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Chapter 1

Basics

1.1 Introduction

This tutorial is designed for readers seeking an introduction to reinforcement learning
(RL), which is primarily used to solve Markov decision processes (MDPs) and their
variants. In essence, problems suitable for RL should conform to the structure of an
MDP or a related framework.

The primary objective is to present RL concepts intuitively. We begin by exploring
policies and Markov chains, examining the limiting behavior of systems to build a solid
foundation in MDPs through exhaustive enumeration. Next, we introduce dynamic
programming algorithms for solving MDPs and their common variant, semi-Markov
decision processes (SMDPs), before gradually transitioning to reinforcement learning,
where transition probabilities are no longer required.

Throughout the tutorial, we provide numerical examples to illustrate various algo-
rithms in practice. The tutorial concludes with the author’s final reflections on the
topic.

Limitations of this tutorial: This tutorial is not aimed at providing a comprehensive
coverage of Markov decision processes or reinforcement learning. In particular, the
TD()) framework of Sutton is not discussed nor is there any discussion on function
approximation. These topics have been covered in textbooks named in the bibliography.

1.2 MDPs

The framework of the MDP has the following elements: (1) state of the system, (2)
actions, (3) transition probabilities, (4) transition rewards, (5) a policy, and (6) a
performance metric. We assume that the system is modeled by a so-called abstract
stochastic process called the Markov chain. The basics of the Markov chain model and
the decision-making problem that accompanies it are discussed above.

State: The state of a system is a parameter or a set of parameters that can be used to
describe a system. For example, the geographical coordinates of a robot can be used to
describe its state. A system whose state changes with time is called a dynamic system.
Then, it is not hard to see why a moving robot produces a dynamic system.

Another example of a dynamic system is the queue that forms at the supermarket
checkout counter. Imagine that the state of the queuing system is defined by the number
of people in the queue. Then, it becomes evident that the system’s state fluctuates with
time and makes the queue a simple example of a dynamic system.

It is important to understand that the transition (i.e., moving) from one state to
another in an MDP is governed by randomness. For example, consider a queue in which
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there is one server with a single waiting line. Here, the system’s state z, defined by
the number of people in the queue, transitions to z + 1 with some probability when a
new customer arrives, and to x — 1 with the remaining probability when a customer
completes service and departs from the system.

In many real-world systems, numerous aspects of the system can be controlled via
deliberately made decisions. These decisions will be referred to as actions.

Actions: In the case of the robot, its movement can be controlled in discrete steps; we
would be interested in controlling the robot’s motion in an optimal manner. For the
robot, the actions will be: go North, go South, go East, or go West. These four options
are also controls in control theory.

For the queuing system discussed above, an action would involve managing the
congestion in the system: For instance, when the number of customers waiting in the
line a prefixed number, also called threshold, (say 10), a new counter is opened,
and the remaining customers are diverted to it. Hence, the two available actions for this
system are: (1) Open a new counter (2) Do not open a new counter.

Transition Probability: Assume that action a is selected in state ¢. Let the next
state be j. Let p(i,a,j) denote the probability of going from state i to state j under
the influence of action a in one step. This probability is called the transition probability.
Then, if an MDP has 3 states and 2 actions, there will be 9 transition probabilities per
action.

Immediate Rewards: Typically, in the model under consideration here, the system
receives an immediate reward, which could be positive or negative, when it transitions
from one state to another. This reward is denoted here by r(i, a, j).

Policy: The so-called policy defines the action to be chosen in every state visited by the
system. It is important to note that not all states need a decision. Such states, where
no decisions have to be made, are excluded when setting up the transition probability,
p(i,a,j), and its associated transition reward, r(i,a,j) in the model. States in which
decisions are to be made, i.e., actions are to be chosen, are called decision-making states.
Only decision-making states are included in the model, although in many models. In
this tutorial, by states, we will only mean decision-making states. A policy will typically
be denoted by [i or d. The - above the symbol is meant to indicate that the policy is a
structured collection of numbers, although it is not a vector. To be more specific, it is
an ordered list of numbers in which there is one number for each state. The first entry
is for the first state, the second for the second state, and so on. The entry for each state
specifies the action to be chosen in that state. For example, consider a system with 3
states, each allowing 2 possible action: A policy i = (2,1,2) for this system indicates
that action 2 is chosen in the first state, action 1 in the second state, and action 2 in
the third state.

Performance Metric: Each policy is associated with a so-called performance metric
that quantifies its effectiveness. The overall goal in MDP analysis is to identify the
policy with the best performance, i.e., the one that optimizes the chosen performance
metric.

We first consider a popular metric called the average reward. Thereafter, we discuss
another widely used metric called discounted reward. In both cases, we assume that the
system is operated over an infinite time horizon, meaning it is run for a very long time.
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Time of transition: We will assume for the standard MDP that the time of transition
is constant and without loss of generality it is set to 1. For the semi-MDP (SMDP),
which is covered later in this chapter, this quantity is not a constant but rather a
variable, as discussed there.

Average Reward: If a policy named fi is to be followed, then u(i) denotes the action
selected by this policy for state 7. Every time, the system transitions from one state
to another under the influence of an action selected by the policy, the transition is
technically associated to the Markov chain of the associated policy. It is important to
note that as a transition may occur from a state to itself.

Define x, as the state occupied by the system before the sth transition with x; being
the initial states. Then, the average reward of the policy ji starting at state i is defined
as:

E 25:1 (s, 1(Ts), Tsy1) |1 =i
pp(i) = lim k : (1.1)
This average reward thus essentially denotes the sum of the total immediate rewards
earned divided by the number of transitions, calculated over a very long time horizon
(i.e., when k assumes a large value). In the above, the starting state is i and p(xy)
denotes the action selected in state xs. Also note that E[.] denotes the average value of
the quantity inside the square brackets: [.].

It is not hard to show that when the underlying Markov chains in the system for the
policy [i satisfies a certain condition related to the so-called regularity of the Markov
chain for that policy, the limit in Eqn. (1.1) is such that its value is the same for any
value of 1. In many real-world problems, this condition often satisfied. Then,

pu(i) = py for any value of 4.

Under this condition, we can hence replace p;(i) by ps, making this analysis easier.

The objective of the average-reward MDP under the regularity condition is to find

the policy 4* that mazimizes the average reward, i.e., the performance metric, of the
policy.
Discounted Reward: Another popular performance metric, commonly used in the
literature, is discounted reward. The following quantity is mathematically defined as
the discounted reward of a policy { in which x4 denotes the state of the system before
the sth transition of the Markov chain of the policy ji:

k
Ju(i) = kli_)IgOE ZA871T($37M($5),$3+1)

s=1

x] = z] . (1.2)

In the above, A denotes the so-called discount factor; )\, is less than 1 but greater than
0. In this setting, A is essentially discounts money’s value in the future, which is a
commonly used concept in engineering economics. The following is a more intuitive
interpretation of Eqn. (1.2):

Ju(@) = E[r(z1, p(21), 32) + M (22, p(22), 23) + N1 (23, p(23), 24) + - - -] (1.3)

The discounted reward, thus, essentially measures the present value of the sum of the
rewards earned in the future over an infinite time horizon in which future rewards are
progressively diminished.

The discount factor is measured as follows from market conditions:
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where v equals the rate of interest in the market. Here, the rate of interest is expressed
as a fraction between 0 and 1 and not in percentage terms, commonly used in engineering
economics literature. When v > 0, Eqn. (1.4) implies that 0 < A < 1. It is also worth
pointing out that in any MDP, 1/(1++) raised to the power 1 equals the discount factor,
because in an MDP, the time duration of each transition is a constant equalling 1 and
this time duration is also the power in the term in the right-hand side of Eqn. (1.4).
Thus, this discounting mechanism effectively captures an important notion of the time
value of money from economics within the MDP framework.

The objective of the discounted-reward MDP is to determine the policy that max-
imizes the performance metric (discounted reward) of the policy starting from every
state.

Note that for average reward problems, the immediate reward in our algorithms can
be earned during the entire duration of the transition. However, for discounted reward
problems, we will assume in this tutorial that the immediate reward is earned immediately
after the transition starts.

The MDP can be solved using the classical method of dynamic programming (DP).
However, DP needs all the transition probabilities (i.e., the p(i,a,j) terms) and the
transition rewards (i.e., the (i, a, j) terms) of the MDP.

Two Curses of Dynamic Programming: Dynamic programming suffers from two
major challenges:

e For systems with a large number of input random variables, it is often difficult to
compute the exact values of the transition probabilities. This is referred to as the
curse of modeling.

e For large-scale systems with millions of states, it is impossible to store the transi-
tion probabilities. This is referred to as the curse of dimensionality.

DP breaks down on problems that suffer from any one of these curses because it needs
the values of all the transition probabilities.

Why Reinforcement Learning?

Reinforcement Learning (RL) offers a poweful alternative to dynamic programming.
It can deliver near-optimal solutions to large and complex MDPs without the knowledge
of the transition probabilities. In short, RL can make inroads into problems where
dynamic programming fails because of one or more of the two above-named curses.

1.3 Toy Example

We discuss a simple toy example from [11]. Before considering this toy example, it is
necessary to first understand the concept of regular Markov chains, steady-state proba-
bilities of Markov chains, and the value function of a policy.

1.3.1 Regular Markov Chains

A regular Markov chain is defined as one whose TPM satisfies the following property:
There exists a finite positive value for n, call it ny, such that for all n > n, and all i
and j:

P"™(i,5) > 0.
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This implies that raising the TPM of a regular Markov chain to a positive finite power,
one creates a matrix of which each element is strictly greater than zero. An example of

such a Markov chain is:
0.7 0.0 0.3

P=] 04 0.6 0.0
0.2 0.7 0.1

It is not difficult to verify that P can be raised to a suitable positive finite power to
obtain a matrix in which each element is strictly greater than zero. An example of a
Markov chain that is not regular is:

P:H (1)]

P"—[(l) é]foroddnandP"—[

This is not regular because:

1

0 for even n
0 1 ’

1.3.2 Computing Steady-State Probabilities of a Policy

If one raises the TPM of a reqular Markov chain to higher powers, the elements in any
given column start converging to (that is, approaching) the same number. For example,
consider the matrix P.

p_ [ 0.7 0.3 } ‘

0.4 0.6

When raised to the second power, we obtain the following matrix:

p2 _ [061 0.39
~ 052 048]

When raised to the 3rd power, we obtain:

p3 _ 0.5830 0.4170
~0.5560 0.4440| °

Note that the elements of any given column in P™ start approaching each other, as one
increases the power n from 2 to 3 and so on. When n = 7, the matrix becomes:

p7_ 0.5715 0.4285
~ | 05713 0.4287 |-

In the matrix above, the elements of any column are very close to each other. In general,
it can be proved that for a regular Markov chain, as the power n tends to infinity, for
every j, P"(i, ) starts converging to a unique finite number. This implies that for every
value of j:

lim P"(i,j) exists and is unique.
n—oo

This unique probability is denoted by II(j) and is referred to as the steady-state or
limiting probability of state j. In mathematical notation:

II(j) = lim P"(1,j). (1.5)

n—oo

For regular Markov chains, the steady-state probability of each state can be de-
termined from the transition probability matrix by solving the following set of linear
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equations:

S|
> TI(i)P(i, j) = TI(j) for every j € S
=1

s (1.6)

> om() =1.
j=1

Here, S denotes the set of states and |S| denotes the number of states. For instance, in
a system with 4 states, S = {1,2,3,4} and |S| = 4.

1.3.3 Computing the Discounted Value Function of a Policy

For the discounted reward problem, the so-called value function of a policy, /i, is denoted
by Js. It is a vector with one value for each state. The value function essentially
represents the total discounted reward starting from a state and pursuing the policy,
i.e., it represents the effectiveness of the policy when starting from a given state. The
value function can be computed via solving the so-called Bellman equation for a given
policy. This equation is defined as follows:

IS]
Jali) = 70, (@) + XY p(i, (i), §)Ja(5)- (1.7)
j=1

We will shortly see that this equation is not difficult to solve for any given policy, and
the solutions to all possible policies provided a simple way to determine the best policy
(solution).

1.3.4 Details of Toy Example

Consider Fig. 1.1 that shows a simple MDP with two states and two actions allowed in
each state. We will call this a toy example MDP, and it will be used to illustrate the
main ideas in this tutorial. The caption below the figure explains the transition rewards
and probabilities.

There are two states numbered 1 and 2 in an MDP, and two actions, which are also
numbered 1 and 2, are allowed in each state. The TPM of action a is denoted by Py,
while the TRM (Transition Reward Matrix) of action a is denoted by R,. The values of
the transition probability matrices (TPM) associated with actions 1 and 2 are assumed
in this toy example to be:

0.7 03 0.9 0.1
P = [0.4 0.6} and Pz = [0.2 0.8]'

The TRM for actions 1 and 2 in the toy example are assumed to be:

6 -5 0 17
Rl_[7 12}6‘“‘”{2_[—14 13]'

As stated above, pictorially, the MDP is represented in Fig. 1.1, and it is instructive to
understand the data via this figure.
In this MDP, there there are four possible policies. They are:

/ll = (1’ 1)5/12 = (172)aﬂ3 = (27 1)7 and ,[1’4 = (272)
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The TPMs and TRMs of each of these policies can be constructed from the individual
TPMs and TRMs of each action. We will now denote the TPM of policy i by P, and
the TRM of the policy p by R,. The TPMs will be:

0.7 03 0.7 03
P = [04 06]’PM“[02 08}’
09 0.1 09 0.1
Pia = [ 04 06 ] Pia = [ 02 08 }‘
The TRMs of each of the four policies are:
6 -5 6 —5
R = [ 712 ] Riae = { ~-14 13 |’
10 17 10 17
Rz = [ 712 ]’I{ﬂ4“ [-—14 13 ]'
(1,07, 6) (2,0.8,13)

(2,0.9,10)

(1,0.6,12)

Figure 1.1: A two state MDP: Values on each arrow are defined as follows: (action, transition proba-
bility, transition reward)

From the TPMs, via Eqn. (1.6), one determines the steady-state probabilities of each
state for a given policy. The equation solving process is demonstrated for one policy as
an example. For policy fi1, Eqn. (1.6) can be written as:

T1(1)0.7 + I1(2)0.4 = II(1)
I1(1)0.3 + I1(2)0.6 = I1(2)
(1) +11(2) = 1

There are three equations in the above but there are two unknowns, II(1) and II(2).
Any two of the above three equations are used for solution, as the remaining third then
becomes superfluous. The last equation, also called the normalizing equation, must be
used as the third equation to obtain a useful solution. Choosing any one of the first
two equations as well as the normalizing equation, you can obtain the following solution
easily: Il (1) = 0.5714 and II;, (2) = 0.4286. Using the same process for all the other
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three policies, one obtains:
I, (1) = 0.4000 and II;,(2) = 0.6000;
I, (1) = 0.8000 and II;,(2) = 0.2000;
I;,(1) = 0.6667 and II,,(2) = 0.3333.

Next, it is necessary to defined the expected immediate reward for choosing an action
in a state. This, for any state-action pair, (i,a), is defined as:

S|

= " p(i.a,j)r(i,a,j). (1.8)
j=1

It should be noted that when the policy is known, then for a policy fi, the action selected
in state ¢ is p(7). Then, the above becomes:

IS|
P, @) = Y p(is (), §)r(i, (i), 5)- (1.9)
j=1

Average Reward Analysis

Next the average reward of each of the four policies is computed via an exhaustive
evaluation of each policy. First evaluate the average immediate reward in each possible
transition in the MDP, using Eq. (1.9). For this, the TPMs and the TRMs of every
policy, which were provided above, are needed. Then, one has that:
7(1,pa(1)) = p(L, pa (1), D)r(L, pa (1), 1) 4 p(L, (1), 2)r(1, pa (1), 2)
=0.7(6) + 0.3(—5) = 2.7.
(2, 11(2)) = p(2,p1(2), Vr(2, p1(2), 1) + p(2, 11(2), 2)7(2, 11 (2), 2)
= 0.4(7) 4+ 0.6(12) = 10.
7(1, p2(1)) = p(L, p2(1), 1)r(1, p2(1), 1) 4 p(1, pa(1), 2)r (1, p2(1), 2)
=0.7(6) + 0.3(—5) = 2.7.
7(2,12(2)) = p(2, p2(2), 1)r(2, p2(2), 1) 4 p(2, p2(2), 2)7(2, p12(2), 2)
= 0.2(—14) + 0.8(13) = 7.6.
F(1a ,u3(1)) (1 /’L3(1)7 1)7’(1 :U'3(1)7 1) +p(1a U3(1)7 2)7’(1, :U'3(1)7 2)
=0.9(10) + 0.1(17) = 10.7.
7(2,13(2)) = p(2, 13(2), 1)r(2, 13(2), 1) 4+ p(2, 13(2), 2)7(2, p13(2), 2)
= 0.4(7) + 0.6(12) = 10.
7(1, pa(1)) = p(L, pa(1), 1)r(L, pa(1), 1) 4 p(L, pa(1), 2)r(1, p14(1), 2)
=0.9(10) + 0.1(17) = 10.7.
(2, 14(2)) = p(2, pa(2), 1)r(2, pa(2), 1) + p(2, pa(2), 2)7(2, 114(2), 2)
0.2(—14) + 0.8(13) = 7.6.

The average reward of a policy was previoulsy defined via Eqn. (1.1) as a limit.
Nut it can also be expressed in terms of the steady-state (or limiting) probabilities
and immediate rewards for each state. Hence, it is now defined as the steady-state
probability of being in a state times the immediate reward earned in that state— a
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quantity summed over all states. Thus, if one considers a state ¢, the average reward
for a policy fi, denoted by pg, will be II(7) times 7(4, j1(7), summed over all states i.

Mathematically:
IS|

pp = > T(0)7(i, u(i)). (1.10)
i=1
In this way, one can now compute the average reward of each policy. Via, Eq. (1.10):
P = (1)7(L, pa (1)) 4+ Iy, (2)7(2, 11(2)) = 0.5741(2.7) 4 0.4286(10) = 5.83;

pin = Wy (DF(1, (1)) 4 Ty (2)7(2, p2(2)) = 0.4(2.7) + 0.6(7.6) = 5.64;
pis = W (V7(1, (1)) + T, (2)7(2, 13(2)) = 0.8(10.7) + 0.2(10) = 10.56;
pis = Wy (VF(1, 1a(1)) + g, (2)7(2, 1a(2)) = 0.6667(10.7) + 0.3333(7.6) = 9.6667.

It should be clear from the above calculations that policy i3 = (2,1) is the optimal
policy, as it delivers the mazimum value for average reward, i.e., 10.56. The process
used above to solve the problem is called exhaustive enumeration.

Drawbacks of exhaustive enumeration: Exhaustive enumeration is feasible only
on small problems and becomes computationally burdensome for larger problems. Also,
it is not really an optimization procedure. For instance, on a problem with 10 states
and 2 actions allowed for each state, using exhaustive enumeration requires evaluation
of 210 = 1024 different policies. As such, this approach is ruled out for larger problems,
Next, we show an approach for exhaustive enumeration for discounted reward.

Discounted Reward Analysis

Unlike the average reward case, discounted reward requires the solution of the Bellman
equation for a policy defined in Eqn. (1.7) defined above. This equation needs to be
solved for every policy for the exhaustive evaluation. The same toy example is now
worked out with A = 0.8.

Begin with policy fi2 = (1,2), whose TPM and TRM are given as:

Pie = [ 8:; 8:2 } Ria = [ t114 1_35 ] '
Then, via Eqn. (1.7) for state 1, one has that:
o (1) = 7(1, (1)) + 0.8 [0.7J5, (1) 4+ 0.3J4,(2)] .
For state 2, the same equation leads to:
Js(2) = 7(2, n2(2)) + 0.8 [0.2J5, (1) + 0.8J;,(2)] .

Remember that 7(1, ua(1)) = 2.7 and 7(2, u2(2)) = 7.6; these values were already ob-
tained above for average reward. Plugging in these values into the two linear equations
above and then solving the two equations for the two unknowns, one obtains: Jg, (1)
and Jg,(2). This leads to:

Ji, (1) = 23.3 and J,(2) = 31.47.
In a similar way, solving for the other polices leads to:

Ji, (1) = 25.03 and J;, (2) = 34.63;
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Ji;(1) = 53.03 and J;, (2) = 51.87;
Ja, (1) = 50.68 and J;,(2) = 43.64.

From these values J(.), for all states, it is clear that the policy ji3 = (2,1) delivers the
maximum value of 53.03 for state 1 and 51.87 for state 2, i.e., for both states, implying
this ¢s the optimal policy.
Eqn. (1.7) can also be used to derive the policy iteration algorithm [18] of dynamic
programming (DP). There exists another well-known DP algorithm called value iter-
ation. Both of these algorithms can be developed for discounted and average reward.
These algorithms are significantly less computationally intensive than exhaustive evalua-
tion and provide an elegant way to solve the MDP when the transition probabilities are available.

1.4 SMDPs

In this section, we briefly discuss semi-MDPs (SMDPs) in which the time of transition
is not the same in every transition. Let ¢(i,a,j) denote the transition time from state i
to state j when action a is chosen in state ¢. This time can be a random variable or it
can be a deterministic constant. Here, we will limit our analysis to the case where it is
a deterministic constant; see [22, 11] for a more detailed discussion on the random case,
as well as on this topic. In queuing control as well as scheduling preventive maintenance
problems, the SMDP is often a more useful model than the MDP.

1.4.1 Average Reward

Note that Eqn. (1.1) was used to evaluate the average reward of a policy for the MDP.
We now extend that concept to the SMDP. Let (i, a, j) denote the expected transition
time from state ¢ to state 7 when action a is chosen in state i. For the average reward
performance metric, the average reward of the policy ji starting at state ¢ for the SMDP
can be defined as:

pa(i) = lim E {215:1 r(xs, u(xs), Toy1)|z1 = 2}

: (1.11)
£ B [Sh B, ), mor)ler = i)
Thus, the average reward here essentially denotes the sum of the total immediate rewards
earned divided by the sum of the total expected transition times, calculated over a very
long time horizon (i.e., when k assumes a large value.) Intuitively, the average reward
here is the expected reward earned per unit time, but the duration of the total time
in teh denominator is not to be confused with the number of transitions over the time
horizone. Just as in the MDP, when the Markov chain of every policy is regular, it can
be shown for the SMDP that the average reward is independent of the starting state,
i.e., we can replace p; (i) by pj.

The SMDP’s average reward can also be expressed in terms of the steady-state
probabilities in a manner similar to that used for the MDP. Some additional notation is
needed for that: Let 7(i,a) denote the average transition time when action a is selected
in state 4. It is defined as:

IS]

T(’i,a) = Zp(iaaaj)f(ivaaj)‘
=1

Then, 7(i, 1(2)) denotes the average time spent in a transition from state ¢ when policy
it is selected in all states. Now, using the renewal reward theorem, it is easy to show
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that the average reward of a policy for the SMDP can be expressed in terms of the
steady-state probabilities of the policy’s Markov chain as follows:

_ X @), p)
S TGy (i, (i)

oi (112)

1.4.2 Discounted Reward

The notion of the value function of the MDP can be extended to the SMDP as follows.
Note that here we will use the rate of interest « in our formulation. Since the discounted
reward measures the present value of the sum of the rewards earned in the future over
an infinite time horizon, Eqn. (1.4) of the MDP translates into:

1 T -
N=—) =(e7) =77 1.13
(1) ==, (113)
where 7 denotes the time period over which the discounting is considered. From the
above, e~7 7 can be viewed as the discount factor where 7 denotes the time of transition.
Then, under the assumption that all the reward in a transition is earned as a lump sum
at the start of the transition, Eqn. (1.3) will have the following interpretation:

Ja(i) = Elr(ar, p(w1), 22) + e 0@ 22)p (35 4y (29), 23)

4o (t(xl,,U«($1),1'2)+t(x27ﬂ(332),333))r(x3? p(xs), xq) 4 -] (1.14)

In the above, e 7(4%7) serves as the discount factor for one transition from i to j
under the influence of action a. Note that although Eqn. (1.14) looks formidable, it
can be handled elegantly in DP and RL, as there we will consider discounting over
only one transition at a time, and the discount factor for one transition is conveniently
given as e~ 7(4®3)  This will become clearer in the discussion on reinforcement learning
algorithms.
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Chapter 2

Dynamic Programming

In this chapter, we will limit our discussion to a technique within dynamic programming
(DP), commonly referred to as value iteration. DP can be used only when the values of
the TPM’s elements for each action are available. Of course, the TRM of each action
is also needed for DP, but note that the TRM is required even for RL. However, in
RL, the TPMs are not needed; instead one uses a simulator of the system to perform
experiments, or alternatively, the experiments are performed in the real world.

It is first necessary to introduce elementary vector notation and other related con-
cepts. Here, 7 will denote a vector whose ith element, or component, is denoted by x().
Thus, for instance, a vector with two elements, 5 and 6, will be denoted as 7 = (5, 6),

where (1) = 5 and z(2) = 6. Also, if S denotes a set, then |S| denotes the number of
elements in the set. Finally, the max norm of a vector, denoted by ||z||, is defined as:

17} = max |z (7).

Thus, for instance, if @ = (—20,1,5), then: ||Z]| = max(|] — 20|, [1],|5]) = 20.

2.1 Discounted Reward MDPs

In this section, we discuss the value iteration algorithm based on the Bellman equation
for discounted reward MDPs. The steps in this algorithm are presented via Algorithm
1.

17
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Algorithm 1 Value Iteration for Discounted Reward MDPs

Step 0 (Inputs): Initialize k& = 1. Select arbitrary values for the elements of the
vector, 7k, of size |S|. Specify a positive but small value for e. Set done = 0.
while done == 0 do

Step 1: For each ¢ € §, compute:

15|
TH(0) - max |[7(i,a) + A pli, a, )74 ()

a€A(1) =

Step 2: If
[(TEHE = TR < e(1 = A)/(2N),

set done to 1. Otherwise, increment k£ by 1.
end while
Step 3 (Output): For each i € S choose

|S]
d(i) € argmax |7(i,a) + )\Zp(i,a,j)Jk(j) and stop.

a€A(4) j=1

Numerical Example: The toy example used in the previous chapter is now employed
to demonstrate how value iteration can be performed. Here € is set at 0.001. The norm
in the algorithm is checked against 0.5¢(1 — X)/A = 0.000125. At k = 53, the e-optimal
policy, (2,1), is found. See Table 2.1 for step-by-step details of using the algorithm.

Table 2.1: Value iteration for discounted reward MDPs

ko JRE1) TR Norm
1 0 0 -

2 10.700 10.000 10.7
3
4

19.204 18.224 8.504
25.984 24.892 6.781

53 53.032 51.866 0.000121

2.2 Discounted Reward SMDPs

Under the condition of using lump sum rewards earned at the end of the trajectory, the
value iteration algorithm for the discounted reward SMDP can be easily derived from
its counterpart for the MDP discussed above, under the assumption that the reward is
earned as a lump sum at the start of the transition. The only changes in the algorithm
are in replacing the discount factor appropriately. The detailed steps are provided below
via Algorithm 2.
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Algorithm 2 Value Iteration for Discounted Reward SMDPs

Step 0 (Inputs): Initialize k& = 1. Select arbitrary values for the elements of the
vector, 7k, of size |S|. Specify a positive but small value for e. Set done = 0.
while done == 0 do

Step 1: For each ¢ € §, compute:

S| .
JEHL(0) « max |7(i,a) + Zp(i, a,j)e "0aI) gk ()

acA(i) i

Step 2: If
1(TF = TR < e

set done to 1. Otherwise, increment k£ by 1.
end while
Step 3 (Output): For each i € S choose

S| )
d(i) € argmax |7(i,a) + Zp(i, a,j)e”"10w3) g8 ()| and stop.

a€A(3) j=1

2.3 Average Reward MDPs

This algorithm has the flavor of the value iteration algorithm presented above, except
that a state is chosen at the start and its value is subtracted in every iteration. This
state can be any state in the system and is referred to as the distinguished state. This
algorithm requires the computation of the span semi-norm, rather than the max norm.
The span semi-norm, often called the span, of a vector, 7, is defined as follows:

sp(T) = max x(i) — miin x(7).

Thus, if © = (—20,1,5), then: sp(@) =5 — (—20) = 25.
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Algorithm 3 Steps in Relative Value Iteration for Average Reward MDPs

Step 0 (Inputs): Select any arbitrary state from S to be the distinguished state
i*. Set k = 1, and select arbitrary values for J'(i) for each state i. Specify the
termination value € > 0. Set done = 0.
while done == 0 do

Step 1: Compute for each i € § and a in A(7):

|S|

TG = |76, a) + Y pli,a, )T ()
j=1

After calculations in this step for all states are complete, set p* = JF1(i*).
Step 2: For each ¢ € §, compute:

Jk-i-l(i) . Jk-i-l(i) _pk:.

Step 3: If

—

sp(JFFL — 7]‘3) < €,

set done = 1. Otherwise increase k by 1.
end while
Step 4 (Outputs): For each i € S, choose

S|
d(i) € arg max |7(i,a) + i,a,7) TG |,
(i) € arg max |7(i,a) ;p( PJI*()
and stop. The e-optimal policy is a?, while pk provides the optimal reward’s final
estimate.

Numerical Example: We use the toy example of the previous chapter for average
reward. We use ¢ = 0.001. Results with using relative value iteration are shown via
Table 2.2: the e-optimal policy is found at k = 12.

Table 2.2: Calculations in Relative value iteration for average reward MDPs

Tteration (k) J*(1) JF(2) Span Pkl

1 0 0 - -

2 0 -0.7 0.7 10.760
3 0 -1.05 0.35 10.630
4 0 -1.225 0.175 10.595
5 0 -1.3125 0.0875  10.578
6 0 -1.35625  0.04375  10.568
7 0 -1.378125 0.021875 10.564
8 0 -1.389063 0.010938 10.562
9 0 -1.394531 0.005469 10.561
10 0 -1.397266 0.002734 10.561
11 0 -1.398633 0.001367 10.560
12 0 -1.399316 0.000684 10.560
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2.4 Average Reward SMDPs

We now present an algorithm based on value iteration that uses the so-called Q-values.
These (Q-values are different than the values of the value function discussed thus far
and are used widely in reinforcement learning. A so-called )-value is associated to each
state-action pair, (i, a). The underlying idea here is that when one is maximizing average
reward, the optimal action in each state is the one associated to the highest ()-value for
that state.

There are other algorithms such as policy iteration and linear programming that can
be used to solve the average reward SMDP [11, 22], but here we present a Q-value based
algorithm from [17], as it is easier to understand and as it also leads us naturally to
reinforcement learning, the next topic to be covered.

Algorithm 4 Steps in Relative Q-value Iteration for Average Reward SMDPs

Step 0. (Initialization): Set the number of iterations, k, to 0. Set all @-values to 0,
i.e., for all i € S and all a € A(i), set Q*(i,a) = 0. Set € to a small positive value,
e.g., 0.001. Set ¥ = A/(B+ k) where A and B are pre-fixed constants that have to be
determined empirically. Select any state-action pair arbitrarily as the distinguished
state-action pair, (i*,a*).

Step 1: Update Q*(i,a) for each i € S and each a € A(i) as follows:

Q" (i,a) = (1 — ®)Q"(i,a)

+a"y p(i,a, ) [r(i,a,j) — QF(#*, a*)t(4, a, §) + max Q"G b)| - (2.1)
jes €AG)

Step 2: Compute the value function in the kth and (k + 1)th iteration, i.e., for each
i € 8, calculate: J*(i) = max,e () Q" (i,a) and J*1(i) = max,e 4y Q" (i, a).

Step 3: If the infinity norm of the difference between the vectors, Tk+1 and 7’“, is
less than e, i.e., || JhHL Tk l|co< €, go to Step 4; otherwise increment & by 1 and
return to Step 1.

Step 4. (Outputs): Compute the e-optimal policy, pe, as follows: pc(i) €
arg maxX,e 4(;) QF*1(i,a) for every i € S and stop.

Numerical Example: Again, we use a toy example for average reward SMDPs. There
are two states numbered 1 and 2, and two actions, also numbered 1 and 2, are allowed
in each state. The TPM of action a will be denoted by P,, while the TRM of action a
will be denoted by R,. The TPMs associated with actions 1 and 2 will be assumed to

be:
0.7 03 0.9 0.1
P = [ 04 06 } and Py = [ 02 08 ] '

The TRMs for actions 1 and 2 are provided below.

6 -5

Rl:[? 12

}anngz[lo 17].

—14 13

The transition times will be assumed to be deterministic. The TTM (Transition Time
Matrix) of action a will be denoted by T,. The TTMS of actions 1 and 2 are provided
below:

1 5

Ti= [ 120 60

]aundng[50 75].

7 2
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The value for each 7(, 11(7)) term can be calculated as follows:

7(1, (1)) = p(L, pa (1), 1)7(1, pa (1), 1) + (1 ul( ):2)7t(1, p1(1),2)
= 0.7(1) + 0.3(5) =

Similarly,

7(2,11(2) = 84; 7(1, u2(1)) = 2.20; 7(2, p12(2)) = 3.00; 7(1, (1)) = 52.5;
(2, 13(2)) = 84.0; 7(1, pa(1)) = 52.5; 7(2, pa(2)) = 3.00.

The corresponding 7(., ) terms, needed for computing p via Eqn. (1.12), were calculated
for the MDP. Then, using Eqn. (1.12), the average reward for each of the four policies
is:

i = 0.1564, ps, = 2.1045, p;, = 0.1796, and p;, = 0.2685.

Clearly, policy fi2 is the optimal policy here, which prescribes action 1 for state 1 and
action 2 for state 2 with an optimal average reward, p*, of 2.1045.

In the algorithm, o was set to a constant of 0.01, e was set to 0.01, and (i*, a*) was
set to (1,1). For problems with a larger number of state-action pairs, a decaying value
is set to a (as discussed later in the next chapter).

The algorithm terminates with the following Q-values: Q(1,1) = 2.0981, Q(1,2)
—96.0971, Q(2,1) = —159.3346, and @Q(2,2) = 8.4978. Since Q(1,1) > Q(1,2), th

(2,1
1) =

@

2
action prescribed by the algorithm for state 1 is action 1; and since Q(2,2) > Q
the action prescrlbed by the algorithm for state 2 is action 2. Note that Q(1,
2.0981 =~ 2.1045 =



Chapter 3

Reinforcement Learning

3.1 Reinforcement Learning Based on ()-Learning

RL is primarily used when the transition probabilities of the underlying Markov chains
are not available. RL is typically used to conduct trials of actions chosen in each
of the state and then observing the resulting reward or cost in one of the following
environments:

1. the real-world system
2. a simulator of the real-world system

A simulator of the real-world system can usually be written on the basis of the
knowledge of easily accessible input variables for the system’s behavior. For example, a
queue can be simulated with the knowledge of the distributions of the inter-arrival time
and the service time and the number of servers employed. It is necessary to emphasize
here that the transition probabilities of the system are typically not required for creating
a simulator.

Also, it is important to know that the RL algorithms described below require the
updating of certain quantities (called Q-factors or Q-values or other forms of state-action
and state values) in the computer. Whether a simulator is written in C, MATLAB, R,
Python, or in any special package such as ARENA, the program updates these Q-factors
or the other quantities required by the algorithm, whenever a new state is visited in the
simulator.

Usually, the updating needed has to be performed immediately after a new state is
visited. In the simulator, or in real time, it is indeed possible to keep track of the system
state continually, so when the system changes, an update is performed.

The key idea in RL is store a so-called Q-factor for each state-action pair in the
system, where Q(i,a) denotes the Q-factor for state ¢ and action a. The values of
these Q-factors are initialized to arbitrary numbers at the beginning (e.g., zero or any
small number). Then the system is simulated or trials are conducted in the real-world
system using the algorithm. In each state visited, an action is selected and the system
is allowed to transition to the next state. The immediate reward (and the transition
time in case of the SMDP) generated in the transition is recorded as the feedback. The
feedback is then used to update the ()-factor for the action selected in the previous
state. Roughly speaking if the feedback is good, the Q-factor of that particular action
and the state in which the action was selected is rewarded (increased when maximizing
rewards or decreased when minimizing costs) using the Relaxed-SMART algorithm. If
the feedback is poor, the Q-factor is punished by reducing its value (or increasing the
value if costs are being minimized).

23
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Then the same reward-punishment policy is carried out in the next state. This is
done for a large number of transitions. At the end of this phase, also called the learning
phase, the action whose @Q-factor has the best (highest when maximizing and lowest
when minimizing) value is declared to be the optimal action for that state.

3.1.1 Discounted Reward: ()-Learning

The steps described below are from the famous @Q-Learning algorithm of Watkins [25]
for an MDP. An SMDP extension is discussed below immediately after these steps. The
algorithm will use the notion of step sizes, also called learning rates. The @Q-Learning
algorithm needs only one step size, the value of which in the kth iteration of the algorithm
will be denoted by o*.

The step size should be a positive value typically less than 1. Some additional
conditions have to be satisfied by the step size that are described in detail in [4]. A
commonly used example of step-sizes is:

of = A/(B+k) (3.1)

where for instance A = 1500 and B = 3000. Another example is the log rule: log(k +
1)/(k + 1) (with k starting at 1) [14]. The rule 1/k, where A = 1 and B = 0 in
Eqn.(3.1), may not lead to good behavior [14]. Other rules include: A/(Bk + k?) and
the search-then-converge rule [8].

Algorithm 5 Q-Learning

e Inputs: Set the Q-factors to arbitrary values, e.g., 0, i.e., set

Q' (i,a) < 0 for all i and a.

Let A(i) denote the set of actions allowed in state i. Let a* denote the main learning
rate in the kth iteration. Set k, the number of iterations in the algorithm, to 1. Set
kmax, the number of iterations for which the algorithm is run, to a large number.
while k < k. do
e Action Selection and Simulation: Let the current state be i. Select an action
a in state ¢ with probability 1/|.A(7)|, where |A(7)| denotes the number of elements
in the set A(7). Alternatively, use an e-greedy mechanism to select action a (this is
discussed in the context of the next algorithm). Let the next state be denoted by
j. Let r(i,a,j) denote the transition reward under the influence of action a.
e Updating Q-Factors: Update Q*(i,a) as follows:

Q¥ (i,a) + (1 — o®)Q"(i,a) + & |r(i,a,j) + A max Q*(5,b) |,

where you should compute o using one of the rules discussed above.

e Set k< k+ 1 and set ¢ < j.
end while
e Output: For each i, compute d(i) € argmaxye 4(;) Q*(i,b) and declare d as the
policy delivered by the algorithm.

Note that in the algorithm above, there is no decay of exploration. This is because in
@-Learning, the exploration need not decay. However, in practice, to get the algorithm
to converge faster, people do employ decay of exploration. It is only recommended in
online applications and not in simulators.
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Table 3.1: Results of Q-Learning for Example A with a number of different step-size rules.
Step Size Q(1,1) Q(1,2) Q(2,1) Q(2,2)
oF =150/(300 + k) 44.40 52.97 51.84 46.63
af = l/k: 11.46 18.74 19.62 16.52
af =log(k+1)/(k+1) 39.24 47.79 45.26 42.24

For the SMDP extension of Q-Learning, you can use the following update in Step 3
of the above algorithm (see Bradtke and Duff [7] or [11] for more details):

Q" (i,a) « (1 - a")Q"(i,a) + * {r(z’, a, j) + e e max Q*(5,0)]

where the exponential term arises as follows:

T 1 i —~T
)\: ? %67.
Y

in which 7 denotes the transition time; the discounting mechanism was explained above
in Eqn.(1.4). Note that to obtain the exponential term in the above approximation,
we use the fact that v is a small positive number less than 1. Further note that the
SMDP extension presented above is under the assumption that the reward is earned as
a lump sum at the end of the transition, rather than continuously during the transition.
Without this assumption, the problem gets somewhat more complicated and has been
is covered in the context of DP in Puterman [22].

Numerical Results with Toy Example We illustrate here the use of Q-learning
in the simulator of the Markov chains of the toy example discussed above. We choose
A = 0.8. Using different step sizes, the results obtained [11] are shown in Table 3.1.
As is clear, since Q(1,2) > Q(1,1), the action recommended in state 1 is 2, and since
Q(2,1) > Q(2,2), the action recommended in state 2 is 1. Thus, the algorithm returns
the optimal policy.

3.1.2 Average reward: R-SMART

The algorithm that we will describe is called R-SMART (short for Relaxed Semi-Markov
Average Reward Technique) [13, 12].

e Learning Rates: This algorithm will require two different learning rates. Let o
denote the faster learning rate (i.e., step size) in the kth iteration for the @-values and let
B* denote the slower learning rate in the kth iteration for the average reward’s estimate,
p". An example that can be used is: 8% = log(k +1)/(k+ 1) and o = A/(B + k) [20].
Another example is ¥ = A/(B + Ck) (with C as a small integer such as 3 or 4) and
of = A)(B+k)[9].

e c-Greedy Action Selection: Determine the action associated to the Q-factor that
has the highest value in state ¢. For example, if there are two actions in a state ¢ and
their values are Q(i,a) = 19 and Q(i,2) = 45, then clearly action 2 has the greatest
Q-factor. The action associated to the highest Q)-factor is called the greedy action.
Select the greedy action with probability (1 — €(k)). There are multiple ways to define
e(k). E.g., e(k) = T%i)lBiJrk where A > B and A and B are large positive constants,

k

e.g., 1000 and 2000 respectively. With a probability of %, choose any one of the

other actions. Another approach to define e(k) is e(k) = | A%i)\ logk(fﬁl). Note that as k
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tends to infinity, €(k) should tend to zero, implying that in the limit, one chooses only
the greedy action.

We will describe a basic average reward RL algorithm next that can be used for
average reward SMDPs. Note that by setting ¢(i,a,j) = 1 for all values of i, j, and a,
one can obtain the steps for an MDP. Hence although our presentation will be for an
SMDP, it can easily be translated into that of an MDP by just setting ¢(i,a,j) = 1 in
the steps.

Algorithm 6 R-SMART: Learning Phase

e Inputs: Initialize all the @-factors to arbitrary values, e.g., 0. Set the iteration
count, k, to 1. Set p' to an arbitrary value, e.g., 0. Also set the total reward earned
in the algorithm, TR, as well as the total time spent in the algorithm, 7T, to zero.
Set kmax, the maximum number of iterations for which the algorithm is run, to a large
number. Set 7, a scaling constant, to a small positive value close to but strictly less
than 1, e.g., 0.99.
while k < k. do
e Action Selection and Simulation: Let the current state be ¢. Use an e-greedy
mechanism to select action a. Let the next state be denoted by j. Let r(i,a,j)
denote the transition reward and (7, a, j) denote the transition time associated to
the transition from 7 to 7 under the influence of action a.
e Updating Q-Factors: Update Q*(i,a) as follows:

Q" '(i,a) + (1-a*)Q"(i,a)+a" T(i,a,j)—p’“t(i,a,j)+nbmj(x,)62’“(j,b) - (3:2)
€A

e Average Reward Update: If the action a selected above was non-greedy, skip
this step. Otherwise, if the action selected was greedy, set TR < TR* +r(i,a, 7)
and TTF! « TT* 4 t(i,a, ). Then, update average reward using:

TRk+1

P (1= + 5km- (3.3)

e Set k < k+ 1 and set i < j.
end while
e Output: For each i, compute d(i) € argmaxye 4(;) Q*(i,b) and declare d as the
policy delivered by the algorithm.

If one is interested in estimating a value of p more accurate than the one delivered
by the algorithm’s policy, one can use the following frozen phase in which the system is
re-simulated with the policy delivered by the algorithm. The next phase is called the
frozen phase because the )-factors are not changed here but only used to determine the
fixed policy contained in the Q-factors.

e Initialize Set iteration count k£ to 0. Also set TR and 1T to 0. Further, set kpax
to a large number.

e DO WHILE k < kpax :

e Simulate Action: For state 4, select an action u = arg maxyc 4(;) @(7,b). Simulate
action u. Let the next state be denoted by j. Let r(i,u,j) denote the transition
reward and ¢(i,u, j) denote the transition time.
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AVERAGE REWARD
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Figure 3.1: Progress of R-SMART on Example B during the algorithm’s runtime

Update Average Reward Parameters:

TR
TR+ TR+ r(i,u,j); TT < TT +t(i,u,j); p= T

Increment k£ by 1 and set i < j.

END WHILE

Output: The policy’s average reward: p.

Numerical Results on Toy Example with R-SMART: This is the toy example
adapted to the average reward MDP.
Exploration was decayed as follows in the R-SMART algorithm:

e(k) = 0.5(0.999)%1.
Using 7 = 0.99, the log-rule for ¥, and o = 9/(100 + k), the Q-factors obtained are:
Q(1,1) = 28.7750, Q(1, 2) = 48.3927, Q(2,1) = 45.0252, and Q(2,2) = 20.1286.

The policy returned by R-SMART is (2, 1) (since action for state 1 is 2 because Q(1,2) >
Q(1,1) and action for state 2 is because Q(2,1) > Q(2,2) ), which is the optimal policy.
The optimal average reward here is 10.56. The algorithm converges to p = 10.06. Note
that 10.06 ~ 10.56. Generating the optimal policy is key here, as a more accurate value
for p can be re-estimated via the frozen phase. Fig. 3.1 shows a plot of the average
reward, p¥ versus k as the algorithm makes progress during its runtime.

3.1.3 Codes

MATLAB and C codes for these algorithms have been placed on the following website:

https://simoptim.com/bookcodes.html

3.2 Reinforcement Learning Based on Actor-Critics

The Actor-Critic Algorithm is based on the Bellman equation for a given policy, and it
uses the value function instead of the Q-function, in addition to so-called actor-values
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(one for each state-action pair) that help guide the algorithm to the optimal or near-
optimal solution. The actor-critic has an interesting history, as it predates Q-Learning
[2]. Tt was shown in [19] that the values of the actor can get unbounded, as the update
in the algorithm is not a convex combination, leading to computational issues. Hence,
in [19] a projection of the actor’s value was suggested to circumvent the issue. Here,
a different algorithm from Lawhead and Gosavi [20] in which the actor’s values are
naturally bounded and do mot need a projection is presented. We first present the
algorithm for the discounted reward MDP.

In the actor critic, one often uses the so-called Gibbs softmax approach to action
selection in which the probability of selecting an action a in state ¢ is given by:

Ha)— ()
TS e (HGLB)

where H(i,a) denotes the so-called actor’s value for the state-action pair (i, a).

(3.4)

3.2.1 Discounted Reward

Algorithm 7 Bounded Actor Critic for Discounted Reward MDPs

Step 0. (Inputs) Initialize all J-values and H-values to 0, i.e., for all I, where [ € §
and u € A(l), set J(I) < 0 and H(l,u) < 0. Set k, the number of iterations, to 0.
The algorithm will be run for kp.x iterations, where kpax is chosen to be sufficiently
large.
while k£ < k. do
Step 1. Let the current state be i. Select action a with a probability of 7 (i, a)
defined in Eq.(3.4) or using the e-greedy approach discussed above. Simulate action
a. Let the next state be j. Let r(i,a,j) be the immediate reward earned in going
to j from ¢ under a.
Step 2 (Actor’s Update). Update H(i,a) using a step size « as follows:

H(iya) « (1 —@)H(iya) + a[r(i,a,j) — J(i) + AJ(5)]. (3.5)
Step 3 (Critic’s Update). Update J(i), using step size ( as follows:
J(i) < (1= B)J (i) + B[r(i,a,j) + AJ(5)].- (3.6)

Step 4. Increment k£ by 1 and set ¢ < j.
end while
Step 5. (Output) For each I € S, select d(l) € argmaxye 4¢) H(l,b). The policy
(solution) generated by the algorithm is d. Stop.

Another version of this algorithm from [16] uses the following update for the actor:
H'(iya) < (1= a)H'(i,a) + a[r(i, a, ) + AT (5)].

We present numerical results from a two-state MDP discussed above (toy example).
An e-greedy action-selection strategy was used with the greedy action selected with a
probability of 0.5(0.999)*~!. The algorithm was run for 10,000 iterations with o* =
150/(300+ k) and % = log(k+1)/(k+1). The values returned for the critic are: J(1) =
51.4708 and J(2) = 48.3144. The values returned for the actor are H(1,1) = —7.8285,
H(1,2) =0.1846, H(2,1) = 1.3059, and H(2,2) = 1.0329. Since, H(1,2) > H(1,1) and
H(2,1) > H(2,2), the policy delivered by the algorithm is (2,1), which is the optimal
policy. The values of the critic as generated during the algorithm’s runtime are shown
in Fig. 3.2.
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Figure 3.2: The values of the critic from the bounded actor critic on the two-state discounted reward
MDP during the algorithm’s runtime

3.2.2 Average Reward

The following version of the algorithm from [20] is for the average reward SMDP. The
MDP version can be obtained by setting ¢(.,.,.) = 1 everywhere in the steps.



30 CHAPTER 3. REINFORCEMENT LEARNING

Algorithm 8 Bounded Actor Critic for Average Reward SMDPs

Step 0. (Inputs) Initialize all J-values and H'-values to 0, i.e., for all [, where [ € S
and u € A(l), set J(I) < 0 and H(l,u) < 0. Set k, the number of iterations, to 0.
Set p = 0. Also, set both TR and T'T, the total reward and the total time spent in
the simulator, respectively, to 0. Select a positive value for n that is large enough but
less than 1. The algorithm will be run for k. iterations, where kpax is chosen to be
sufficiently large.
while k < k. do
Step 1. Let the current state be i. Select action a with a probability of (i, a)
defined using the Gibbs softmax method or using an e-greedy strategy. Simulate
action a. Let the next state be j. Let r(i,a,j) and t(i,a, j) denote the immediate
reward earned and the transition time spent, respectively, in going to j from ¢ under
the influence of a.
Step 2 (Actor’s Update). Update H (i,a) using a step size, «, as follows:

H(i,a) « (1 —@)H(i,a) + a[r(i,a,j) — pt(i,a, ) +nJ(5) — J(3)].

Step 3 (Critic’s Update). Update J(i) via the following equation using the
step-size, 5:

J(i) = (1= B)J (@) + Blr(i,a, §) — pt(i,a, §) +1J (7))

Step 4 (Update of Average Reward). Update TR, T'T, and p via the following
equations:

TR<+ TR+ r(i,a,j); TT < TT +t(i,a,j); p< (1 —=7)p+7TR/TT.

Step 5. Increment k£ by 1 and set ¢ < j.
end while
Step 6. (Output) For each | € S, select d(I) € argmaxye 4y H(l,0). The policy

(solution) generated by the algorithm is d. Stop.

The average reward problem with two states and two actions was used for exper-
iments with the actor-critic algorithm of this subsection. The same step sizes were
used as in the previous subsection; the step size for the critic was also used for the
average reward. The following values resulted: J(1) = 29.8024, J(2) = 26.0745,
H(1,1) = —7.8089, H(1,2) = 0.1326, H(2,1) = 2.3610, and H(2,2) = —1.6103. As
discussed in the context of the discounted reward in the previous subsection, from in-
specting the actor values, the policy delivered can be shown to (2, 1), which is the optimal
policy. The final value of p was 0.23. Fig. 3.3 shows the plot of the average reward
against the number of iterations during the run time of the algorithm.

3.2.3 Codes

MATLAB codes for these algorithms can be found at the following website: go to paper
number 34.

https://simoptim.com/main/papers.html
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Figure 3.3: The value of average reward of the bounded actor critic on the two-state average reward
MDP during the algorithm’s runtime
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Chapter 4

Convergence Properties

In this section, a brief overview of mathematical convergence properties of two main
algorithms, Q-Learning for discounted reward MDPs and R-SMART for average reward
SMDPs, is presented. To this end, the ordinary differential equation (ODE) approach
of Borkar [6] is employed.

It is helpful to first ensure the reader understands what is meant by a transformation
(also called mapping). A transformation is essentially a function that takes a vector as
an input and creates (or delivers) another vector as its output.

4.1 Single Timescale Asynchronous Stochastic Approxi-
mation

The single timescale algorithm in which only one step size (e.g., ) is used. An example
of this is )-Learning.

4.1.1 Main Result

Consider the asynchronous stochastic approximation update in a single timescale algo-
rithm defined as follows: For [ =1,2..., N,

XHH(1) = XP(1) + oF (1) [F(XF) (1) + wk(z)} Il = 6", (4.1)

where

e XF%(I) denotes the Ith iterate in the kth iteration of the algorithm, which is
essentially the @Q-factor in the kth iteration, [ is an index for the iterate for
[ =1,2,...,N, and usually a unique state-action pair is associated to each it-
erate, implying there are IV state-action pairs in the problem

e (1) denotes the step size or learning rate for the Ith iterate in the kth iteration

e ['(.) denotes the transformation or mapping used on the vector of iterates, Xk ;
this is usually the transformation used in dynamic programming within the original
Bellman equation and contains the transition probabilities

e w¥(l) denotes the noise in the kth iteration of the algorithm associated to the
Ith iterate, which arises from the simulator or the real-world system in which the
algorithm operates; note that added with F(.), it ensures that the actual trans-
formation used in the RL algorithm is captured accurately here for our analysis
via

PR +w* )],
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rather than the transformation F'(.) used in dynamic programming, which contains
transition probabilities

e I(I = O%) denotes the indicator function, which ensures that, in the kth itera-
tion, only one Q)-factor gets updated, and that the updated Q-factor is the one
associated to the state-action pair visited in that iteration; the indicator function
returns a zero for a QQ-factor not visited in the kth iteration, indicating that in
under asynchronous conditions, the ()-factors not visited in that iteration are not
updated, and the trajectory of state-action pairs visited is denoted by:

{et,e? .. 1.

Mathematically speaking: [ = (i,a) and hence X*(1) = Q*(i,a), i.e., the Q-factor.

Note that F(.) is the transformation used in the Bellman equation, and hence the
above implies that the algorithm converges to the Bellman optimality solution. Intu-
itively, it is not difficult to see from Eq. (4.1) that if convergence of the sequence of
iterates occurs, then, beyond a finite of value of k: For [ =1,2..., N,

X)) = X*().

Then, since the noise is a term with zero mean and since it disappears in the limit, from
Eq. (4.1), one has that: For [ =1,2..., N,

0= (1) [FXM)() +wk )| 1(1 = 6"),
which implies that beyond a finite of value of k: For [ =1,2..., N,
F(XH) (1) =o.

The above says that the algorithm converges to the solution of the Bellman optimality
equation.

The following is the main result that will be used to mathematically prove conver-
gence of the iterates X*(.) in the algorithm. It essentially says that when the algorithm
satisfies a number of conditions, the algorithm converges to the following limit:

lim F(X*) = 0.
z—k

Theorem 1. Consider the update defined in Eq. (4.1). Assume that the following
conditions hold:

Condition 1. Lipschitz continuity of F(.): The transformation F(.) is Lipschitz con-
tinuous.

Condition 2. Conditions on noise: Forl =1,2,..., N and for every k, the following
holds for the noise:

E [wt()| 7| = 0; E [(wk(wf‘fﬂ < o+ 2| B

where z1 and z3 are scalar constants, ||.|| could be any norm, and F* is a set that
contains the history of the algorithm until and including k.

Condition 3. Standard step-size conditions of stochastic approximation: The step size
o (1) satisfies the following conditions for everyl=1,2,...,N:

D af(l) =00; > (F(1)? < 0.

k=1 k=1
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Condition 4. Asymptotically stable critical  point for ODE: Let @ denote the continuous-

valued variable underlying the iterate Xk, Then, the ODE
dz
 —F(7
o (7)

has a unique globally asymptotically stable equilibrium point, which is denoted by
7.

Condition 5. Boundedness of iterates: The iterate X* remains bounded with probabil-
ity 1.

Condition 6. ITS (ideal tapering sizes) conditions on step sizes: For everyl =1,2,...,N,

(i) o*t1(1) < o (1) for some k onward
(ii) For any z € (0,1),supy, a[Zk]m(l)/ak(l) < oo where []™ denotes the integer
part of what is inside the square brackets.

(iii) For any z € (0,1),

. E[zk +1 ( ) _
R T am()

Condition 7. EDU (evenly distributed updating) conditions on updating: Let V*(1) =
Ek_ I(l = %) for 1 = 1,2,...,N. Then, with probability 1, there exists a

m=1
deterministic scalar A > 0 such that for all l:

k
lim inf Ve > A.

k—oo k

Further, for any scalar z > 0, define for every I,

K*z 1) = min{m >k i a’(l) > z}.

s=k+1

Then, with probability 1, the following limit must exist for all (1,1") pairs, where
each of I and l' assumes values from {1, 2,..., N}, and any z > 0:

VKk(z,l) 1
L Ty @0
00 ~VEFGEI (] '
= Zm:Vk(l)( ) ak(l)

Then, the sequence {X)k}z‘;l converges to T, with probability 1. In other words,
the sequence of iterates generated in the algorithm converges to

which is the Bellman optimality solution.

See Borkar [5] for the proof of the above. Condition 3 is standard in stochastic
approximation, satisfied by a step size such as A/(B + k). Conditions 6 and 7 are also
satisfied by standard step sizes such as A/(B+k), provided sufficient exploration is used
(see also Rokhlin [23], who investigates related issues), but not by the polynomial step
sizes or hasty (speedy) learning (which typically violates the EDU condition).
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4.1.2 (@-Learning

This is a single timescale algorithm, i.e., only one step size, «, is used. The goal is to
show that the Q-factor tracks an imaginary ordinary differential equation (ODE). If the
ODE has a unique globally asymptotically stable equilibrium, then the Q-factors will also
converge to it.

Proposition 1. When the step sizes and action selection used in the algorithm satisfy
Conditions 3, 6, and 7 of Theorem 1, with probability 1, the sequence of policies generated
by the Q-Learning algorithm converges to an optimal policy.

Proof. To invoke Theorem 1, it is first necessary to show that this algorithm is of the
form defined in that result. To this end, transformations, F(.), F '(.) and f'(.), on the
vector QF need to be defined:

IS|

F@)(60) = o plisa.) | r(ia.d) + A e Q40| - Q4G
j=1

S|
F’(Cjk)(z',a) = (i,a,7) |r(i,a,j) + X max Q¥(j,b)]; (4.2)
;p ! { PTG Y }

which implies that for all (i, a) pairs,
Further define a transformation f'(.) as follows, which contains the sample of the trans-

formation in F’(.):

F(@M (i, a) = |r(i,a, ) + A max QF(E*,b)] .

be A(gF)
Now, if the noise term is defined as:
w'(i,a) = f(G*)(i,a) — F'(@") (i, ), (4.4)
then, the updating transformation in ()-Learning can be written as:
Q1 (i, ) = (i a) + o* [ F(GF) (i,a) — Q"G 0)] .
Now, using Eq. (4.3), one can re-write the above:
Q1 (i, a) = Q°(i.a) + o* [ F(G¥) (i, 0) + w*(i,a)]

which is of the same form in Theorem 1 (replace X* by Q* and [ by (i,a)). Then, one
can invoke the following ODE as in Condition 4 of Theorem 1:
g

L~ F(@). (45)

where ¢ represents the continuous-valued variable underlying the iterate @
All the conditions of Theorem 1 will now be inspected.

Condition 1. Lipschitz continuity of F'(.) can be shown from the fact that the partial
derivatives F(QF) with Q*(i,a) are bounded.
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Condition 2. From its definition it is intuitively clear that the noise term wF(.,.) is
the difference between a random value and a conditional mean of the value. Using
rigorous mathematical arguments that are beyond our scope here the noise term
can be shown to be a martingale, whose conditional mean is zero. Its (conditional)
second moment can be bounded by a function of the square of the iterate.

Condition 3. These conditions are standard in stochastic approximation and can be
proved for a step size such as A/(B + k).

Condition 4. To show this condition, one needs to show that F’(.) is a contraction
mapping. This is shown via Lemma 3 in the Appendix.
Then, from Theorem 3 (see Appendix), the ODE in Eq. (4.5) must have a unique
globally asymptotically stable equilibrium.

Condition 5. This is the boundedness condition, proved below in Lemma 1.

Conditions 6 and 7. These conditions are ensured with appropriate step sizes and
by appropriate exploration, as discussed above.

Then, by Theorem 1, one has convergence with probability 1 to the unique globally
asymptotically stable equilibrium of the ODE in Eq. (4.5); denote the equilibrium by
@OO. In other words, for all (i,a) pairs:

F (@’00) (i,a) = 0,ie., F' (Q’OO) (i,a) = Q%(i,a).
O

One of the key conditions in these analyses is to show that iterates, i.e., Q-factors,
themselves remain bounded. Hence, we first show that the @-factors remain bounded
in @Q-Learning using a result from Gosavi [10].

Lemma 1. In Q-Learning, under asynchronous updating, the value of Q*(i,a) for any
state-action pair (i,a) in its kth update remains bounded, as long as the starting values
for the Q-factors are finite and X € [0,1).

Proof. 1t is first claimed that for every state-action pair (i, a):
1QF(i,a)] < M1+ A4+ X2 4 -+ 2F), (4.6)

where M is a positive finite number defined as:

M = ma max a ! 3 ) 4.7
o X{T ieSr,rolbe}j(i)Q (i a)} (47)
in which rmax = max (4, a,j)|. (4.8)

1,j€S,a€A(%)

Since (., ., .) is finite by definition, yax is also finite. And since the algorithm is initiated
with finite values for the @-factors, M must be finite as well. Then, from the claim in
(4.6), boundedness of the Q-factors must follow as k — oo,

. k- 1

limsup |Q"(i,a)| < M——

k—o0 1=\
for all i € S and a € A(7), because 0 < A < 1 (using the geometric series). A simple
induction argument is needed for the proof.

Because in asynchronous updating, the @-factor for only one state-action pair is
updated at one time, while the other Q)-factors remain unchanged, for the kth iteration
of the asynchronous algorithm, the update for Q*(i,a) functions either according to
Case 1 or Case 2 below.
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Case 1: The state-action pair is updated in the kth iteration as follows:
Q"(i, a) = (1 - )Q"(i,a) + a |r(i,a,j) + A max Q"(j,b)|.
beA(j)

Case 2: The state-action pair is not updated in the kth iteration as follows:

Qk—H(i’ a) = Qk(Z’ a)'

For Case 1:
Q%(i,a)] < (1—a)|Q'(i,a)| + alr(i,a,j) + A max Q'(j,b)|
beA(j)
< (1—a)M+aM + alM (from (4.8) and (4.7))
< (1 —a)M + aM + MM (from the fact that a < 1)
= M1+
For Case 2:

Q*(i,a)| = 1Q'(i,a)]
< M < M(1+)).

From the above, the claim in (4.6) is true for £ = 1. Assuming the claim is true
when k = m, one has that for all (i,a) € (S x A(1)).

Q" (i,a)| < M(L+X+A2+---+ ™). (4.9)
Now, if the update is carried out as in Case 1:
Q" (,a)l < (1-a)|QM(i,a)| +alr(i,a,j) + A max Q™ (j,0)|
JEA(F)

(I—a)MA+A+X 4+ ™)

+aM 4+ aAM(1+ X+ X2+ -+ \™) (from (4.9))

MIA+A+A+-+ ™)

—aMA+A+ XN+ ™)

FaM + aAM(1+ X+ A% 4+ \™)

= MOA+A+A2 442
—aM(1+ X+ XN+ 4 A™)
+aM + aM A+ M+ A

= MOA+A+N+- 42"
—aM(1+ A+ X+ + N +aM
FaMA+ A%+ 4+ N+ aM A

= MOA+A+MN++A") —aM(I+A+ A2+ + ™)
FaM(1+ A+ X4+ A™) + aM A

= MA+A+N+- 4+ +aMA"H!

< MOA+FXNFAZ+ - 4 2A™) + MA™ (since 0 < a < 1)

= MA+A+A2 4+ A" 4 A

IA

Now, if the update is carried out as in Case 2:
Q" (G a)l = |Q™(i,a)|
M+ A+ X244 2A™)

<
< M(1+)\+)\2+...+)\m+)\m+1)

From the above, the claim in (4.6) is proved for k = m + 1. O
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4.2 Two Timescale Asynchronous Stochastic Approxima-
tion

A number of RL algorithms such as R-SMART and actor critics work on two timescales,

i.e., there are two different classes of iterates being updated and they use different step

sizes, usually, one decaying to zero faster than the other. Thus, there is a faster timescale
and a slower timescale.

4.2.1 Main Result

Let X* denote the vector of iterates on the faster time scale and Y'* that on the slower
time scale, assuming there are Nj iterates on the faster time scale and Ny iterates on
the slower time scale. Further, the simulator generates two trajectories:

{61,62,...} and {61,03,.. .},

where OF and O denote the state-action pair or state from the faster and slower time
scale, respectively, whose value is updated in the kth iteration. Thus, for k =1,2,...:

Oy e{1,2,...,N1} and O € {1,2,..., No}.

A two-timescale algorithm under asynchronous updating can be formally presented
as: Forl=1,2...,Nyand lo =1,2,..., No:
X 0) = XE0) + HWFEEVH0) ot =6
YEH (1) = YH(I2) + B4 (1) [G(X*, Y#) (12) 4w (12))1(12 = O8); |

where

B () and B*(.) are the step sizes for the faster and slower time-scale iterates
respectively

B F(..) and G(.,.) denote the transformations driving the faster and slower time-
scale updates respectively

[ | ﬁ’f and U’g denote the noise vectors in the kth iteration on the faster and slower
time scales respectively

Note that F(.,.) is a function of X and Y, and the same is true of G(.,.). Clearly,
hence, the fates of the iterates are intertwined (or coupled) because their values are
inter-dependent.

The conditions use the format of Theorem 1.

Theorem 2. Consider the two-time-scale asynchronous algorithm defined in Eq. (4.10).
Assume that the following conditions hold:

Condition 1. Lipschitz continuity of the underlying transformations: The functions
F(.,.) and G(.,.) are Lipschitz continuous.

Condition 2. Conditions on noise: For Iy = 1,2,...,Ny,ls = 1,2,..., No, and for
every k, the following should be true about the noise terms:

2 — -
fuflP] = 0| (wb@) 1] <0+ 2llRHP +l TP
k Kl _ ko2 | ok b URRR2 L 1R (2
E [wh (i) 7| = U,E[(wz(b)) |f] < 2 + 25X+ 24T

where z1, 22, 23, 21, 24, and z5 are scalar constants and ||.|| could be any norm.
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Condition 3. Step-size conditions of stochastic approximation: The step sizes satisfy

the usual tapering size conditions for every ly =1,2,..., N1 andls =1,2,..., Na:
D (0¥ (1h))? < 00; > aF(lh) = oo
k=1 k=1
D B8 (la) = 003 Y (B8M(12))* < oo
k=1 k=1

In addition, the step sizes must satisfy the following condition for every (ly,l2)
pair:
k(1
lim sup Bk( 2) = 0;
k—oo & (ll)

Condition 4a. ODE condition: For any fized value of ij € RN2, the ODE

dzr
— =F(Z,9Y 4.11
= F(Z,7) (411)

has a globally asymptotically stable equilibrium point which is a function of ¥ and
will be denoted by 2(Y), where 2 : RN2 — RN Further, the function £2(Y) has
to be Lipschitz continuous in Y.

Condition 4b. ODFE condition: The following ODE

W G, 7) (4.12)

has a globally asymptotically stable equilibrium 7 .

Condition 5. Boundedness of iterates: The iterates X* and Y* remain bounded with
probability 1.

Condition 6. ITS Condition: The step sizes satisfy Condition 6 (ITS) of Theorem 1.

Condition 7. EDU Condition: The updating of all components of the X- and the Y -
iterates is evenly distributed as discussed in Condition 7 (EDU) of Theorem 1.

Then, with probability 1, the sequence of iterates {)_()k, ?k}iil converges to (2(J«), U«)-

4.2.2 Convergence Properties of R-SMART

R-SMART employs the following Q-factor version of the Bellman optimality equation
for average reward SMDPs:

IS|
Qie0) = _ptiad) rlic0) = g0, ) 40 s QG| (413

where 7 is a scalar that satisfies 0 < n < 1. For any given value of p, the equation
above can be shown to have a unique solution. This is because it behaves like the
Bellman equation for the discounted reward MDP with its immediate reward altered to
r(i,a,7) — pt(i,a,j). The parameter n will be referred to as the contraction factor (CF)
here, since when p is set to a fixed value, the transformation defined in the equation
above can be shown to be contractive.

Note that the Bellman optimality equation for average reward SMDPs, however,
carries 7 = 1 and p = p*. Hence, the algorithm requires the following condition for
delivering the optimal solution:
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Assumption 1. There exists a value 7 in the open interval (0,1) such that for all
n € (ﬁll), the unique solution of Eq. (4.13), obtained by setting p = p*, delivers a
policy d whose average reward equals p*.

For all (i,a) pairs,

F'(@", p*) (i) = Y plis . j) [r(z‘,a,ﬁ = (i, a,9) +n max Q"(3,b)|
j=1

Then, for all (i,a) pairs, F(@k, ) (i,a) = F’(@k, o) (i,a) — Q¥(i,a). We further define
the noise term as: For all (i,a) pairs:

whis) = [rli €)= e, €4) 4 0 s QR0 - FU@ )00

Then, like in the case of ()-Learning, we can write the updating transformation on the
faster time scale in our algorithm, (3.2), as:

QM1(i,a) = Q¥ (i, a) + o | F(QF, p*) (i, a) + wh (i, a)] ,

which is of the same form as the updating scheme for the faster time scale defined for
Theorem 2 (replace X* by Q* and [ by (i,a)). Then, if we fix the value of p* to some
constant, g, we can invoke the following ODE as in Theorem 2:

dq -
—=F 0 4.14
)] (414)

where ¢ denotes the continuous-valued variable underlying the iterate Q.
We now define the functions underlying the iterate on the slower time scale. For all
(i,a) pairs,
N S|
G (Q%, pM)(i,a) =D p(i,a, )[TR*/TT*] - pF;
j=1

G (GF, p") (i, a) = G(GF, p*) (i, a) + p;
wh(i,a) = [TR¥/TT" — G'(G*, p*) (i, a);

the above allows us to express the update on the slower time scale in the algorithm, Eq.
(3.3), as:

P = o 4 B ( € arg mame,u)) (G(@, "), a) + wh(i,a)]
u€A(i)

Now consider Condition 40’ defined in the Appendix. The following additional assump-
tion is needed for showing the convergence result below:

Assumption 2. The derivative condition in Assumption 40 of the Appendiz holds for
G(.,.) defined above.

We now present our convergence result.

Proposition 2. Assume that the step sizes used in the algorithm satisfy Conditions
8 and 6 of Theorem 2 and that exploratory policies are used in the learning. Further,
assume that Assumptions 1 and 2 hold. Then, with probability 1, the sequence of policies
generated by the R-SMART algorithm converges to an optimal policy.



42 CHAPTER 4. CONVERGENCE PROPERTIES

Proof. We now need to evaluate the conditions of Theorem 2. Condition 1 results from
the fact that (i) the partial derivative of F(.,.) with Q* is bounded and (ii) G(.,.) is a
linear function of p* Conditions 3 and 6 are satisfied by appropriate step-size selection.
The PE policies ensure that Conditions 2 and 7 are met. As usual, Conditions 4 and 5
need additional work.

Condition 5: We show Condition 5 via the following result.

Lemma 2. The sequence {@)k,pk}zozl remains bounded with probability 1.
Proof. The boundedness of the slower timescale iterate is first shown by claiming:
101 < B for all k,

where p, a positive finite scalar, is defined as:

_ {maxi,jES,aEA(i) ]r(i,a,j)] 1}
p = max . . N P .
min; ;e ac A(4) t(la a, ])

We prove the claim for £k = 1 as follows:

0| < (1= BYp' [+ BYr(ia,4)/t(ia,0)| < (1= B+ 8D =7

Now assuming the claim when k = K, we have that |p®| < p. Then,

TRE
K+l < 1— Ky K K|Z=bv
P < = B 85 |
K max; jes acan) |74, a,j)]
< (1- BR)|pK| + K fetnel]

Kmin, jes e a0 ti,a, j)
max; jes.ac @) |7(i, @, 7)|
= (1= BN 4 pH LA

ming jes,acAg) (i, a,J)

< (1-8%p+8%p=n.

In the above, we have used:

ITRE| <K max |r(i,a,j)]
i,j€S,acA%)
and
TTE <1/(K min  t(i,a,j)).
/ B /< 1,j€S,a€A(1) ( ]))
Using Lemma 1, one can show that the Q-factors in R-SMART also remain bounded.
For this, in Lemma 1, one needs to redefine 7, as follows:

_ . . Ko/~ .

T = max r(z,a,7) — p~t(z,a, 7).

max i,jES,aeA(i),k| (i,a,7) — p"t(i, a,7)|
Since p* has already been established to be finite above and t(i,a,7) is also finite, ryax
must be finite. O

Condition 4: When p” is fixed to any scalar p, F’(., 5) can be shown to be contractive
in a manner similar to that for @Q-Learning (via Lemma 3 in the Appendix), and hence
the ODE in Eq. (4.14) must have a globally asymptotically stable equilibrium. Further,
the equilibrium solution is:

S|
> pi,a,5) [r(z’,a,j) — pt(i,a, §) +n max Q*(j,b)| V(i, a),
= beA(j)
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which is clearly Lipschitz in Q*(.,.). We have thus shown that Condition 4a holds.

To show Condition 4b, consider Condition 40" defined in the Appendix, by setting
Y« = p*, where p* is the optimal average reward of the SMDP. Note that Ny = 1 for
this algorithm (part (i) of Condition 40'). Now, when the value of p* in the faster
iterate is fixed to p*, the faster iterates will converge since the transformation F’(., p*)
is contractive (as argued above in Condition 4a), and then under Assumption 1, the
faster iterates will converge to a solution of the Bellman optimality equation denoted by
é*. Since the slower iterate updates only when a greedy policy is chosen, in the liII_l)it,
the slower iterate must converge to the average reward of the policy contained in Q*,
which must be optimal. Thus, the lockstep condition (part (ii) in Condition 4b) holds
for y. = p*. The derivative condition (part (iii) of Condition 4b) is true by assumption
(Assumption 2). Then, Condition 4b" holds. Then, Theorem 4 in the Appendix implies
that Condition 4b in Theorem 2 must hold. Then, one has convergence of the algorithm.
But since p converges to p*, under Assumption 1, the Q-factors must converge to the
optimal solution as well. O
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Chapter 5

Conclusions

The tutorial presented above discussed how to solve an MDP or an SMDP via DP
when the underlying transition probabilities are available and via RL when they are
not, through trials either in a simulator of the real-world system or in the real-world
system itself. It needs to be emphasized that bypassing the transition probabilities of
state transitions is the most attractive feature of RL. RL is currently of great interest
in the subject of artificial intelligence and is being actively researched in academia and
industry alike.

The approach discussed above is called the lookup-table or tabular approach in which
the values for all the state-action pairs are stored explicitly (separately). It works
for medium-sized problems. We did not discuss the solution techniques for large-scale
problems with RL, as that requires what is referred to as function approximation, which
was beyond the scope of this tutorial.

For large-scale problems, clearly, it is not possible to store all the values explicitly,
because of the large number of such values. Instead, one must use approximate these
values via functions such that only a few scalars need be stored; on demand, these scalars
can generate the Q-factor for any state-action pair. This is essentially approach what is
called function approximation, which often requires the backpropagation neural network
algorithm [26].

I have worked in the area of RL for more than two decades now. I have also taught
a graduate-level course on MDPs for several years. At conferences that I attend, I often
meet researchers, including graduate students, dabbling with RL, who ask me questions
about RL. Based on my experiences, I have the following friendly advice:

1. Q-Learning and Related Algorithms:

e ()-Learning often fails when the step sizes used are not appropriate. Other
tuning parameters of importance in RL include the exploration rates and the
number of iterations for which the algorithm is run. If a neural network is
used, it adds yet another layer of tuning parameters. A wide range of step
sizes and tuning parameters should be experimented with before concluding
that the approach is ineffective.

e When using the average reward, one can compare the average reward gener-
ated by the policy delivered by the algorithm to that of competing algorithms.
e.g., problem-specific heuristics. This allows one to tune the step sizes to im-
prove the RL algorithm’s behavior. In case of discounted reward, this author
has seen the average reward being used for comparison, but technically this
is not an appropriate and makes sense only heuristically, unless the discount
factor is close to 1.

e If one sets the discount factor, A, very close to one in a discounted reward
MDP (or the discount rate  near zero in a discounted reward SMDP), the
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algorithm generally slows down significantly. However, these cases really
represent average-reward problems and are best solved via R-SMART or
other average-reward algorithms. Also, it is critical to recognize that a dis-
count factor in the Bellman equation really converts an infinite stage problem
into one in which only a finite number of stages become relevant. Therefore,
an average reward metric, where all stages are considered, may often be more
appropriate for such problems. To gain such foundational insights on the
Bellman equation, you can read Chap. 6 on dynamic programming of Gosavi
[11], or consult the more advanced treatment in the two classics on dynamic
programming: Puterman [22] and vol II of Bertsekas [3].

2. The Linear Programming Viewpoint: While it is certainly possible to formu-
late an average or discounted reward MDP (and SMDP) as a linear program (LP),
much of reinforcement learning does not originate from LP methods. Instead, RL
is rooted in dynamic programming. It is advisable to avoid initially viewing MDPs
through the lens of LPs, as this approach provides limited structural insights into
most RL algorithms and can be misleading. Moreover, certain formulations, such
as a variance-penalized MDP, cannot be represented as an LP; it must instead
be expressed as a quadratic program (QP). To gain a deeper understanding of
the foundational principles of RL, it is more advantageous to focus on DP-based
frameworks by consulting the references mentioned earlier.

3. Analogies from Physics: While analogies from physics are often helpful in
explaining basic ideas, their use in RL should be ideally avoided by the beginner,
as they provide little intuition or mathematical value. In fact, using such analogies
can be often misleading. Cost is often referred to as energy in some literature,
but note that in operations research, cost is the negative of revenues. Hence,
maximization of the revenues (also called rewards) is equivalent to minimization
of costs, and therefore minimization has no specific appeal unlike in physics where
one often seeks to minimize energy. Another example is referring to the Bellman
equation for a given policy (i.e., Eqn. (1.7)) as the Poisson equation. This is
not even mathematically accurate, as the former is a simple linear equation while
the latter involves a Laplacian! Similarly, some literature refers to the steady-state
probabilities as invariant probabilities, borrowing terminology from the invariance
equation of physics. However, the steady-state quantities have a well-understood
meaning in operations research, a subject unrelated to physics, and they do
not correspond to the invariant quantities of physics.

My understanding of this topic has been shaped by numerous books and hands-on
experimentation with RL. The first book I studied in depth as a graduate student was
Puterman [22], which has an in-depth discussion on MDPs and SMDPs, including a
variety of objective functions. I strongly recommend this book to you. Subsequently,
I explored other foundational texts, including Bertsekas and Tsitsiklis [4], Sutton and
Barto [24], and Bertsekas [3], all of which I also recommend. Ultimately, reinforcement
learning is a computational science, and the best way to learn it is through practical
implementation, i.e., writing computer programs in your preferred language to solve
real-world problems.
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Chapter 6

Appendix

6.1 Contraction Mapping and Asymptotically Stable Equi-
librium
Theorem 3. Consider the transformation F(.) defined for the stochastic approzimation

scheme. Define F'(.), a continuous function from RN to RN, such that for all integer
values of k,

F(X*) = F/(X*) — X* where X* € RN,
If F'(.) is a contractive transformation with respect to a weighted max norm, the ODE
Cfi—f = F(7) has a unique globally asymptotically stable equilibrium point.

The proof can be found on pp 127 of [6].

6.2 Contraction of ()-Learning Mapping

Lemma 3. The mapping defined via Eqn. (4.2) is a contraction mapping.

Proof. Consider two vectors @)]f and @"2“ in ®V From the definition of F'(.) above, it
follows that:
N N S|
F(@)(isa) = F(@3)(a) = A plia. ) { max Qf(j,b) — max Q3(j, b)] :

= beA(F)

From this, we can write that for any (i, a) pair:
|S|

A i,a,7) | max Q%(j,b) — max Q¥ ‘,b‘
;p( J)‘beA(j)Ql(] ) be.A(j)Q2(‘7 )

IN

|F'(GF)(i,a) — F'(Q5) (i, )]

(from triangle inequality);
S|

A p(isa,j) max |QF(j,b) — Q5(4,0)]
pet bEA())

IN

S|

)‘Zp(iaaaj) max |Qlf(¢7?b)_Q]2€(]7b)|
j=1

JES,bEA(H)

IN

|S|
j=1
— — |51 — —
= M@Y= Q5lloe > p(i,a,5) = N|QF — Qoo - 1.

Jj=1
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Thus, for any (i,a) : [F'(GY)(4,a) — F/(G%)(i,a)| < A||GY — @k||es. Since the above
holds for all values of (i, a), it also holds for the values that maximize the left hand side
of the above. Therefore

IF'QY — F'Qbl < M|QY — Qo

Since A < 1, F'(.) is contractive with respect to the max norm. O

6.3 Lockstep and Derivative Conditions

Now consider the following special conditions collectively referred to as 4b':

6.3.1 Condition 4V

(i) Ny =1, i.e., there is a single iterate, Y* € R, on the slower time scale.

(ii) (Lockstep Condition) There exists a unique value y, € R such that if one sets
Yk = Yy ] in the update on the faster timescale for every k, i.e., the update of the
iterate X*, then, with probability 1,

lim Y* = Yse -

k—o0

(iii) (Derivative Condition) In every iteration, the partial derivative of G(.,.) with
respect to the slower iterate’s value is bounded and is strictly negative, i.e., for all
k,

OG(Xk, Yk)
oYk

G (XF,Y*)

vk < 00, where Y* € R.

< 0 and

Note that the boundedness of the derivative is already ensured by the Lipschitz
continuity of the function G(.,.); however, this is restated to clarify that the deriva-
tive cannot equal negative infinity.

6.3.2 Condition 40" implies Condition 4b

In the following result, Condition 44" is used to deliver Condition 4b:

Theorem 4. Consider the two-time-scale asynchronous algorithm defined above with a
single iterate on the slower timescale. Replace Condition 4b in Theorem 2 by Condition
4. Then y, is the globally asymptotically stable equilibrium for the slower ODE in Eq.

(4.12).

The proof is from [12] and is based on ideas from a result in [1].

Proof. The iterate index l» will be dropped from the notation of the step size for the
unique slower iterate. For the proof, the following limits, showed in Polyak [21], are
needed.

For any non-negative sequence {"}5°; satisfying Condition 3 of Theorem 2, i.e.,
Yoo, f™ = 00, and for any finite integer K,

k+1
lim (1-p") =0 forall k> K, (6.1)

k—o0
n=
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further, for any sequence {6* 122, satisfying limy_, o0 6% =0, one has that

k+1 k
lim ( IT a- 5’”)) Bre" =0 for all k > K. (6.2)

k—o0
n=K \m=n+1

Set up a sequence {Ak}zozl where A¥ = Y* — 4, so the goal becomes to show that
A¥ — 0. The road-map for the proof is as follows. First another sequence will be defined
{5’“},;“;1 and AF will be expressed in terms of 6¥. Then, upper and lower bounds on the
partial derivative of G()_() k,Yk) with respect to Y* will be developed. These bounds,
the sequence {6¥}2 |, and the limits shown in (6.1)—(6.2) will together be leveraged to
show that A* — 0.

For a given value Y* of the slower iterate, Condition 4a ensures that with probability
1, the sequence {)_() k 122, will converge to a globally asymptotically stable critical point
of the ODE in (4.11). This critical point will be denoted by z.(Y*), where this point is
a function of Y'*.

Let 6F = G (X%, V%) — Gz, (YF), V). (6.3)

Condition 4a ensures that 6¥ — 0, since X¥ — =, (Yk).
We now express A¥ in terms of G(.,.) and 6*. From the definition of 6% above in Eq.
(6.3) and the fact that the update of Y* can be expressed as follows:

ykt+l _ yk + ﬁk (G ()_(’k‘7yk‘))7 (6.4)
one has that APt = AF 5kG($*(Yk), Yk) + BEs*.

Now, the derivative condition, i.e., Condition 4b'(iii), implies that there exist neg-
ative, upper and lower bounds on the derivative, i.e., there exist Cq,Cy € R where
0 < C7 < (9 such that:

—CQ(Yl — YQ) S G(x*(Yl),Yl) — G(x*(YQ),YQ) S —Cl(Yl - Yg) (66)
for any Y1,Yo e Rif Y7 > Y5, If Y5 > Y7, we will have the following inequality:
—Ca(Y1 = Y2) > G(24(Y1), Y1) — G(24(Y2), Y2) > —C1 (Y1 — Ya). (6.7)

We first consider the case Y7 > Y3. Now, the lockstep condition (Condition 4b'(iii))
implies that if the faster iterates in the algorithm are updated using Y* = y, in
F()_()k,Yk), then Y* — y,. This implies from (6.4) that G(z(ys),ys) = 0. Thus, if
Yz =y, and Y} = Y* inequality (6.6) will lead to:

—CHAF < G (2,(YF), YF) < —CAF
Because ¥ > 0, the above leads to:
—CoAFBE < G (x.(YF), YR B < —C1AFBF.
The above combined with (6.5) leads to:
(1 — CoBF)AF 4 gFsk < AFTL < (1 — 01 8%)AF + gRs*. (6.8)

Since, the above is true for any finite integral value of k, we have that for £k = K and
k=K+1,

(1 — Copf)AE 4 KK < AKFL (6.9)
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Multiplying both sides of (6.9) by (1 — Cy3%*!) and adding SET165+! to both sides,
we have:

(1 - CQ,BK)(l . CQﬁK—H)AK + (1 - CQ,BK+1),3K5K + ,3K+15K+1 <
(1 _ 02/3K+1)AK+1 + BK-I—l(SK-H

The above in combination with (6.10) leads to:
(1= Cof™)(1 = CoBRTHAK + (1 — CopR B + pRHIsHT < ARH2,

Using similar arguments on the inequality on the other side of A**1 of (6.8), we have
that

(1 _ CQ,BK)(l _ 025K+1)AK + (1 _ CQ,BK+1),8K6K + ﬁK+15K+1
S AK+2 S (1 _ CQBK)(l _ CQ,BK+1)AK + (1 _ CZBK—I—I)BK(SK + 5K+15K+1

In this style, we can also show the above result when the sandwiched term is AK+3 AKX+

In general, then, for any K > K, we obtain:

K+1 K K o
H (1 - Cgﬂn)AK + Z H (1 o 026771) 5n5n < AK-H
n=K n=K \m=n+1

K+1 K K

<JJa-csma®+> [ [ a-cigm™) | srsm.
n=K

n=K \m=n+1

We now take the limits as K — oo on the above. Then, using (6.1) and (6.2), 0 <
limz_, AK+L < 0. Then, the sandwich theorem implies that: AX*! — 0. Identical
arguments can now be repeated for the case Y, > Y7, i.e., for (6.7), to obtain the same
conclusion. 0
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