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Chapter 1

Introduction and Overview

1.1 Sequential Decision Problems

The focus of this course is the solution of sequential decision problems. In such problems,
a sequence of decisions is required, where each one has partial effect on the outcome.
Sequential decision problems are common in a wide variety of application domains, that
include:

e Artificial intelligence: Robotic motion planning, mission planning, board games
(chess, backgammon), computer games (game of strategy, football).

e Operations research: Inventory control, supply chain management, project assign-
ment, scheduling of servers and customers.

e Finance: Investment strategies, financial planning, gambling.

e Communication networks and computer systems: Packet routing, flow control, cache
handling, job scheduling, power control.

e Control Engineering: High-level feedback control of dynamic systems such as land /sea/air
vehicles, chemical processes, power systems, analog amplifiers, etc.

We will examine two basic challenges in the context of these decision problems:

1. Planning: Optimal selection of the required sequence of actions (called an optimal
control policy) to minimize a specified cost function in a given system model, when
the model is known in advance.

2. Learning: When a system model is not available for the planner, it may need
to be learned during operation, by trying out different options and observing their
consequences.
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Figure 1.1: The situated agent
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Our main planning tools will rely on the theory of Dynamic Programming (DP), which
offers a set of methods and algorithms for solving sequential decision problems.

Reinforcement Learning (RL) is the area of machine learning that deals with learning
by observing the consequences of different actions. The term, which is borrowed from the
behaviorist school in psychology, hints to the use of positive reinforcement to encourage
certain behaviors. It is now used in machine learning to refer generally to learning in
sequential decision processes and dynamical systems.

The situated agent viewpoint: A basic viewpoint that underlies the field of RL, espe-
cially within AI, is that of the situated agent. The agent here may be a cognitive entity or
a computer algorithm. It interacts with an external environment (the controlled system)
by observing the environment state, and taking actions. Once an action is taken a reward
signal is obtained, the system moves to a new state, and the cycle is repeated. Designing
an effective generic learning agent in such a framework may be seen as an ultimate goal in
Al and is a major driver of RL research.

Example 1.1. The Tetris player

Consider designing an Al player for the game of Tetris. The environment here would
be the game simulator, and the environment state at a particular time corresponds to the
game board at that time, and the shape of the new piece that just arrived. Upon observing
a system state, the agent (the Al player) takes an action - it decides where on the board to
position the new piece. Consequentially, if rows on the board were cleared, the agent receives
a corresponding reward, and the the next system state is determined by the simulator.

Markov Decision Processes (MDPs) are the standard model that allows to treat these
planning and learning problems in a unified manner. An MDP describes a sequential
decision problem, with the following properties:

e A controlled dynamical system, with state-based dynamics. At each state some
decision (or action) needs to be taken, and as a consequence the system moves to the
next state.



e A reward function is associated with state-action pair, and the system performance
is measured by the accumulated rewards.

e MDPs are especially suited to handle discrete problems (discrete state space, discrete
action set, discrete time).

e MDPs allow to model in a natural way stochastic effects, and in particular stochas-
tic system dynamics. We note that MDPs are currently the standard model for
probabilistic planning in Al

Challenges - what makes the planning problem hard?

e Lack of a global structure - most systems of interest do not have a simple global
structure (such as that of a linear system). Therefore, planning needs to address
each state (or group of states) in a distinct way.

e Large state-spaces: Many problems of interest have a huge number of states (recall
the tetris example - how many board configurations are possible?), which makes exact
solution impossible, even with the strongest algorithms. We note that models with
a large number states are often the result of combinatorial explosion in state vectors
with a large number of components. This phenomenon is commonly known as the
curse of dimensionality.

e Large action-spaces: Some problems, especially in resource allocation, also exhibit
large action-spaces, which present additional computational challenges.

e Stochastic effects - these are successfully handled within the MDP model, although
they may add to the computational challenge.

e Uncertain or unknown environments — which leads to the application of Reinforce-
ment Learning techniques.

The computational challenge of complex problems (in particular, large state spaces)
requires the use of approximation techniques for planning. This is an active research field,
which is called Approximate Dynamic Programming (ADP) in our context. It is interesting
to note that Reinforcement Learning techniques are often used as a means for planning in
complex systems, even if the system dynamics is known.

The following diagram illustrates the relation and influence between the different dis-
ciplines involved.
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1.2 Some Illustrative Planning Examples

We next provide several examples that serve to illustrate the models involved. We start
with planning examples.

1.2.1 Shortest Path on a Graph

Finding a shortest path between a source and destination nodes (or vertices) on a weighted
graph is a generic problem with numerous applications, from routing in communication
networks to trajectory planning, puzzle solving, and general Al planning. Essentially,
Dynamic Programming based algorithms compute the distance from every node in the
graph to the destination, spreading out from the destination until the source is reached.
Specific algorithms for this problem include the Bellman-Ford algorithm, and Dijkstra’s
algorithm and its variants, such as A*. This problem is widely discussed in courses on
Al and we will only briefly touch upon the main algorithms. We will also consider its
stochastic generalization, the Stochastic Shortest Path problem.

1.2.2 The Secretary Problem

Problem setup: We are interviewing n candidates for a job. We know that the can-
didates are strictly ordered in quality from 1 to n, but interview them in random order.
Once we interview a candidate, his or her quality can be evaluated relative to previously



interviewed candidates. A candidate that is not hired during the interview cannot be
recalled.

The planning problem: Our goal is to find a rule for choosing a candidate, that will
maximize the chances of hiring the best one.

This problem and its generalizations have been widely studied in the operation research
and computer science literature. It is an instance of a wider class of optimal stopping
problems.

Exercise 1.1. Let B; ~ Bernoulli i.i.d. for all ¢t = 1,2,3,.... Consider the empirical

average:
1 T
X;=- B;.
T T ; t

where 7 is a stopping time. The objective is to find a stopping rule for 7 that maximizes
E[X].

1. Find a stopping rule that achieves E[X;] > 0.75

2. (Hard!) What is the maximal E[X] that can be achieved?

1.2.3 Inventory Management

System description: Suppose we manage a single-item inventory system with daily
orders. On the morning of each day k, we observe the current inventory xx, and can order
any quantity ay > 0 of that item that arrives immediately. The daily demand for the item
is denoted Dy. Thus, the number of items sold on each day k is min{ Dy, z) + ai}, and the
inventory at the end of the day is g1 = [ + ax — Dg|™. In this model we can determine
the order aj, whereas the demand Dj, is uncertain and is modeled as a random variable
with known probability distribution. We assume that Dy is a sequence of independent
random variables.

Cost structure: Suppose that the cost for an order of ay, is J(ay), a price P is charged
for each sold item, and a penalty C(z + ap — Dy) is incurred for over or under demand
miss (where C(y) > 0 and C(0) = 0). Therefore, the net return (or reward) for day k is

Ry, = P min{ Dy, zy + ar} — J(ax) — C(xx + ax — Dy,).

The cumulative return is the sum of daily returns over a given period, say 1 to K.



The planning problem: For each k =1,..., K, we observe the current inventory xg,
and need to determine the amount a; to order next. The goal is to maximize the expected
value of the cumulative return over the given period:

K
E(Zk:1 Ri) — min

Remark 1.1. : A common policy in inventory management is the (s,S) replenishment
policy: whenever the inventory x drops below s, order S — x items. This policy can be
shown to be optimal under appropriate assumptions on the cost.

Exercise 1.2. For the single-stage problem (K = 1) with R =0, J = 0, C(y) = y?, show
that a (s,S) policy is optimal (with s = 5).

1.2.4 Admission control to a queueing system

System description: Consider a single-server queue, to which jobs (or customers) arrive
sequentially. Each job has a service demand (in time unit of service) that is represented
by a random variable with known distribution. The arrival process is, say, Poisson with
rate A\. The system manager can deny admission to an arriving job.

Cost structure: Suppose that the system incurs a penalty of C' per unit time for each
job waiting in the queue, and a reward R for each customer served. We wish to minimize
the expected cumulative cost over a period of time.

The planning problem: Suppose a job arrives when the queue size is z > 0. Should
it be admitted or denied entry? This problem represents a basic example of queueing
control problems. A wide range of computer, communication, and service systems can be
represented by networks of queues (waiting lines) and servers. Efficient operation of these
systems gives rise to a wide range of dynamic optimization problems. These include, among
others, job admission control, job routing, server and job scheduling, and control of service
rates.

1.2.5 Stochastic scheduling

System description:  Suppose we have a single server that caters to n classes of jobs,
one job at a time. Here the server may be human, a router in a communication network,
a CPU in a computer system, etc. Jobs of class ¢ arrive as a Poisson process with rate
Ai, and each requires a service duration D; (which could be random — for example, an
exponentially-distributed random variable with expected value ;" 1).

Cost structure: Jobs of class i incur a waiting cost C; per unit time of waiting for
service, and a reward R; for completing service.

10



The planning problem: Suppose that the server becomes available at an instance t,
and sees the state vector X (t) = (x1(t),...,xn(t)), where z; is the number of class i jobs
waiting for service. Which job class should the server attend next?

1.3 Some Illustrative Learning Examples

The following examples address the learning problem.

1.3.1 The Multi-Armed Bandit (MAB) problem

This is an important problem in statistics and machine learning. The exotic name derives
from casino-like slot machines, which are also known as ”single-armed bandits”. Suppose we
are faced with NV different arms (slot machines), which may have different win probabilities
(for simplicity assume 0-1 results, with obvious generalizations). These probabilities are
not known to us. There are two different goals in this problem:

1. To identify the best arm (pure exploration).
2. To maximize our gains over a large time horizon (exploration vs. exploitation).

This model, under the second objective, presents in its purest form the exploration
vs. exploitation dilemma, which is fundamental in Reinforcement Learning: While each
arm may be optimal and should be sufficiently tried out, we should also focus at some point
on the arm that seems to be the best. This tradeoff must be addressed by an appropriate
exploration strategy.

We note that this problem can be considered as a special case of the MDP model, with
a single state (i.e., static environment). Its original motivation was related to experimental
drug (medicine) administration. Its current popularity in Machine Learning owes to recent
on-line application such as ad posting: choosing the right class of ads to post in a given
space or context to maximize revenue (or ”click” count).

1.3.2 Learning to Play Chess / Backgammon

Current AT programs for chess playing essentially rely on extensive search in the game tree,
starting from the current board position. That search is aided by an evaluation function
(the heuristic, or value function), which provides a numerical value to each board position
that estimates it strength (say, the likelihood of a win).

Suppose for simplicity that the opponent’s playing strategy is known, so that the prob-
lem reduces to a single-player planning problem. The problem, of course, is huge number
of states (board positions), which rules out an exact and complete solution. Therefore,
partial solutions guided by heuristic and empirical rules must be used.

Machine learning offers a set of tools to improve the performance of a given Al player, by
data-based tuning key parameter of the algorithm. Such improvements are often imperative
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for achieving state-of-the-art performance. Specific topics in which RL techniques have
been successfully applied include:

e Value function learning (by self-play and record analysis).
e Powerful heuristics for guiding the tree search.

These techniques have been applied in the games of Backgammon, Chess, and recently Go
and Poker.

1.3.3 Skill Learning in Robotics

Suppose we wish to program a robot to juggle a ball on a racket, or to walk efficiently. We
can start by programming the robot as best we can, but in most cases we will not be able
to obtain fully efficient operation that way, and many ”fine tunings” will be required. One
of the major approaches for improvement is to equip the robot with learning capabilities,
so that it can improve its performance over time. We can distinguish here between two
learning goals:

a. Short term learning, or adaptivity - adapting to changing environment conditions
(such as the weight of the ball, wind, etc.).

b. Skill learning - acquiring and improving the basic capability to perform certain mo-
tions or tasks in an efficient manner.

A major Reinforcement Learning approach to these learning problems is a set of meth-
ods called direct policy search. Here the required task or motion is parameterized by a
vector of continuous parameters, which are tuned by simulation or during actual operation
using gradient-based methods. We will touch upon this important topic towards the end
of the course.

1.4 Mathematical Tools

We briefly mention the main mathematical tools that will be used throughout the course.

1. Concentration inequalities

[\)

MDPs - dynamic programming
Optimization - algorithms and theory
Generalization and risk (PAC)

Approximation theory

A AN el

Convergence of stochastic processes

12



Chapter 2

Deterministic Decision Processes

In this chapter we introduce the dynamic system viewpoint of the optimal planning prob-
lem. We restrict the discussion here to deterministic (rather than stochastic) systems, and
consider the finite-horizon decision problem and its recursive solution via finite-horizon
Dynamic Programming.

2.1 Discrete Dynamic Systems

We consider a discrete-time dynamic system, of the form:
Tpr1 = fre(zk,ug), k=0,1,2,...,N—1
where
e [ is the time index.
e 1, € X} is the state variable at time k, and X}, is the set of possible states at time k.

e u; € Uy is the control variable at time k, and Uy, is the set of possible control values
(or actions) at time k.

fr + Xgx U, — X1 is the state transition function, which defines the state dynamics
at time k.

e N > 0 is the time horizon of the system. It can be finite or infinite.

Remark 2.1. More generally, the set Uy, of available actions may depend on the state at
time k, namely: uy € U(xg) C Uy.

Remark 2.2. The system is in general time-varying. It is called time invariant if fi, Xy, Uy
do not depend on the time k. In that case we write

1 = f(zp,ug), k=0,1,2,....N—1; =z € X, ux € U(zg).

13



Remark 2.3. The state dynamics may be augmented by an output equation:

Yk = hi(zr, ur)

where g, is the system output, or the observation. In most of this course we implicitly
assume that yp = x, namely, the current state xj is fully observed.

Example 2.1. Linear Systems
The best known example of a dynamic system is that of a linear time-invariant system,
where:
Trr1 = Axy + Bug

with x € R™, up € R™. Here the state and action spaces are evidently continuous (as
opposed to discrete).

Example 2.2. Finite models

Our emphasis here will be on finite state and action models. A finite state space contains
a finite number of points: Xj = {1,2,...,ni}. Similarly, a finite action space implies a
finite number of control values at each stage:

Uk(az) = {1,2, .. .,mk(x)}, r € X

Notation for finite models: When the state and action spaces are finite, it is common
to denote the state by sj (instead of z;) and the actions by ay (instead of uy). That is, the
system equations are written as: sp11 = fr(sk,ax), k=0,1,2,...,N —1 with s; € Sk,
ay € Ag(zy) C Ag. We will adhere to that notation in the following.

Graphical description: Finite models (over finite time horizons) can be represented by
a corresponding decision graph:

Here:

e N = 2, So = {1,2}, 51 = {b, C.d}, SQ = {2,3},

14



o Ao(1) ={1,2}, Ao(2) ={1,3}, Ai(b) = {a}, Ai(c) ={1,4}, A1(d) = {B}
° f0(17 1) = b, f0(1,2) =d, f0(2, 1) = b, f0(2,3) =c, fl(b, a) = 2, etc.

Definition 2.1. Feastible Path
A feasible path for the specified system is a sequence (So,ao,...,SN—1,aN—1,SN) of states
and actions, such that s, € Ak(sg) and skr1 = fr(Sk,ak)-

So ag s] a; S

A feasible path

2.2 The Finite Horizon Decision Problem

We proceed to define our first and simplest planning problem. For that we need to specify
a performance objective for our model, and the notion of control policies.

2.2.1 Costs and Rewards

The cumulative cost: Let hy = (sg,a0,...,SNv-1,an—1,5n) denote an N-stage path
for the system.. To each feasible path hxy we wish to assign some cost Cny = Cn(hy).
The standard definition of the cost Cy is through the following cumulative cost func-

tional:
N—

Cn(hy) = cr(sk,ar) + en(sn)
k=0

[y

Here:

o ci(sk,ar) is the instantaneous cost or single-stage cost at stage k, and ¢ is the
instantaneous cost function.

e cy(sy) is the terminal cost, and cy is the terminal cost function.

15



Note:

e The cost functional defined above is additive in time. Other cost functionals are
possible, for example the max cost, but additive cost is by far the most common and
useful.

e We shall refer to Cy as the cumulative N-stage cost, or just the cumulative cost.

Our objective is to minimize the cumulative cost Cp, by a proper choice of actions.
We will define that goal more formally below.

Cost versus reward formulation: It is often more natural to consider mazximizing
reward rather than minimizing cost. In that case, we define the cumulative N-stage return

function:
N-1

RN(hN) = Z Tk(sk,ak) + TN(SN)
k=0

Here and 7y, is the running reward, and ry is the terminal reward. Clearly, minimizing Cy
is equivalent to maximizing Ry, if we set:

ri(s,a) = —ck(s,a) and ry(s) = —cn(9).

2.2.2 Optimal Paths

Our first planning problem is the following Path Optimization Problem:

e For a given initial state s, find a feasible path hx = (sg, ag, ..., SN—1,an—1,Sy) that
minimizes the cost functional Cy(hy), over all feasible paths hy.

Such a path is called an optimal path from sg.

A more general notion than a path is that of a control policy, that specifies the action
to be taken at each state. Control policies will play an important role in our Dynamic
Programming algorithms, and are defined next.

2.2.3 Control Policies

Definition 2.2. A control policy, denoted 7, specifies for each state a unique action to
be taken at this state. Specifically, a control policy 7 is a sequence ™ = (mo,...,mN—-1) of
decision functions, where my : Sy, — Ag, and mi(s) € Ak(s). The action to be taken at time
k in state sy is given as ar = T(Sk)

16



Classes of control policies Observe that we allow the function 7 policy to depend
on the time k. Such time-dependent policies are also called non-stationary. On the other
hand, we confine ourselves here to policies that are:

e Markovian: The action aj is a function of the current state s; only, and not on
previous states and actions. Non-Markovian policies: also called history-dependent
policies, will be extensively used in the learning part of the course.

e Deterministic: More general policies may use randomization in the selection of
actions. Such randomized policies are also used in learning algorithms, as well as in
game problems.

Control policies and paths: As mentioned, a control policy specifies an action for each
state, whereas a path specifies an action only for states along the path. This distinction is
illustrated in the following figure.

So dy §1dp A) So do §1dp )

Og

Control Policy A feasible path

Induced Path: A control policy 7, together with an initial state sg, specify a feasible
path hy = (so,a0,-..,SN—1,an—_1,58n). This path may be computed recursively using
ay = mi(sk) and sp4q1 = fr(sg,ax), for k=0,1,...,N — 1.

Remark 2.4. Suppose that for each state sy, each action ay € Ag(sk) leads to a different
state sgy1 (i.e., at most one edge connects any two states). We can then identify each
action ay, € Ag(s) with the next state si+1 = fr(s,ax) it induces. In that case a path may
be uniquely specified by the state sequence (Sp,S1,...,SN).

2.2.4 Optimal Control Policies

Definition 2.3. A control policy 7 is called optimal if, for each initial state sq, it induces
an optimal path hy from sg.

17



An alternative definition can be given in terms of policies only. For that purpose, let
hn(m; sg) denote the path induced by the policy 7 from sg. For a given return functional
Ry (hy), denote Ry (m;s9) = Ry(hn(m;so)) That is, Ry(m; so) is the cumulative return
for the path induced by by 7 from sg.

Definition 2.4. A control policy 7 is called optimal if, for each initial state sg, it holds
that Ry (m;80) > Rn (75 80) for any other policy 7.

Equivalence of the two definitions can be easily established (exercise). An optimal
policy is often denoted by 7*.

The standard finite-horizon planning problem: Find a control policy 7 for
the N-stage decision problem with the cumulative return (or cost) function.

The naive approach to finding an optimal policy: For finite models (i.e., finite
state and action spaces), the number of feasible paths (or control policies) is finite. It is
therefore possible, in principle, to enumerate all N-stage paths, compute the cumulative
return for each one, and choose the one which gives the largest return. Let us evaluate
the number of different paths and control policies. Suppose for simplicity that number of
states at each stage is the same: |Xj;| = n, and similarly the number of actions at each
state is the same: |Ax(x)| = m (with m < n) . The number of feasible N-stage paths for
each initial state is seen to be m~. The number of different policies is m™". For example,
for a fairly small problem with N = n = m = 10, we obtain 10 paths for each initial
state (and 10! overall), and 10'%° control policies. Clearly it is not possible to enumerate
them all.

Fortunately, Dynamic Programming offers a drastic simplification of the computational
complexity for this problem.

2.3 Finite Horizon Dynamic Programming

The Dynamic Programming (DP) algorithm breaks down the N-stage decision problem into
N sequential single-stage optimization problems. This results in dramatic improvement in
computation efficiency.

The DP technique for dynamic systems is based on a general observation called Bell-
man’s Principle of Optimality. Essentially it states the following (for deterministic prob-
lems):

e Any sub-path of an optimal path is itself an optimal path between its end
point.

Applying this principle recursively from the last stage backward, obtains the (backward)
Dynamic Programming algorithm. Let us first illustrate the idea with following example.
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Example 2.3. Shortest path on a decision graph: Suppose we wish to find the shortest
path (minimum cost path) from the initial node in N steps.

k=0 k=1 k=2 k=N=3

»
>

The bozed values are the terminal costs at stage N, the other number are the link costs.
Using backward recursion, we may obtain that the minimal path costs from the two initial
states are 7 and 3, as well as the optimal paths and an optimal policy.

We can now describe the DP algorithm. Recall that we consider the dynamic system
8k+1:fk(8k,ak), k:O,l,Q,...,N—l

Sk € Sk, ap € Ak(sk)
and we wish to maximize the cumulative return:

N-1

Ry = Z ri(Sk, ax) + v (sn)
k=0

The DP algorithm computes recursively a set of value functions V, : S — R , where
V,.(sk) is the value of an optimal sub-path hi.ny = (si,ax,-..,sn) that starts at sj.

Algorithm 2.1. Finite-horizon Dynamic Programming
1. Initialize the value function: Vy(s) =ry(s), s € Sn.

2. Backward recursion: For k=N —1,...,0, compute

Vi(s) = gé% {Tk(saa) + Vk+1(fk(saa))} , 8€ Sk
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3. Optimal policy: Choose any control policy m = (my,) that satisfies:

T, (s) € argmax {ri(s,a) + Vi1 (fi(s,a))}, k=0,...,N—1.
a€Ay

Proposition 2.1. The following holds for finite-horizon dynamic programming:

1.

The control policy ™ computed above is an optimal control policy for the N-stage
decision problem.

2. Vy(s) is the optimal N-stage return from initial state so = s:

Vo(s) = max Ry(m;s), Vs € Sp.

We will provide a proof of this result in a later lecture, for the more general stochastic
MDP model. For the time being, let us make the following observations:

1.

The algorithm involves visits each state exactly once, proceeding backward in time.
For each time instant (or stage) k, the value function Vi(s) is computed for all states
s € Sy, before proceeding to stage k — 1.

. The recursive equation in part 2 of the algorithm, along with similar equations in the

theory of DP, is called Bellman’s equation.

Computational complexity: There is a total of nN states (excluding the final one),
and in each we need m computations. Hence, the number of required calculations is
mnN. For the example above with m =n = N = 10, we need O(10?) calculations.

A similar algorithm that proceeds forward in time (from £ = 0 to k = N) can
be devised. We note that this will not be possible for stochastic systems (i.e., the
stochastic MDP model).

. The celebrated Viterbi algorithm is an important instance of finite-horizon DP.

The algorithm essentially finds the most likely sequence of states in a Markov chain
(si) that is partially (or noisily) observed. The algorithm was introduced in 1967
for decoding convolution codes over noisy digital communication links. It has found
extensive applications in communications, and is a basic computational tool in Hidden
Markov Models (HMMs), a popular statistical model that is used extensively in
speech recognition and bioinformatics, among other areas.

Historical Notes:

e Dynamic Programming was popularized in the 1950’s and 1960’s by Richard Bell-

man (1920-1984), an American mathematician (of Jewish descent). Bellman, who
coined the term Dynamic Programming, formulated the general theory and proposed
numerous applications in control and operations research.
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e Andrew Viterbi (born 1935) is an American professor of electric engineer, a pioneer
in the field of digital communications, and co-founder of Qualcomm Inc. (together
with Irwin Jacobs). He has had close ties with the Technion, and has made many
contributions to our department.
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Chapter 3

Other Deterministic Dynamic
Programming Algorithms

Dynamic Programming (DP) can be used to solve various computational problems that
do not fall into the dynamic system framework which is our focus in this course. In this
lecture we will briefly consider DP solutions to several such problems. Our treatment will
be brief and informal.

This lecture is partly based on Chapter 15 of the textbook:

T. Cormen, C. Leliserson, R. Rivest and C. Stein, Introduction to Algo-
rithms, 2nd ed., MIT Press, 2001.

Some of the problems below are nicely explained in http://people.cs.clemson.edu/
~bcdean/dp_practice/

3.1 Specific Computational Problems

Dynamic Programming can be seen as a general approach for solving large computation
problems by breaking them down into nested subproblems, and recursively combining the
solutions to these subproblems. A key point is to organize the computation such that each
subproblem is solved only once.

In many of these problems the recursive structure is not evident or unique, and its
proper identification is part of the solution.

3.1.1 Maximum contiguous sum

Given: A (long) sequence of n real numbers ay, asg, ..., a, (both positive and negative).

J
Goal: Find V* = max > ay.
1<i<j<n =,
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An exhaustive search needs to examine O(n?) sums. Can this be done more efficiently?

k
DP Solution in linear time: Let M} = Jmax >~ ay denote the maximal sum over all
<i<k j—;
contiguous subsequences that end exactly at ay.
Then
Ml = ay,
and

M. = max{Mk_l + ag, ak}.
We may compute My, recursively for £ = 2 : n. The required solution is given by
V* = maX{Ml, MQ, ce ,Mn},
This procedure requires only O(n) calculations, i.e., linear time.
Note: The above computation gives the value of the maximal sum. If we need to know

the range of elements that contribute to that sum, we need to keep track of the indices
that maximized the various steps in the recursion.

3.1.2 Longest increasing subsequence

Given: A sequence of n real numbers a1, as, ..., ay.

Goal: Find the longest strictly increasing subsequence (not necessarily contiguous). E.g,
for the sequence (3,1,5,3,4), the solution is (1,3,4). Observe that the number of subse-
quences is 2", therefore an exhaustive search is inefficient.

DP solution: Define L; = longest strictly increasing subsequence ending at position j.
Then
=1,

Li=max{L; : 1<j, a;<aj}+1, j>1
and the size of the longest subsequence is L* = maxi<j<n(L;).
Computing L; recursively for j = 1 :n gives the result with a running time! of O(n?).
3.1.3 An integer knapsack problem

Given: A knapsack (bag) of capacity C' > 0, and a set of n items with respective sizes
Si,...,S, and values (worth) Vi, ..., V,. The sizes are positive and integer-valued.

'"We note that this can be further improved to O(nlogn). See Chapter 15 of the ‘Introduction to
Algorithms’ textbook for more details.
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Goal: Fill the knapsack to maximize the total value. That is, find the subset A C
{1,...,n} of items that maximize
> Vi
€A

Zz’eA S =C.

Note that the number of item subsets is 2.

subject to

DP solution: Let M (i, k) = maximal value for filling exactly capacity k with items from
the set 1 : 4. If the capacity k cannot be matched by any such subset, set M (i, k) = —oc.
Also set M (0,0) =0, and M(0,k) = —oo for k > 1. Then

M(i, k) = max{M(i — 1,k), M(i—1,k—S;) +Vi},

which can be computed recursively for i = 1:n, k = 1: C. The required value is obtained
by M* = maXOSkch(n, ]{7)

The running time of this algorithm is O(nC'). We note that the recursive computation
of M(n, k) requires O(C) space. To obtain the indices of the terms in the optimal subset
some additional book-keeping is needed, which requires O(nC') space.

3.1.4 Longest Common Subsequence

Given: Two sequences (or strings) X (1:m), Y(1:n)

Goal: A subsequence of X is the string that remains after deleting some number (zero or
more) of elements of X. We wish to find the longest common subsequence (LCS) of X and

Y, namely, a sequence of maximal length that is a subsequence of both X and Y.
For example:

X =AVBVAMCD,
Y = AZBQACLD.

DP solution: Let ¢(i, j) denote the length of an LCS of the prefix subsequences X (1 : i),
Y(1: 7). Set c(i,j) =0if i =0 or j = 0. Then, for 4,5 > 0,

o [eli=1,j—-1)+1 po2(i)=y(j)
c(i,j) = { max{c(i,j —1),c(i — 1,5)} : (i) # y(j)

We can now compute c(i, j) recursively, using a row-first or column-first order. Computing
¢(m, n) requires O(mn) steps.
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3.1.5 Further examples

The references mentioned above provide additional details on these problems, as well as a
number of problems. These include, among others:

e The Edit-Distance problem: find the distance (or similarity) between two strings, by
counting the minimal number of ”basic operations” that are needed to transform one
string to another. A common set of basic operations is: delete character, add char-
acter, change character. This problem is frequently encountered in natural language
processing and bio-informatics (e.g., DNA sequencing) applications, among others.

e The Matrix-Chain Multiplication problem: Find the optimal order to compute a
matrix multiplication My Ms - - - M,, (for non-square matrices).

3.2 Shortest Path on a Graph

The problem of finding the shortest path over a graph is one of the most basic ones in graph
theory and computer science. We shall briefly consider here three major algorithms for
this problem that are closely related to dynamic programming, namely: The Bellman-Ford
algorithm, Dijkstra’s algorithm, and A*.

3.2.1 Problem Statement
We introduce several definitions from graph-theory.

Definition 3.1. Weighted Graphs: Consider a graph G = (V, E) that consists of a
finite set of vertices (or nodes) V.= {v} and a finite set of edges (or links) E = {e}. We
will consider directed graphs, where each edge e is equivalent to an ordered pair (vi,vs) =
(s(e),d(e)) of vertices. To each edge we assign a real-valued weight (or cost) w(e) =
w(vy, v2).

Definition 3.2. Path: A path p on G from vy to vy is a sequence (vg,vi, v, ..., V) of
vertices such that (v;,vi41) € E. A path is simple if all edges in the path are distinct. A
cycle is a path with vy = vg.

Definition 3.3. Path length: The length of a path w(p) is the sum of the weights over

k
its edges: w(p) = > w(vi—1,v;).
i=1

A shortest path from u to v is a path from u to v that has the smallest length w(p)
among such paths. Denote this minimal length as d(u,v) (with d(u,v) = oo if no path
exists from u to v). The shortest path problem has the following variants:

e Single pair problem: Find the shortest path from a given source vertex s to a given
destination vertex t .
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e Single source problem: Find the shortest path from a given source vertex s to all
other vertices.

e Single destination: Find the shortest path to a given destination node ¢ from all other
vertices.

e All pair problem.

We note that the single-source and single-destination problems are symmetric and can
be treated as one. The all-pair problem can of course be solved by multiple applications
of the other algorithms, but there exist algorithms which are especially suited for this
problem.

3.2.2 The Dynamic Programming Equation
The DP equation (or Bellman’s equation) for the shortest path problem can be written as:
d(u,v) = min {w(u,v’) +d(v',v) : (u,u’) € E},

which holds for any pair of nodes wu, v.

The interpretation: w(u,u) 4+ d(u’,v) is the length of the path that takes one step from u
to u/, and then proceeds optimally. The shortest path is obtained by choosing the best first
step. Another version, which singles out the last step, is d(u,v) = min {d(u,v’) +w(v', v)
(v,v) € E}. We note that these equations are non-explicit, in the sense that the same
quantities appear on both sides. These relations are however at the basis of the following
explicit algorithms.

3.2.3 The Bellman-Ford Algorithm

This algorithm solves the single destination (or the equivalent single source) shortest path
problem. It allows both positive and negative edge weights. Assume for the moment that
there are no negative-weight cycles (why?).

Algorithm 3.1. Bellman-Ford Algorithm
Input: A weighted directed graph G, and destination node t.

1. Initialization: d[t] =0, djv] = oo for v € V\{t}.
% d[v] holds the current shortest distance from v to t.

2. fori=1to|V|—1,
dlv] = d[v], v e V\{t} % temporary buffer for d
for each vertex v € V\{t},
q[v] = min, {w(v,u) + d[u] : (v,u) € E}

d[v] = min{g[v], d[v]}
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3. forv e V\{t},
if d[v] < 0o
set m[v] € arg min, {w(v,u) + d[u] : (v,u) € E}
else

[v]=NULL
4. return {d[v], w[v]}

The output of the algorithm is d[v] = d(v, t), the weight of the shortest path from v to
t, and the routing list w. A shortest path from vertex v is obtained from 7 by following he
sequence: vy = 7[v], va = w[vy], ...t = w[vg—1]. To understand the algorithm, we observe
that after round ¢, d[v] holds the length of the shortest path from v in ¢ steps or less.
(This can easily be verified by the results of the previous lecture.) Since the shortest path
takes as most |V| — 1 steps, the above claim of optimality follows.

Remarks:

1. The running time of the algorithm is O(|V| - |E|). This is because in each round ¢
of the algorithm, each edge e is involved in exactly one update of d[v] for some v.

2. If {d[v]} does not change at all at some round, then the algorithm may be stopped
there.

3. In the version shown above, d[v] is used to ’freeze’ d[v] for an entire round. The
standard form of the algorithm actually uses d[v] directly on the right-hand side.

4. We have assumed above that no negative-weight cycles exist. In fact the algorithm
can be used to check for existence of such cycles: A negative-weight cycle exists if
and only if d[v] changes during an additional step (i = |V|) of the algorithm.

5. The basic scheme above can also be implemented in an asynchronous manner, where
each node performs a local update of d[v] at its own time. Further, the algorithm
can be started from any initial conditions, although convergence can be slower. This
makes the algorithm useful for distributed environments such as internet routing.

3.2.4 Dijkstra’s Algorithm

Dijkstra’s algorithm (introduced in 1959) provides a more efficient algorithm for the single-
destination shortest path problem. This algorithm is restricted to non-negative link weights,
ie., w(v,u) > 0.

The algorithm essentially determines the minimal distance d(v,t) of the vertices to
the destination in order of that distance, namely the closest vertex first, then the second-
closest, etc. The algorithm is roughly described below, with more details in the recitation.
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The algorithm maintains a set S of vertices whose minimal distance to the destination has
been determined. The other vertices are held in a queue Q. It proceeds as follows.

Algorithm 3.2. Dijkstra’s Algorithm
1. Input: A weighted directed graph, and destination node t.
2. Initialization:
d[t] =0
d[v] = 0o for v e V\{t}
mv] = ¢ forveV
S=¢

3. while S £V,
choose uw € V\S with minimal value d[u], add it to S
for each vertex v with (v,u) € E,
if dlv] > w(v,u) + du],
set d[v] = w(v,u) + d[u], w[v] = u

4. return {d[v], w[v]}

Remarks:

1. The Bellman-Form algorithm visits and updates each vertex of the graph up to |V|
times, leading to a running time of O(|V| - |E|). Dijkstra’s algorithm visits each edge
only once, which contributes O( | E|) to the running time. The rest of the computation
effort is spent on determining the order of node insertion to S.

2. The vertices in V'\ S need to be extracted in increasing order of d[v]. This is handled
by a min-priority queue ), and the complexity of the algorithm depends on the
implementation of this queue.

3. With a naive implementation of the queue that simply keeps the vertices in some fixed
order, each extract-min operation takes O(|V]) time, leading to overall running time
of O(|V|? + |E|) for the algorithm. Using a basic (mean-heap) priority queue brings
the running time to O((|V| + |E|) log |V|), and a more sophisticated one (Fibonacci
heap) can bring it down to O(|V|log |[V| + |E|).
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3.2.5 Dijkstra’s Algorithm for Single Pair Problems

For the single pair problem, Dijkstra’s algorithm can be written in the Single Source
Problem formulation, and terminated once the destination node is reached, i.e., when ¢ is
popped from the queue ). From the discussion above, it is clear that the algorithm will
terminate exactly when the shortest path between the source and destination is found.

Algorithm 3.3. Dijkstra’s Algorithm (Single Pair Problem)
1. Input: A weighted directed graph, source node s, and destination node t.
2. Initialization:

d[s] =0

d[v] = oo for v e V\{s}
wv] =0 forveV
S=10

3. while S #£V,
choose u € V\S with minimal value d[u], add it to S
if u==t, break
for each vertex v with (u,v) € E,
if d[v] > dlu] + w(u,v),
set d[v] = d[u] + w(u,v), 7[v] = u

4. return {d[v], 7[v]}

3.2.6 From Dijkstra’s Algorithm to Ax

Dijkstra’s algorithm expands vertices in the order of their distance from the source. When
the destination is known (as in the single pair problem), it seems reasonable to bias the
search order towards vertices that are closer to the goal.

The A* algorithm implements this idea through the use of a heuristic function h[v],
which is an estimate of the distance from vertex v to the goal. It then expands vertices in
the order of d[v] + h[v], i.e., the (estimated) length of the shortest path from s to ¢ that
passes through v.

Algorithm 3.4. A* Algorithm

1. Input: A weighted directed graph, source s, destination t, and heuristic function h.

2. Initialization:
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d[s] =0

d[v] = oo for v e V\{s}
v =0 forveV
S=10

3. while S #£V,
choose u € V\S with minimal value d[u] + hlu|, add it to S
if u==1t, break
for each vertex v with (u,v) € E,
if d[v] > dlu] + w(u,v),
set dv] = d[u] + w(u,v), Tlv] = u
4. return {d[v], w[v]}

Obviously, we cannot expect the estimate h(v) to be exact — if we knew the exact
distance then our problem would be solved. However, it turns out that relaxed properties
of h are required to guarantee the optimality of A*.

Definition 3.4. A heuristic is said to be consistent if for every adjacent vertices u,v we
have that
w(v,u) + hlu] — hlv] > 0.

A heuristic is said to be admissible if it is a lower bound of the shortest path to the goal,
i.e., for every vertex u we have that

hlu] < d*[u,t],

where d*[u,v]| denotes the length of the shortest path between u and v.

Remarks:

e It is easy to show that every consistent heuristic is also admissible (exercise: show
it!). It is more difficult to find admissible heuristics that are not consistent. In path
finding applications, a popular heuristic that is both admissible and consistent is the
Euclidean distance to the goal.

e With a consistent heuristic, A* is guaranteed to find the shortest path in the graph.
With an admissible heuristic, some extra bookkeeping is required to guarantee opti-
mality.

e Actually, a stronger result can be shown for A*: for a given h, no other algorithm
that is guaranteed to be optimal will explore less vertices during the search.
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e The notion of admissibility is a type of optimism, and is required to guarantee that
we don’t settle on a suboptimal solution. Later in the course we will see that this
idea plays a key role also in learning algorithms.

e We will show optimality for a consistent heuristic by showing that A* is equivalent
to running Dijkstra’s algorithm on a graph with modified weights.

1. Define new weights w(u,v) = w(u,v) + h(v) — h(u). This transformation does
not change the shortest path from s to ¢ (show this!), and the new weights are
non-negative due to the consistency property.

2. The A* algorithm is equivalent to running Dijkstra’s algorithm (for the single
pair problem) with the weights w, and defining d[v] = d[v]+h[v]. The optimality
of A* therefore follows from the optimality results for Dijsktra’s algorithm.

e The idea of changing the cost function to make the problem easier to solve without
changing the optimal solution is known as cost shaping, and also plays a role in
learning algorithms.

3.3 Continuous Optimal Control

In this section we consider optimal control of continuous, deterministic, and fully observed
systems in discrete time. In particular, consider the following problem:

UQ,--UT

T
min Z Ct(ZEt, ’LLt),
s (3.1)

st i1 = fr(xe, ug),

where the initial state xg is given. Here ¢; is a (non-linear) cost function at time ¢, and
f+ describes the (non-linear) dynamics at time t. We assume here that f; and ¢ are
differentiable.

A simple approach for solving Problem 3.1 is using gradient based optimization. Note
that we can expand the terms in the sum using the known dynamics function and initial
state:

T

J(ug,y...,ur) = th(xt,ut)

-0
= co(x0, uo) + c1(fo(zo, wo),ur) + - -+ er(fr—1(fr—2(...),ur—1), ur).

~

) ) e . Afy Ofs Oy O )
Using our differentiability assumption, we know TQ? Tqﬁ? 8—;’;, 8—5’;. Thus, using repeated

application of the chain rule, we can calculate g—i, and optimize J using gradient descent.

There are, however, two potential issues with this approach. The first is that we will only
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be guaranteed a locally optimal solution. The second is that in practice, for large T', the
repeated calculation in the gradient often suffers from numerical instability.

We will now show a different approach. We will first show that for linear systems and
quadratic costs, Problem 3.1 can be solved using dynamic programming. This problem
is often called a Linear Quadratic Regulator (LQR). We will then show how to extend
the LQR solution to non-linear problems using linearization, resulting in an iterative LQR
algorithm (iLQR).

3.3.1 Linear Quadratic Regulator
We now restrict our attention to linear-quadratic problems of the form:
T
uOI’I.l.%T Z ez, ur),
t=0
st X411 = Ay + Byuy, (32)
Ct = LL‘;erl‘t +utTRtut,Vt = 0,...,T— ].,

T
CT = Ty Qrxy.

where x is given, and @y = QtT >0, R = RtT > (0 are state-cost and control-cost matrices.
We will solve Problem 3.2 using dynamic programming. Let V;(x) denote the value
function of a state at time ¢, that is, Vi(x) = min,, ., Z’f/:t co(xp,up) st xp=x.

Proposition 3.1. The value function has a quadratic form: Vi(z) = x ' Pyx, and P; = PtT.

Proof. We prove by induction. For ¢t = T, this holds by definition, as Vp(z) = 2" Qrz.
Now, assume that V;,1(z) = ' P;y12. We have that

Vi(z) = min o' Qur + ) Ryuy + Vi1 (A + Byuy)
= H}thn ' Qur + uz—Rtut + (Awx + Btut)TPH_l (Ayz + Bruy)
=2 Quz + (Ax) Pri1(Az) + min uf (R + By Piy1Bi)us + 2(Avx) " Pryy (Byuy)
The objective is quadratic in u;, and solving the minimization gives
uf = —(R; + B, Piy1B;) ' B, Py Asz.

Substituting back u; in the expression for V;(x) gives a quadratic expression in x. O

From the construction in the proof of Proposition 3.1 one can recover the sequence
of optimal controllers u;. By substituting the optimal controls in the forward dynamics
equation, one can also recover the optimal state trajectory.

32



Remarks:

1. The DP solution is globally optimal for the LQR problem. Interestingly, the com-
putational complexity is polynomial in the dimension of the state, and linear in the
time horizon. This is in contrast to the curse of dimensionality, and is due to the
special structure of the dynamics and cost.

2. Note that the DP computation resulted in a sequence of linear feedback controllers.
It turns out that these controllers are also optimal in the presence of Gaussian noise
added to the dynamics.

3. A similar derivation holds for the system:

UQ;..., U

T
min th(xt,ut),
t=0
s.t. Ti4+1 = Atxt + Btut + Ct,
Ct — [CL‘t,Ut]TWt[CEt,Ut] + Zt[xt,ut] + Yt,Vt == 0, e ,T.

In this case, the optimal control is of the form uf = Kyx + ki, for some K; and k.

3.3.2 [Iterative LQR

We now return to the original non-linear problem 3.1. If we linearize the dynamics and
quadratize the cost — we can plug in the LQR solution we obtained above. Namely, given
some reference trajectory oo, up, . .., ZT, U, we apply a Taylor approximation:

fi(ze, we) = fe(@e, Ue) + Vg, fi (&, W) [0 — Ty, up — Uy

(e, we) = (T, W) + Vg u (e, G) [2r — B, up — 1] (3.3)
1 R N - R N
+ — [z — Ty, up — ut]Tvit7UtCt($taut)[xt — T, Up — Ug).

2

If we define 6, = z — &, &, = v — @, then the Taylor approximation gives an LQR
problem for d,,d,. It’s optimal controller is uf = Ky (z; — &) + k¢ + G;. By running this
controller on the non-linear system, we obtain a new reference trajectory. Also note that
the controller uf = Ky(vy — 2¢) + ak; + 4, for a € [0,1] smoothly transitions from the
previous trajectory (o = 0) to the new trajectory (a = 1) (show that!). Therefore we
can interpret « as a step size, to guarantee that we stay within the Taylor approximation
limits.

The iterative LQR algorithm works by applying this approximation iteratively:

1. Initialize a control sequence 1y, ..., ur (e.g., by zeros).

2. Run a forward simulation of the controls in the nonlinear system to obtain a state
trajectory oo,...,2T.
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3. Linearize the dynamics and quadratize the cost (Eq. 3.3), and solve using LQR.

4. By running a forward simulation of the control u; = K;(z; — &) + aky + Gy on the
non-linear system, perform a line search for the optimal « according to the non-linear
cost.

5. For the found «, run a forward simulation to obtain a new trajectory %o, up, . - . , LT, Ur.
Go to step 3.

In practice, the iLQR algorithm is typically much more stable and efficient than the
naive gradient descent approach.

3.4 Exercises

Exercise 3.1 (Counting). Given an integer number X, we would like to count in how
many ways it can be represented as a sum of N natural numbers (with relevance to order)
marked by ¥y (X). For example, Uy (3) =2 since: 3=1+2=2+1.

1. Find the following: ¥y (2), W9 (4),V5(2), ¥y (N) and ¥, (X).
2. Find a recursive equation for ¥y (X).
3. Write a code in Matlab for finding ¥y (X) using dynamic programming.

(a) What is the time and memory complexity of your algorithm?
(b) Find W15 (800).

4. Now assume each natural number ¢ is associated with some cost ¢;. For a given X, N
we are interested in finding the lowest cost combination of natural numbers {ml}f\il

satisfying Zf\;l ;= X.

(a) Formulate the problem as a finite horizon decision problem: Define the state
space, the action space and the cumulative cost function.

(b) Bound the complexity of finding the best combination.

Exercise 3.2 (Language model). In the city of Bokoboko the locals use a language
with only 3 letters ("B’,’K’,’O’). After careful inspection of this language, researchers have
reached two conclusions:

I. Every word starts with the letter 'B’.
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II. Every consecutive letter is distributed only according to the previous letter as follows:

B 0.1 0.325 0.25 0.325
K | 04 0 04 0.2
0] 02 02 02 04
— 1 0 0 0

P (lig1|ly) =

Where -’ represents the end of a word. For example, the probability of the word
'bko’ is given by 0.325-0.4 - 0.4 = 0.052.

1. Find the probability of the following words: 'Bob’, 'Koko’, 'B’, "Bokk’,"Boooo’.
2. We wish to find the most probable word in the language of length K.

(a) Formulate the problem as a finite horizon decision problem: Define the state
space, the action space and the multiplicative cost function.

(b) Bound the complexity of finding the best combination.

(c¢) Find a reduction from the given problem to an analogous problem with additive
cost function instead.

(d) Explain when each approach (multiplicative vs. additive) is preferable.
Hint: Think of the consequence of applying the reduction on the memory rep-
resentation of a number in a standard operating system.

(e) Write a code in Matlab which finds the most probable word of a given size using
dynamic programming. What is the most probable word of size 57

Exercise 3.3 (Path Planning). Moses the mouse starts his journey at the south west room
in a M x N rectangular apartment with M - N rooms of size 1 X 1, some of which contain
cheese. After his rare head injury in the mid-scroll war, Moses can only travel north or
east. An illustration of Moses’s life for M = 5, N = 8 is given in the following figure.

]

N )
© -

Being a mouse and all, Moses wants to gather as much cheese as possible until he
reaches the north-east room of the apartment.
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1. Formulate the problem as a finite horizon decision problem: Define the state space,
the action space and the cumulative cost function.

2. What is the horizon of the problem?

3. How many possible trajectories are there? How does the number of trajectories
behaves as a function of N when M = 27 How does it behave as a function of N
when M = N7

4. Aharon, Moses’s long lost war-buddy woke up confused next to Moses and decided
to join him in his quest (needless to say, both mice suffer the same rare head injury).

(a) Explain what will happen if both mice ignore each other’s existence and act
‘optimal’ with respect to the original problem.

(b) Assume both mice decided to coordinate their efforts and split the loot. How
many states and actions are there now?

(¢) Now their entire rarely-head-injured division has joined the journey. Assume
there’s a total of K mice, how many states and actions are there now?

Exercise 3.4 (MinMax dynamic programming). In this problem we consider an ad-
versarial version of finite horizon dynamic programming, which is suitable for solving 2-
player games.

In this setting, at time k € {0,1,2,..., N — 1} the system is at state s; € Sk, the agent
chooses an action ap € Ay (si) according to the agent policy 7 (si), and subsequently
the opponent chooses an action by from the set of allowable opponent actions By, (sg, ax),
according to the opponent policy ﬂz(sk, ag).

The system then transitions to a new state according to:

Sk+1:fk(8k7ak7bk)7 k:071727"'7N_1'

The instantaneous reward is denoted by 7 (sg,ak,br), and, for an N-stage path hy =

(s0,a0,b0...,SN-1,aN—-1,bN—1,SN) the cumulative reward is
N-1
Ry(hn) = Tk(Sk, ak, bi) + TN (sn)-
k=0

Given sg, the agent’s goal is to find a policy 7, that maximizes the worst-case cumulative
reward:

7, € argmax {min {RN(hN)}} .
T

Ta

1. Formulate a dynamic programming algorithm for this problem. Explain what the
value function represents in this case.
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Eilat Ashdod Beer Sheva Haifa Jerusalem Nazereth Netanya Petah Tikva Rehovot Tel Aviv

Eilat 0 328 246 - 323 - 381 - 327

Ashdod 328 0 82 - - - - 47 24 42
Beer Sheva 246 82 0 - 89 - - 106 82 103
Haifa - - - 0 145 40 64 91 95
Jerusalem 323 - 89 145 0 142 - 60 59 62
Nazereth - - - 40 142 0 75 - - -
Netanya 381 - - 64 - 75 0 30 54 33
Petah Tikva - 47 106 91 60 - 30 0 29 10
Rehovot 327 24 82 - 59 - 54 29 0 21
Tel Aviv - 42 103 95 62 - 33 10 21 0

Table 3.1: City-distances

2. What is the computational complexity of your algorithm?

3. Could this approach be used to solve the game of tic-tac-toe? Explain what are the
states, actions and rewards for this game.

4. Could this approach be used to solve the game of chess? Explain.

Exercise 3.5 (SSSP). This exercise concerns the SSSP problem.

1. Give an example of a graph that does not contain negative cycles, but for which
Dijkstra’s algorithm fails. Prove that your graph indeed does not contain any negative
cycles.

2. Consider the following road distances table (Excel file available on the course web-
page). Each number in the table represents a road between the two cities of the
mentioned distance.

(a) How many nodes and edges are there in the induced graph?

(b) What is the shortest path between Tel Aviv and Haifa? What about Jerusalem
and Nazereth?

(c) Program Dijkstra’s algorithm and find the shortest path from each city to each
other city. What is the time complexity of your solution in terms of the number
of nodes and edges in the graph?

(d) Find the shortest route that starts at Jerusalem, visits all other cities and then
returns to Jerusalem. What is the time complexity of your solution in terms of
the number of nodes and edges in the graph?
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Chapter 4

Markov Decision Processes

In the previous lectures we considered multi-stage decision problems for deterministic sys-
tems. In many problems of interest, the system dynamics also involves randomness, which
leads us to stochastic decision problems. In this lecture we introduce the basic model of
Markov Decision Processes, which will be considered is the rest of the course.

4.1 Markov Chains: A Reminder

A Markov chain {X;, ¢t =0,1,2,...}, with X; € X, is a discrete-time stochastic process,
over a finite or countable state-space X, that satisfies the following Markov property:

P(Xt.;,_l - j’Xt - ’i,Xt_l, e X()) - P(Xt_;,_l - ]|Xt - Z)
We focus on time-homogeneous Markov chains, where
. . . N A
P (X1 = j| Xy = i) = P(X1 = j[Xo = i) = pij.

The p;;’s are the transition probabilities, which satisfy p;; > 0, > . xpij =1 Vj. The
matrix P = (p;;) is the transition matrix.

Given the initial distribution py of Xg, namely p(Xo = i) = po(i), we obtain the finite-
dimensional distributions:

P(XO =00y, X¢ = it) = pU(i)pioil B 2 PEEY A

Define pgn) = P(X, = j|Xo = i), the m-step transition probabilities. It is easy to
verify that pg-n) = [P™];; (here P™ is the m-th power of the matrix P).

State classification:
(m)

e State j is accessible from i (i — j) if p;; > 0 for some m > 1.
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e i and j are communicating states (or communicate) if i — j and j — 1.

e A communicating class (or just class) is a maximal collection of states that commu-
nicate.

e The Markov chain is irreducible if all states belong to a single class (i.e., all states
communicate with each other).

e State ¢ is periodic with period d > 2 if pl(im) = 0 for m # {d and p(m) > 0 for m = 4d,

1]
£=1,2,.... Periodicity is a class property: all states in the same class have the same
period.

Recurrence:
e State 7 is recurrent if P(X; = ¢ for some t > 1| Xy = i) = 1. Otherwise, ¢ is transient.
e State ¢ is recurrent if and only if ), pl(.;n) = o0.
e Recurrence is a class property.

e If  and j are in the same recurrent class, then j is (eventually) reached from i with
probability 1: P(X; = j for some t > 1| Xy =1i) = 1.

e Let T; be the return time to state ¢ (number of stages required for (X;) to return to
1). If i is a recurrent state, then T; < oo w.p. 1.

e State 7 is positive recurrent if E(T;) < oo, and null recurrent if E(T;) = oo. If the
state space is finite, all recurrent states are positive recurrent.

Invariant Distribution: The probability vector 7 = (7;) is an invariant distribution or
stationary distribution for the Markov chain if 7P = m, namely

ﬂ'j = Ez Wipij V]

Clearly, if Xy ~ 7 then X1 ~ 7. If Xy ~ 7, then the Markov chain (X}) is a stationary
stochastic process.

Theorem 4.1 (Recurrence of finite Markov chains). Let (X;) be an irreducible, a-
periodic Markov chain over a finite state space X. Then the following properties hold:

1. All states are positive recurrent
2. There erists a unique stationary distribution ©*

3. Convergence to the stationary distribution: limt_wopg-) =m; (V)
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1>

4. Ergodicity: For any finite f: limy o0t ST (X)) =30, (@) (i)

For countable Markov chains, there are other possibilities.

- f.

Theorem 4.2 (Countable Markov chains). Let (X;) be an irreducible and a-periodic
Markov chain over a countable state space X. Then:

1. FEither (i) all states are positive recurrent, or (ii) all states are null recurrent, or (iii)
all states are transient.

2. 1If (i) holds, then properties (2)-(4) of the previous Theorem hold as well.

3. Conwversely, if there exists a stationary distribution w then properties (1)-(4) are
satisfied.

Reversible Markov chains: Suppose there exists a probability vector m = (m;) so that
TiPij = TjDji, i,j€X. (4.1)

It is then easy to verify by direct summation that 7w is an invariant distribution for the
Markov chain defined by (p;;). The equations (4.1) are called the detailed balance equations.
A Markov chain that satisfies these equations is called reversible.

Example 4.1 (Discrete-time queue). Consider a discrete-time queue, with queue length
X € Ng={0,1,2,...}. At time instant t, Ay new jobs arrive, and then up to Sy jobs can
be served, so that

Xip1 = (X¢ + A — ST

Suppose that (St) is a sequence of i.i.d. RVs, and similarly (A;) is a sequence of i.i.d. RVs,
with (St), (A:) and Xo mutually independent. It may then be seen that (X¢, t > 0) is a
Markov chain. Suppose further that each S is a Bernoulli RV with parameter q, namely
P(S; =1) =gq, P(S: =0) =1—gq. Similarly, let A; be a Bernoulli RV with parameter p.
Then

p(1—q) Di=1+1

(I-p)(A-q)+pg : j=1i, i>0
Dij = (1—-p)g s j=i—1, i>0

(1—p)+pg D j=i=0

0 . otherwise

Denote A = p(1 —q), p = (1 —p)q, and p = A\/p. The detailed balance equations for this
case are:
TN = Tit1H, i>0

These equations have a solution with Y ;m; =1 if and only if p < 1. The solution is
m; = mop*, with mg = 1 — p. This is therefore the stationary distribution of this queue.
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4.2 Controlled Markov Chains

A Markov Decision Process consists of two main parts:
1. A controlled dynamic system, with stochastic evolution.
2. A performance objective to be optimized.

In this section we describe the first part, which is modeled as a controlled Markov chain.
Consider a controlled dynamic system, defined over:

e A discrete time axis T = {0, 1,...,T—1} (finite horizon), or T = {0, 1,2, ...} (infinite
horizon). To simplify the discussion we refer below to the infinite horizon case, which
can always be "truncated” at T if needed.

e A finite state space S, where S; C S is the set of possible states at time ¢ .

e A finite action set A, where A;(s) C A is the set of possible actions at time ¢ and
state s € 5.

State transition probabilities:

e Suppose that at time ¢ we are in state s; = s, and choose an action a; = a. The next
state s;11 = s’ is then determined randomly according to a probability distribution
pe(+|s,a) on Sgpq. That is,

P(str1 = 8'|st = s,ac = a) = p(5']s, a), s’ € St

e The probability p:(s’|s,a) is the transition probability from state s to state s’ for a
given action a. We naturally require that p;(s'[s,a) >0, and 3 g, pi(s]s,a) =1
for all s € S, a € Ay(s).

e Implicit in this definition is the controlled-Markov property:
P(str1 = 8'|st,ar) = P(se41 = §'|st, ar, . . ., S0,a0)
e The set of probability distributions
P={p(|s,a) : se€S,aec As),teT}

is called the transition law or transition kernel of the controlled Markov process.

Stationary Models: The controlled Markov chain is called stationary or time-invariant
if the transition probabilities do not depend on the time t. That is:

Vt,  pu(s']s,a) = p(s'fs,a), S =S, Ay(s) = A(s).
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p=04 p=03 p=1
Figure 4.1: Markov chain

p=1

p=03 p=05

Figure 4.2: Controlled Markov chain

Graphical Notation: The state transition probabilities of a Markov chain are often
illustrated via a state transition diagram, such as in Figure 4.1.

A graphical description of a controlled Markov chain is a bit more complicated because
of the additional action variable. We obtain the diagram (drawn for state s = 1 only, and
for a given time t) in Figure 4.2, reflecting the following transition probabilities:

p(s =2ls=1,a=1)=1

03 : §=1
p(dls=1,a=2)=< 02 : §=2
0.5 =3

State-equation notation: The stochastic state dynamics can be equivalently defined
in terms of a state equation of the form

St+1 = fr(se, ar, wy),

where wy is a random variable. If (w;):>¢ is a sequence of independent RVs, and further each
wy is independent of the "past” (s¢—1,a¢—1,...50), then (st at)i>0 is a controlled Markov
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process. For example, the state transition law of the last example can be written in this
way, using w; € {4,5,6}, with p,,(4) = 0.3, pw(5) = 0.2, p,(6) = 0.5 and, for s; = 1:

ft(]-a]-awt) =2
ft(l, 2, wt) = Wt — 3 ’

The state equation notation is especially useful for problems with continuous state space,
but also for some models with discrete states.

Control Policies

e A general or history-dependent control policy m = (m)eT is a mapping from each
possible history h; = (so, ag, ..., St—1,at—1,5;), t € T, to an action a; = m¢(hy) € A;.
We denote the set of general policies by Ilg.

e A Markov control policy 7 is allowed to depend on the current state and time only:
a; = m(st). We denote the set of Markov policies by IIj;.

e For stationary models, we may define stationary control policies that depend on the
current state alone. A stationary policy is defined by a single mapping 7 : S — A,
so that a; = m(s;) for all t € T. We denote the set of stationary policies by Ilg.

e Evidently, Ilg D 1T D Ilg.

Randomized Control policies

e The control policies defined above specify deterministically the action to be taken at
each stage. In some cases we want to allow for a random choice of action.

e A general randomized control policy assigns to each possible history h; a probability
distribution m;(:|h:) over the action set A;. That is, prob{a; = alh:} = m(alh:). We
denote the set of general randomized policies by Ilgg.

e Similarly, we can define the set II;;r of Markov randomized control policies, where
m¢(-|he) is replaced by m(-|s;), and the set IIggr of stationary randomized control
policies, where 7;(+|s;) is replaced by 7(+|s;).

e Note that the set Ilgr includes all other policy sets as special cases.

The Induced Stochastic Process Let pyp = {po(s),s € Sp} be a probability distribu-
tion for the initial state so. A control policy m € Ilggr, together with the transition law
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P = {pt(s'|s,a)} and the initial state distribution py = (po(s), s € Sp), induce a prob-

ability distribution over any finite state-action sequence hp = (sg,ag, ..., S7—1,a7r—1, ST),
given by
T—1
P(hr) = po(so) H P(ser1lse, ag)me(aclhy).
t=0

To see this, observe the recursive relation:

P(ht+1) = P(htyat75t+1) = P(St+1|ht,Gt)P(at\ht)P(ht)
= pe(ses1|se, ar)mi(ag|he) P(hy).

In the last step we used the conditional Markov property of the controlled chain: P(s;y1|h, a;) =
pi(Se41|st, ar), and the definition of the control policy m. The required formula follows by
recursion.

Therefore, the state-action sequence hoo = (S, @k )r>0 can now be considered a stochas-
tic process. We denote the probability law of this stochastic process by P™P0(-). The
corresponding expectation operator is denoted by E™P0(-). When the initial state sq is
deterministic (i.e., po(s) is concentrated on a single state s), we may simply write P™*(-)
or P™(:|sg = s).

Under a Markov control policy, the state sequence (s¢);>0 becomes a Markov chain,
with transition probabilities

P(si11 = 5'|st = 5) = ZaeAz pe(s']s, a)m(als).

Exercise 4.1. Prove this!

If the controlled Markov chain is stationary (time-invariant) and the control policy is
stationary, then the induced Markov chain is stationary as well.

Remark 4.1. For most non-learning optimization problems, Markov policies suffice to
achieve the optimum.

Remark 4.2. Implicit in these definitions of control policies is the assumption that the
current state s; can be fully observed before the action a; is chosen . If this is not the case
we need to consider the problem of a Partially Observed MDP (POMDP), which is more

involved.

4.3 Performance Criteria

4.3.1 Finite Horizon Problems

Consider the finite-horizon problem, with a fixed time horizon 7. As in the deterministic
case, we are given a running reward function r; = {r(s,a) : s € Sy,a € A} for 0 <t <
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T — 1, and a terminal reward function rp = {rp(s) : s € Sp}. The obtained rewards are
then Ry = ry(s¢,ar) at times ¢t < T — 1, and Ry = rp(sp) at the last stage. Our general
goal is to maximize the cumulative return:

T T—1
ZRt = Z r¢(s¢, at) + r7(ST).
=0 t=0

However, since the system is stochastic, the cumulative return will generally be random,
and we need to specify in which sense to maximize it. A natural first option is to consider
the expected value of the return. That is, define:

T

T
JE(s) = E™(>_ Riso=s)= E™()_Ri)
t=0

t=0

Here 7 is the control policy as defined above, and s denotes the initial state. Hence, J7.(s)
is the expected cumulative return under the control policy 7. Our goal is to find an optimal
control policy that maximized J7(s).

Remarks:

1. Dependence on the next state: In some problems, the obtained reward may depend
on the next state as well: Ry = 7¢(s¢, at, S¢+1). For control purposes, when we only
consider the expected value of the reward, we can reduce this reward function to the
usual one by defining

(s, a) 2 E(Ri|st = s,ar = a) = Z p(s'|s,a)f(s,a, s)

s'eS

2. Random rewards: The reward R; may also be random, namely a random variable
whose distribution depends on (s¢,a¢). This can also be reduced to our standard
model for planning purposes by looking at the expected value of R;, namely

ri(s,a) = E(R¢|st = s,a; = a).

3. Risk-sensitive criteria: The expected cumulative return is by far the most common
goal for planning. However it is not the only one possible. For example, one may
consider the following risk-sensitive return function:

T
K 1 m,Ss
Jr . (s) = XlogE ’ (exp()\ZRt)).
=0

For A > 0, the exponent gives higher weight to high rewards, and the opposite for
A <O0.
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4.3.2 Infinite Horizon Problems

We next consider planning problems that extend to an unlimited time horizon, t = 0,1,2, .. ..
Such planning problems arise when the system in question is expected to operate for a long
time, or a large number of steps, possibly with no specific ”closing” time. Infinite horizon
problems are most often defined for stationary problems. In that case, they enjoy the
important advantage that optimal policies can be found among the class of stationary poli-
cies. We will restrict attention here to stationary models. As before, we have the running
reward function r(s,a), which extends to all ¢ > 0. The reward obtained at stage ¢ is
Ry = 1r(s¢, ar).

Discounted return: The most common performance criterion for infinite horizon prob-
lems is the expected discounted return:

JI(s) = E”(Z o'r(se, a¢)|sg = ) = E“’S(Z a'r(se, ar))
=0

t=0

Here 0 < o < 1 is the discount factor. Mathematically, the discount factor ensures con-
vergence of the sum (whenever the reward sequence is bounded). This make the problem
”well behaved”, and relatively easy to analyze.

Average return: Here we are interested to maximize the long-term average return. The
most common definition of the long-term average return is

S
—

Jr,(s) = liminf E™°(

T—oo T(St’at))

N =

t

Il
=)

The theory of average-return planning problems is more involved, and relies to a larger
extent on the theory of Markov chains.

4.3.3 Stochastic Shortest-Path Problems

In an important class of planning problems, the time horizon is not set beforehand, but
rather the problem continues until a certain event occurs. This event can be defined as
reaching some goal state. Let Sg C .S define the set of goal states. Define

T=inf{t >0: s € S¢}

as the first time in which a goal state is reached. The total expected return for this problem
is defined as:

|
—

T

Joop(8) = ET()_r(s,a0) + 16 (s7))

{...
Il
=)



Here r¢(s), s € Sg specified the reward at goal states.

This class of problems provides a natural extension of the standard shortest-path prob-
lem to stochastic settings. Some conditions on the system dynamics and reward function
must be imposed for the problem to be well posed (e.g., that a goal state may be reached
with probability one). Such problems are known as stochastic shortest path problems, or
also episodic planning problems.

4.4 *Sufficiency of Markov Policies

In all the performance criteria defined above, the criterion is composed of sums of terms
of the form E(ry(s¢, ar)). It follows that if two control policies induce the same marginal
probability distributions p(s¢, a;) over the state-action pairs (s¢, a¢) for all t > 0, they will
have the same performance.

Using this observation, the next claim implies that it is enough to consider the set of
(randomized) Markov policies in the above planning problems.

Proposition 4.1. Let m € llgr be a general (history-dependent, randomized) control pol-
icy. Let
pp P (s,a) = P™%0(s; = s, a4 = a), (s,a) € Sy x Ay

Denote the marginal distributions induced by (s¢,ar) on the state-action pairs (s, at), for
all t > 0. Then there exists a randomized Markov policy 7 that induces the same marginal
probabilities (for all initial states sg).

Exercise 4.2 (Challenge Problem 1). Prove Proposition 4.1.
Note: If you consult a reference or a friend, mention that in your solution.

4.5 Finite-Horizon Dynamic Programming

Recall that we consider the expected total reward criterion, which we denote as

J(sg) = E™* <ZtT:01 (st at) + TT(ST)>

Here 7 is the control policy used, and sy is a given initial state. We wish to maximize
J7(sg) over all control policies, and find an optimal policy 7* that achieves the maximal
reward J*(so) for all initial states sg. Thus,

* A Tk a
J*(s0) = J™(s0) = max J"(s0)
™ R
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4.5.1 The Principle of Optimality

The celebrated principle of optimality (stated by Bellman) applies to a large class of multi-
stage optimization problems, and is at the heart of DP. As a general principle, it states
that:

The tail of an optimal policy is optimal for the ”tail” problem.
This principle is not an actual claim, but rather a guiding principle that can be applied

in different ways to each problem. For example, considering our finite-horizon problem, let

7 = (mp,...,mr—1) denote an optimal Markov policy. Take any state s; = s’ which has

a positive probability to be reached under 7*, namely P™%(s; = s’) > 0. Then the tail
policy (m,...,mp—1) is optimal for the "tail” criterion JJ(s") = E™ (Zg:t Ry|st = s’).

4.5.2 Dynamic Programming for Policy Evaluation

As a "warmup”, let us evaluate the reward of a given policy. Let m = (7, ..., mp—1) be a
given Markov policy. Define the following reward-to-go function, or value function:

T

Vir(s) = E™ <Zt:k Ry|sy = s>
Observe that Vi (sg) = J™(s0).
Lemma 4.1 (Value Iteration). V" (s) may be computed by the backward recursion:

Vii(s) = {rk(s, a) + Zs'eSkH pr(s']s, a) Vkﬁrl(sl)} , s€S

a=m(s)
fork=T—1,...,0, starting with V] (s) = rr(s).

Proof. Observe that:
™ ™ N
Vk (S) =F Rk + Zt:k—i—l Rt’ S = S,a = 77—]{:(8)

s s N
=LE"(E R/Hrz Ry| sp = s,ar = mk(S), skq1 | [sk = s, ax = mx(s)

t=k+1
= E™ (r(sk, ar) + Vi1 (Sk41) sk = s, a, = mi(s))

=l(sme(s) + 3 o pul(s'ls m(s)) Vil ()
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Remarks:
e Note that Zs’eSkH pr(8'ls,a) VT (s") = E™(VI (sk41)lsk = 8, a1 = a).
e For the more general reward function (s, a, s’), the recursion takes the form
Vi'(s) = s'|s,a)[re(s,a,s) + VT (s }
E0 =X, s k00 ) HVER |

A similar observation applies to all Dynamic Programming equations below.

4.5.3 Dynamic Programming for Policy Optimization

We next define the optimal value function at each time & > 0 :

T

k T
Vi(s) = m%XE7T <Zt:k Ry|sy, = s> ., SESE

The maximum is taken over "tail” policies 7% = (7, ... ,mr—1) that start from time k.

Note that 7" is allowed to be a general policy, i.e., history-dependent and randomized.
Obviously, Vo(so) = J*(s0).

Theorem 4.3 (Finite-horizon Dynamic Programming). The following holds:

1. Backward recursion: Set Vi(s) =rr(s) for s € Sr.
Fork=T—1,...,0, V,.(s) may be computed using the following recursion:

V,.(s) = max {’I“k(S, a) + Zs’eskﬂ pr(s']s, a) Vk+1(3,)} , S€ Sk

aeAk

2. Optimal policy: Any Markov policy ©* that satisfies, fort =0,...,T —1,
i (s) € argergfmx {n(s, a) + ZS'ESt+1 pi(s']s, a) V;f+1(5/)} , S€ES,

is an optimal control policy. Furthermore, m* mazimizes J™(sg) simultaneously for
every initial state sy € Sp.

Note that Theorem 4.3 specifies an optimal control policy which is a deterministic
Markov policy.

Proof. Part (i):
We use induction to show that the stated backward recursion indeed yields the optimal
value function. The idea is simple, but some care is needed with the notation since we
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consider general policies, and not just Markov policies. The equality V.(s) = rr(s) follows
directly from the definition of V..

We proceed by backward induction. Suppose that V; (s) is the optimal value function
for time k 4+ 1. We need to show that V, (s) = Wj(s), where

A / /
Wi(s) = max {rk(s, a) + Zs'eskﬂ pr(s']s,a) Vi (s )} .

We will first establish that V,(s) > Wj(s), and then that V, (s) < Wy(s).
(a) We first show that V. (s) > Wj(s). For that purpose, it is enough to find a policy

7 so that ank (s) = Wi(s).
Fix s € S, and define 7" as follows: Choose aj = a, where

a € argmax 4 1k(s,a) + s'|s,a) Vi (") ¢,
g {nls0) £ 30, (0 Via ()}
and then, after observing spy; = s/, proceed with the optimal tail policy 7**!(s’) that

kE4+1(g/
obtains VI:+1+ (s )(s’ ) = Viy1(s'). Proceeding similarly to Subsection 4.5.2 above (value
iteration for a fixed policy), we obtain:

ok _ _ aktl(g
Vi (s) = ri(s,a) + Zs’eskﬂ p(s’]s, a) Vk+1 ( )(S/) (4.2)
=ri(s,a) £ o p15,8) Vi () = Wils), (4.3)

as was required.

(b) To establish V,(s) < Wy(s), it is enough to show that Vk”k(s) < Wyi(s) for any
(general, randomized) "tail” policy 7*.

Fix s € Sj. Consider then some tail policy 7 = (m,...7r_1). Note that this means
that a; ~ m(alhyt), where hgy = (Sg,ak, Sk+1,ak+1,---,5¢). For each state-action pair
s € Sg and a € Ay, let (7¥|s,a) denote the tail policy 7%+1 from time k + 1 onwards which
is obtained from 7% given that s, = s, a, = a. As before, by value iteration for a fixed

policy,
ﬂ.k k ’
Vi) = X, el {retes ) + 3 et o VTP
But since V) | is optimal,
k
Vk7r (s) < ZaeAk

< s+ X, nlsa) Vo ()} = W),

a€Ag

mr(als) {rk(s, a) + ZS’GSk+1 pi(s']s,a) Vk+1(5/)}
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which is the required inequality in (b).

Part (ii) (Outline - exercise):

Let 7 be the (Markov) policy defined in part 2 of Theorem 4.3. Using value iteration
for this policy, prove by backward induction that Vk”* =V.. O

To summarize:

e The optimal value function can be computed by backward recursion. This recursive
equation is known as the dynamic programming equation, optimality equation, or
Bellman’s Equation.

e Computation of the value function in this way is known as the finite-horizon value
iteration algorithm.

e The value function is computed for all states at each stage.
e An optimal policy is easily derived from the optimal value.

e The optimization in each stage is performed in the action space. The total number
of minimization operations needed is T' x |S| - each over |A| choices. This replaces
"brute force” optimization in policy space, with tremendous computational savings
as the number of Markov policies is |A|T*I51,

4.5.4 The Q function

Let
A / /
Qk(s,a) = ri(s,a) + ZS’ESk pr(s'[s,a) Vi(s).

This is known as the optimal state-action value function, or simply as the Q-function.
Qk(s,a) is the expected return from stage k onward, if we choose ax = a and then proceed
optimally.

Theorem 4.3 can now be succinctly expressed as

Vi(s) =
i (s) max Qk(s,a),

and

71 (s) € arg max Q(s, a).
a€Ay

The Q function provides the basis for the Q-learning algorithm, which is one of the basic
Reinforcement Learning algorithms.
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4.6 Exercises

Exercise 4.3 (Markov chains). Let {X,,} be a time-homogenous Markov processes in
discrete time which takes values in {0,1,..} (an infinite countable set).

1. Assume the process satisfies for each i € {0,1,...}:

Pio=¢q, piit1=1—¢q, 0<g<1.

Plot the state transition diagram for {0,1,2,3}. If the chain is recurrent, find the
stationary distribution, if it is not find the transient states.

2. Consider the same process as above and assume P (Xo=0) = 1. Define Y,, =
{7 : X; =0,7 <n}| as the number of visits to 0 until time n. Also define Z, =

( X, Y, )T. Is {Z,} a Markov process? Is it recurrent? Is it transient?
3. Assume the process satisfies for each i € {1,2,...}:
po1 =1, piit1=pii-1=0.5.

Is the process recurrent? If so, find a stationary distribution if it exists or explain
why there is none. If the process is not recurrent, what are the transient states?
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Chapter 5

MDPs with Discounted Return

This lecture covers the basic theory and main solution methods for stationary MDPs over
an infinite horizon, with the discounted return criterion. In this case, stationary policies
are optimal.

The discounted return problem is the most ”well behaved” among all infinite horizon
problems (such as average return and stochastic shortest path), and the theory of it is
relatively simple, both in the planning and the learning contexts. For that reason, as well
as its usefulness, we will consider here the discounted problem and its solution in some
detail.

5.1 Problem Statement

We consider a stationary (time-invariant) MDP, with a finite state space S, finite action set
A, and transition kernel P = (P(s'|s,a)) over the infinite time horizon T = {0,1,2,...}.

Our goal is to maximize the expected discounted return, which is defined for each
control policy 7w and initial state sg = s as follows:

J7(s) = E"(>_+'r(st,ar)|s0 = s)
t=0

= E™( ’Ytr(Su at))
t=0

Here,
e r:5x A— Ris the (running, or instantaneous) reward function.

e v € (0,1) is the discount factor.
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We observe that v < 1 ensures convergence of the infinite sum (since that the rewards
r(s¢,at) are uniformly bounded). With v = 1 we obtain the total return criterion, which
is harder to handle due to possible divergence of the sum.

Let J3(s) denote the maximal value of the discounted return, over all (possibly history
dependent and randomized) control policies, i.e.,

J(s) = sup JJ(s).
w€llgr

Our goal is to find an optimal control policy 7* that attains that maximum (for all
initial states), and compute the numeric value of the optimal return J3(s). As we shall see,
for this problem there always exists an optimal policy which is a (deterministic) stationary
policy.

Note: As usual, the discounted performance criterion can be defined in terms of cost:

T5(s) = EP(3 (st ar))
t=0

where ¢(s,a) is the running cost function. Our goal is then to minimize the discounted
cost J7(s).

5.2 The Fixed-Policy Value Function

We start the analysis by defining and computing the value function for a fixed stationary
policy. This intermediate step is required for later analysis of our optimization problem,
and also serves as a gentle introduction to the value iteration approach.

For a stationary policy 7 : S — A, we define the value function V7 (s), s € S simply as
the corresponding discounted return:

V™(s) E E™s (Z ,ytr(st,at)> = J;T(S), sesS

t=0

Lemma 5.1. V™ satisfies the following set of |S| linear equations:

VT (s) =r(s,m(s)) + 725’65 p(s'[s,m(s))V™(s'), seS. (5.1)

Proof. We first note that

V7(s) 2 E”(Z vor(se, at)|so = )
t=0

= E”(Z Y (sh, a8)|s1 = s),
t=1
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since both the model and the policy are stationary. Now,

V7(s) = r(s,m(s) + ET(Y_y'r(se,m(s0))]50 = )
t=1

E™ (Z yir(se, m(se))|so = 5,81 = s’)

t=1

=r(s,m(s)) + E"

sozs]

=r(s,m(s)) +~ Z p(s|s, ﬂ(S))E”(Z A (s, at)|sy = §)
t=1

s'esS =

=r(s,m(s) + Y p('ls, w() ET(Y_A'r(se,mw(se))|s1 = 8)
t=1

s'eS

=r(s,m(s) +7 ) p(s|s,w(s)) V().

s'eS

The first equality is by the smoothing theorem. The second equality follows since s, = s
and a; = m(sy), the third equality follows similarly to the finite-horizon case (Lemma
4.1 in the previous lecture), the fourth is simple algebra, and the last by the observation
above. O

We can write the linear equations in (5.1) in vector form as follows. Define the column
vector 1™ = (r7(s))ses with components 7™ (s) = r(s,7(s)), and the transition matrix P™
with components P7(s'|s) = p(s'|s,7(s)). Finally, let V™ denote a column vector with
components V™ (s). Then (5.1) is equivalent to the linear equation set

VT =T 4 APV (5.2)

Lemma 5.2. The set of linear equations (5.1) or (5.2), with V™ as variables, has a unique
solution V™, which is given by

V™= (I —~P™) .

Proof. We only need to show that the square matrix I—+P™ is non-singular. Let (\;) denote
the eigenvalues of the matrix P™. Since PT is a stochastic matrix (row sums are 1), then
|Ai] < 1. Now, the eignevalues of I —yP™ are (1—+J\;), and satisfy [1—y\;| > 1—y>0. O

Combining Lemma 5.1 and Lemma 5.2, we obtain

Proposition 5.1. The fized-policy value function V™ = [V™(s)] is the unique solution of
equation (5.2), given by
V™ = (I —~P™)" 7.
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Proposition 5.1 provides a closed-form formula for computing V™. For large systems,
computing the inverse (I —yP™)~! may be hard. In that case, the following value iteration
algorithm provides an alternative, iterative method for computing V7.

Algorithm 5.1. Fized-policy value iteration
1. Let Voy = (Vo(s))ses be arbitrary.

2. Forn=0,1,2,..., set

Vs (s) = +’YZ,ES s'ls,m(s))V,(s), seS

or, equivalently,
Vg1 =17 +yP™V,.

Proposition 5.2 (Convergence of fixed-policy value iteration). We have V;, = V™
component-wise, that is,
lim V,,(s) =V™(s), se€&S.

n—o0

Proof. Note first that

Vils) = r(s,m(s) +7 3 pls/ls, () Vo (s)
= E”( (so,ao) + Vo (s1)|s0 = $).
Continuing similarly, we obtain that

n—1

Vi (s) = E”(Z Yr(se, at) +v"Vo(sn)|so = s).
t=0

Note that V,(s) is the n-stage discounted return, with terminal reward r,(s,) = Vo(sn).
Comparing with the definition of V™, we can see that

V7 (s) = Vi (s) = E™(D_~'r(st,a1) — 7"Vo(sn)lso = 5).

Denoting Rimax = max; 4|7 (s, a)|, Vo = maxs|V(s)| we obtain

[V7(s) = Va(s)| <4™(

which converges to 0 since v < 1. O
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Comments:

e The proof provides an explicit bound on |V™(s) — V,,(s)|. It may be seen that the
convergence is exponential, with rate O(y™).

e Using vector notation, it may be seen that

n—1
Vn — 7 + P77 4.+ (Pﬂ')’nflrﬂ' + (Pfr)n‘/o — Z (P7T)t7,7T + (Pfr)nvb
t=0
Similarly, V™ = 3 (P™)%"
t=0

In summary:
e Proposition 5.1 allows to compute V™ by solving a set of |S| linear equations.

e Proposition 5.2 computes V™ by an infinite recursion, that converges exponentially
fast.

5.3 Overview: The Main DP Algorithms

We now return to the optimal planning problem defined in Section 5.1. Recall that J;"(s) =

SUDrer,, /7 (s) is the optimal discounted return. We further denote

V*(s) 2 Ji(s), se€S,

and refer to V* as the optimal value function. Depending on the context, we consider V*
either as a function V*: S — R, or as a column vector V* = [V (s)]ses.

The following optimality equation provides an explicit characterization of the value
function, and shows that an optimal stationary policy can easily be computed if the value
function is known.

Theorem 5.1 (Bellman’s Optimality Equation). The following statements hold:

1. V* is the unique solution of the following set of (nonlinear) equations:
/
V(s)—max{ s, a +’yZS€S s'ls,a) (s)}, ses. (5.3)
2. Any stationary policy m* that satisfies
/
W()Eargmax{ s,a +’yzles s'|s,a) (s)},

is an optimal policy (for any initial state sy € S).
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The optimality equation (5.3) is non-linear, and generally requires iterative algorithms
for its solution. The main iterative algorithms are value iteration and policy iteration.

Algorithm 5.2. Value iteration
1. Let Vo = (Vo(s))ses be arbitrary.
2. Form=0,1,2,..., set
/
Vot1(s) = max{ s,a —&-’yz,es s'ls,a)V, (3)}, Vse S
Theorem 5.2 (Convergence of value iteration). We have lim,,_,o,V,, = V* (component-

wise). The rate of convergence is exponential, at rate O(y™).

The value iteration algorithm iterates over the value functions, with asymptotic con-
vergence. The policy iteration algorithm iterates over stationary policies, with each new

policy better than the previous one. This algorithm converges to the optimal policy in a
finite number of steps.

Algorithm 5.3. Policy iteration
1. Initialization: choose some stationary policy .

2. Fork=0,1,...:

(a) Policy evaluation: compute V™. % For example, use the explicit formula V™ =
(I — yP™) =Ly,

(b) Policy Improvement: Compute Ti11, a greedy policy with respect to V7k :
Tk
7rk+1()€argmax{ sa+72/s s'[s,a)V7(s )}, Vs e S.

(c) Stop if V™+1 = V™ (or if V™ satisfied the optimality equation), else continue.
Theorem 5.3 (Convergence of policy iteration). The following statements hold:

1. Each policy w11 is improving over the previous one Ty, in the sense that V7e+1 > V7k
(component-wise).

2. VT+1 = V7™ 4f and only if m is an optimal policy.

3. Consequently, since the number of stationary policies is finite, m, converges to the
optimal policy after a finite number of steps.

An additional solution method for DP planning relies on a Linear Programming for-
mulation of the problem. A Linear Program (LP) is simply an optimization problem with

linear objective function and linear constraints. We will provide additional details later in
this Lecture.
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5.4 Contraction Operators

The basic proof methods of the DP results mentioned above rely on the concept of a
contraction operator. We provide here the relevant mathematical background, and illustrate
the contraction properties of some basic Dynamic Programming operators.

5.4.1 The contraction property

Recall that a norm || - || over R™ is a real-valued function || - || : R — R such that, for any
pair of vectors z,y € R™ and scalar a,

L az[| = [a] - [Jaz]],
2. [ +yll < [l + llyll;
3. ||z|| = 0 only if x = 0.

Common examples are the p-norm ||z||, = (321, |#;[")"/P for p > 1, and in particular
the Euclidean norm (p = 2). Here we will mostly use the max-norm:

||z]|oc = max [a;].
1<i<n

Let T : RY — R? be a vector-valued function over R? (d > 1). We equip R? with some
norm || - ||, and refer to T as an operator over R%. Thus, T'(v) € R? for any v € R%. We
also denote T"(v) = T(T" *(v)) for n > 2. For example, T?(v) = T(T(v)).

Definition 5.1. The operator T is called a contraction operator if there exists f € (0,1)
(the contraction coefficient) such that

T (v1) = T(v2)l| < Bllvr — vall,

for all vi,vy € R

5.4.2 The Banach Fixed Point Theorem

The following celebrated result applies to contraction operators. While we quote the result
for R%, we note that it applies in much greater generality to any Banach space (a complete
normed space), or even to any complete metric space, with essentially the same proof.

Theorem 5.4 (Banach’s fixed point theorem). Let T : R® — R be a contraction
operator. Then

1. The equation T(v) = v has a unique solution V* € RY.
2. For any vo € RY, lim,, o T™(vo) = V*. In fact, ||T™(vo) — V*|| < O(B"), where B is

the contraction coefficient.
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Proof. (outline)

1. Uniqueness: Let V7 and Va2 be two solutions of T'(v) = v, then
Vi = Val[ = [[T(V1) = T(Va)]| < Bl[Vi = VA,

which implies that ||V} — Va|| = 0, hence V; = V5.

Existence (outline): (i) show that V, a T™(Vp) (with Vp arbitrary) is a Cauchy
sequence. (ii) Since any Cauchy sequence in R? converges, this implies that Vj,
converges to some V* € RY. (iii) Now show that V* satisfies the equation T'(v) =

2. We have just shown that, for any Vp, V), 2 T™(Vp) converges to a solution of T'(v) = v,
and that solution was shown before to be unique. Furthermore, we have

Vo =V = T (Voa) =T (V)]
<BVaar =V < 0 < BV =V

5.4.3 The Dynamic Programming Operators

We next define the basic Dynamic Programming operators, and show that they are in fact
contraction operators.

For a fixed stationary policy 7 : S — A, define the fixed policy DP operator T7 : RISl —
RIS as follows: For any V = (V(s)) € RIS,

(TT(V))(s) = r(s,0) +v ), p(s'ls.n()V(s), s€S

In our column-vector notation, this is equivalent to 77 (V) = r™ +yP™V.
Similarly, define the discounted-return Dynamic Programming Operator 7™ :
RIS — RIS as follows: For any V = (V(s)) € RIS,

(T*(V)(s) = max{ s,a —1—72/65 s'|s,a) (s’)}, se s

acA

We note that T™ is a linear operator, while T* is generally non-linear due to the
maximum operation.

Let ||V]]so 2 maxses|V (s)| denote the max-norm of V. Recall that 0 < v < 1.
Theorem 5.5 (Contraction property). The following statements hold:

1. T™ is a ~y-contraction operator with respect to the max-norm, namely ||T™(Vy) —

T™(Va)|loo < Y||IVi = Vallso for all V1, Vs € RIS
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2. Simalarly, T is an ~y-contraction operator with respect to the max-norm.

Proof. 1. Fix V1, V5. For every state s,
T7(A)(s) T () (s)| = | 32, w(s'ls, m(s) [VA(s') — Vals')
<Y p(s'lsw(9) [Vi(s') — Va(s)
<7 057DV = Valloe = 711V2 = Vel
Since this holds for every s € S the required inequality follows.

2. The proof here is more intricate due to the maximum operation. As before, we
need to show that [T*(V1)(s) — T*(V2)(s)] < 7||Vi — Va||- Fixing the state s, we
consider separately the positive and negative parts of the absolute value:

(a) T*(V1)(s) = T*(Va)(s) < v||Vi —Vall: Let a denote an action that attains
the maximum in T*(V;)(s), namely a € argmax {r(s,a) + 7> ,cqp(s'|s,a)Vi(s)}.
acA
Then
T*(Vi)(s) = r(s,a) + ), p(s'ls.a)Va(s)

T*(Va)(s) > r(s,a —i—yz gesP (s'|s,a)V (s")
Since the same action a appears in both expressions, we can now continue to show
the inequality (a) similarly to 1.
(b) T*(Va)(s) = T*(V1)(s) < v[|Vi — Va||: Follows symmetrically to (a

)
The inequalities (a) and (b) together imply that |7 (V1) (s)=T*(V2)(s)| < ~[|Vi — Vo
Since this holds for any state s, it follows that ||7%(Vi) — T*(V2)||oo < 7[[Vi — V2|l

oo”

O
5.5 Proof of Bellman’s Optimality Equation
We prove in this section Theorem 5.1, which is restated here:
Theorem (Bellman’s Optimality Equation). The following statements hold:
1. V* is the unique solution of the following set of (nonlinear) equations:
/
Vi(s) = IcILleaX{ s,a —{—*yzses s'|s, a) (s)}, ses. (5.4)

2. Any stationary policy 7 that satisfies
W()Eargmax{ s, a +72 es? (s']s,a) (s’)},
S

is an optimal policy (for any initial state sy € S).
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We observe that the Optimality equation in part 1 is equivalent to V' = T™*(V') where T*
is the optimal DP operator from the previous section, which was shown to be a contraction
operator with coefficient . The proof also uses the value iteration property of Theorem
5.2, which is proved in the next section.

Proof of Theorem 5.1: We prove each part.

1. As T™ is a contraction operator, existence and uniqueness of the solution to V =
T*(V) follows from the Banach fixed point theorem. Let V denote that solution. It
also follows by that theorem that (7%)*(Vy) — V for any Vj. But in Theorem 5.2 we
show that (T*)™(Vp) — V*, hence V = V*, so that V* is indeed the unique solution
of V.=T*(V).

2. By definition of 7* we have

where the last equality follows from part 1. Thus the optimal value function satisfied
the equation T™V* = V*. But we already know (from Prop. 5.2) that V™ is the
unique solution of that equation, hence V™ = V*. This implies that 7* achieves the
optimal value (for any initial state), and is therefore an optimal policy as stated.

O]

5.6 Value Iteration

The value iteration algorithm allows to compute the optimal value function V* iteratively
to any required accuracy. The Value Iteration algorithm (Algorithm 5.2) can be stated as
follows:

1. Start with any initial value function Vp = (Vo (s)).
2. Compute recursively, for n =0,1,2,.. .,

Vipr(s) = max 3 p(s/]s.a)[r(s,a,8') +AVal(s))], Vs € 5.

acA s'eS

3. Apply a stopping rule obtain a required accuracy (see below).
In terms of the DP operator T%, value iteration is simply stated as:
Vg1 =T*(Va), n>0.

Note that the number of operations for each iteration is O(|A| - |S|?). Theorem 5.2 states
that V,, — V*, exponentially fast. The proof follows.
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Proof of Theorem 5.2: Using our previous results on value iteration for the finite-horizon
problem, it follows that

n—1

Va(s) = max E™(3 7' Ri+y"Vo(sn).
t=0

Comparing to the optimal value function
o0
* _ ™8 t
Vi(s) = mTzrixE (tz_;'y Ry),

it may be seen that that

* R X
[Va(s) = VZ(s)l =75 mav + [[Volloo)-
As v <1, this implies that V;, converges to V' exponentially fast. O

5.6.1 Error bounds and stopping rules:

It is important to have an on-line criterion for the accuracy of the n-the step solution
Vi. The exponential bound in the last theorem is usually too crude and can be improved.
Since our goal is to find an optimal policy, we need to know how errors in V* affect the
sub-optimality of the derived policy. We quote some useful bounds without proof. More
refined error bounds can be found in the texts on Dynamic Programming.

1. The distance of V;, from the optimal solution is upper bounded as follows:
HVn - V*Hoo < %an - Vn—lHoo

Note that the right-hand side depends only on the computed values on the last two
rounds, and hence is easy to apply. As the bound also decays exponentially (with
rate ), it allows to compute the value function to within any required accuracy. In

particular, to ensure ||V, — V*||oo < &, we can use the stopping rule ||V, — Vii—1]]0o <
1=y
—e.

v

2. If ||V — V¥||o < g, then any stationary policy 7 that is greedy with respect to V,
i.e., satisfies

(s )Eargmax{ (s,a +'yz vesP (s']s,a) (s/)},

is 2e-optimal, namely ||[V™ —V*||o < 2e. This allows obtain a 2e-optimal policy from
an e-approximation of V*.
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5.7 Policy Iteration

The policy iteration algorithm, introduced by Howard (1960), computes an optimal policy
7 in a finite number of steps. This number is typically small (on the same order as |S|).

The basic principle behind Policy Iteration is Policy Improvement. Let 7 be a stationary
policy, and let V™ denote its value function. A stationary policy 7 is called 7 improving
if it is a greedy policy with respect to V™, namely

— / T
7(s) € arg max {r(s,a) + 'yzs,esp(s |s,a)V™ (s )} , s€S.

Lemma 5.3 (Policy Improvement). We have V™ > V7™ (component-wise), and equality
holds if and only if m is an optimal policy.

Proof. Observe first that
V7T —_ T7T<V7r) S T*(vﬂ') — Tﬁ(vﬂ')

The first equality follows since V'™ is the value function for the policy m, the inequality fol-
lows because of the maximization in the definition of 7%, and the last equality by definition
of the improving policy 7.

It is easily seen that T™ is a monotone operator (for any policy 7), namely Vi < V5
implies T™V; < T™V5. Applying Tj repeatedly to both sides of the above inequality
VT <TT™VT™ therefore gives

VTS TRV < (TTA(VT) < - < lim (T7)"(V7) = V7,

where the last equality follows by value iteration. This establishes the first claim. The
equality claim is left as an exercise. ]

The policy iteration algorithm performs successive rounds of policy improvement, where
each policy 7,1 improves the previous one 7. Since the number of stationary policies is
bounded, so is the number of strict improvements, and the algorithm must terminate with
an optimal policy after a finite number of steps.

In terms of computational complexity, Policy Iteration requires O(|A| - [S|? + |S|%)
operations per step, with the number of steps being typically small. In contrast, Value
Iteration requires O(|A| - |S|?) per step, but the number of required iterations may be
large, especially when the discount factor ~y is close to 1.

5.8 Some Variants on Value Iteration and Policy Iteration

5.8.1 Value Iteration - Gauss Seidel Iteration

In the standard value iteration: V,, 41 = T*(V},), the vector V;, is held fixed while all entries
of V41 are updated. An alternative is to update each element V,,(s) of that vector as
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to Vi+1(s) as soon as the latter is computed, and continue the calculation with the new
value. This procedure is guaranteed to be "as good” as the standard one, in some sense,
and often speeds up convergence.

5.8.2 Asynchronous Value Iteration

Here, in each iteration V,, = V41, only a subset of the entries of V,, (namely, a subset
of all states) is updated. It can be shown that if each state is updated infinitely often,
then V,, — V*. Asynchronous update can be used to focus the computational effort on
”important” parts of a large-state space.

5.8.3 Modified (a.k.a. Generalized or Optimistic) Policy Iteration

This scheme combines policy improvement steps with value iteration for policy evaluation.
This way the requirement for exact policy evaluation (computing V™ = (I — yP™)~1y™)
is avoided.

The procedure starts with some initial value vector V{, and iterates as follows:

e Greedy policy computation:

Compute 73, € arg max,7T™(Vy), a greedy policy with respect to Vj.

e Partial value iteration:

Perform my; steps of value iteration, Vi1 = (T7%)™* (V).

This algorithm guarantees convergence of Vi to V*.

5.9 Linear Programming Solutions

An alternative approach to value and policy iteration is the linear programming method.
Here the optimal control problem is formulated as a linear program (LP), which can be
solved efficiently using standard LP solvers. There are two formulations: primal and dual.
As this method is less related to learning we will only sketch it briefly.

5.9.1 Some Background on Linear Programming

A Linear Program (LP) is an optimization problem that involves minimizing (or maximiz-
ing) a linear objective function subject to linear constraints. A standard form of a LP
is

minimize b’ z, subject to Az > ¢,z > 0. (5.5)
where x = (z1,z9, ... ,xn)T is a vector of real variables arranged as a column vector. The
set of constraints is linear and defines a convex polytope in R™, namely a closed and convex
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set U that is the intersection of a finite number of half-spaces. U has a finite number of
vertices, which are points that cannot be generated as a convex combination of other points
in U. If U is bounded, it equals the convex combination of its vertices. It can be seen that
an optimal solution (if finite) will be in one of these vertices.

The LP problem has been extensively studied, and many efficient solvers exist. In
1947, Danzig introduced the Simplex algorithm, which essentially moves greedily along
neighboring vertices. In the 1980’s effective algorithms (interior point and others) were
introduced which had polynomial time guarantees.

Duality: The dual of the LP in (5.5) is defined as the following LP:
maximize ¢'y, subject to ATy < b,y > 0. (5.6)

The two dual LPs have the same optimal value, and the solution of one can be obtained
from that of the other. The common optimal value can be understood by the following
computation:

min b’z = min max {bT$ +y'(c— Az)}

r>0,Az>c x>0 y>0
= max min {cTy + 2T (b— Ay)} = max .
y>0 >0 y>0,Ay<b

where the second equality follows by the min-max theorem.

Note: For an LP of the form:
minimize bz, subject to Az > c,

the dual is
maximize ¢!y, subject to ATy =b,y > 0.

5.9.2 The Primal LP
Recall that V*satisfies the optimality equations:

V(s) = max {r(s, a) + yzslesp(s'b, a)V(s')} , se€s.

Proposition 5.3. V* is the smallest function (component-wise) that satisfies the following
set of inequalities:

v(s) > r(s,a) + 'yzslesp(sl|s, a)v(s'), Vs,a. (5.7)
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Proof. Suppose v = (v(s)) satisfies (5.7). That is, v > T™v for every stationary policy.
Then by the monotonicity of T,

v>T () = TT(w) > (T™)20W) = ... = (T*w) > (T7)k 1y,

so that
v>T"(v) > (T7)*(v) > ... > lim (T™)"(v) = V™.
n—oo
Now, if we take 7 as the optimal policy we obtain v > V* (component-wise). O

It follows from Proposition 5.3 that V* is the solution of the following linear program:

Primal LP:
(II?I)I) v(s), subject to (5.7) .

Note that the number of inequality constraints is Ng x Ng.

5.9.3 The Dual LP

The dual of our Primal LP turns out to be:

Dual LP:
max Z fsar(s,a)
(fsa) T3
subject to:
fsa=>0 Vs,a

1
Zfs,a = T—
po(sl) —i—’yZp(s’\s,a)fs,a = Zfs’,a Vs e S

where po = (po(s’)) is any probability vector (usually taken as a 0/1 vector).

Interpretation:

1. The variables f,, correspond to the ”state action frequencies” (for a given policy):

0 oo
fs,a ~ E(Z VtI{stzs,at:a}) = nytp(st =S,at = a)7
t=0 t=0

and po(s’) ~ p(sp = §’) is the initial state distribution.
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2. It is easy to see that the discounted return can be written in terms of f;, as
> fsar(s,a), which is to be maximized.
S

3. The above constraints easily follow from the definition of f; 4.

Further comments:

e The optimal policy can by obtained directly from the solution of the dual using:
j;a j%a
m(als) = = -
( | ) fs Za fs,a

This policy can be stochastic if the solution to the LP is not unique. However, it will
be deterministic even in that case if we choose f as an extreme solution of the LP.

e The number of constraints in the dual is NgNg + (Ng + 1). However, the inequality
constraints are simpler than in the primal.

5.10 Exercises

Exercise 5.1. You are inside a shady casino with your not so bright friend Jack. You sit
at the first table you see and the dealer offers you the following game: he presents you with
a Markov Decision Process where you start at sgp and can take one of two actions in each
state. The transition and rewards for each action are given as follows:

Action 1

Action 2

R(S0)~Bernoulli (0.2)
R(S1)~Normal (1,1)
R(S2)~Binomial (5,1/10)

R(S0) ~Bernoulli(0.7)
R(S51)~Normal (0, 1)
R(S2)~Binomial (7,1/14)

(=)
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5.

. You allow Jack to play a few rounds. Since 21 is his favorite number, Jack starts

with the action 2, followed by the action 1 then again action 2 and so on. What is
Jack’s expected reward after 3 rounds (i.e., 3 actions)?

. Jack changes his strategy and starts a new game (at sg) choosing the action to be

either 1 or 2 with equal probability. What will be Jack’s expected reward after 3
rounds now? What is the induced stationary policy over the states?

Write and solve Bellman equations for 3 rounds. What is the optimal policy?

Assuming each round there is a § probability of getting thrown out of the casino,
write down the infinite horizon cumulative reward. Conclude the connection between
the discount factor and the death rate of a process.

Write the Bellman equations for the infinite horizon discounted case in this problem.

Exercise 5.2 (Modeling an Inventory MDP). In this question we will model resource
allocation problems as MDPs. For each given scenario, write down what are the correspond-
ing states, actions, state-transitions and reward. Also, write down a suitable performance
criteria.

Remark: there may be multiple ways to model each scenario. Write down what you
think is the most reasonable.

1.

D.

Consider managing a hot-dog stand. At each hour, starting from 08:00, you decide
how many hot-dogs to order from your supplier, each costing ¢, and they arrive
instantly. At each hour, the number of hot-dog costumers is a random variable with
Poisson distribution with rate r, and each customer buys a hot-dog for price p. At
time 22:00 you close the stand, and throw away the remaining unsold hot-dogs.

. Consider scenario (1), but now each supplied hot-dog can only stay fresh for three

hours, and then it has to be thrown away.
Consider scenario (1), but now during 12:00-14:00 costumers arrive at double rate.

Consider scenario (1), but now the stand is operated non-stop 24 hours a day. In
addition, there is a yearly inflation ratio of 3%.

Consider scenario (4), but now during 12:00-14:00 costumers arrive at double rate.

Exercise 5.3. Prove the following equality (from Section 5.2 of the lecture notes)

V™ (s) = E’T(Z vor(se, at)|so = )
t=0

o0
= E”(Z Y (e, a8)]s1 = s).
=1
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Exercise 5.4 (The cu rule). Assume N jobs are scheduled to run on a single server. At
each time step (t =0, 1,2, ), the sever may choose one of the remaining unfinished jobs to
process. If job ¢ is chosen, then with probability u; > 0 it will be completed, and removed
from the system; otherwise the job stays in the system, and remains in an unfinished state.

Notice that the job service is memoryless - the probability of a job completion is inde-
pendent of the number of times it has been chosen. Each job is associated with a waiting
cost ¢; > 0 that is paid for each time step that the job is still in the system. The server’s
goal is minimizing the total cost until all jobs leave the system.

1. Describe the problem as a Markov decision process. Write Bellman’s equation for
this problem.

2. Show that the optimal policy is choosing at each time step ¢* = arg max; ¢;p; (from
the jobs that are still in the system).

Hint: Compute the value function for the proposed policy and show that it satisfies
the Bellman equation.

Remark: the cu law is a fundamental result in queuing theory, and applies also to more
general scenarios.

Exercise 5.5 (Blackjack). Black Jack is a popular casino card game. The object is to
obtain a hand with the maximal sum of card values, but without exceeding 21. All face
cards count as 10, and the ace counts as 11 (unlike the original game). In our version, each
player competes independently against the dealer, and the card deck is infinite (i.e., the
probability of drawing a new card from the deck does not depend on the cards in hand).

The game begins with two cards dealt to the player and one to the dealer. If the player
starts with 21 it is called a natural (an ace and a 10 card), and he wins (reward = 1). If the
player did not start with 21 he can request additional cards one by one (hits), until he either
chooses to stop (sticks) or exceeds 21 (goes bust). If he goes bust, he loses (reward=-1), if
he sticks - then it becomes the dealer’s turn. The dealer first draws a second card. Then,
the dealer hits or sticks according to a fixed policy: he sticks on any sum of 17 or greater.
If the dealer busts, then the player wins (reward = 1). Otherwise, the outcome-win, lose,
or draw—is determined by whose final sum is closer to 21.

We represent a state as (X,Y’) where X is the current player sum and Y is the dealer’s
first card.

1. Describe the problem as a Markov decision process. What is the size of the state
space?

2. Use value iteration to solve the MDP. Plot the optimal value function V* as a function
of (X,Y).
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3. Use the optimal value function to derive an optimal policy. Plot the optimal policy
as follows: for each value of the dealer’s card (Y), plot the minimal value for which
the policy sticks.

Here’s an example of the plots you should provide (the values should be different though)
o~
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17
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12
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Exercise 5.6 (DP operator not contracting in Euclidean norm). Recall the fixed-
policy DP operator T™ defined as (see Section 5.4.3)

(T™ (D) (s) =7 (s,7(s)) +7vD>_p (ls,m()) T () ,
s'eS
where v < 1. We have seen that 7™ is a contraction in the sup-norm. Show that 7™ is not
necessarily a contraction in the Euclidean norm.
Hint: one possible approach is to consider the following 2-state MDP, and choose
appropriate values for pi, ps,y to obtain a contradiction to the contraction property.

pl
@\ 1-#2
p2

Exercise 5.7 (Contraction of (T%)" ). Recall that the Bellman operator 7% defined by

(T*(J)) (s) = max {7" (s,a) + ’yZp (s'|s,a) J (s’)}

€A
“ s'esS

is a y-contraction. We will show that (T*)k is a y*-contraction.
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1. For some J and J let ¢ = max; |J (s) — J (s)|. Show that

(T (T —ce) < (T*)* (J) < (T (J +ce), (5.8)
where e is a vector of ones.
2. Now use (5.8) to show that (7*)" is a v*-contraction.

Exercise 5.8 (Second moment and variance of return). In the lectures we have
defined the value function V™ (s) as the expected discounted return when starting from
state s and following policy ,

VT(s) = E”’S(Z yir(st, at)).
t=0

We have seen that V™ (s) satisfies a set of |S| linear equations (Bellman equation)

V() = rls,m(s) 47 Y P65 TV, s €S

We now define M7 (s) as the second moment of the discounted return when starting from
state s and following policy T,

o 2
MT™(s) = E™* <Z *ytr(st,at)>
t=0

1. We will show that M™(s) satisfies a 'Bellman like’ set of equations. Write an expres-
sion for M7 (s) that has a linear dependence on M™ and V™.

Hint: start by following the derivation of the Bellman equation for V7.
2. How many equations are needed to solve in order to calculate M™(s) for all s € S ?

3. We now define W7 (s) as the variance of the discounted return when starting from
state s and following policy ,

oo
W™(s) = Var™® (Z ’ytr(st,at)> .
=0
Explain how W7™(s) may be calculated.

Exercise 5.9. Consider the modified policy iteration scheme of Section 5.8.3. Show that
extreme values of my (which?) reduce this algorithm to the standard Value Iteration or
Policy Iteration.
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Chapter 6

Reinforcement Learning — Basic
Algorithms

6.1 Introduction

RL methods essentially deal with the solution of (optimal) control problems using on-line
measurements. We consider an agent who interacts with a dynamic environment, according
to the following diagram:

Action

State
Agent Environment

Reward

Our agent usually has only partial knowledge of its environment, and therefore will use
some form of learning scheme, based on the observed signals. To start with, the agent
needs to use some parametric model of the environment. We shall use the model of a
stationary MDP, with given state space and actions space. However, the state transition
matrix P = (p(s'|s,a)) and the immediate reward function r = (r(s,a,s’)) may not be
given. We shall further assume the the observed signal is indeed the state of the dynamic
proceed (fully observed MDP), and that the reward signal is the immediate reward ry, with
mean (S, a).
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It should be realized that this is an idealized model of the environment, which is used
by the agent for decision making. In reality, the environment may be non-stationary, the
actual state may not be fully observed (or not even be well defined), the state and action
spaces may be discretized, and the environment may contain other (possibly learning)
decision makers who are not stationary. Good learning schemes should be designed with
an eye towards robustness to these modelling approximations.

Learning Approaches: The main approaches for learning in this context can be classi-
fied as follows:

e Indirect Learning: Estimate an explicit model of the environment (P and 7 in our
case), and compute an optimal policy for the estimated model (“Certainty Equiva-
lence” and R-MAX that we saw a few lectures ago).

e Direct Learning: The optimal control policy is learned without first learning an
explicit model. Such schemes include:
a. Search in policy space: Genetic Algorithms, Policy Gradient....
b. Value-function based learning, related to Dynamic Programming principles: Tem-

poral Difference (TD) learning, Q-learning, etc.

RL initially referred to the latter (value-based) methods, although today the name applies
more broadly. Our focus in the chapter will be on this class of algorithms.

Within the class of value-function based schemes, we can distinguish two major classes
of RL methods.

1. Policy-Iteration based schemes (“actor-critic” learning):

"actor”  Ipolicy improvement
control
policy
{Vx)} environment
"critic" policy evaluation
learning
feedback

The “policy evaluation” block essentially computes the value function V7 under the
current policy (assuming a fixed, stationary policy). Methods for policy evaluation
include:
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(a) “Monte Carlo” policy evaluation.
(b) Temporal Difference methods - TD()\), SARSA, etc.

The “actor” block performs some form of policy improvement, based on the policy
iteration idea: 7 € argmax{r+P™V™}. In addition, it is responsible for implementing
some “exploration” process.

2. Value-Iteration based Schemes: These schemes are based on some on-line ver-
sion of the value-iteration recursions: V% ; = max,[r™ + P™V/*]. The basic learning
algorithm in this class is Q-learning.

6.2 Example: Deterministic ()-Learning

To demonstrate some key ideas, we start with a simplified learning algorithm that is suitable
for a deterministic MDP model, namely:

St41 = f(St, at)

re = 1(8¢, )

We consider the discounted return criterion:

VT(s) = Zwtr(st,at) , given sg = s,a; = m(s¢)
t=0
V*(s) = max V™ (s)

™

Recall our definition of the Q-function (or state-action value function), specialized to the
present deterministic setting:

Q(s,a) =r(s,a) +7V"(f(s,a))
The optimality equation is then
V*(s) = max Q(s,a)
or, in terms of @) only:
Q(s,) = rls,a) + 7y max Q(f(5,0), )
Our learning algorithm runs as follows:

o Initialize: Set Q(S, a) = Qo(s,a), for all s, a.
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e At each stage n=0,1,...:
— Observe Sy, Gn, Tny Spti-
— Update Q(Sna an): Q(Sna an) ‘= Tp +ymaxy Q(SnJrh a,)

We note that this algorithm does not tell us how to choose the actions a,. The following
result is from [Mitchell, Theorem 3.1].

Theorem 6.1 (Convergence of Q-learning for deterministic MDPS).
Assume a deterministic MDP model. Let Qn(s,a) denote the estimated Q-function before
the n-th update. If each state-action pair is visited infinitely-often, then lim, o Qn(s,a) =

Q(s,a), for all (s,a).

Proof. Let R R
An £ HQn - QHOO = Hsl’%X ‘Qn(S,(I) - Q(S7a)| :

Then at every stage n:

’Qn—i—l (Sna an) - Q(Sna an)| = |Tn + 'Yn’g}x Qn(3n+17 CL,) - (Tn + 'YII;%XQ(STH-L CL//))‘
= ’7| Hlaz/iX Qn(SnJrla a/) - I%%XQ(Sn+la CL”)‘

< Vmﬁx |Qn(5n+1a a’) — Q(sn41, a/)| < YA,

Consider now some interval [n1,ns] over which all state-action pairs (s,a) appear at least
once. Using the above relation and simple induction, it follows that A,, < vA,,. Since
v < 1 and since there is an infinite number of such intervals by assumption, it follows that
A, — 0. ]

Remarks:

1. The algorithm allows the use of an arbitrary policy to be used during learning. Such as
algorithm is called Off Policy. In contrast, On-Policy algorithms learn the properties
of the policy that is actually being applied.

2. We further note that the “next-state” s’ = s, of stage n need not coincide with the
current state s,1 of stage n+ 1. Thus, we may skip some sample, or even choose sy,
at will at each stage. This is a common feature of off-policy schemes.

3. A basic requirement in this algorithm is that all state-action pairs will be samples
"often enough”. To ensure that we often use a specific exploration algorithm or
method. In fact, the speed of convergence may depend critically on the efficiency of
exploration. We shall discuss this topic in detail further on.

76



6.3 Policy Evaluation: Monte-Carlo Methods

Policy evaluation algorithms are intended to estimate the value functions V7™ or Q™ for
a given policy w. Typically these are on-policy algorithms, and the considered policy is
assumed to be stationary (or ”almost” stationary). Policy evaluation is typically used as
the “critic” block of an actor-critic architecture.

Direct Monte-Carlo methods are the most straight-forward, and are considered here
mainly for comparison with the more elaborate ones. Monte-Carlo methods are based on
the simple idea of averaging a number of random samples of a random quantity in order
to estimate its average.

Let 7 be a fixed stationary policy. Assume we wish to evaluate the value function V7,
which is either the discounted return:

V7(s) = E”(Z Yor(se, ar)|so = )
t=0

or the total return for an SSP (or episodial) problem:

T

V7T(s) = E”(Z r(s¢, at)|so = )

t=0

where T is the (stochastic) termination time, or time of arrival to the terminal state.
Consider first the episodial problem. Assume that we operate (or simulate) the system

with the policy 7, for which we want to evaluate V7. Multiple trials may be performed,

starting from arbitrary initial conditions, and terminating at 7' (or truncated before).
After visiting state s, say at time t5, we add-up the total cost until the target is reached:

T
o(s)=> Ry.

t=ts

After k visits to s, we have a sequence of total-cost estimates:

We can now compute our estimate:

|

. 1E
Vi(s) = = ) #i(s).
=1

By repeating these procedure for all states, we estimate V7 (-).

77



State counting options: Since we perform multiple trials and each state can be visited
several times per trial, there are several options regarding the visits that will be counted:

a. Compute V(s) only for initial states (so = s).
b. Compute V(s) each time s is visited.
c. Compute V(s) only on first visit of s at each trial.

Method (b) gives the largest number of samples, but these may be correlated (hence, lead
to non-zero bias for finite times). But in any case, Vi (s) — V™ (s) is guaranteed as k — oo.
Obviously, we still need to guarantee that each state is visited enough — this depends on
the policy 7 and our choice of initial conditions for the different trials.

Remarks:

1. The explicit averaging of the v;’s may be replaced by the iterative computation:

Vie(s) = Vi1 (5) + au [@k(s) . Vk,l(s)} ,

with ap = % Other choices for aj are also common, e.g. ap = %, and ap = €

(non-decaying gain, suitable for non-stationary conditions).

2. For discounted returns, the computation needs to be truncated at some finite time
T, which can be chosen large enough to guarantee a small error:

Ts

8(s) = S (1) "R

t=ts

6.4 Policy Evaluation: Temporal Difference Methods

6.4.1 The TD(0) Algorithm

Consider the total-return (SSP) problem with v = 1. Recall the fixed-policy Value Iteration
procedure of Dynamic Programming;:

Vit1(s) = E™(r(s,a) + Vi (s)) = r(s,7(s)) + Zp(s'|s,7r(s))Vn(s’) , VseS,

or Vpt1 =17 + P™V,, which converges to V™.
Assume now that ™ and P™ are not given. We wish to devise a “learning version” of
the above policy iteration.
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Let us run or simulate the system with policy w. Suppose we start with some estimate
V of V™. At time n, we observe sy, r, and s,4+1. We note that [r,+V (s,41)] is an unbiased
estimate for the right-hand side of the value iteration equation, in the sense that

E™(r + V(Sn-kl)‘sn) =1(sp,7(8n)) + Zp(3/|3na W(Sn))Vn(Sl)

8/

However, this is a noisy estimate, due to randomness in r and s’. We therefore use it to
modify V only slightly, according to:

V(sn) == (1 — an)V(sn) + anlrn + V(sns1)]
=V (sn) + anlrn + V(sni1) — V(sn)]
Here «, is the gain of the algorithm. If we define now
dp 21+ V(sns1) — Vsn)

we obtain the update rule: ) )
V<8n) = V(Sn) + andy
dy, is called the Temporal Difference. The last equation defines the TD(0) algorithm.

Note that V(s,) is updated on basis of V(s,41), which is itself an estimate. Thus, TD
is a “bootstrap” method: convergence of V at each states s is inter-dependent with other
states.

Convergence results for TD(0) (preview):
1. If ay, ™\ 0 at suitable rate (a;, ~ 1/no. of visits to s,), and each state is visited i.0.,
then V;, = V™ w.p. 1.

2. If a, = «p (a small positive constant) and each state is visited i.0., then V, will
“eventually” be close to V™ with high probability. That is, for every ¢ > 0 and § > 0
there exists ag small enough so that

lim Prob(|V,, — V™| > €) < 4.

6.4.2 TD with /-step look-ahead

TD(0) looks only one step in the “future” to update V(s,), based on r, and V(s,11).
Subsequent changes will not affect V'(s,,) until s, is visited again.
Instead, we may look ¢ steps in the future, and replace d,, by

/—1
d%) £ Z Tnim + V(snye) — V(sn)
m=0

/-1
=2 dnim
m=0
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where d,, is the one-step temporal difference as before. The iteration now becomes

V(sn) = V(sn) + and®?.

This is a “middle-ground” between TD(0) and Monte-Carlo evaluation!

6.4.3 The TD()) Algorithm

Another way to look further ahead is to consider all future Temporal Differences with a
“fading memory” weighting:

V(sn) = V(sn) + (D> Xdntm) (6.1)

m=0

where 0 < A < 1. For A =0 we get TD(0); for A = 1 we obtain the Monte-Carlo sample!

Note that each run is terminated when the terminal state is reached, say at step T. We
thus set d,, =0 for n > T.

The convergence properties of TD(A) are similar to TD(0). However, TD()\) often
converges faster than TD(0) or direct Monte-Carlo methods, provided that A is properly
chosen. This has been experimentally observed, especially when function approximation is
used for the value function.

Implementations of TD(\): There are several ways to implement the relation in (6.1).

1. Off-line implementation: V is updated using (6.1) at the end of each simulation run,
based on the stored (s, d;) sequence from that run.

2. Each d,, is used as soon as becomes available, via the following backward update
(also called “on-line implementation”):

Visn-m) =V(sn-m)+a-A\"d,, m=0,...,n. (6.2)

This requires only keeping track of the state sequence (s¢, ¢t > 0). Note that if some
state s appears twice in that sequence, it is updated twice.

3. Eligibility-trace implementation:

V(s) :=V(s) + adpen(s), se S (6.3)

where
n

en(s) = Z AR s, = s}

k=0

is called the eligibility trace for state s.
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The eligibility trace variables ey (s) can also be computed recursively. Thus, set
eo(s) =0 Vs, and

en(s) == Aen_1(s) + 1{s, = s} = { i:z_iggﬂ i z;zz (6.4)

Equations (6.3) and (6.4) provide a fully recursive implementation of TD(\).

6.4.4 TD Algorithms for the Discounted Return Problem

For ~-discounted returns, we obtain the following equations for the different TD algorithms:
1. TD(0):

V(sn) = (1 = a)V(sn) + alrn + 7V (snt1]

(1-
= V(sn) + a - dn,

with dp, £ 1 + 9V (n41) — V(sn).

2. (-step look-ahead:

V( n) = a)V (Sn) + a[rn + Y1+ + ’Yevn+€]

(1-
= V(sn) + aldp +vdny1 + -+ 7" dpig 1]

3. TD(A):

~

V(sn) i=V(sn) +aY (YA oy
k=0

The eligibility-trace implementation is:

A

V(s) :=V(s) + adpen(s),
en(s) == yXep—1(s) + 1{s, = s}.

6.4.5 Q-functions and their Evaluation

For policy improvement, what we require is actually the @Q-function Q7 (s, a), rather than
V7(s). Indeed, recall the policy-improvement step of policy iteration, which defines the
improved policy 7 via:

7(s) € argmax{r(s,a) + ’yZp(s'|s, a)V7(s)} = argmax Q" (s, a) .

8/

How can we estimate Q™7
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1. Using V™ If we know the one-step model parameters r and p, we may estimate VT
as above and compute

Q7 (s,a) S r(s,a) +7 Y p(s|s, )V (s)).

When the model is not known, this requires to estimate r and p on-line.

2. Direct estimation of Q™: This can be done using the same methods as outlined for
V7™ namely Monte-Carlo or TD methods. We mention the following:

The SARSA algorithm: This is the equivalent of TD(0). At each stage we observe
(Sns @ny Ty Sntl, Gnt1), and update

Q(8n, an) == Q(sn,an) + ay - dy
dp =1 +YQ(Sn+1, ant1) — Q(Sn, an), where apy1 = 7(Sp41)-
Similarly, the SARSA(\) algorithm uses
Q(s,a) == Q(s,a) + an(s,a) - dpen(s,a)
en(s,a) :==vAep—1(s,a) + {s, =1,a, = a}.

Note that:
— The estimated policy = must be the one used (“on-policy” scheme).
— More variables are estimated in ) than in V.

6.5 Policy Improvement

Having studied the “policy evaluation” block of the actor/critic scheme, we turn to the
policy improvement part.
Ideally, we wish to implement policy iteration through learning;:

(i) Using policy 7, evaluate Q ~ Q™. Wait for convergence.

(i) Compute 7 = arg max Q) (the “greedy policy” w.r.t. Q)

Problems:
a. Convergence in (i) takes infinite time.

b. Evaluation of Q requires trying all actions — typically requires an exploration scheme
which is richer than the current policy .
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To solve (a), we may simply settle for a finite-time estimate of @™, and modify 7 every
(sufficiently long) finite time interval. A more “smooth” option is to modify 7 slowly in
the “direction” of the maximizing action. Common options include:

(i) Gradual maximization: If a* maximizes Q(s,a), where s is the state currently exam-
ined, then set

{ m(a*|s) :=m(a*|s) + o - [1 — 7(a”|s)]
m(als) := w(als) — a - w(als), a+#a*.

Note that 7 is a randomized stationary policy, and indeed the above rule keeps 7(+|s)
as a probability vector.

(ii) Increase probability of actions with high @: Set
eB(s,a)
(a Boltzmann-type distribution), where g is updated as follows:
B(s,a) := B(s,a) + a[Q(s,a) — Q(s,a0)]-

Here ag is some arbitrary (but fixed) action.

m(als) =

(iii) “Pure” actor-critic: Same Boltzmann-type distribution is used, but now with
Bls,a) = (s, a) + alr(s,a) + 7V (s) = V(s)]

for (s,a,s") = (Sp,an, sp+1). Note that this scheme uses directly V rather than Q.
However it is more noisy and harder to analyze than other options.

To address problem (b) (exploration), the simplest approach is to superimpose some
randomness over the policy in use. Simple local methods include:

(i) e-exploration: Use the nominal action a,, (e.g., a, = arg max, Q(s,,a)) with proba-
bility (1 — €), and otherwise (with probability €) choose another action at random.
The value of € can be reduced over time, thus shifting the emphasis from exploration
to exploitation.

(ii) Softmax: Actions at state s are chosen according to the probabilities

Qs,a)/0

m(als) = S amam

0 is the “temperature” parameter, which may be reduced gradually.

(iii) The above “gradual maximization” methods for policy improvement.
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These methods however may give slow convergence results, due to their local (state-by-
state) nature.

Another simple (and often effective) method for exploration relies on the principle of
optimism in the face of uncertainty. For example, by initializing Q to high (optimistic)
values, we encourage greedy action selection to visit unexplored states.

Convergence analysis for actor-critic schemes is relatively hard. Existing results rely on
a two time scale approach, where the rate of policy update is assumed much slower than
the rate of value-function update.

6.6 Q-learning

@-learning is the most notable representative of value iteration based methods. Here the
goal is to compute directly the optimal value function. These schemes are typically off-
policy methods — learning the optimal value function can take place under any policy
(subject to exploration requirements).

Recall the definition of the (optimal) @-function:

Q(s,a) £ r(s,a) +7 > p(s']s,a)V*(s).
The optimality equation is then V*(s) = max, Q(s,a), s € S, or in terms of @) only:
Q(s,a) =r(s,a) + vzp(s'\s, a) IIlEILXQ(S/, a), s€S,acA.

S/

The value iteration algorithm is given by:

Vi (5) = max{r(s, @) + 4 3 pl(s/ls,)Va(s)}, s €8

S/

with V,, — V*. This can be reformulated as

Qnea(s,0) = r(s,a) +7 ) _p(s']s, a) max Qu(s', d'), (6.5)

s

with Q, — Q.
We can now define the on-line (learning) version of the Q-value iteration equation.

The @-learning algorithm: - initialize Q
— At stage n: Observe (Sp, an, T, Snt1), and let

Q(sm an) = (1 - an)Q(sn, an) + anlrn + 'YHE}XQA(Sn—&—L a/)]
= Q(Sna an) + O‘n[rn + PYHE}XQA(SH—&-M a/) - Q(sm an)] .

The algorithm is obviously very similar to the basic TD schemes for policy evaluation,
except for the maximization operation.
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Convergence: If all (s,a) pairs are visited i.0., and «, N\, 0 at appropriate rate, then

Qn — Q.

Policy Selection:

— Since learning the @* does not depend on optimality of the policy used, we can focus
on exploration during learning. However, if learning takes place while the system is
in actual operation, we may still need to use a close-to-optimal policy, while using
the standard exploration techniques (e-greedy, softmax, etc.).

— When learning stops, we may choose a greedy policy:

#(s) = max Q(s, a) .
a
Performance: (@Q-learning is very convenient to understand and implement; however,
convergence may be slower than actor-critic (TD()A)) methods, especially if in the latter
we only need to evaluate V' and not Q.

6.7 Exercises

Exercise 6.1 (The cu rule revisited). Consider again the job processing domain of
Exercise 5.4:

N jobs are scheduled to run on a single server. At each time step (t = 0,1,2,), the
sever may choose one of the remaining unfinished jobs to process. If job 7 is chosen, then
with probability u; > 0 it will be completed, and removed from the system; otherwise the
job stays in the system, and remains in an unfinished state. Notice that the job service is
memoryless - the probability of a job completion is independent of the number of times it
has been chosen. Each job is associated with a waiting cost ¢; > 0 that is paid for each
time step that the job is still in the system. The server’s goal is minimizing the total cost
until all jobs leave the system.

This time, we will solve the problem numerically, testing the various dynamic program-
ming and reinforcement learning algorithms we have learned so far.

We consider the following specific case, with N = 5:

v |1 2 3 4 5
@i 1061051030701
c |1 4 6 2 9

Part 1 - Planning In this part all the Matlab functions may use the true model (i.e.,
the p;’s and ¢;’s).

1. How many states and actions are in the problem?
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Let S denote the state space. A deterministic policy 7 is a mapping from states to actions.
In our case, it will be represented in Matlab as a vector of length |S|, in which each element
denotes the selected action (1,...,N) for the corresponding state.

2.

Write a function (in Matlab) that take as input a policy, and returns the correspond-
ing value function V7™, also represented as a vector of length |S|. You can solve it
either directly by matrix inversion, or iteratively. Remember that the value of the
terminal state (no more jobs left) is zero by definition.

Plot the values of the policy 7. that selects the job with the maximal cost ¢;, from
the remaining unfinished jobs.

Write a function that calculates the optimal policy 7* using the policy iteration
algorithm, and execute it, starting from the initial policy 7.. For each iteration of
the algorithm, plot the value of the initial state sg (no jobs completed) for the current
policy. How many steps are required for convergence?

. Compare the optimal policy 7* obtained using policy iteration to the cu law. Also

plot V™ vs. Ve,

Write a simulator of the problem: a function that takes in a state s and action a, and
returns the cost of the state ¢(s), and a random next state ', distributed according
to the transition probabilities of the problem.

Part 2 - Learning In this part the learning algorithms cannot use the true model
parameters, but only have access to the simulator function written above.

7. Policy evaluation: consider again the policy 7., and use the TD(0) algorithm to

learn the value function V™. Start from Vyp(s) = 0 for all states. Experiment with
several step size «,, schedules:

(a) an, =1/ (no.of visitsto sy)

(b) an = 0.01

— 10
(C) an = 100+ (no. of visits to syn)

For each step-size schedule, plot the errors HV“C - VTDH and ‘V”C(so) — Virp(so)
o0

as a function of iteration n. Explain the motivation behind each step-size schedule,
and how it reflects in the results.

Now, run policy evaluation using TD()). Choose your favorite step-size schedule, and

plot the errors HV”C —Vip and ‘V”C(so) — VTD(S())‘ as a function of iteration n

for several choices of A\. Repeat each experiment 20 times and display average results.
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9.

10.

Q-learning: run Q-learning to find the optimal policy. Start from Q(s, a) = 0 for all
states and actions. Experiment with the 3 previous step-size schedules. Use e-greedy
exploration, with ¢ = 0.1.

For some Q, let T4 denote the greedy policy w.r.t. Q, i.e., WQ(S) = arg minaQ(s, a).

For each step-size schedule, plot the errors |[V* — V7Q|| _ and ‘V*(so) — argmingQ(so, a)

as a function of iteration n. You may use the policy evaluation function you wrote
in (2) to calculate V"@. If this step takes too long, you may plot the errors only for
n = 100, 200, 300, ... etc.

Repeat the previous Q-learning experiment for your favorite step-size schedule but
now with e = 0.01. Compare.
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Chapter 7

The Stochastic Approximation
Algorithm

7.1 Stochastic Processes — Some Basic Concepts

7.1.1 Random Variables and Random Sequences
Let (2, F, P) be a probability space, namely:
— ) is the sample space.

— F is the event space. Its elements are subsets of {2, and it is required to be a o-
algebra (includes () and €; includes all countable union of its members; includes all
complements of its members).

— P is the probability measure (assigns a probability in [0,1] to each element of F, with
the usual properties: P(€2) = 1, countably additive).

A random variable (RV) X on (€, F) is a function X : Q — R, with values X (w). It is
required to be measurable on F, namely, all sets of the form {w : X (w) < a} are events in
F.

A vector-valued RV is a vector of RVs. Equivalently, it is a function X : Q — R¢, with
similar measurability requirement.

A random sequence, or a discrete-time stochastic process, is a sequence (Xp)n>0 of
R%valued RVs, which are all defined on the same probability space.

7.1.2 Convergence of Random Variables

A random sequence may converge to a random variable, say to X. There are several useful
notions of convergence:
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1. Almost sure convergence (or: convergence with probability 1):

X, —»asX if P{lim X,=X}=1.
n—0o0

2. Convergence in probability:

X, = pX if lim P(|X,—X|>¢€)=0,Ve>0.
n—oo

3. Mean-squares convergence (convergence in L?):

X, = L*X if E|X, - Xs|>—=0.

4. Convergence in Distribution:
X, — DistX (or X, = X) if Ef(X,)— Ef(X)

for every bounded and continuous function f.

The following relations hold:
a. Basic implications:  (a.s. or L?) = p = Dist
b. Almost sure convergence is equivalent to

lim P{sup|X; — X|>¢) =0, Ve>0.

c. A useful sufficient condition for a.s. convergence:
> P(IX, - X|>e€) < 0.
n=0
7.1.3 Sigma-algebras and information

Sigma algebras (or o-algebras) are part of the mathematical structure of probability theory.
They also have a convenient interpretation as ”information sets”, which we shall find useful.

e Define Fy = o{X}, the o-algebra generated by the RV X. This is the smallest
o-algebra that contains all sets of the form {X <a} ={w e Q: X(w) <a}.

e We can interpret o{X} as carrying all the information in X. Accordingly, we identify
E(Z|X)=E(Z|Fx).

Also, “Z is measurable on o{X}” is equivalent to: Z = f(X) (with the additional
technical requirement that f is a Borel measurable function).
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e We can similarly define F,, = o{X1,..., X, }, etc. Thus,
E(Z|X1,...,X,) = E(Z|F,).

e Note that F,,+1 D F,: more RVs carry more information, leading F, 11 to be finer,
or “more detailed”

7.1.4 Martingales

A martingale is defined as follows.

Definition 7.1 (Martingale). A sequence (X, Fi)r>0 on a given probability space (Q, F, P)
is a martingale if

a. (Fx) is a “filtration” — an increasing sequence of o-algebras in F.
b. Each RV X} is Fir-measurable.
C. E(Xk+1‘fk) = Xk (P*G.S.).

Note:

e (a) Property is roughly equivalent to:
Fi represents (the information in) some RVs (Yp,...,Y%),
and (b) then means: X} is a function of (Yp,...,Y).

e A particular case is F, = o{X1,...,X,} (a self-martingale).

e The central property is (c), which says that the conditional mean of X1 equals Xj.
This is obviously stronger than E(Xy1) = E(Xp).

e The definition sometimes requires also that F|X,,| < co, we shall assume that below.

e Replacing (¢) by E(Xk11|Fr) = Xk gives a submartingale, while E(Xy11|Fr) < Xi
corresponds to a supermartingale.

Examples:

a. The simplest example of a martingale is

k
Xk: = ngv
/=0

with {&;} a sequence of 0-mean independent RVs, and Fj, = o (&, ..., &).
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b. X = E(X|F), where (F}) is a given filtration and X a fixed RV.

Martingales play an important role in the convergence analysis of stochastic processes.
We quote a few basic theorems (see, for example: A.N. Shiryaev, Probability, Springer,

1996).

Theorem 7.1 (Martingale Inequalities). Let(Xy, Fi)i>0 be a martingale. Then for

every A >0 and p > 1
E|Xn[P

> <
P{parix 2 2p < 25

and for p > 1

Ef(max | X)) < GE)PE(|Xnl”)

Martingale Convergence Theorems

Theorem 7.2 (Convergence with Bounded-moments). Consider a martingale (Xy, Fi)k>0-
Assume that:

E| X9 < C for some C < 00, ¢ > 1 and all k.
Then { Xy} converges (a.s.) to a RV X (which is finite w.p. 1).

Theorem 7.3 (Positive Martingale Convergence). If (X, Fx) is a positive martingale
(namely X, > 0), then Xj converges (a.s.) to some RV X.

Definition 7.2 (Martingale Difference). The sequence (&, Fi) is a martingale differ-
ence sequence if property (c) is replaced by E(§ky1|Fk) = 0.

In this case we have:

Theorem 7.4 (Martingale Difference Convergence). Suppose that for some 0 < q <
2, > 00 k%E(|§k|q\Fk_1) < 00 (a.s.). Then lim, o % Y1 &k =0 (as.).

For example, the conclusion holds if the sequence () is bounded, namely |£;| < C for
some C' > 0 (independent of k).

Note:

o It is trivially seen that (&, £ X, — X,,_1) is a martingale difference if (X,) is a
martingale.

e More generally, for any sequence (Y}) and filtration (Fj), where Y} is measurable on
Fi, the following is a martingale difference:

& 2 Y — E(YilFro1) .
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The conditions of the last theorem hold for this & if either:

(i) |Yx| < M Vk for some constant M < oo,

(ii) or, more generally, F(|Y;|?|Fr—1) < M (a.s.) for some ¢ > 1 and a finite RV M.
In that case we have

n

%Zg’“ = %Z(Yk — E(Yi|Fr-1)) = 0 (as.)
k=1

k=1

7.2 The Basic SA Algorithm

The stochastic approximations (SA) algorithm essentially solves a system of (nonlinear)
equations of the form

based on noisy measurements of h(6).

More specifically, we consider a (continuous) function h : R¢ — R?, with d > 1, which
depends on a set of parameters § € R, Suppose that h is unknown. However, for each 6
we can measure Y = h(f) + w, where w is some 0-mean noise. The classical SA algorithm
(Robbins-Monro, 1951) is of the form

9n+1 = 0n + anYy,
=0n +anlh(0y) +wy], n>0.

Here «y, is the algorithm the step-size, or gain.

Obviously, with zero noise (w,, = 0) the stationary points of the algorithm coincide with
the solutions of h(f) = 0. Under appropriate conditions (on oy, h and wy,) the algorithm
indeed can be shown to converge to a solution of h(6) = 0.

References:

1. H. Kushner and G. Yin, Stochastic Approzimation Algorithms and Applications,
Springer, 1997.

2. V. Borkar, Stochastic Approrimation: A Dynamic System Viewpoint, Hindustan,
2008.

3. J. Spall, Introduction to Stochastic Search and Optimization: Estimation, Simulation
and Control, Wiley, 2003.

Some examples of the SA algorithm:
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a. Average of an i.i.d. sequence: Let (Z,)>0 be an i.i.d. sequence with mean p = E(Z)
and finite variance. We wish to estimate the mean.

The iterative algorithm

1

gives

1 1 n—1

0n = —6g+ — Z Zy = (w.p. 1), by the SLLN.
n n
k=0

This is a SA iteration, with ay, = 5, and Y, = Z,, — 0,,. Writing Z, = p 4w, (Zn
is considered a noisy measurement of p, with zero-mean noise w,), we can identify
h(f) =p—0.

b. Function minimization: Suppose we wish to minimize a (convex) function f(6). De-
noting h(f) = =V f(0) = —%, we need to solve h() = 0.

The basic iteration here is
9n+1 = Hn + ()én[—Vf(H) + Wn]-
This is a “noisy” gradient descent algorithm.
When V f is not computable, it may be approximated by finite differences of the form

of) _ f(0+eidi) — f(6— eids)
20; 20; ‘

where e; is the i-th unit vector. This scheme is known as the “Kiefer-Wolfowitz
Procedure”.

Some variants of the SA algorithm

o A fized-point formulation: Let h(0) = H(6) — 0. Then h(f) = 0 is equivalent to the
fixed-point equation H(#) = 6, and the algorithm is

On+1 = On + an[H(0y) — 0 + wn] = (1 — an)0n + an[H(0n) + wy) -

This is the form used in the Bertsekas & Tsitsiklis (1996) monograph.

Note that in the average estimation problem (example a. above) we get H(6) = p,
hence Z, = H(0,) + wy.

o Asynchronous updates: Different components of § may be updated at different times
and rates. A general form of the algorithm is:

Ont1(1) = 0p(0) + an(i)Yn(i), i=1,---.,d
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where each component of 0 is updated with a different gain sequence {c,(7)}. These
gain sequences are typically required to be of comparable magnitude.

Moreover, the gain sequences may be allowed to be stochastic, namely depend on the
entire history of the process up to the time of update. For example, in the TD(0)
algorithm 6 corresponds to the estimated value function V = (V(s), s € S), and we
can define a,(s) = 1/N,(s), where N, (s) is the number of visits to state s up to time
n.

e Projections: If is often known that the required parameter  lies in some set B C R,
In that case we could use the projected iterates:

Ont1 = Projp [en + anYn]
where Projg is some projection onto B.

The simplest case is of course when B is a box, so that the components of 6 are
simply truncated at their minimal and maximal values.

If B is a bounded set then the estimated sequence {6,,} is guaranteed to be bounded
in this algorithm. This is very helpful for convergence analysis.

7.3 Assumptions

Gain assumptions To obtain convergence, the gain sequence needs to decrease to zero.
The following assumption is standard.

Assumption G1: «, > 0, and
oo
(i) Z Qp = 00
n=1
oo
(i) Za% < 0.
n=1
. ..
A common example is o, = —, with 5 <a <1.
n

Noise Assumptions In general the noise sequence {wy,} is required to be “zero-mean”,
so that it will average out.

Since we want to allow dependence of w,, on 6, the sequence {w,} cannot be assumed
independent. The assumption below allows {w,} to be a martingale difference sequence.

Let

Fn—1 = 0{0o, 0, wo, " ,Wn—1; O, an}

denote the ( o-algebra generated by) the history sequence up to step n. Note that w,, is
measurable on F,, by definition of the latter.
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Assumption N1:

(a) The noise sequence {w,} is a martingale difference sequence relative to the filtration
{F,}, namely
E(wp|Fn-1) =0 (a.s.).

(b) For some finite constants A, B and some norm || - || on R?,

E(|wnl?Fnot) < A+ B|6n]?> (as), Yn>1.

Example: Let w, ~ N(0,0,), where o, may depend on 6, namely o, = f(6,). For-
mally,

E(wn|Fy) =0
E(wi|Fn) = f(0n)?,

and we require that f(0)? < A + B2
Note: When {6,,} is known to be bounded, then (b) reduces to
E([|wnl?|Fno1) £ C  (as) Vn
for some C' < oo. It then follows by the martingale difference convergence theorem that
1 n
nh_}ngo - Zwk =0 (as.).
k=1
However, it is often the case that 6 is not known to be bounded a-priori.
Markov Noise: The SA algorithm may converge under more general noise assumptions,
which are sometimes useful. For example, for each fixed 0, w, may be a Markov chain

such that its long-term average is zero (but E(wy|F,—1) # 0). We shall not go into that
generality here.

7.4 The ODE Method

The asymptotic behavior of the SA algorithm is closely related to the solutions of a certain
ODE (Ordinary Differential Equation), namely

d
S0(t) = h(o(),

or 0 = h(f).
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Given {0, o, }, we define a continuous-time process 6(t) as follows. Let

n—1
tn = Z (67738
k=0
Define
0(ty,) = 6,

and use linear interpolation in-between the t¢,,’s.
Thus, the time-axis t is rescaled according to the gains {a, }.

eIl
60» 0
6, 6,
I I n
0 1 2 3
0 (1)
L
- t
to t t2 t3
% %

Note that over a fixed At, the “total gain” is approximately constant:
Z ap =~ At,
kEK (t,At)

where K (t,At) = {k: t <t <t+ At}.
Now:
O+ A1) =0(t)+ > arh(8n) +wn).
kek(t,At)

e For ¢t large, oy becomes small and the summation is over many terms; thus the noise
term is approximately “averaged out”: > agpwy — 0.

e For At small, ) is approximately constant over K (¢, At) : h(0x) ~ h(6(t)).
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We thus obtain:
O(t+ At) ~0(t) + At - h(0(1)) .

For At — 0, this reduces to the ODE:

To conclude:

e Asn — oo, we “expect” that the estimates {6} will follow a trajectory of the ODE
6 = h(6) (under the above time normalization).

e Note that the stationary point(s) of the ODE are given by 6* :  h(6*) = 0.

e An obvious requirement for 6, — 6* is 8(t) — 0* (for any 6(0)). That is: 6* is a
globally asymptotically stable equilibrium of the ODE.

This may this be viewed as a necessary condition for convergence of ,,. It is also suf-
ficient under additional assumptions on h (continuity, smoothness), and boundedness

of {6,}.

7.5 Some Convergence Results

A typical convergence result for the (synchronous) SA algorithm is the following:
Theorem 7.5. Assume G1, N1, and furthermore:
(i) h is Lipschitz continuous.

(i) The ODE 6§ = h(0) has a unique equilibrium point 6*, which is globally asymptotically
stable.

(iii) The sequence (0y,) is bounded (with probability 1).

Then 0, — 0* (w.p. 1), for any initial conditions 6.

Remarks:

1. More generally, even if the ODE is not globally stable, #,, can be shown to converge
to an invariant set of the ODE (e.g., a limit cycle).

2. Corresponding results exist for the asynchronous versions, under suitable assumptions
on the relative gains.

3. A major assumption in the last result in the boundedness of (6,). In general this
assumption has to be verified independently. However, there exist several results that
rely on further properties of h to deduce boundedness, and hence convergence.
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The following convergence result from B. &T. (1996) relies on contraction properties
of H, and applies to the asynchronous case. It will directly apply to some of our learning
algorithms. We start with a few definitions.

e Let H(A) = h(0) + 6, so that h(0) = H(9) — 6.
e Recall that H(0) is a contraction operator w.r.t. a norm || - || if
[H(01) — H(02)|| < |61 — s
for some o < 1 and all 61, 65.

e H(0) is a pseudo-contraction if the same holds for a fixed 6, = 6*. It easily follows
then that 6* is a unique fixed point of H.

e Recall that the maz-norm is given by ||0||cc = max; |0(i)|. The weighted max-norm,
with a weight vector w, w(i) > 0, is given by

16(0)]
w(i)

}.

161 = max{

Theorem 7.6 (Prop. 4.4. in B.&T.). Let
On+1(2) = 0n,(3) + an () [H(On) — Op +wy)i, i=1,---,d.

Assume N1, and:

(a) Gain assumption: an(i) > 0, measurable on the “past”, and satisfy

Zan(i) = 00, Zan(i)2 <oo (wp. 1).

(b) H is a pseudo-contraction w.r.t. some weighted max-norm.

Then 0, — 0* (w.p. 1), where 0* is the unique fized point of H.

Remark on “Constant Gain” Algorithms As noted before, in practice it is often

desirable to keep a non-diminishing gain. A typical case is a, (i) € [a, @].
Here we can no longer expect “w.p. 17 convergence results. What can be expected is a

statement of the form:

e For & small enough, we have for all € > 0

lim sup P([|60,, — 0%|| > ¢€) < b(e) - @,

n—oo
with b(e) < oo.
This is related to “convergence in probability”, or “weak convergence”. We shall not

give a detailed account here.
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7.6 Exercises
Exercise 7.1 (Stochastic Approximation). Let {X,} 7, be an iid. sequence of

bounded random variables with mean p and variance o2. Consider the following itera-

tive method for estimating y, o

/10 =80 =0,
fin1 = fin + an (Xnt1 — fin)
=§n+1 =5, + ay ((XnJrl - ﬂn)2 - §n) .

Use the ODE method and show that (fiy,, $,) — (,u, 02) with probability one.
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Chapter 8

Basic Convergence Results for RL
Algorithms

We establish here some asymptotic convergence results for the basic RL algorithms, by
showing that they reduce to Stochastic Approximation schemes. We focus on the discounted-
cost problem, which is easiest. Analogous results exist for shortest-path problems under
the properness assumption (every policy terminates in expected finite time).

We do not directly consider here the issue of exploration, which is essential for conver-
gence to the optimal policy. Thus, where required we will simply assume that all actions
are sampled often enough.

8.1 Q-learning

Recall the @Q-learning algorithm, in the following generalized form:
Qnt1(s,a) = Qn(s,a) + an(s,a)[r(s,a, s o) + ymax Qn(s{ 4,a') — Qn(s, a)]

where each s , is determined randomly according to p(s'[s, a).

We allow here a,(s,a) = 0, so that any number of (s,a) pairs can be updated at each
stage.

This iteration can be viewed as an (asynchronous) Stochastic Approximation algorithm,
with @ = 0. This leads to the following result.

Theorem 8.1 (Convergence of @Q-learning.). Let v < 1, and let Q* be the optimal -
discounted @Q function. Assume

Zan(s,a) = 00, Zan(s,a)2 <oo (wp. 1) Vs,a.
h=0

n=0
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Then
li_>m Qn(s,a) =Q*(s,a) (w.p. 1) Vs,a.

Proof. Define the mapping H over the set of Q-functions as follows:
(HQ)(s,a) = > P(s'|s,a)[r(s,a,s) + ymax Q(s',a")]
= Elr(s,a,snt1) + ’ymZ}XQ(an,a/)\sn =s,a, =aj.

The above Q-learning algorithm can thus be written in the standard SA form, with the
noise vector w, given by:

wn(sv CL) = 7’(8, a, Sls,a) + ’yIIlE/lX Qn(sg,aa al) - (HQ)(Sv a) :

We proceed to verify the assumptions in Theorem 7.6:
(a) Step-size requirements hold here by assumption.

(b) Noise Assumption N1: The definition of w,, immediately implies that E(wy(s,a)|F,) =
0. It is further easily seen that

E(wn(s,a)?|F,) < quadratic function of |[|Q]|so -
(c) Contraction: As with the discounted DP operator, it may be verified that H is a
~v-contraction w.r.t. the max-norm.

The required convergence result therefore follows by Theorem 7.6. O

Remarks on basic (on-policy) Q-learning:

e In the basic version of the algorithm, we follow a state-action sequence (s, an;n =
0,1,---) which is generated by some arbitrary policy, and at time n update Q(s,a)
only for (s,a) = (8n,a,). This corresponds to the choice of gains:

ap(s,a) >0 iff (s,a) = (sp,an) .

e For (s,a) = (sp,an), a typical choice for ay, is
an(3> a) = &(Nn(sv (L))

where N, is the number of previous visits to (s,a), and &(k) satisfies the standard
assumptions.

e For the step-size requirements in the theorem to hold in this case it is required that
each (s,a) pair is visited “relatively often”. This should be verified by appropriate
exploration policies!
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Undiscounted case: Under appropriate “Stochastic Shortest Path” assumptions, it can
be shown that H is a pseudo-contraction w.r.t. some weighted max-norm. Convergence
follows as above.

8.2 Convergence of TD()\)
TD(0) can be analyzed exactly as Q-learning learning. TD(A) is slightly more involved.
Recall the “on-line” version of TD(A):
Vot1(s) = Vi(s) + anen(s)d,, s€S
where
a, = gain
en(s) = eligibility trace coefficient

dn =1, + ’Yvn(sn+1) - Vn(sn)
~v = discount factor

Requirements on the Eligibility Trace: Several variants of the algorithm are obtained
by different choices of e, (s), such as:

(a) First-visit TD(A):
en(s) = (A" n = my(s)}

m1(s) is the time of first visit to state s (during the present run).
(b) Every-visit TD(A):
en(s) = > (YA,

Jrm;(s)<n
m;(s) is the time of j visit to state s.
(c) First-visit with stopping;:
en(s) = (Y"1 {ma(s) <n < 7}

where 7 is some stopping time — e.g., end of simulation run, or arrival to a state
whose value V(s) is known with high precision. e,(s) is restarted after 7.

A general set of requirements on the eligibility coefficients e, (s), which includes the
above cases, is given as follows:

(a) ep(s) =0, en(s) > 0.

(b) en(s) < yen—1(s) if s, # s,
1<en(s) <14 vep—1(s)if s, = s.

(c) en(s) is measurable on the past.
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Convergence: We now argue as follows.

e It may be seen that TD(\) is in the form of the Stochastic Approximation algorithm,
with 6, =V, and

h(0) = h(V) = (h(V)(s), s € 5),
h(V)(xz) = E™[du|Va =V, s, =]
= > wlals)lr(s,a) +7 ) p(s']s, )V (s)] = V(s)
= (HV)(s) —=V(s).
Here 7 is the fixed stationary policy that is used.

e For 0 < v < 1 it is obvious that H is a contraction operator.

e For convergence we now need to verify that the effective gains e, (s) satisfy the

“usual assumptions”. This may be verified by requiring that each state is visited
“relatively often”.

For v = 1, a similar argument may be made for SSP (Stochastic Shortest Path) prob-
lems.

8.3 Actor-Critic Algorithms

Convergence of actor-critic type algorithms is harder to analyze. We describe here some
results from Konda and Borkar (2000).

Recall that the idea is to use a “fast” estimation loop to obtain V(s), and a slower loop
to update the policy 7 given V.

Let V,,(s) and 7, = (m,(als)) be the estimated value and policy at step n.
Algorithm 1
a. Value-function estimation (generalized TD(0)):
Va1 = Vals) + Bu(s)[r(s,an(s)) + 7Valsn+1(s)) — Va(s)], s€Yy
where

Y,, — set of states updated at step n
Bu(s) — gains
Sn+1(s) — next state, chosen with distribution p(s’) = >~ p(5'|s, a)m(a, s).
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b. Policy update:

Tnt1(als) = mn(als) + an(s, a)((Qn(s,a) — @n(s; a0))), (s,a) € Zn
where
Z, — set of state-action pairs updated at step n
an (s, a) — gains
Qu(s,a) :=r(s,a) +7Va(snt1(s, )
Sn+1(8,a) — next state, chosen according to p(s'|s, a)

ap — a fixed reference action (for each state).

. Policy normalization:

For each s, project the vector (m,4+1(als), a # ap) unto the following set of sub-
probability vectors:
{m:7(a) >0, Z m(a) <1}
a#ao
and then let mn41(aols) =1 =3, ., m™1(als).

Rate requirements:

We first require that all updates are executed relatively often, namely that for some
A >0,
lim inf i (s) > A, liminfM > A,

n—oo n n—oo n

where

n

ni(s) = > 1{s eV}
k=1

na(s,a) = Z 1{(s,a) € Zy}.

k=1
The gains are determined by some sequences «(m) and 3(m), as

an(s,a) = a(ny(s,a)), Bn(s) = B(ni(s)) .
The sequences a(m), f(m) should satisfy:

(1) The standard summability assumptions.
(2) Policy updates are “slower”: lim,, % =0.
(3) Some additional technical assumptions ...

1

All these requirements are satisfied, e.g., by a(m) = m, B(m) = --.

Under these assumptions, Algorithm 1 converges to the optimal value and policy.
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Algorithm 2: Same as Algorithm 1, except for the policy update (b):

Tnt1(als) = ma(als) + an(s, ) {Qn(s, a) — Va(s)hma(als) + (s, a)] -

&n(s,a) are sequences of “small” noise terms, these are needed to prevent the algorithm
from getting stuck in the wrong “corners”.

Algorithm 3: Same as Algorithm 1, except for (b):

wn+1(als) = wn(als) + an(s, a)[@n(s, a) — Va(s)]

and
exp(wn(s,a))

> exp(wn(s,a’))
In all these variants, convergence is proved using a “two-time scale” Stochastic Approx-

imation framework, the analysis is based on the ODE method which couples a “fast” ODE
(for V) and a “slow” ODE (for ).

Tn(s,a) =
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Chapter 9

Approximate Dynamic
Programming

Recall Bellman’s dynamic programming equation

V(s) = max {R(S, a)+ -y Z p(s|s, a)V(s’)} ,

€A
“ s'es

or in operator form, V =TV, where T is the Bellman operator.
Dynamic programming requires knowing the model and is only feasible for small prob-
lems. In large scale problems, we face the 3 curses of dimensionality:

1. S may be large, such that even writing down the policy is difficult. Moreover, S may
be continuous, for example in robotics applications.

2. A may be large. Example: resource allocation, where we have several projects and
need to assign different resources to each project.

3. p(s'|s,a) may be complicated: computing p(s’|s,a) requires summing over many
random events. Example: resource allocation.

9.1 Approximation approaches

There are 4 approaches to handle the curses of dimensionality:

1. Myopic: When p(s'|s,a) is approximately uniform across a, we may ignore the state
transition dynamics and simply use a™(s) ~ argmax{R(s,a)}. If R(s,a) is not known
acA

exactly — replace it with an estimate.
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2. Lookahead policies: Rolling horizon/model-predictive control.
Simulate a horizon of T steps, and use

a”™(s¢|0) = argmax E
' ell

t+T /
Z R(sy,y™ (St/))]

t'=t

3. Policy function approximation
Assume policy is of some parametric function form 7 = n(6), 6 € O, and optimize
over function parameters.

Example 9.1 (Inventory management). Consider an inventory management prob-
lem, in which the state is the inventory level s;, the demand is d; and the action is
the replenishment level ay. The dynamics are given by:

St41 = [St + ay — dt]+.
The immediate reward is:
R; = Rmin{dt, St + at} — CqQt — C[St + a — dt]+,

where R is the profit in satisfying the demand, ¢, is the ordering cost, and C is the
cost of not satisfying a demand.

One possible replenishment policy is:

0
a”(s¢|0) = {Q s : z Z , 0=1(q,Q).

A different possibility is the softmax policy, given by
e—@a(s,a)

:W, where o = R(s,a) or a=Q(s,a).
W€ a(s,a

p(s,a)

4. Value function approximation
Assume V (s) = f(s,0) where f is some approximation function, and optimize over
the parameters 6.
The most standard model is a linear combination of some k features (which are not
necessarily linear):

k
V(slo) =) 0;0(s),
j=1

where 6; are the model parameters and ¢; are the model’s features (a.k.a. basis
functions).
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Given V, we can derive a policy by choosing the greedy action with respect to V' (cor-
responding to a lookahead of 1 time step). If a model or a simulator is also available,
we can also use a longer lookahead.

Example: a chess game with K-step lookahead

Feature Compute value o) =
extractlon function 0 / t+K—1 =
$1(5), ooy D ( Welghts (s,0) arggll_?x E™ vy R(se) +V(sipk))
1 7 - Pk T

Issues:

(a) Choosing the parametric class ¢ (architecture): e.g., Radial Basis Functions
(RBFs) or kernels. The difficulty is that the value function structure may be
hard to know in advance.

(b) Tuning the weights 6 (learning): here we focus on simulation.

In the linear architecture, we can write

V(s;0) =(s) "0

(replacing 6 with r for the parameters), or in matrix-vector form,

V(0) = 30

Therefore tuning the parameters 6 reduces to approximating V € RISl on & =
{®6: 0 c RF} C RI¥.

9.2 Lookahead Policies

We will discuss several variants of lookahead policies. We focus on systems with a discrete,
and ‘small enough’ action space, but a large, possibly infinite state space.

The main idea in lookahead policies is that when we are at some state s, we will only
search ‘around’ the state s for the next action 7(s). After we play the action, we observe
the next state, and repeat the search. Thus, we do not need to consider the whole state
space in advance, but only consider regions in state space which we actually visit. In the
control literature, this idea is often called Model Predictive Control (MPC).

9.2.1 Deterministic Systems: Tree Search

The simplest example of a lookahead policy is tree search in a deterministic system.
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Given s, and a (deterministic) simulator of the system, we can simulate the next state
for every possible action, building a tree of possible trajectories of the system, starting
from s, and continuing to some depth k. We then choose an action by:

S0 = S] s
Which can be solved using dynamic programming.

In this approach, the computation in each step requires O(|A|) calls to the simulator for
building the tree, and O(k|A|F) computations for searching the tree. Note that there is no
dependence on |S|. The depth k should be chosen ‘deep enough’ to results in meaningful
actions. For example, in a discounted setting, recall that the k-horizon value function

satisfies ||[VF(s) — V*(8)[loo < ¥ (%) , which can be used to set k.

k
7(s) = argmax [Z yir(se, ' (s¢))

/€Il =0

9.2.2 Stochastic Systems: Sparse Sampling

When the system is stochastic, we cannot simply build a tree of possible future trajectories.
If we sample next states from our simulator, we can build a sampled version of a search tree.
Here, for each state s and action a in the tree, we will sample C' next states s},...,s.
Then, the backup at s,a will be Q(s,a) = %Zf’;l r(s,a) + ymax, Q(s},a’). That is,
we replaced the expectation in the Bellman update with an empirical average. Since the
average concentrates around the mean (e.g., by Hoeffding inequality), it is expected that
the empirical averages will closely represent their expectations.

The following result is shown in [1]. The constants k and C' can be set such that with

1 Joe L
G(K"y))o(lﬂ log e(kv)), the obtained policy is e—optimal, i.e.,

[VF(s) — V*(s)|l <e. Note again that there is no dependence on |S|.

a per-state running time of (

9.2.3 Monte Carlo Tree Search

While the sparse sampling above does not depend on |S|, the exponential dependence
on the horizon and number of actions makes it impractical for many cases. The insight
in Monte-Carlo Tree Search (MCTS) is that investing the same simulation efforts for all
possible future actions is wasteful, and we should instead focus our search efforts on the
most promising future outcomes.

The first idea in MCTS is to replace the stage-wise tree building approach with a rollout-
based approach, as shown in Figure 9.1. Here, we roll out complete trajectories of depth
k, and build the tree progressively from these rollouts. The method Evaluate(state) is
used to evaluate the last state in the rollout. This could be the reward of the state, or an
estimated value function (as in the chess example above). Another approach, which has
become common in games such as Go and Chess, is to simulate a game starting from state
s with a predetermined policy, until termination, and evaluate the state by the empirical
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return along the simulation trajectory. The method UpdateValue is used to build the
tree. It maintains both the sum of returns from a state action pair Qsum(s,a) (summing
over all trajectories that visited this state), and the number of visits to the state and
state-action pair, Ns; and Ng,. The value of a state-action pair is the average QS%(M) To
understand why this approach could be beneficial, consider a state that is visited Sranultiple
times. Thus, after several visits, we have some information about which actions are more
promising, and could use that to bias the rollout policy to focus on promising trajectories.
We need to make sure, however, that we also explore often enough, so that we do not miss
important actions by incorrect () estimates in the beginning. The key to an efficient MCTS
algorithm, therefore, is in the select Action method, which should balance exploration and
exploitation.

function MonteCarloPlanning(state)
repeat
search(state, 0)
until Timeout
return bestAction(state,0)

TR

6: function search(state, depth)

7: if Terminal(state) then return 0

8: if Leaf(state,d) then return Evaluate(state)

9: action := selectAction(state, depth)

10: (nextstate, reward) := simulateAction(state, action)
11: q := reward + y search(nexztstate, depth + 1)

12: UpdateValue(state, action, q, depth)

13: return ¢

Figure 9.1: Generic Monte-Carlo Planning Algorithm (from[2])

The UCT algorithm of Kocsis and Szepesvari [2] selects actions that maximize Q(s, a)+
UCT(s,a), where the upper confidence bound is given by:

log N,

UCT(s,a)=C N

where C' is some constant. Intuitively, UCT prefers actions that are either promising
(high @) or under-explored (low Ng,). Later in the course we will show that this specific
formulation is actually optimal in some sense.

In many practical problems, UCT has been shown to be much more efficient than tree-
building methods. MCTS based on UCT is also the most prominent method for solving
games with high branching factors such as Go.
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9.3 Approximation methods in value space
1. Approximate policy iteration: approximate V*; improve u; repeat.
2. Approximate value iteration / Q-learning: Q(s, a) ~ ¢(s,a)"0
3. Linear programming: not discussed.

Note that both V' and ) are mappings from a state (or state-action) to R. When the
state space is large, we will not be able to calculate the value for every state, but instead,
fit some function to a few states values that we will calculate. This is similar to a regression
problem, which our development will be based on, but as we will see, we will also need
to account for the dynamic nature of the problem to develop approximate optimization
algorithms.

9.3.1 Approximate Policy Evaluation

We start with the simplest setting - approximating the value of a fixed policy. A direct
approach for this task is through regression, which we will now review.

Least Squares Regression

Assume we have some function y = f(x), and a distribution over a finite set of inputs &(x).
We want to fit a parametric function g(z;6) to our data such that g approximates f. The
least squares approach solves the following problem:

min B¢ (g(2:6) — f(@))?.

When g is linear in some features ¢(x), i.e., g(x;0) = 67 ¢(z), then we can write the above
equation in vector notation as

min(®6 — Y)TE(®6 - Y),

where Y is a vector of f(z) for every z, and ® is a matrix with ¢(x) as its rows. The
solution is given by:
015 = (T=0)1oTzY.
Note that @0 denotes the approximated function g(x;6). We will call this the projection
of y onto the space spanned by 67 ¢(z), and we can write the projection operator explicitly
as:
Y = ®0;5(Y) = &(0T20) 1o =Y.

In the non-linear case, a common approach is to solve the least squares problem by
gradient descent, i.e., 011 = 0 — g VoE,we(g(x;0) — f(x))?, where the gradient is simply
2Eqe(g(x;0) — f(2))Vog(x;0).

111



In a practical case, we are given N data samples {x;,vy;} : ©; ~ &, y; = f(x;). The least
squares solution can be approximated from the samples as:

min Z(g(%‘; 0) —yi)?,
i
The stochastic gradient descent (SGD) version of this update is
Or+1 = O — aw(g(2i; ) — vi) Vg (zi; Ok).
For the linear case, we can solve directly:
Ors = (7d)1d7Y,

where in this case the rows of ® and Y are given by the N samples. By the law of
large numbers, we have that %(@Tq)) — (®72®) and 7Y — ®TEY, thus the sampled
solution converges to the solution 0rg above.

Approximate Policy Evaluation: Regression

The direct approach to policy evaluation: Evaluate V#(s) only for several states (e.g. by
simulation) and interpolate, e.g., using least squares regression: ®0 = IIV#. This method
is simple, however, it has several drawbacks. The first is that value estimates typically
have a large variance, as they accumulate rewards from multiple states in the future. The
second is that we need to wait for full simulations to complete before updating the value
estimate. Practically, this can take too long in some problems.

We next describe an alternative approach, using the fact that the value function satisfies
Bellman’s equation.

Approximate Policy Evaluation: the Projected Bellman Equation

The indirect approach to policy evaluation is based on the projected Bellman equation
(PBE). Recall that V#(s) satisfies the Bellman equation: V# = THV#. We can evaluate
VH(s) by projecting the Bellman operator T# onto S (the subspace spanned by ®):

o0 = IITH{DO},
where II is the projection operator onto & under some norm. Includes:
e Temporal differences - TD(0): online solution of the PBE.

o Least-squares policy evaluation - LSPE(0): simulation-based form

DOy 1 = ITH*{ PO} + noise.
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o Least-squares temporal differences - LSTD(0): batch solution of the PBE.

We now discuss the indirect approach to policy evaluation.
Define the weighted Euclidean inner product:

(Vi,Va)e = | D eVa(i)Va(i), e >0,
i=1

and the induced weighted Euclidean norm:

and let I, be the operator of projection onto S w.r.t. this norm:

[I.V = argmin ||[V' = V|| =
V'eS

=®0 s.t. 0= argmin || — V||
0'cRF

We want to solve the projected Bellman equation (PBE):
OO =TI, THD6*. (9.1)

The main reason to consider the approximation in (9.1) is that, as we shall see, it will allow
us to derive efficient sampling based algorithms with provable error guarantees.
9.3.2 Existence, Uniqueness and Error Bound on PBE Solution
We are interested in the following questions:

1. Does the PBE (9.1) have a solution?

2. When is II.T* a contraction, and what is its fixed point?

3. If IIT* has a fixed point 6*, how far is it from II.V#?
Let us assume the following;:

Assumption 9.1. The Markov chain corresponding to p has a single recurrent class and
no transient states. We further let

1

N
¢ = lim — ;mst = jlso =) >0,

which is the probability of being in state j when the process reaches its steady state, given
S0 = S.
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We have the following result:
Proposition 9.1. Under Assumption 9.1 we have that
1. TI.T* is a contraction operator with modulus v w.r.t. || - ||c.

2. The unique fized point ®0* of II.TH satisfies

[VF = @672 <

—ILVH2.

Proof. We begin by showing the contraction property. We use the following lemma:

Lemma 9.1. If P* is the transition matriz induced by u, then
[1PH2]le <]

Proof. Proof: Let p;; be the components of P*. For all z € R™:

2

|P*z||? = Zel ZP’J’ZJ < ZEZ pr i = szzzﬁipij = [|21[2,
j i

Jensen i

where the last equality is since by definition of €;, Y, e;pi; = €;, and 7, ejzjz- =|z||?. O

Since Il is a projection with respect to a weighted Euclidean norm, it obeys the
Pythagorian theorem:

vIeRPLTes: ||J=J|)?=|J-1J|?+|[LJ — J|J
Proof:
T = JI2 = |IJ = Oed + T = J||2 = [|J = TJ|2 + [[Te] = J||2 + (J — T T — J)e,

and J — II.J and II.J — J are orthogonal under (-,-). (error orthogonality for weighted
Euclidean-norm projections).

This implies that II. is non-expansive:
”HeJ_leHe < ||J_ j”E
Proof:

[[Te = TeJ|[2 = [[TTe( = DI < (e(J = DI+ ||(T =T (T = DI =[] = JII2,
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where the first inequality is by linearity of Il, and the last is by the Pythagorian theorem
(with vectors J — J and 0).

In order to prove the contraction:

_  Ile¢ non-expansive _
| THJ — TI.THJ ||, < || THT —TH"J||
iy _ Lemma 9.1 _
T P = Dl < A = e

and therefore II.T* is a contraction operator.

Proof of the error bound:

[VH# = @0"||2 = |[VF = TLVH|2 + [[ILV* — @07 ||2
= ||[VF = TV + | VE — TLTH D072 (9-2)
<V —TLVE|Z + 22 ([VE = 2072,

where the first equality is by the Pythagorean theorem, the second equality is since V# is
THs fixed point, and ®0* is [IT*’s fixed point, and the inequality is by the contraction of
1. TH.

Therefore .

1—~2

VH — @0*|]2 < [V# =TV 2.

O

Remark 9.1. A weaker error bound of ||VF — ®6*|| < ﬁHV“ —II.V#||e may be obtained
by the following argument:

[VH = ®0%||e < [[VF = TLVF||e + [[TIVH — @67
= ||VF — TLVH|| + |[ILTHVF — LT ®6% || (9.3)
< |[[VH=TLVH||e + 4[|V = 207,

where the first inequality is by the triangle inequality.

Remark 9.2. The error bounds in this section are in the ||-||¢ norm, while the approzimate
policy iteration error bounds of Theorem 9.1 are in the || - ||co norm. In general, for large
or continuous state spaces, an || - ||¢ norm error bound does not provide a strong guarantee
on the error in the || - ||coc norm, and the results of Theorem 9.1 therefore do not apply. A
result similar to that of Theorem 9.1 may be shown to hold in the || - || norm, however this
18 much more complicated, and beyond the scope of this course.
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Remark 9.3. At this point, the reader should wonder why the PBE solution is sought
instead of II.VH. In fact, an algorithm for estimating II.V* can easily be derived using
regression. For example, consider an algorithm that samples states si,...,Sy ~ €, and
from each state s; runs a trajectory in the MDP following policy u. Let y; denote the
discounted return in that trajectory. Then, a least squares fit:

1 2
ming 3= (3= 6(s0)"0)
=1

would converge to II. V¥ as N — oo. However, such an algorithm would suffer a high
variance, since the discounted return in the whole trajectory often has a high variance.
The PBE approach typically has lower variance, since it only considers 1-step transitions
instead of complete trajectories. However, it may have a bias, as seen by the error bound
in Proposition 9.1. We thus have a bias-variance tradeoff between the direct and indirect
approaches to policy evaluation.

9.3.3 Solving the PBE

We now move to solving the projected Bellman equation.
We would like to find J = ®6* where 6* solves

0* = argmin ||®0 — (R* + v P ®6*)||?
OeRF

Setting the gradient of the to 0, we get
dTZE(D0* — (R* + yP'®0*)) =0

where E = diag (€1, ..., €p).
This is in fact the orthogonality condition from random signals.

Equivalently we can write
Cco*=d

where
C=dT=(I —yPH®, d=dT=RH
Solution approaches:

1. Matrix inversion (LSTD):
0* =C"'d

In order to evaluate C,d, calculate a simulation-based approximation C’k, di, — C,d
by the LLN, and then use 0 = C}’ Ld, — this is the Least Squares Temporal Difference
algorithm (LSTD). Note that the simulation must use the policy p, such that (after
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some burn-in time) the states are samples from the distribution e.

Recall that
S|

d=®"ZR" = e,p(s)R"(s).

s=1

So the following estimate converges to d:

d = %Z¢<St>r<st,u<st>> -

n |5

Z*ZZ o(s)R(s) — d.

t=1 s=1

Similarly,

¢(st)(I — yP*)p" (s¢) ~

3\*—‘
HM:

Z s¢)( — 70" (s141)) o C.

§\H

. Projected value iteration:
®0,, 11 = [I.THPO,, = I (R" + P ®0,,),

which converges to 6* since II.T* is a contraction operator.

The projection step is

0,1 = argmin||®0 — (R* + v P ®0,)|J2.
0

Setting the gradient to 0 w.r.t. 6:
OTE(®O, 41 — (RF +yPHDY,,)) =

= Opy1 = 0, — (®T2D)H(CH, — d).

So we can approximate
9n+1 — en - Gn(cnen - dn)a

where

_ 1« o
Gul m = D ls)o(s)! = Gn ~ (07T20) 7.
t=0
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We observe that C,,, d,, G, can also be computed via the SA algorithm.

More generally, for the non-linear case, we have the iterative algorithm:
V(0pi1) = OTHV (6,),

where the projection II here denotes a non-linear least squares fit, or even a non-
parametric regression such as K-nearest neighbors. Convergence in this case is not
guaranteed.

3. Stochastic approximation — TD(0): Consider the function-approximation vari-
ant of the TD(0) algorithm (cf. Section 6.4.1)

Ont1 = O + an (7(8n, p1(8n)) + ¢(3n+1)T0n - ¢(5n)T9n) d(sn),

temporal difference

where the temporal difference term is the approximation (w.r.t. the weights at time

n) of r(sp, p(sn)) +V(snt1) — V(sn).
This algorithm can be written as a stochastic approximation:

Opnt1 = 0n + an(Cl, —d+my),

where m; is a noise term, and the corresponding ODE is 6=C0— d, with a unique
stable fixed point at #* = C~'d. More details will be given in the tutorial.

Remark 9.4. For a general (not necessarily linear) function approzimation, the TD(0)
algorithm takes the form:

Hn—l-l =0, +an (T(Sny ,U(Sn)) + f(3n+17 en) - f(sna en)) vef(57 9)
It can be derived as a stochastic gradient descent algorithm for the loss function
Loss(0) = [|f(s,0) — V*(s)]]e,

and replacing the unknown VH(s) with a Bellman-type estimator r(s, u(s)) + f(s',0).

9.3.4 Approximate Policy Iteration

The algorithm: iterate between projection of V#* onto S and policy improvement via
a greedy policy update w.r.t. the projected V#*.

Guess evaluate: improve:
Mo Vi = @b, = VHk P41

{
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The key question in approximate policy iteration, is how errors in the value-function
approximation, and possibly also errors in the greedy policy update, affect the error in
the final policy. The next result shows that if we can guarantee that the value-function
approximation error is bounded at each step of the algorithm, then the error in the final
policy will also be bounded. This result suggests that approximate policy iteration is a
fundamentally sound idea.

Theorem 9.1. If for each iteration k the policies are approximated well over S:
max |V (s:0) — V" (s)| < 0,
and policy improvement approximates well
max | TH+1V (530;) — TV (s;601)| < €,

Then
€+ 2v9

limsup max |V#(s) — V*(s)| < ——.
sup max |V¥(s) - V(o) <

Online - SARSA

As we have seen earlier, it is easier to define a policy improvement step using the Q function.
We can easily modify the TD(0) algorithm above to learn Q*(s,a) = f(s,a;0):

0n+1 =0n+ay (T(Sna an) + f(3n+17 Gn+41; an) - f(sn’ an; en)) VQf(S, a, 9)

The actions are typically selected according to an e—greedy or softmax rule. Thus, policy
evaluation is interleaved with policy improvement.

Batch - Least Squares Policy Iteration (LSPI)

One can also derjve an approximate PI algorithm that works on a batch of data. Consider
the linear case Q"(s,a) = 0T ¢(s,a). The idea is to use LSTD(0) to iteratively fit Q#*,
where py is the greedy policy w.r.t. QH+-1.

. 1 <&
dy == dsi,ar)r(se, ar)
t=1

N 1 n *
Cr = n Z O(st,ar)(9" (51, ar) — 9" (141, a711)),
t=1
O, = (Cp)~"dy,.

where a},; = arg max, QM=1(s441,a) = arg max, 0L o (st1,0).
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9.3.5 Approximate Value Iteration

Approximate VI algorithms directly approximate the optimal value function (or optimal
@ function). Let us first consider the linear case. The idea in approximate VI is similar to
the PBE, but replacing T# with T. That is, we seek solutions to the following projected
equation:

®0 = IIT{D6},

where IT is some projection. Recall that 7" is a contraction in the ||.||oc norm. Unfortunately,
IT is not necessarily a contraction in ||.|| for general function approximation.! Similarly,
T is not a contraction in the .|| norm. Thus, we have no guarantee that the projected
equation has a solution. Nevertheless, algorithms based on this approach have achieved
impressive success in practice.

For the non-linear case, we have:

Q(QnJrl) = HTQ(Hn).

Online - Q learning

The function approximation version of online Q-learning resembles SARSA, only with an
additional maximization over the next action:

en-l—l =0, +an (T(Sn, an) + mL?JX f(5n+17 a; en) - f(sna Qn; en)) v@f(sv a, 0)

The actions are typically selected according to an e—greedy or softmax rule, to balance
exploration and exploitation.

Batch — Fitted Q

In this approach, we iteratively project (fit) the Q function based on the projected equation:

Q(Onr1) = ITQ(6y).

Assume we have a data set of samples {s;, a;, s}, ; },obtained from some data colletion
policy. Then, the right hand side of the equation denotes a regression problem where the
samples are: X = {s;,a;} and Y = {r; + ymax, Q(sg, a;0,)}. Thus, by solving a sequence
of regression problems we approximate a solution to the projected equation.

Note that approximate VI algorithms are off-policy algorithms. Thus, in both Q-
learning and fitted-Q, the policy that explores the MDP can be arbitrary (assuming of
course it explores ‘enough’ interesting states).

LA restricted class of function approximators for which contraction does hold is called averagers, as was
proposed in [3].
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9.4 Exercises

Exercise 9.1 (Computational Complexity). What is the computational complexity
(per-iteration, in terms of k£ — the number of features) of LSTD and TD(0)? Suggest an
improvement to the matrix-inversion step of LSTD to reduce the computational complexity
(hint: use the Sherman Morrison formula).

Exercise 9.2 (Projected Bellman Operator). Consider the projection operator II
that projects a vector V. € R™ to a linear subspace S that is the span of k features
®1(8),...,0r(s) w.r.t. the e-weighted Euclidean norm. Also recall the Bellman operator
for a fixed policy T™(v) = r + yP™v.

1. Show that for a vector v € S, the vector v/ = T™v is not necessarily in S. Choose an
appropriate MDP and features to show this.

In class we have seen that IIT™ is a contraction w.r.t. the e-weighted Euclidean norm,
when € is the stationary distribution of P™. We will now show that when ¢ is chosen
differently, IIT™ is not necessarily a contraction.

Consider the following 3-state MDP with zero rewards:

‘We consider a value function approximation V(s) = ¢1(8)wy + pa(s)ws, given explicitly
as V = (wy, wo, 2w2)T, and we let w = (wq, wg)T denote the weight vector.

2. What are the features ¢(s) in this representation?
3. Write down the Bellman operator T™ explicitly. Write downT™V .

4. What is the stationary distribution?
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5. Write down the projection operator II explicitly, for e = (%, i, %)

6. Write an explicit expression for V/ = IIT™V in terms of w: the weight vector of V.
Let w' = (wy’, wg’)T denote the weights of V. Write w’ as a function of w .

7. Show that iteratively applying IIT™to V may diverge for certain values of p.

Exercise 9.3 (SARSA with function approximation). In this question we will im-
plement a reinforcement learning algorithm in a continuous domain using function approx-
imation.

Recall the tabular SARSA algorithm (Section 6.4.5). We now present an extension of
SARSA to the function approximation setting. Assume that we are given a set of state-
action features ¢(s,a) € R*. We propose to approximate Q™ (s,a) as a linear combination

of these features: i

QW(S, a) = Z oi(s,a)w; = (s, a)Tw.

i=1

Our goal is to find the weight vector w € RF.
In the SARSA algorithm, at each stage we observe (s, at, ¢, S¢+1,ar+1), simulated on-
policy (i.e., by simulating the policy ) and update w by

w = w + Bird(st, ar)
A
8¢ = r(se) + ¥B(Se41, 1) w — p(sp,ar) Tw
where 3; is a suitable step-size, and ~y is the discount factor.

1. Explain the intuition for this update. You may use the TD(0) algorithm learned in
class.

Policy improvement in SARSA is achieved by choosing the policy 7 as the e-greedy
policy with respect to the current w, that is, at time ¢ the state is x; and the action a; is
selected according to

random w.p. €
t arg maxg (qﬁ(st, a)Tw) w.p. 1 —e€

2. Explain why the SARSA algorithm is expected to gradually improve performance.

We will now implement SARSA on a popular RL benchmark - the mountain car.
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In the Mountain Car problem (see figure), an under-powered car must drive up a steep
hill. Since gravity is stronger than the car’s engine, even at full throttle, the car cannot
simply accelerate up the steep slope. The car is situated in a valley and must learn to
leverage potential energy by first driving up the left hill before gaining enough momentum
to make it to the goal at the top of the right hill.

The state space is two-dimensional, and consists of the position p € [—1.2,0.6] and
velocity v € [—0.07,0.07]. There are 3 actions: a = —1 (accelerate left), a = 0 (don’t
accelerate), and a = 1 (accelerate right).

The simulation runs in episodes. At the beginning of an episode the initial state is
po ~ Uniform[—0.5,0.2], vg ~ Uniform[—0.02,0.02]. If the car reaches the right hilltop:
p > 0.5, the episode ends, and a reward r = 5 is received. At every other step the reward
is r = —1. The maximum episode length is 500 steps.

The Matlab function mountainCarSim(p, v, u) (available at the course webpage)
takes the current state and action and returns the next state of the car.

As function approximation, we will use grid-tiles. For each action a, we discretize the
state space into n non-overlapping tiles of size A, = 0.1, A, = 0.01 (see figure), and we
label the tiles ¥f, ..., ¥5.

PN
1 | I | 1 1 1 1 0.07
B T rTTAaA T T T I T T T T T AT T T
1 1 1 1 1 1
API - [ | 1 1 | 1
- - =-r--T---rr--Trv--°O---r i
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
T~ ~-"r-—°O--=-r---Trt-=-°\1---r
1 1 1 1 1 I 1 1
1 1 1 1 1 1 1 1 v
T~~~ r=-=qQ-=--~=-=-t-=-=-"---r
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
FT ===~ Fr === ==t====-==F
1 1 I 1 1 1 1 1
1 1 1 1 1 1 1 1
e il skl Bl el e Bl o
1 1 L L 1 1 1 1 —0.07
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Define binary state-features ¢(s) € R" by:

|1 seqy
$i(s) = { 0 else ’

and binary state-action-features ¢(s,a) € R¥ where k = 3n, by:

o(s,—1) = {d(s),2n zeros}
&(s,0) = {n zeros, ¢(s),n zeros} .

o(s,1) = {2n zeros, ¢(s)}

3. Run the SARSA algorithm in this domain. Generate the following plots, and write
a proper explanation for each plot.

a) Total reward (in episode) vs. episode

(¢c) L Norm of the weights w vs. episode

(d) Trajectory of car (p vs. time) for the greedy policy starting from (0,0), every
100 episodes of learning.

(a)

(b) Goal was reached / not reached vs. episode
)
)

(e) Final value function and policy after learning.

You may use the following learning parameters for the algorithm:

100
1000+-episodecount

Step size: [y =

Exploration: € = 0.1

Discount: v =0.95

Total number of learning episodes: 500 — 1000

e Initial weights: zeros.

Bonus: Improve the learning algorithm using either:
e Different features - you may try:

— Overlapping tiles (sometime called CMACs) (http://webdocs.cs.ualberta.
ca/~sutton/book/ebook/node88. htm1#SECTION04232000000000000000)

— Radial Basis Functions (http://en.wikipedia.org/wiki/Radial_basis_function)
— Fourier / polynomials (http://irl.cs.duke.edu/fb.php)

e Different algorithm - you may try:
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— SARSA(M) e.g., http://webdocs.cs.ualberta.ca/~sutton/book/ebook/node89.
html

— Q(\) e.g., http://webdocs.cs.ualberta.ca/~sutton/book/ebook/node89.html
e Any other idea that you like

Evidence that your method improves performance in some sense (learning rate/ final per-
formance/ robustness to parameter changes/ etc.) will be rewarded with bonus points.
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Chapter 10

Policy Gradient Methods

Recall that Reinforcement Learning is concerned with learning optimal control policies by
interacting with the environment. So far, we have focused on learning methods that rely on
learning the value function, from which the optimal policy can be inferred. Policy gradient
methods take a different approach. Here a set of policies is directly parameterized by a
continuous set of parameters, which are then optimized online. The basic algorithms use
online gradient descent, hence achieve only local optimality in the parameter space. This
also means that the set of possible policies is restricted, and might require a fair amount of
prior knowledge for its effective definition. On the other hand, the restriction to a given set
of policies simplifies the treatment of various aspects of the RL problem such as large or
continuous state and action spaces. For these reasons, policy gradient methods are finding
many applications in the area of robot learning. Policy Gradient algorithms belong to a
larger class of Policy Search algorithms. An extensive survey can be found in:

e M. Deisenroth, G. Neumann and J. Peters, ” A Survey on Policy Search for Robotics,”
Foundations and Trends in Robotics, Vol. 2, 2011, pp. 1-142.

10.1 Problem Description

We consider the standard MDP model in discrete time, with states x; € X, actions u; € U,
transition kernel {p(z'|z,u)} , rewards Ry = (¢, ut), and policies 7 € II.

For concreteness, we consider an episodic (finite horizon) problem with the total return
criterion, which is to be maximized:

T

JT=E""() Ry).

t=0

Here zg is a given initial state. We may allow the final time 7" to depend on the state (as
in the Stochastic Shortest Path problem), as long as it is bounded.
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We next assume that we are given parameterized set of policies: {mg, § € ©}, where 0 is
an I-dimensional parameter vector. We also refer to this set as a policy representation. The
representation is often application-specific and should take into account prior knowledge
on the problem.

We assume the following;:

e The actions set U is continuous - typically a subset of R'. If the original action set
is finite, we extend it to a continuous set by considering random (mixed) actions.

e The parameter set © is a continuous subset of R’.

e The policy set {mp, § € O} is smooth in §. In particular, assuming each my is a
stationary policy, mg(s) is a continuous function of  for each state s.

Policy representation: Some common generic representations include:

e Linear policies:
u = 7-‘—9('1‘) = 9T¢(x)7

where ¢(x) is a suitable set of basis functions (or feature vectors).

e Radial Basis Function Networks:
mp(x) = w’ ¢(x), with ¢;(z) = exp(—5 (2 — )" Dz — ),

where D; is typically a diagonal matrix. The vector 6 of tunable parameters includes
w (the linear parameters), and possibly (u;) and (D;) (nonlinear parameters).

e Neural Networks. For example, a Multi-Layer Perceptron (MLP):

mo(x) = 1 (bg + w3 (by + wi (x))),

where 1) is a non-linear activation function (e.g., tanh or sigmoid) and the vector 6
includes the weight and the bias terms (w;,ws, b1, b2) in the neural network. This
can be seen as a generalization of the linear policy to include non-linearities.

e Logistic (a.k.a. softmax) functions: For a discrete (finite) action space, one can use
the Boltzman-like probabilities

mo(ulz) = exp(wy d(x))/ Zu exp(wy ¢(x)),

where 6 = (wy)yer. It is convenient to designate one of the actions as ’anchor’, with
w, = 0.
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e Stochastic policies: in certain cases a stochastic policy is required for sufficient ex-
ploration of the system. This is typically modelled by adding noise to a deterministic
policy. For example, in a linear policy with Gaussian noise:

P(ulz) = mp(ulz) ~ N (w'¢(z),0),
where the parameter vector 6 contains w and the covariance matrix o.

In robotics, a parameterized path is often described through a parameterized dynamical
system, the output of which is used as a reference input to a feedback controller.

Gradient Updates: Plugging in the parameter-dependent policy 7 in J7, we obtain
the parameter-dependent return function:

J(O) = J™.

We wish to find a parameter § that maximizes J(0), at least locally. We discuss two
high-level approaches for this task.

10.2 Search in Parameter Space

In this approach, the problem is viewed as a black-box optimization of the function J(0).
Black-box optimization (a.k.a. derivative free optimization) refers to optimization of an
objective function through a black-box interface: the algorithm may only query the function
J(0) for a point 0; gradient information or the explicit form of J(#) are not known.

In our setting, for each given value of the parameter vector 8, we can simulate or operate
the system with control policy 7y and measure the return J(6) = Z;‘F:o Ry, which gives a
estimate of the expected return J(#). We note that for stochastic systems or policies, this
estimate will be noisy.

Note: The search in parameter space approach ignores the structure of our problem,
namely, that trajectories are the result of rolling out a policy in an MDP. Only the mapping
between 6 and the resulting cumulative reward is considered.

Many black-box optimization algorithms have been proposed in the literature. We
describe several that have been popular in RL literature.

10.2.1 Gradient Approximation

These methods use function evaluations of J(6) to approximate the gradient VgJ(6). Given
the gradient, we may consider a gradient ascent scheme, of the form

Ori1 = O + o V@J(Qk). (10.1)
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Here (o) is the gain (or learning rate) sequence, and

0J(0)
Ve (0) = — .~
is the gradient of the return function with respect to 6.
It remains of course to determine how to compute the required gradient. We next
outline two options.
Note: Whenever required, we assume without further mention that J(#) is continuously
differentiable, and that the expectation and derivative in its definition can be interchanged.

Finite Difference Methods

Finite difference methods are among the most common and straightforward methods for
estimating the gradient in a variety of applications.

Suppose that, for each given value of the parameter vector 6, we can simulate or operate
the system with control policy my and measure the return J (0) = Zf:o Ry, which gives a
estimate of the expected return J(#). We note that this estimate will be noisy when either
the policy or the system contain random moves.

Component-wise gradient estimates: We can now obtain a noisy estimate of each
component of the gradient vector using a finite difference of the form:

9J(0) _ J(0+de;) — J(O)
0; 5 ’
or, preferably, the symmetric difference

0J(0) _ J(0+de;) — J(0 — de;)
20; 26

Note:

e Since the estimates .J are typically noisy, repeated trials and averaging of several such
differences are needed to reduce the estimation error. However, one can also use the
noisy estimates with a low gain in the gradient ascent scheme, which has a similar
averaging effect.

e The choice of the step size § is crucial, as it controls the tradeoff between the relative
noise level and the non-linearity of J(6). We will not get into this issue here.

e A useful method to reduce the variance of the above difference is to use coupled ran-
dom simulation, meaning that the random variables that govern the random choices
in the simulation (or action choices) are drawn only once, and used for both estimates
J(0 + de;) and J (6 — de;). These and other variance reduction methods are standard
tools in the area of Monte-Carlo simulation.
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Least-squared gradient estimates: Suppose we simulates/operate the system with a
set of parameters 01 = @ + AQIFl, 1 < k < K, to obtain a corresponding set of reward
estimates JF = J(0 + AgF]).

We can now use the linear relations

J (0 + A0 ~ J(0) + A0 . vJ(6) (10.2)

to obtain a least-squares estimate of V.J(6). For example, if an estimate J (0) is pre-
computed, the relation

AJH 2 J0 4+ A0 — J(0) ~ AR . v (0)
leads to the LS estimate
VJ(9) = (ABTAO) 'ABTAT,

where A® = [A .. AT and AT = [AJY, ..., AJENT . (Note that we consider
here AG*) as a column vector, so that A@® is a K x I matrix).
If J(6) is not given in advance, we can use directly the relations from (10.2) in matrix
form,
Jh
J(0)
VJ(8)

[
(>

QM[ } M =[1,40)

FIK]

to obtain the joint estimate (MTM)~'M J for J(6) and V.J(6).

10.3 Population Based Methods

This family of methods maintain a distribution over the parameter vector 6, and use
function evaluations to ‘narrow in’ the distribution on an optimal choice. Assume that we
have a parametrized distribution over the policy parameters Py(f). Note the distinction
between the policy parameters 6 and the parameters ¢ for the distribution of 6 values.

For example, P4(f) can be a multivariate Gaussian, where ¢ encodes the mean and
covariance of the Gaussian.

Cross Entropy Method (CEM) This method updates ¢ iteratively according to the
following scheme:

1. Given current parameter ¢;, sample N population members

O ~ Py, (6), k=1,...,N.
2. For each k, simulate the system with 7y, and measure the return J(6y).
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3. Let K* denote a set of the p% top performing parameters

4. Improve the parameter:

bi1 = argmax 3 log Py (0)). ()
ke K*

The intuition here is that by refitting the distribution Py to the top performing parameters
in the population, we are iteratively improving the distribution.

Note that other forms of the improvement step (x) have been proposed in the literature.
For example, in Reward Weighted Regression (RWR)) the parameters are updated according
to

¢iy1 = arg max Z J(0r) log Py (0y).
®  kel,..N

10.4 Likelihood Ratio Methods

Likelihood ratio-based methods allow to obtain a (noisy) estimate of the reward gradient
from a single trial. The approach is again standard in the Monte-Carlo simulation area,
where it is also known as the Score Function methods. Its first use in the controlled
process (or RL) context is known as the REINFORCE algorithm. Interestingly, the RL
formulation of this method can exploit the MDP structure of the problem, by using dynamic
programming ideas to reduce variance in the estimation.

Let 7 = (xg,uq, - ..,2x7) denote the process history, or sample path, of a single run of
our episodic problem. For simplicity we consider here a discrete model (finite state and
action sets). Let pg(7) denote the probability mass function induced on the process by the
policy mg. That is, assuming 7y is a Markov policy,

T-1

PG(T) = p(zo) H W@(Utfxt)l?(wwl\xt,ut)-
t=0

Denote R(1) = ZtT;()l r(z¢, ut) + rr(xr), so that

J(0) =E°(R(7)) = ) R(r)ps(7).

Observe now thatVypg(7) = pg(7) Vg log pg(7). Therefore, assuming that the expectation
and derivative can be interchanged,

VJ(0) =) R(r)Vops(r)
=Y _[R(r)Vologps()] po(7)
= E’ (R(7)Vlog py(T)) -
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Furthermore, observing the above expression for pg(7),

Vologpy(T) = ) Vologm(us|z).
¢

N
-

I
o

Importantly, the latter expression depends only on the derivative of the control policy,
which is known to us, and not on the (unknown) process dynamics and reward function.
We can now obtain an unbiased estimate of V.J(6) as follows:

e Simulate/implement a single episode ("rollout”) of the controlled system with policy
.

e Compute R(7) as R(7) = Z?;OI r(x¢, us) + rr(xr), or directly using the observed
rewards R(T) = Z;F:o R;.

. T-1
e Compute VJ(0) = R(1) > Vglogmy(us|z) This is typically a noisy estimate, which
=0

can of course be improved_ by averaging over repeated trials.

Illustrative Example

Consider the bandit setting, where the MDP has only a single state and the horizon is
T = 1. The policy and reward are given as follows:

r(w) =
1 u—0)?
o) = g exp(~ )

We have that J(0) = E[u] = 0, and thus V,J(0) = 1. Using the policy gradient formula,
we calculate:

).

Vg logmg(u) = ug—29’
Vo () = B[O
1

Note the intuitive interpretation of the policy gradient here: we average the change to the
mean action u — # and the reward it produces r(u) = u. In this case, actions above the
mean lead to higher reward, thereby ‘pushing’ the mean action 6 to increase. Also note
the relation to the reward-weighted regression expression above.
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10.4.1 Variance Reduction

We now provide a generalization of the policy gradient. We will consider an episodic MDP
setting, and assume that for every policy parameter 6, an absorbing state is reached w.p. 1.

(&)

We can therefore replace the finite horizon return with an infinite sum J* = E™%0( Y~ R;).
t=0

We also recall the value and action value functions V7 (x) and Q™ (x, u).

Proposition 10.1. The policy gradient can be written as:

Vo J(0) = E? <Z U,V log 779(1%\1})) ,

=0
where Wy can be either one of the following terms:
1. Total reward, > ;2 r(x, us) — b(xe), where b is a state-dependent baseline
2. Future reward following action ug, Y g, (24, up) — b(x¢)
3. State-action value function, QT (xy,u)
4. Advantage function, Q™ (zy,us) — V™ (x4)
5. Temporal difference, r(xt, ur) + V™ (xe41) — V7 (x)

All the above formulations are unbiased estimates of the policy gradient. However,
they differ in their variance, and variance reduction plays an important role in practical
applications'. Let illustrate this in the previous bandit example.

INlustrative Example (cont’d)

2
Consider the previous bandit setting, where we recall that r(u) = u, my(u) = \/2;? exp(— (u2002) ).

Find a fixed baseline b that minimizes the variance of the policy gradient estimate.
The policy gradient formula in this case is:
(u—"b)(u—0) B
o2

VoJ(0) = E|

and we can calculate the variance

i Var [~ b)(u — 6)] = 3 [((u— b)(u—~ 6)* 1]
_ %E [(w—0)u— ) + (0~ )(u—0)) 1]
1
= SB[ —0)" + (O~ b)(u—6)°+ (0~ b)>*(u—06)° 1]
= LR[00 0202 1],

ol

In the simulation literature, the technique of changing the variance of the estimate by adding terms
that do not change its bias is known as control variates.
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which is minimized for b = 6.

Note 1: The average reward, state-action value function, and advantage function
baselines are commonly used in practice. While in our illustrative example the average
reward was optimal, in general it is not necessarily so. An in-depth discussion of this topic
can be found in:

e Greensmith, E., Bartlett, P.L. and Baxter, J., 2004. Variance reduction techniques for
gradient estimates in reinforcement learning. Journal of Machine Learning Research,
5(Nov), pp.1471-1530.

Nevertheless, these baselines often lead to significant performance gains in practice.

Note 2: Typically, the value functions V™ and Q™ will not be known, and will have to
be estimated along with the policy gradient using TD methods or regression. An important
question here is how the error in value function estimation affects the policy gradient bias.
There exist special policy classes and function approximators that are said to be compatible,
where the value estimation error is orthogonal to the policy gradient bias. In general,
however, this is not the case.

Proof of Proposition 10.1

Proof. We will start by establishing a useful property. Let pg(z) be some parametrized
distribution. Differentiating ), ps(2) = 1 yields

> (Viogpy(2))po(2) = E’(Vlogpy(2)) = 0. (10.3)

We can now observe that adding a state-dependent baseline to the policy gradient does
not add bias:

E’ (Z b(z+)Ve 1Og7fe(ut\xt)> = > B’ [b(x1) Vg log mo (us|z,)]

t=0 t=0

=S E [EG [b(+) Vg log mp (u|z:)] ﬂﬁt]}
t=0

o

R’ [b(:ct)]Ee [V log mo(ue|z4)| fﬂt]}

where the last equation follows from applying (10.3) to the inner expectation. Note that
the justification for exchanging the expectation and infinite sum in the first equality is not
straightforward. In this case it can be shown to hold by the Fubini theorem, using the
assumption that every trajectory reaches a terminal state in a bounded time w.p. 1.
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We continue to show the independence on past rewards. We have that

!S5 gt

t=0 /=
00 [t—1
= ZEQ Z (21, uw ) Vo log We(ut|$t)]
t=0  L¢'=0
00 B t—1
= ZEB kY Z r(xy, up)Volog mo(ue|xe)| zo, ug, - - . , T4 ]
=0 | =0
00 [t—1
— ZEQ Z r(zy, uy )E V@ log 7 (ug|zt)| 0, uo, - - - ,xt]]
t=0 /=0
0o —1
= ZEQ Z r(xy, up)E Vg log 7 (us|z4)| xt]]
t=0  Lt'=0
-0,

where in the second to last equality we used the Markov property, and in the last equality
we again applied (10.3). We have thus proved (1) and (2).

Exercise 1: where would this derivation fail for future rewards?

We continue to prove (3).

Z Z 7(z4r, up ) Vo log 770(“15|33t)]

t=0 t'=t

Z E° Z (2, up) Vg log W@(ut|$t)]
t=0

Lt/ =t

oo
Z EY |E?
t=0

EG

o0

Z r(zy, up )V log mo(ut|zs)
t'=t

o]

o0

ZEQ Vo log g (ug|z)E? ZT(mt/,utl) T, ut]]
L t'=t
ZEQ [V log mo(ue|xt) Q™ (24, ur)] -

t=0

Exercise 2: Prove (4) and (5).
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10.4.2 Natural Policy Gradient

In the gradient ascent scheme (10.1), the idea is to take small steps that iteratively improve
the policy. The question is, what is the best metric to define ‘small steps’ in? Taking a
step 1 in the gradient direction is equivalent to solving the following optimization problem:

argmax A V.J(6),
Af (10.4)
st. AOTAO <.

Thus, standard gradient ascent takes a small improvement step w.r.t. a Euclidean dis-
tance in the parameter space. However, this scheme can be highly sensitive to the specific
parametrization employed - it might be that a small change in parameters causes a very
drastic change to the behavior of the policy. The natural gradient attempts to rectify this
situation by replacing the Euclidean distance between two parameters 6 and 6 + Af by
the Kullback-Leibler distance? between the probability distributions pg(7) and pgiag(T)
induced by these parameters. Using a Taylor expansion, the KL distance can be approxi-
mated as

Dicr(pa(7)||posno(7)) = AOT Fy A0,

where Fj is the Fisher Information Matrix, Fy = > pg(7)V log pe(7)V logpg(7) .
Replacing the constraint in (10.4) with AGTFyAf < 7 leads to a modified gradient
definition known as the Natural Gradient: :

vNJ(0) = F; v I(0).

Note that the Fisher Information Matrix can be calculated by sampling, since log py(7) only
requires knowing the policy (as in the policy gradient derivation above). Natural policy
gradient schemes lead in general to faster and more robust convergence to the optimal
policy.

2The KullbackLeibler (KL) distance between two distributions P,Q is defined as Dxr(P||Q) =

>, P(x)log ggg It is a standard tool in information theory.
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