* —r||2 is @ Lyapunov function corresponding to 3(r) = Fr —r
2 2

Proof (1) and (2) hold trivially. To show (3) we can see that:
(VVENT3(r)=(r =) (Fr—r)=(r =)0 —r)+ (r =) T (Fr —1*) <
—lr =3 +allr =3 = 1 —a)llr — |3 <0 if r # o
where we have used that: ||(r — )T (Fr — )| < [[(r — )|[|(Fr — %) <

< =r)lall(r =)l = afl (r = )2

Theorem 5 If V(r) = $||r* — r||3 is a Lyapunov function and the following conditions hold:
1. (r* = r)Ts(r) > Cy|lr* —r||3
2. Bu[lls(r,w)l3] < C2(1+ | —r[l3)
3. 3k =00, Y97 < o0, Yk > 0 and i, diminishing.
Then ri, — r* w.p. 1.
Before proving this theorem let’s state without proof three standard convergence results from Probability
Theory:

(a) Consider Xj > 0, s.t Ex[Xpi1] < X, then X — X > 0 w.p. 1. This result is known as the Super-
martingale Convergence Theorem.



(b) Consider Xj,Yy, >0, s.t > Vi, < 0o and Ey[Xp41] < Xy + Yy, then Xj — X>0 w.p. 1.

(c) Consider Xy, Yy, Zr > 0, 5.t Y3 < oo and Ex[Xgy1] < Xp + Yi — Z, then Xj, — X >0 and Z;, — 0
w.p. 1.

Proof Let exi1 = ||ree1 — r*|13 = |7k + s(rk, wr) — 7*]|3. By doing the inner product €41 could be
rewritten as:

err1 = e + i lls(re, wi) |13 — 2 (" — 1) s(rp, wi)
Taking conditional expectations with respect to k and using conditions (1) and (2) of the statement of
the theorem we get:

Eplens1] < ex +72C2(1 + [ = 7]|3) — 2% Cullr — r*|3

Ek[ek_H] < e+ Ek(’y%OQ - 2’Yk01) + 02’)/,?

If we let Xy =€, Yy = Cg'y,% and Zy = €, (27,C1 — 7%6'2) we are ready to use our convergence result (c),
since we can trivially see that Xy, Yy > 0. Moreover, Zj, = € (27,C1 — 7,302) will be greater or equal to zero
eventually by condition (3).

Hence, applying our convergence result (c) we have that: e, — € and €,(27,C1 —77C2) — 0 w.p. 1 as
k — oo. Since €x > 0 for all k then € > 0.
Now suppose € > 0. V6 < €, there exists K such that ¢ > € — 4, for all £ > K. So for large enough k

Eilens1] < €+ (€= 6) (772 C2 — 27,01) + Cori
Taking conditional expectation we have
Elerti41) < Exlentt] + (E— 6)(v41C2 — 27641C1) + Covpy, VI > 0
So

! !
Eplensin] S e+ (€= 6)(Ca ) vy —2C1 ) bymei) +C2 ) 1iess V1 20
i=0 i=0 i=0
Let I — oo we get
llgglo Elexti41] < —o0

which is impossible since €; > 0. So we must have € = 0. 0

4 Homework

Consider |r||3, = r"Dr, where D is diagonal and positive definite. If V/(r) = 3|lr* — 7|, is a Lyapunov
function and the following conditions hold:

1. (r* =n)TD3(r) > Cyl|r* — 7|3

2. Eyllls(r,w)[p] < Co(1+ [Ir* —7[l)

3. Y =00, Y77 < 00, v > 0 and ~y, diminishing.

Then rp, — 7 w.p 1.
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1 Review

In our previous discussion, different types of sequences in the following form were considered and their
convergence were showed analytically:

rep1 = T+ e S(re, we)

This method is in general like the Gradient Method. Although last time we showed the convergence of 74
with a special type of Lyapunov function V() = ||r —r*||? , but it works for some other Lyapunov functions
as well. In general consider:

th—rt (thlv Tt—2y. .., Wt—1,Wt—2, .. )

5(r) = E[s(r, wi)|re = 7]
The following theorem is similar to what we had:
Theorem 1 Suppose IV : R™ — R such that:
1. V(r)>0
2. Vs continuously differentiable, and 3L s.t. |[VV(r) — VV(F)||2 < L||r — 7|2
3. e s.t. o[V ()2 < vV (r)T5(r)
4. Fk1, ko, s.t. 3(r) < k1 + ka||[VV ()2
Then: if

oo (oo}
% >0,Y =00,y %’ < oo
t=1 t=1

1. V(r¢) converges
2. hmt_,oo VV(Tt) =0
3. All limit points satisfy VV(r) =0

In the quadratic Lyapunov, we had only one optimal point. But here we see a more general case: you
may have more than one limit point or you may have no limit at all (infinity).



V()

Figure 1: No limit case

Figure 2: V(r) with Box level sets

2 Asynchronous Stochastic Approximation
Now consider:

T (i) = r(i) + Yesi, (16, we)

Where r; is a vector and we update one component of r; at each time. If ig,41,--- samples each index
infinite number of times, then r; converges. Because we are only updating one component at each time, we
need maximum norm.

Note that using the ||.||2 may cause some problems (divergence instead of convergence).

Now, let’s relate this with Q-Learning.

3 Q-Learning

The Q-Learning updating rule is:

Qi1(z,a) = (1 = 7)Qi(x,a) + v (g9(x,a,y) + amaith(y,c—L))



We can relate Q-Learning with asynchronous stochastic approximation by the following substitution:
re = Q
$(,0) (@, Y) 9(z,a,y) + amin Qi(y, a) — Q(z, a)
§(m,a)(Q) = szy(a)(g(x7a7y) +OéIIlEith(y7d) - Q({IJ7(1))
Yy

= FQ-Q
V(@) = Q-

4 Approximation of J*

Now suppose that instead of looking for a function J(-) in general and updating its values by T'J (value
iteration), we want to approximate J* (our limit, cost-to-go function) by some basis functions {41, - , ¢ }:

K
J* ~ Z quﬁk
k=1

where ¢1,...,¢0x : S — R.
In this algorithm, first we need to find good basis functions, then we need to calculate the coefficient 7.

Example 1: Tetris

For example in Tetris, the J* function is a function of the current state (configuration of the board) which
shows that how bad or good will be the rest of our game (cost-to-go function). One choice of basis functions
is:
¢1 = max(height)
¢2 = absolute difference between heights of columns 1 and 2

3 = height of column 1
¢4 = height of column 2

4.1 Q-Learning (one possible action in each state)

Suppose that at each state there is only one legal action, i.e. there are no decisions to be made. Consider
our Q-learning setting. Substitute Q;’s with J;’s

Qe+1(z) = (1 = 7)Qu(w) + 7 (9(7, a,y) + aQ(y)))

or
Jivi(z) = (1 =) Ji(2) + nlg(@, a,y) + ati(y)))
This is a Markov Chain and we want to approximate J* . Simulate the trajectory zg,x1,--- and update
J by
Jepr(@e) = (1 = 7e) Je(@e) + 1 (9(@e, 0, Te41) + @ Je(@441)))
or

Jir1(xe) = Je(@e) + 7 (9(ze, Tog1) + adi(Teg1) — Je(24))

where J = ¢ry.



| |
o= ¢|1 ¢|2 ¢|K

We update r;’s by gradient method. So we will have:
Tepr = 1e+ Y Vo (070)(20) (9(24, Teg1) + a(Pre) (w1 — ¢re)(24))

Note that r; is a vector and </, (¢r:)(z¢) is the direction of maximum impact. Because ¢r; is a linear
function w.r.t. 7, so we can substitute the gradient:

i1 = 1o+ 7P (@e) (9(@e, Teg1) + (dre) (we41) — (¢r) (24))
where ¢(i) is the ith row of ¢.

4.2 Approximation Value Iteration
We already had the setting of value iteration:
Jor =T,
It’s natural to combine this value iteration with approximation of J, i.e., update values of r;’s according to
¢rip1 = T ory

where II is the projecting operator
IIf = argmin [ f — ¢rll2

Note that, first a T-operator (which is a « -contraction) and then a projector
will be applied. This algorithm looks similar to the value iteration, so one
might expect similar convergence results here. But unfortunately, the error of
this algorithm doesn’t go to 0. In fact, it grows exponentially. We will discuss
this in the next lecture.
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1 Approximate Value Iteration

1.1 Example of iteration divergence

NORNOM

Figure 1: Markov Chain Diagram

Consider the autonomous (one action only) Markov Chain depicted above. We set « € (0, 1) and all costs
to zero i.e. ¢g(1) = g(2) =0, hence J* = (0,0). Let ® = (1,2) form the basis for our approximations, so all
approximations of the value function take the form ®r. An update using the approximate VI yields

@T‘;Hl = HT(I)Tk
InJ = argr{{l)%ﬂn [|[®r — J||2
(TJ)(3) = aeJ(1) + a(l — &) J(2) for i=1,2
Hence
(TPre)(i) = a(2 — e)ry
Tkpi1 = arg mTin ((r — (T®ry) (1)) + (2r — (TCI)rk)(Q))Q) = ga(Q —&)rg

If e 0 and a ~ 1 then r; grows to infinity.

2 Refinements

2.1 Some intuition

In stationarity, the Markov Chain above spends only e-proportion of the time in state 1. Therefore it seems
sensible to put more weight on state 2 by using a different norm, namely

|®r = J|5 = e(r = J(1)* + (1 —&)(r — J(2))?

With this modification, it can be shown that the iterations converge to zero no matter where we start.



dr

J(2
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Orthogonal
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rojection

J(1)

Figure 2: Intuition of divergence and convergence

2.2 Convergence issues

It is well known that ||TI||p < 1, which implies
T — 07| p < [T - T
So if the DP operator is a || - | p a-contraction, then so is the approximate VI operator IIT.

Theorem 1 For autonomous (one action only), irreducible and aperiodic Markov Chains with stationary
distribution m,

17T =TJ|p < ellJ = Jlp

where
2% = 2" D
and
1 0 0
D= 0
0
0 0 m,

Proof That the transition matrix P satisfies ||P||p < 1 follows from

IPII =30 m(PI)E = 3 mi(EU(Xi) | X = 1))

i=1



Jensen

n

< Y mBJ(Xi41) | Xe = i) = BJ(Xe1)® = | JIID
=1

which implies that

ITJ =TT}, = |laPJ = aPJ|}, = o®|P(J = Db < o?|lJ = J|I5

Since the approximate VI operator is a contraction, it follows that ®r, — ®r* for any starting value rg.
In general, this limit is not necessarily the projection of J* onto span(®), i.e. ®r* # ILJ*. However we can
still provide a bound on the distance of ®r* from J* in terms of the minimum distance between J* and the
plane spanned by ®:

Theorem 2

|21 ="l < ~llo

1 *
V1-—a? 7

Proof
|®r* — J*||3 = |[IT®r* — ILJ* 4+ ILJ* — J*||3,

Pythagoras

|TIT®r* — TLT*||% + |TLT* — J*||%

< ||Ter* — T + [T = ||

Jr=TJ" 2 * * 112 * * (|12
< af[|rt = T + TTT = T
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1 Review
Previously, we saw that approximate value iteration,
(I)T’t+1 = HT@T}

where II is the projection operator
IJ = argrgin |J — ||
i

could diverge. In particular, we saw an example of an autonomous Markov chain in which r; grows un-
bounded. However, convergence could be achieved if we use the norm || - ||p in the projection operator,
where D is the diagonal matrix with D;; = (i) and 7 is the steady state distribution for the Markov chain,
i.e.
I1J = argmin ||J — ®r|p
Dr

1715 = w(2)J* ()

T

where () is steady state distribution. In this case the result is that (IIT)*.J — &7 where 7 is unique and

H@F—J’“HDS Inrin||J*—(I>7"HD

1
Va2
2 Approximate Projection

For large state spaces, the projection operation IT is difficult to compute. Projection matrix Il = ®(®7 D®)~1®T D

ILJ = argmin ||.] — ®r||p = o(@T D) e DJ

The difficulty of computing ® is it involves summing/integrating over the state space. So instead of sum-
ming/integrating over the entire state space, we use Monte Carlo simulation to compute an approximate
projection as follows:

1. Sample z1,xa, ...,z from m(x)

2. Compute the approximate projection using least squares

min
T

| =

k
Z(J(xi) — (Or)(z:))?

when k goes to infinity, it will be equivalent to min, ||J — ®r||%,

For a good approximation, the computation required depends on the number of basis functions and
NOT on the size of the state space. Hence, even though exact projection is hard to compute, it can be
approximated easily.



3 Temporal Difference

Now we describe the temporal difference method. Assume that through simulation, we can obtain a sequence
of states zg,x1,x2,.... We update r as follows:

temporal difference

Tev1 = 1+ Vep(xe) (9(24) + (@re)(weg1) — (Pre) (1) )

improved estimate old estimate

To understand the above update formula, we note that the gradient of (®r)(z) = ¢(x)Tr with respect to r
is
Vi (@r)(2) = ¢(2)

where ¢(z) is the x-th row of ®. The temporal difference is just the difference between the new and old
estimates of the cost-to-go function. Hence, the update used to obtain r;4; from 7; is proportional to the
temporal difference in length and is in the direction of the gradient with respect to r; at z; in order to
maximize the impact of estimation.

4 Proof of Convergence for TD
We can view TD in the framework of stochastic approximations:
Tep1 = Tt + Ve8(re, Te, Tey1)

The expected update step is

5(r) = E[s(re, xy, 1] = »_ 7(2)Pay s(r,z,7)

z,y

We note that the expectation above is with respect to the steady state distribution of the Markov chain,
which is different from cases that we saw in previous lectures where the randomness was due to i.i.d. noise,
and the expectation was take with respect to the noise distribution.

For the convergence proof, we use the Lyapunov function

1 -
V) = 5l — 7l

Since VV (r) = r—7, all we need to do (plus verifying some technical conditions) is to show that the expected
update step is a descent direction, i.e.

(r—#)7T5(r) < 0 for r #7

First, we note that

sr) = Y m@) Y Puydu()lg(x) + a(®@r)(y) — (&r)(z)]

Y (@) (@) (Ter)(x) — (2r)(x))

= ¢p D(T®r — @r)



Hence, we have 5(r) = ®T D(T®r — ®r). Now

(r—®T3(r) = (r—#TeT"D(Tdr — or)
= (Pr— <I>r) D(IIT®r — I1dr)
= (&r — &))" DIITOr — dr)

(®r — &7 D(ITOr — &F) — ¢ D(Pr — OF)
[®r — ©F||p- [[IT®r — 7| p — [|®r — ©Fp
al|®r — 7|3 — [|@r — &7 p

< 0

VANVAN

The first inequality follows from the Cauchy-Bunyakovsky-Schwarz inequality. The second inequality is due
to the fact that IIT is a D-norm contraction. The last inequality is because « is less than 1. Hence, the
expected update step is a descent direction for our chosen Lyapunov function. This combined with some
suitable technical conditions, guarantees convergence.

The update rule from 7, to 141 can be written as the following forms:

1 = e+ 7o) (g(x) + a(Pre) (@) — (Pre)(zy))
rev1 = 1+ @@ (TPre) () — (Pre)(we))

Tepr = 1o+ d() (S () — (Pre)(24))

T4l = T+ Ve %VT(J*(%) - ((I)Tt)(xt))z
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Temporal Difference Learning (Continued)
Lecturer: Ben Van Roy Scribe: Vishal Kasera and Priyendra Deshwal

1 Topics Covered
This lecture talks about the following:

1. Convergence of the TD algorithm
2. TD-A algorithm

3. The Optimal Stopping Problem

2 Convergence of the TD algorithm

We shall try to understand the convergence of the TD algorithm under a more general framework. Specifically,
we shall pose the following variant of the TD learning algorithm.

Thr1 = Tk + WP(xr) (9(2r) + a(Pry) (yr) — (Pry) (7)) (1)

Where, Tp ~ q()a Yk ~ kayk'

The salient difference between this version and the previous version of the algorithm is that earlier we were
simulating a complete Markov chain, whereas here we are resampling x, from the distribution ¢(-) (that can
be any arbitrary distribution) at each time step.

Theorem 1 If ¢ = 7w, where w is the steady state distribution, then r, — 7. Also dq # w such that
[rell — oo.

The proof for the convergence for the case of ¢ = 7 is similar to the one discussed in the previous lecture.
It would seem that since in the original version of the TD algorithm, there would be some correlation in
the sampled values (as we are sampling one trajectory), it should be different from the algorithm under
consideration. However, since this is a stochastic approximation scheme, what matters is the steady state
distribution.

Let us now argue that it is always possible to choose ¢ such that the algorithm diverges. In particular, let
us look at the expected steps that the values of r take.

§(r) = Eay [6(2)(9(z) + a(@r)(y) — (Pr)(2))] (2)
= a(@)g(x) (TPr)(z) — (&r)(x)] 3)
= PQ(TPr — or) (4)

where @ is a diagonal matrix defined as Q € R"*", Qs = ¢9. In (3), we have explicitly written out the
expectation over x while the expectation over y has implicitly been taken, giving us the term (T®r)(z).
Note that this expression is essentially the same as the one we encountered before - however since we can
choose to sample from any arbitrary distribution ¢(-), we have freedom of choosing the matrix ¢ which we
did not have earlier.
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Figure 1: Illustration of Divergence

Now in order to show that the sequence converges, it is sufficient to show that the expected step has a
negative inner product with the gradient of the Lyapunov function. On the other hand, if we can come up
with a setting in which this inner product is always positive, then we will have shown that the sequence
diverges. We shall now show such a case. Let us take our Lyapunov function to be V(r) = L|r — 7|2

2
Assume that 37 : J* = 7. We have,

(V. V(r)"s(r) = (r —7)" @Q(T®r — r) (5)
= (&r — /)T Q(Tdr — dr) (6)
= (&r — ") T QT dr — ®r) (7)

where IIgJ = arg ming, ||J — ®r||g is the standard projection operator.

Figurel shows why the above expression is always positive. In the figure, J* = &7, J1 = &r, X = TPr
and J2 = IIgT'®r. We know that T is a contraction in the D-norm and not in the Q-norm. Hence, if we
start at J1, then after applying the T operator, we may end up at X which is outside the Q-norm but inside
the D-norm. Projecting X, we get J2. However, J2 is further away from J* than J1 was. It is also easy
to see that the expression in equation 7 will be positive. Hence, we can see that divergence is definitely
possible.

3 TD-\

TD-) is a generalization of the normal TD algorithm where instead of using the derivative of ®(z;) in the
update equation, we use some general function Z;. So our new update equation is:

Ter1 = Tt + 7 Z1(9(e) + (@re)(Te41) — (P14) (24)) (8)

An example of Z; is:

2= 3 (0N o) )
7=0
Zt+1 = (Oé)\)Zt + ¢($t) (10)

It is easy to see that when A = 0 then Z; = ¢(z;) and this is the normal TD algorithm.



Theorem 2 When A = 0, then ||J* — ®F||p <

< \/ﬁmin,«HJ* — ®r||p. Moreover, when A = 1, then
||J* — ®F||p = min, ||J* — &r||p.

The convergence properties of TD-X are still under development. However, TD-\ works very well in lots
of applications, and there are evidence that generally there exists some A such that TD-) converges faster
than TD(0) and TD(1). So TD-\ is quite popular. For example, read the paper about Backgammon in the
handout section.

4 Optimal Stopping

Our discussion so far has focussed on discounted problems, where there are no termination states nor stopping
decisions. But in some cases, like the American option pricing problem, the most important decision is when
to stop. So we will now take a look at the optimal stopping problem. It turns out that we can prove
interesting results in this problem, please have a look at Prof. Van Roy’s paper on this topic in the handout
section.

Consider Markov chain zg,z1,...x; where you can decide to stop at any time step ¢. The pay-off for
stopping at time step ¢ is denoted by G(z;) (note that the pay-offs here are not accumulative but terminal).
We can adapt the Bellman equation to this problem as:

J* () = max(G(x), @ ) PuyJ*(y)) (11)
yeS

The Bellman operator can now be written as:

TJ(x) = max(G(z),a Y PryJ(y)) (12)
yeS
TJ = max(G,aPJ) (13)

where P is the transition matrix for the Markov chain. T is a weighted Euclidean norm contraction.
Theorem 3 |TJ —TJ|p < allJ —J|p
Clearly | max(a, b) — max(a,c)| < |b—c|. |[TJ —TJ|p < ||aPJ —aPJ||p <a|J - J|p

5 Homework (due on Wednesday 05/24)

5.1 Question 1

In this problem we shall try to generalize the proof of the TD-) algorithm to work with Z; = Zi:o ot TC o (zr)
where >~ Cy = 1,Cy > 0. In particular, define a Lyapunov function V (), and compute 5(r) and show
that (V,.V(r))T5(r) < 0 except at limit.

5.2 Question 2

Consider ODE J, = F.J, — J;. Assume 3J : J = F.J. J is finite dimensional. F can be any (possibly
non-linear) operator.

5.2.1 Warmup:

Prove that J; converges if V.J, J, |FJ — FJ|lz < ||J — J||2

5.2.2 Challenge:
Prove that J; converges if V.J, J, |FJ — FJ|loo < ||J — J|loo
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Approximate Linear Programming Approach
Lecturer: Ben Van Roy Scribe: Erick Delage and Penka Markova

1 Bounds for Approximate Value Iteration

In Lecture 8 we proved that for approximate value iteration, i.e.
(I)Tk+1 = HT(I)Tk

we have convergence: ry — 7, and

1
OF — T o g £ ——
H ||27 = m

where || J||2,» = (3, m(z)J%(x))*/2. From this 7 we can derive the greedy policy i:

min ||®r — J* |2, = O(min ||®r — J*||2,) (1)

Ta®7 = TOF
and get an error bound on the greedy policy
ElJa(x) = I (20)] = O(|®F = J*|)2.x

Implementation using Temporal Difference learning on an autonomous system or in an optimal stopping
problem was proven to have similar bounds but no such bounds could be proven for problems with a bigger
set of policies. On the other hand, the Approximate Linear Programming approach provides similar results.

2 Approximate Linear Programming Approach

Recall how the DP equation:

J* = min ZpLy(u)(g(xvuvy)"i_aJ*(y))
yeSs

is solved with LP:
maximize ¢! J
subject to TJ > J

where ¢(z) > 0,Vz. In order to reduce the dimension of the problem, we consider the following approximate
LP:

(2)

maximize ¢! ®r 3)
subject to T®r > or

In a problem where the state space is very large, we are still required to reduce the amount of computation:

o FEvaluating ¢T ®r - This summation is of the size of the state space.
A close enough approximation can be obtained from considering ¢ as a probability distribution, sam-
pling x according to ¢ and computing ) ®r(z)

o Constraining to T®r > ®r - A constraint for every state, so there are O(|S|) constraints.
The solution is to sample a bunch and ignore others. We will discuss this issue in the next lecture.

In this lecture we assume we can solve the approximate LP (3), and focus on the properties of the
solution.



2.1 Feasibility of ®r in the LP

Since ®r only ranges a subspace in the value function space, it is possible that none of the reachable ®r are
in the feasibility region of the LP (3). This region is presented in figure 1.

pozsible feaxible zet

Figure 1: Feasibility region for LP

This region is necessarily included in the space for which J < J* as we discussed in Lecture 4 Theorem
1. The feasible space can then be sketched from a set of J known to be in the feasible space.
If Jp and Jp is in the set then all J’s on the segment between Jy and J; is in the set because of convexity.
Also, if Jy is in the set, then Jy — ~yve is in the set, since

Ty > Jo=T(Jo—ve) =TJy —Tye=TJy — aye > Jy — e

where e(z) =1, Vz and v > 0.
In the case where the span of ® does not intersect with the LP feasible space, then the LP cannot be
solved. Figure 2 shows how such a situation could occur.

Theorem 1 Problem (3) has a feasible set if Ir such that Pr = e where e(x) = 1,Vz.
Proof If &7 = e then &r = &7 — e where ¥ = r + 7. The LP problem becomes: Let ¢ > 0,

maximize ¢! (®F — e)

subject to T(®T — ye) > OF — ve @
The feasible set of this problem is not empty since:
T(®F — ve) > ®F — e
Tor — aye > Or — ve
TOF > oF — (1 — a)ve
And there always exists a -y that will validate the inequality. 0
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Figure 2: Approximate Value Function feasibility

2.2 Error Bond

Once the feasibility of ®r has been established, we can go back to determining the error bound for (3). The
following result can be shown:

Theorem 2 If ®r = e for some r, and 7 is the optimal solution to LP (3), then
7° = @l < o min [r — T 5)
’ l—a -
where ¢(x) > 0,Y" c(z) = 1,||J|| = max|J(z)|, and || J|[1,c = >, c(z)]|J(z)].
Proof Let r* € argmin, | ®r — J*||o and € = ||®r* — J*||oo. Then

IT®r* — J |0 < a||®r* — J*||oc = ae(bya-contraction, and by the definition of €).

= Tor* > J* — ace (6)
Since T'(J — ve) =TJ — arye,
T(Pr* —vye) =TPr* —ave
> J* — age — aye (by (6))

> Or* —ece —ace — avye
=®r* —ye+ (1 —a)y— (1 +a)e)e

Since e is in the span of ®, hence there exists 7 such that

1
OF = Pr* — ﬂee.
l1—«
Then by (7)
Tor > or.



Going back to the result we are proving, we get

[|J* = ®F|1,. < ||J*— @F||c (by the definitions of || - ||1,. and || - ||, and the restrictions on ¢(z))
< T = @r¥||eo + || 21" — §F||» (by simple algebra and properties of max)
N N 14+ a)e
= [[J"=or'fs + (1%
_ 2
 1l-a

Lastly, T®r > ®r implies ®r < J*, so maximizing ¢/ ®r is equivalent to minimizing ¢’ (J* — ®r). So
[|J* — ®F||1,c < ||J* — ®F||1,c, and the result follows. O

While this is the type of bound we are looking for, there are still some problems with this result (including
measuring error in terms of the max norm, the relationship between the ||-||1,c type of norm and performance
loss).
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Constraint Sampling

Lecturer: Ben Van Roy Scribe: Jiarui Han and Ciamac Moallemi

In the linear programming approach to DP, we either consider the exact LP

maximize ¢! J,
subject to TJ > J,

or the approximate LP
maximize ¢! ®r,
subject to T®r > or.

Although the dimension of problem is reduced in the approximate version, the number of the constraints
does not change and can be very large (or even infinite). Thus, it is still very hard to solve. In the constraint
sampling approach, we solve the approximate LP using a randomly sampled subset of the constraints. This
will yield reasonable policies, if we can prove the following two properties:

1. If we sample some reasonable number of constraints, then “almost all” others will be satisfied.
2. The constraints that are not satisfied don’t distort the solution too much.

In this lecture, we will focus on the first property. The second property will be considered in the next lecture.
Consider the following general linear programming problem:

maximize e, (1)
subject to Az < b.
where z € R", A € R™*" and m > n (or even m = 00). Given a probability distribution p over {1,--- ,m},

sample the sequence {iy,is,...} in an IID fashion according to p. Define &y as the optimal solution of the
following LP
maximize ¢!z,

subject to  Aj;x < by, for j=1,2,..., N, (2)

where A;; is the i;th row of the matrix A.
We would like to establish the following theorem.

Theorem 1 For arbitrary €,6 > 0, if N > n/(ed) — 1, then
P{u({ilAitn > b;}) < e} > 14, (3)
where the probability is taken over the random sampling of constraints.

Here, € represents a tolerance or control on how many constraints are allowed to be violated, and 1 — §
represents a confidence level. The theorem states that given an e and §, the number of constraints we need
for (3) to hold is linear in n, and, remarkably, does not depend on m.

Theorem 1 was originally established by de Farias and Van Roy in the context of approximate DP. The
original derivation required sophisticated results from Vapnik-Chervonenkis theory. Subsequently, the result
was established using the the idea of support constraints by Calafiore and Campi. This is the approach we
will follow. This method is self-contained and extends to a broader class of convex optimization problems.
These results are of independent interest to the convex optimization community in the context of robust
optimization problems.



Definition 2 Given an LP, a constraint is called a support constraint if the optimal objective value is
changed if the constraint is relazed.

For example, in the left side of Figure 1, none of L1, L2, and L3 are support constraints; in the right side of
Figure 1, L5 and L6 are support constraints while 4 is not. Notice that a support constraint must be an
active constraint, but, in the case of degenerate vertices, active constraints need not be support constraints.

" \_/

L3

Figure 1: Support constraints.

The following theorem is a straightforward linear programming result that provides a bound on the
number of support constraints.

Theorem 3 If there are n wvariables in an LP, which is bounded and feasible, then there are at most n
support constraints.

Proof We'll use sensitivity analysis. Consider the dual of LP (1)

minimize b7y, (y e R™)
subject to ATy =c¢, (n constraints)
y > 0. (m constraints)

Notice that every vertex of the dual LP must have at least m —n components which are zero. Since the LP is
bounded and feasible, hence the dual always has an optimal solution y* occuring at a vertex. If constraint ¢
is a support constraint, then y; > 0. So, the fact that there are at most n positive components in y* implies
that there are at most n support constraints. O

The following theorem will provide the fundamental bound necessary in the proof Theorem 1.

Theorem 4 If iy is the solution to the sampled LP (2), then

Bl ({i: A > b)) < g

where the expectation above is taken over the random sampling of constraints.



Proof Given a sequence {i1,...,in,in+1} sampled IID according to the dirstibuted g, define %, to be

the solution of the LP
maximize ¢z,

subject to  A;;x < by, for j € {1,2,...,N +1} — {k}.
Note that &' = #y. Then, by symmetry,
P{Aiy@N > iy, } =P{Ay a8 > bi, |-

Now, consider the event that Aiki“fv > b;, . If we consider the original sampled LP (2) for &1, notice that
this event occurs only if 4 corresponds to a support constraint for £y41. Since at most n of the N + 1
constraints are support constraints, we have

n
N+1

P{Aiy BN >biy,, } =P{A, 3k > b, } <

Let Py denote the distribution of Zn. Then,

m

P{AiN+1§jN > biN+1} = Z/ N(j)l{Ajw>bj}PN(dx)
j=17K"

/ (tilAi > b)) Pr(d)

The result follows. ]

We are ready to prove Theorem 1. Observe that if N > n/(ed) — 1, using Markov’s Inequality,

Plu({il Ay >0)) >} < (il Ay > b))
= e(N+1)
< 1 n _5

e(n/(ed) —1)+1

Homework Problem: Notice that the lower bound for N is Theorem 1 was order O(n/(ed)). Using
Theorem 1, prove a lower bound for N of order

O(l [nlnl—i-lnl]).
€ € 1)
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Constraint Sampling for the ADP Convex Problems
Lecturer: Ben Van Roy Scribe: Mark Peters and Mike Rotkowitz

Last time, we considered the general LP

maximize T

subject to Ax <b 1)

where z € R", A € R™*™, and m > n. Given a probability distribution u over {1,--- ,m}, we sampled the
sequence {i1,is,...,iy} of constraints in an IID fashion according to p. Defining &y as the optimal solution

of the ensuing LP,
T

maximize c 2)
subject to  A;,x < b;; forall j=1,2,...,N
where A;; is the i;th row of the matrix A, we established the following result.

Theorem 1 For arbitrary €,6 > 0, if N > 25 — 1, then
P{u({i| Aign >b;}) < ¢} > 1-4, (3)
where the probability is taken over the random sampling of constraints.

In this lecture, we’d like to leverage this result for approximate dynamic programming. First we note
that the proof in the previous lecture did not depend on the constraints being linear, only convex. So we

can generalize this result. Consider the convex optimization problem
. . T
maximize ctx

subject to g(z) <b (4)

where z € R™, g : R™ — R™ convex, and m > n.
Similarly sample the sequence {iy,s,...,ix} of constraints in an IID fashion according to u. Defining
Zn as the optimal solution of the ensuing convex problem,

maximize Tz

subject to  g;(z) < b; for all i € {i1,42,...,in} (5)
where g; is the ith convex constraint. We then have the following generalized result.
Theorem 2 For arbitrary €,0 >0, if N > % — 1, then

P{p({i|gi(@n)>b}) < €} > 1-9, (6)

where the probability is taken over the random sampling of constraints.

We now consider the ADP LP

maximize ¢! ®r (7)
subject to  (T'®r)(x) > (®r)(z) forall z € S

and also consider this problem with sampled constraints and an additional constraint

maximize ¢ ®r
subject to  (T®r)(z) > (Pr)(x) for all z € {z1,..., 2N} (8)
reN



where NV is a bounded convex set which will prevent the optimization from taking too much advantage of
excluded constraints. Let 7 be the solution to problem (7) and let # be the solution to problem (8).

We recall that the weighted 1-norm of a vector is defined as || J||, . = >~ ¢(x)[J(z)|. Last week we derived
a bound for ||J* — ®7|; ., and now we would like to have a bound for ||J* — ®7|, ..

Define the probabilify distribution 7, as 7

To = (1 —a)c! (I - aPH*)_l

Where p* is the optimal policy and P« is the transition matrix of the Markov chain under the optimal
policy. Also, note that m, can also be expressed as

To = (1 — @) ZatcTP;*

t=0

Further, we know that > 7 af = 1.

Note that cTPﬁ* is the distribution of the Markov chain at time t when it starts from the distribution
¢”. Thus, 7, can be viewed as an expected distribution of the Markov chain where the impact of the initial
distribution ¢’ is being weighted by the value of af in the summation. Thus if « is close to zero, then the
early terms in the summation will dominate the later terms and ¢” will play a large role in determining .
However, as a — 1, then ¢’ will have less impact on the value of m, because the future terms will have
roughly the same weight as the early terms. Thus, the stationary distribution of P,- will dominate.

One major problem here is that we are employing circular logic since 7, depends on the optimal policy.
Unfortunately, in general, we can’t use another distribution and have the result hold. However, there prob-
ably are some classes of problems where another distribution could be safely substituted.

Letting the constraints in problem (8) be sampled according to 7, we get the following result.
Theorem 3 If N > = a)as SUPTENC”TJ;:@TH“ then

|5 = @[], , < ||T* = @7, . +ell T, with probability 1 — §

Proof We let g be the standard vector of cost as a function of state such that J* = (I — aP#*)*lg =
Yo @ Pl.g. We make use of the notation

x+:{x ifz>0 x_:{|x| ifz <0
0 otherwise 0 otherwise
such that 27 + 2~ =z + 22™.
[J* —@Ff, . = | — @ where the absolute value is taken component-wise
<c"'(I—aP,) g — (I —aP,. )| since the inverse has only non-negative elements
=c"(I—aP)""((g— (I —aPu)®R) T + (9 — (I — aPy)®F)7)

(
=c"(I—aP:)""((g— (I — aP)®f) +2(g — (I — aP,)®F) ")

(T = @) +2¢7 (I — aPy )™ (T OF — OF) where (T, ®7 = g + aP,-®7)
( o7)”

J* — ®F) +2¢7 (I — aPy ) (T,

<c

since 7 has fewer constraints and thus ¢ &7 > T &7

< T* = @7l o + 2T (T — aPye) N (T BF — ®F)~



Then, focusing on the right-hand side of the last term of the inequality, we have

2
2¢7(I — aP, ) (T, ®F — ®7) ™ = . (T @F — BF)
o

We note that (7),«®7 — ®7)~ = 0 if T),« @7 > &7 and thus (T,- @7 — &7)~ = 0 if T®7 > @7 as well. Thus,
this will equal zero if a constraint is being satisfied.

(TP — &F)~

2
2¢(I — aPy ) NI @7 — @F)~ < :

This is non-zero for each violated constraint and its magnitude is bounded by our bounding box

2
27 (I — aPy ) (T @7 — &)~ < 1 m(violated constraint) sup || 7®r — ®r||
-« reN

Now, we would like to convert this inequality into a probabilistic statement so we will refer back to Theorem
2 and insert the following substitution.

m(violated constraint) < e; with probability 1 — § where

(1-a)e crJx
4 sup.ep |[JF — @r|

€1 =

Furthermore, using the triangle inequality and the fact that T is an « contraction, we will also make this
substitution

sup |T®r — ®r|| < (14 ) sup |[|[J* — Pr||,

reN reN

After making these two substitutions, the following inequality will hold with probability 1 — 4.

2 (1-a)e crJx
21 (I — Py ) YT, ®F — ®7)~ < 1+ a)sup ||J* — ®r
( I ) ( 1 ) 1—a 4 SUPTGN ||J* 7@7””00( )TEJI\)[H ||OO
< ecl J*
=ellJ|;.

Thus, we have shown

[J* = @7, < |J* = @7, . +ell 7], . with probability 1 — ¢
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Average Cost Problems
Lecturer: Ben Van Roy Scribe: Benjamin Van Roy

1 Introduction

We have studied a linear program that approximates the optimal cost-to-go function for a discounted problem:

maximize ¢ dr,
subject to T®r > or.

We established an error bound for a parameter vector 7 that attains the optimum of this linear program: if
there is a vector r such that ®r = e then,

* ~ 2 . *
|J* — ®F||1,c < T min [|J* = ®r| -
reRk
Though this is an interesting result that provides some confidence in the approximation algorithm, it fails
to address two important issues:

1. We are ultimately interested in performance of the resulting greedy policy, not just error in approxi-
mating J*. In particular, if we use a greedy policy

i(x) € argmin Y _ pay(u) (9(2) + a(PF)(y)),

what can we say about its cost-to-go jﬂ relative to the optimal cost-to-go J*7

2. What role does ¢ play? In the result, ¢ influences the metric with which we are assessing approximation
error. But how should this metric be chosen so that small approximation error translates to good
performance of the resulting policy?

In order to address these issues in an elegant manner, we will work with an average cost formulation.
We could also treat these issues in a discounted cost framework, but its messier, so we choose to work with
average cost. Since not everyone in the class is familiar with average cost dynamic programming, we develop
the framework in this lecture.

2 Problem Formulation and Notation

Consider a stochastic system with dynamics characterized by transition probabilities p,, (u). There is a cost
g(z) > 0 incurred when as state . Under each policy p, the system evolves as a Markov chain. We assume
that for each p, the resulting Markov chain has a unique steady-state distribution m,, which is strictly
positive; i.e., m,(x) > 0 for all . The average cost associated with a policy p is denoted by A,. Note that

Ay = Zﬂﬂ(sc)g(x) = ng.

The problem is to find a policy that attains minimal average cost:

min \,,.
o
o



We define a dynamic programming operator

(T)(x) = min Y pay (u)(9(x) + (1))

Note that this is the same as the dynamic programming operator defined in the context of average cost
problems, but now the discount factor is set to 1.

3 The Primal LP

We begin by introducing a simple linear programming approach for generating an optimal policy. The LP
decision variables are state-action probabilities p(x,u). Note that there is one decision variable per state-
action pair. Each p(x,u) represents the fraction of time, in steady-state, that the system is in state z and
action wu is selected. Given state-action frequencies p, one can define a (possibly randomized) policy that
attains the state action frequencies:

Pr{u; = u|lzy = 2} = GO

Zﬂ p(x, ) .
Note that this construction makes sense only if the probability of being in state x is positive. This is implied
by our assumption that every deterministic policy results in positive state probabilities.
The linear program optimizes average cost over the space of feasible state-action frequencies:

min, qu plx,u)g(x)

s.t. > e P@ WPy (u) =32, ply,u) Wy
Zx}u plx,u) =1
plz,u) >0 Y, u.

The last two sets of constraints ensure that p is a probability distribution. The first set of constraints
restrict p based on the transition probabilities. It is easy to see that any optimal solution provides state
action frequencies that minimize average cost, and that the optimal objective value is min, A,.

As with any linear program, the feasible set of ours forms a polytope. It is easy to show that, in our
particular case, this polytope is bounded and that the vertices correspond to deterministic strategies. In
particular, at any vertex p, for any state x, there exists an action @ such that p(z, @) > 0 and p(z,u) =0
for u # .

Let p* be an optimal vertex.

4 The Dual LP

The dual of the linear program introduced in the previous section can be written as

maxy,p, A
s.t. g(x) = A+ 32, Pay(w)h(y) > h(z) Y, u.

Let (A*, h*) be an optimal solution. By the duality theorem, \* = min, A,.
Note that each (z,w)th constraint in the dual corresponds to a variable p(z, w) in the primal. If p(z,u) > 0,
then the corresponding constraint in the dual is binding. It follows that

u

min (g(l’) - AT+ pry(U)h*(y)> = h*(z).



In other words, (\*, h*) satisfies a version of Bellman’s equation:
Th* — X'e=h".

Further, since p(x,u) > 0 if and only if action u is an optimal decision at state x, action

U € arg nbin (g(sc) — A"+ me(u)h*(y)> )

if and only if @ is an optimal action at state x. In other words, a policy u* is optimal if and only if

5 The Differential Cost Function

How should we interpret the function h*? Well, we know that
h* =Th* — XN'e=T,-h* — X',
for an optimal policy p*. Hence, letting P,~ denote the transition matrix of the optimal policy p*, we have
h*=g—Xe+ P,-h"
Now what is the set of solutions h to the equation
h=g—Xe+ P,h?

Well, the larges eigenvalue of P« is equal to one, and the corresponding right eigenvector is e. The absolute
value of every other eigenvalue is strictly less than one. Hence, the set of solutions h is the one-dimensional
affine subspace H = {h* + ve|gamma € R}. Further, for any h that solves this equation, (A*, h) is a feasible
and therefore optimal solution to the dual linear program. Hence, the set of optimal solutions to the dual
linear program is (lambda*, h)|h € H}.

We started by taking (A\*, h*) to be an arbitrary optimal solution to the dual linear program. Since there
are many possibilities for hA*, in order to avoid ambiguity, let h* be the element of H for which 71'3:* h* =0,
for a distinguished optimal policy p*. Since

h* =g— Xe+ P,-h",

we have
T—1
h* =Y Pl(g—\e)+PLh".
t=0
The fact that 7.9 = A* and m..h* = 0 imply that P!.(g — A*e) and P/.h* each converge to zero at an
exponential rate. It follows that the limit
T—1
lim Pl.(g—Xe)+ PLh",

T—o0
t=0

is well-defined and finite, and that
h* = ZP; (g — Xe).
t=0



Another way of writing this is

h*(z) = lim FE

T—o0

T
> (g(ae) - )\*)’xo =z, U = u*(xt)] :
t=0

For this reason, h* is called the differential cost function. It represents the optimal sum of future costs,
where each future cost is offset by subtracting the long-term average.
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1 Average Cost Dynamic Programming

In the previous lecture we examined the average cost dynamic programming formulation and we introduced
a simple linear programming approach for generating an optimal policy. More specifically:

e We assumed all policies generated irreducible and aperiodic Markov Chains
e There was a cost function g(x)
e The transition probabilities were pa, (1)

max A

oThedualLPWas:{St Th—\>h

Given that (A*, h*) is an optimal solution of the dual LP we showed that:
1. A* = min, A, (using the duality theorem)

2. ¥ =Th* — X*e

3. p* optimal iff Th* =1T,-h*

2 Interpretation of h*

Based on the results of the previous section we have:

h* =Th* — X*e =T,.h* — \*e (1)

Notice that the right hand of equation (1) is basically a set of linear equations (as T),- is a linear operator).
More specifically:

h* =g+ P,-h" = Xe (2)
Now lets define the following set:
H={hlh=g+ P,-h— Xe} (3)

where P,- is the transition matrix for the irreducible and aperiodic Markov chain.
To continue our analysis we will need to use Perron-Frobenius theory. In particular we will need to use the
following theorem (no proof is provided):

Theorem 1 If P is irreducible and aperiodic then the following statements are true:
e The mazimum eigenvalue of P is 1
o All the other eigenvalues of P are strictly less than 1

e There exists a right eigenvector e = (1,1,...,1) T such that Pe = e



With this theorem in mind we can look again equation (3) and rewrite it in the following form:

H ={h|(I = Py-)h=g—Ne} (4)
We can make certain observations regarding the nullspace N{(I — P,«)} of (I — Py+):
e (I-Pple=e—Ppre=0=>ee N{({—-P,)}

o (I — P, )u; = u; — Nu; # 0since \; < 1 => u; not in N{I — P,+)} (where u; is any eigenvector of
P, other than e and ); is the corresponding eigenvalue)

o N{(I — P,~)} = {ve|ly e R} as it can be easily seen from the 2 previous observations

So if h* € H then (h*+~ve) e HY v e R. It’s trivial to verify that any h e H is a feasible solution for the
dual LP and so the solution h* we actually receive from the dual LP is arbitrary. It will be convenient for
us to select h* as the element of this space that has the following property:

mnht =0 (5)

Now if iterate equation (2) then we get the following:

h* =g+ P,-h" — X'e
:g—'_P,U.*(g—'_PH*h* —)\*e) _)\*6
=g+ Pug+PLh" —2X\e
=(g—X€)+ Pu-(g—\e) + PLh*

T—1
= Pl.(g—Xe)+PLh"

= Z Pi* (g —Ae)

where we used the fact that limT_,ooPl} h* = 7T;1;* h* =0.
Now we can write : h*(z) = E{}.,2,(g(z:) — \*)|zo = =, u*}

h*(x) is often called “Differential cost-to-go function” as it shows how much the cost-to-go increases when
the process is started in state  compared to when it is started in the steady state distribution.

3 The “Restart” Perturbation

From now on, we will be working with a perturb version of the average cost dynamic problem. In this
version, the system is considered to have probability (1 — «) of getting into a restart distribution at each
transition step. The new problem is entirely similar to the previous one with a minor change to the transition
probability matrix.

Py () = (1 — a)e(y) + aPyy (1)



Obviously, we recover the traditional average cost problem when « is equal to 1.

Now we would like to a bound on how far from the original problem this perturbation brings us. The
measure of difference we are interested in is the average cost when following a policy, since this tells us how
likely we are of following the wrong policy and a larger average cost than necessary.

Theorem 2 1
Vaoe (0,1), 1,6, [Aaepn — Al <z @

1—av
This limits the disturbance to O(1 — «).

Proof First:

P;i — eﬂ'z all other eigenvalues vanish to 0
CTP; — CTG’/TZ
cTPﬁg — ﬂZg , since ¢ is a probability distribution and sums to 1
Therefore:
|cTPﬁg — W;g‘ < zv! for some v < 1,Vpu,t (6)
Notice also that the following expression holds:

(oo}

Ta,en = Z(l - oz)oztcTP/i (7)
t=0

Using equations (6) and (7), we can know construct a bound on [ ¢ — Aul:

Pasen = Aul = |7Tg,c,#g - ”Zg|
o0
=y (1- a)atcTPﬁg - 7r59| , using (7)
t=0

A
=
!
£
(]
Qﬂ
s

4 The Perturbed Average Cost Approximate LP
Remember the Approximate Linear Program for the discounted dynamic program:

maximize ¢! ®r
subject to T®r > or

(8)

In the case of the perturbed average cost dynamic problem, we can approximate the optimal average cost
function by solving the linear program:



minimize \
subject to T o®r — e > ®r

Theorem 3 Let (5\777) be an optimal solution of the approximate linear program.
Also let [i satisfy T, o ;j®r = T, o Pr.

Then,
20 .
[Ac,oi = Acsapr| < 1—a min ||h:,a = Orfls

cT(Te, o ®r—®r—Ae)
Z,C,H(Tcya‘br_‘br_’\e)

Where 6 = max,. \) feasibie =

The proof of this bound will be develop in the next lecture. However, we have already interesting
comments to make about the nature of this bound.

o [Ai =A< A — Acapr |t Ol —a)
We are already interested in making « close to one to reduce this bound

e 0 wvalue
Although the equation that defines 6 is complicated we will find a way if making theta ~ 1 by choosing
¢ appropriately

- lloo
We have seen that the infinity norm is not satisfying limiting bounds. There is ways of getting to a
similar inequality without this type of norm.

1
¢ l—«

Here we notice that we have contradictive objectives for a: setting it close 1 as stated earlier will make
this fraction grow out of proportions. There are no solution yet for this problem.



