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Abstract

This paper describes a novel machine learning framework for solving
sequential decision problems called Markov decision processes (MDPs)
by iteratively computing low-dimensional representations and approx-
imately optimal policies. A unified mathematical framework for learn-
ing representation and optimal control in MDPs is presented based
on a class of singular operators called Laplacians, whose matrix repre-
sentations have nonpositive off-diagonal elements and zero row sums.
Exact solutions of discounted and average-reward MDPs are expressed
in terms of a generalized spectral inverse of the Laplacian called the
Drazin inverse. A generic algorithm called representation policy iter-
ation (RPI) is presented which interleaves computing low-dimensional
representations and approximately optimal policies. Two approaches
for dimensionality reduction of MDPs are described based on geometric
and reward-sensitive regularization, whereby low-dimensional represen-
tations are formed by diagonalization or dilation of Laplacian opera-
tors. Model-based and model-free variants of the RPI algorithm are
presented; they are also compared experimentally on discrete and
continuous MDPs. Some directions for future work are finally outlined.



1

Introduction

In this section, we introduce the problem of representation discovery in
sequential decision problems called Markov decision processes (MDPs),
whereby the aim is to solve MDPs by automatically finding “low-
dimensional” descriptions of “high-dimensional” functions on a state
(action) space. The functions of interest include policy functions speci-
fying the desired action to take, reward functions specifying the imme-
diate payoff for taking a particular action, transition distributions
describing the stochastic effects of doing actions, as well as value func-
tions that represent the long-term sum of rewards of acting according
to a given policy. Our aim is to illustrate the major ideas in an informal
setting, leaving more precise definitions to later sections. The concept
of a Laplacian operator is introduced, and its importance to MDPs is
explained. The general problem of dimensionality reduction in MDPs
is discussed. A roadmap to the remainder of the paper is also provided.

1.1 Motivation

A variety of problems of practical interest to researchers across a diverse
range of areas, from artificial intelligence (AI) [117] to operations

404



1.1 Motivation 405

research (OR) [109, 110], can be abstractly characterized as “sequential
decision-making.” Namely, in all these problems, the task can be for-
mulated in terms of a set of discrete or continuous set of states, in each
of which a decision maker has to select one of a discrete set of actions,
which incurs a reward or cost. The objective of the decision maker is to
choose actions “optimally,” that is, to compute a policy function that
maps states to actions maximizing some long-term cumulative measure
of rewards. Examples range from game-playing [132] and manufactur-
ing [33] to robotics [81, 97|, and scheduling [143]. MDPs [56, 110] have
emerged as the standard mathematical framework to model sequential
decision-making. A MDP is mathematically defined in terms of a set of
states S; a set of actions A (which may often be conditionally defined in
terms of choices available in the current state as A;); a stochastic tran-
sition distribution P%, describing the set of outcomes s" of performing
action a in state s; and a payoff or “reward” function R? . The opti-
mization objective is to find a mapping or policy from states to actions
that maximize some cumulative measure of rewards. Commonly used
objective measures include maximizing the expected “discounted” sum
of rewards (where rewards in the future are geometrically attenuated by
powers of a fixed positive scalar value v < 1), or maximizing the aver-
age reward or expected reward per decision. Crucially, the optimization
goal takes into account the uncertainty associated with actions. Every
policy defines a value function on the state space, where the value of
a state is the sum of the immediate reward received and the expected
value of the next state that results from choosing the action dictated by
the policy. A MDP is typically solved through the well-known Bellman
equation [110], which is a recursive equation relating the value of the
current state to values of adjacent states.

Exact solution methods, such as linear programming [36], policy
iteration [56], and value iteration [110], assume value functions are
represented using a table (or more generally on a fixed set of basis
functions). The complexity of these algorithms is typically polynomial
(cubic) in the size of the discrete state space |S| (or exponential in the
size of any compact description of the state space). When the number of
states is large or if the state space is continuous, exact representations
become infeasible, and some parametric or nonparametric function
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approximation method needs to be used. For example, if the states S of
a discrete MDP are enumerated from s =1,...,s = |S|, where |S| = n,
then functions over this discrete state space can be viewed as vectors
that lie in a Euclidean space RI°l. Most previous work on approximately
solving large MDPs surveyed in books on approximate dynamic pro-
gramming [109], neuro-dynamic programming [12], and reinforcement
learning [129], assume that MDPs are solved approximately by a set
of handcoded “features” or basis functions mapping a state s to a k-
dimensional real vector ¢(s) € R¥, where k < |S|.

Popular choices of parametric bases include radial basis functions
(RBF's), neural networks, CMACs, and polynomials. Concretely, a poly-
nomial basis can be viewed as an |S| x k matrix, where the ith column

represents the basis function 1,2¢,3% ... |S|. A radial basis function
_ ls=spll? ) ] )
or(s) =e 202, where o is a scaling factor, and s, is the “center” of

the basis function. A value function V is approximated as a linear com-
bination of basis functions, namely: V' ~ ®w, where ® is a matrix whose
columns are the specified basis functions, and w is a weight vector. If
the number of columns of ® is k < | S|, then ® can be viewed as provid-
ing a low-dimensional projection of the original value function € R/
to a subspace € RF.

It has long been recognized that traditional parametric function
approximators, such as RBFs, may have difficulty accurately approxi-
mating value functions due to nonlinearities in a MDP’s state space (see
Figure 1.1). Dayan [35] and Drummond [40] have noted that states close
in Euclidean distance may have values that are very far apart (e.g., two
states on opposite sides of a wall in a spatial navigation task). A tradi-
tional parametric architecture, such as an RBF, makes the simplifying
assumption that the underlying space has Euclidean geometry.

The same issues arise in continuous MDPs as well. Figure 1.2 shows
a set of samples produced by doing a random walk in a 2D inverted
pendulum task. Here, the state variables are 6, the pole angle, and 9,
the angular velocity. Note that in this task, and in many other con-
tinuous control tasks, there are often physical constraints that limit
the “degrees of freedom” to a lower-dimensional manifold, resulting in
motion along highly constrained regions of the state space. Figure 1.2
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Fig. 1.1 Left: Dimensionality reduction of a MDP M involves finding a set of bases & such
that any function on a MDP’s state space, such as its optimal value function V*, can be
compressed effectively. Right: The optimal value function in a “two-room” discrete MDP
with 400 states. The agent can take actions in the four compass directions. Each action
succeeds with probability 0.9, otherwise leaves the agent in the same state. The agent is
“rewarded” only for reaching a corner “goal” state. Access to each room from the other is
available only through a central door, and this “bottleneck” results in a nonlinear optimal
value function. This value function is ostensibly a high dimensional vector € R4%0 but can
be compressed onto a much lower-dimensional subspace.

also shows an approximation to the optimal value function constructed
using a linear combination of “proto-value” basis functions [77], or
eigenfunctions obtained by diagonalizing a random walk operator on
a graph connecting nearby samples.

Both the discrete MDP shown in Figure 1.1 and the continuous
MDP shown in Figure 1.2 have “inaccessible” regions of the state space,
which can be exploited in focusing the function approximator to accessi-
ble regions. Parametric approximators, as typically constructed, do not
distinguish between accessible and inaccessible regions. The approaches
described below go beyond modeling just the reachable state space, in
that they also build representations based on the transition matrix asso-
ciated with a specific policy and a particular reward function [103, 106].
By constructing basis functions adapted to the nonuniform density and
geometry of the state space, as well as the transition matrix and reward
function, the approaches described in this paper are able to construct
adaptive representations that can outperform parametric bases.
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1.2 Laplacian Operators

A unique perspective adopted in this paper is based on exploring links
between a family of singular matrices, termed Laplacians, and the
solution of MDPs.! In continuous spaces, the (symmetric) Laplacian
operator has been the object of study for almost two centuries: it
has been called “the most beautiful object in all of mathematics and
physics” [95] as it has played a central role in physics and in many
areas of mathematics. On graphs, the discretized (symmetric and non-
symmetric) Laplacian has been studied extensively in graph theory,
where its spectra reveal structural properties of undirected and directed
graphs [26, 27]. Stated in its most general form, the (nonsymmetric)
Laplacian matrix is one whose off-diagonal elements are nonpositive
and whose row sums are equal to 0 [2, 22, 24]. As we show in this paper,
there are strong connections between Laplacian matrices and MDPs.
In particular, for any MDP, either in the discounted or average-reward
seting, its solution can be shown to involve computing a generalized
Laplacian matrix.

Since their row sums are equal to 0, Laplacian matrices are singular,
and they do not have a direct inverse (the nullspace is nontrivial since
the constant vector of all 1s is an eigenvector associated with the 0
eigenvalue). However, a family of generalized inverses exist for low-rank
and singular matrices. The well-known Moore-Penrose pseudo-inverse
is widely used in least-squares approximation, which will be useful later
in this paper. However, a less well-known family of spectral inverses —
the Drazin inverse (and a special instance of it called the group inverse)
is of foundational importance to the study of Markov chains. Indeed,
Campbell and Meyer [20] state that:

For an m-state [Markov] chain whose transition matrix
is T, we will be primarily concerned with the matrix
A =1 — T. Virtually everything that one wants to know
about a chain can be extracted from A and its Drazin
inverse.

IIn this paper, we use the term “operator” to mean a mapping on a finite or infinite-
dimensional space, and the term “matrix” to denote its representation on a specific set of
bases.
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Fig. 1.3 Illustration of a Laplacian operator associated with a MDP. Left: A simple two-
state Markov chain with transition matrix P. Right: Its associated Laplacian matrix. Exact
(and approximate) solutions to MDPs can be expressed in terms of a generalized spectral
inverse of such singular Laplacian matrices.

We denote transition matrices generally as P, and define the
Laplacian associated with a transition matrix as L =1 — P [2, 22, 24]
(see Figure 1.3). It has long been known that the Drazin inverse of the
singular Laplacian matrix IL reveals a great deal of information about
the structure of the Markov chain [92, 121]. In particular, the states in
a Markov chain can be partitioned into its various recurrent classes or
transient classes based on the Drazin inverse. Also, the sensitivity of
the invariant distribution of an ergodic Markov chain to perturbations
in the transition matrix can be quantified by the size of the entries in
the Drazin inverse of the Laplacian.? The solution to average-reward
and discounted MDPs can be shown to depend on the Drazin inverse
of the Laplacian [21, 110].

As we will show in this paper, Laplacian matrices play a crucial role
in the approximate solution of MDPs as well. We will explore a specific
set of bases, called Drazin bases, to approximate solutions to MDPs
(see Figure 1.4). In continuous as well as discrete MDPs, approxima-
tion requires interpolation of noisy samples of the true value function.
A growing body of work in machine learning on nonlinear dimension-
ality reduction [73], manifold learning [8, 30, 116, 131], regression on
graphs [99] and representation discovery [80] exploit the remarkable
properties of the symmetric Laplacian operator on graphs and man-
ifolds [115]. We will describe how regularization based on symmetric
and nonsymmetric graph Laplacians can be shown to provide an auto-
matic method of constructing basis functions for approximately solving

2Meyer [92] defines the condition number of a Markov chain with transition matrix P by
the absolute value of the largest element in the Drazin inverse of I — P.
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Approximate Value Function Optimal Value Function V*

Approximate Value Function Policy (1=N, 2=E,3=S, 4=W)

2 4 6 8 10

Fig. 1.4 Top right: The optimal value function in a two-room MDP with 100 states.
Top left: Using just 4 Drazin bases, the original MDP is compressed onto a 4D problem,
whose solution yields an optimal policy. Bottom left: The approximation plotted in 2D
showing the state space layout. Bottom right: The learned policy using the approximation
is optimal.
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Table 1.1 Some Laplacian operators on undirected graphs. W is a symmetric weight matrix
reflecting pairwise similarities. D is a diagonal matrix whose entries are row sums of W. All
these operators are represented by matrices whose row sums are 0 and have non-positive
off-diagonal entries.

Operator Definition Spectrum
Combinatorial Laplacian L=D-W X € [0,2maxy, dy]
Normalized Laplacian L=1-D2wp-1/2 A €[0,2]
Random Walk Laplacian L.=I1-D"'w A€ 0,2]

MDPs [57, 77, 83, 102]. Table 1.1 describes a few examples of graph
Laplacian matrices. The spectral properties of the graph Laplacian
reveal a great deal of information about the structure of a graph.
In particular, the eigevectors of the symmetric Laplacian yield a low-
dimensional representation of a MDP, generating an orthogonal basis
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that reflects the nonlinear geometry of the state space. We turn to
describe the problem of dimensionality reduction in MDPs next.

1.3 Dimensionality Reduction of MDPs

Constructing a low-dimensional representation of a MDP means finding
a basis ® with respect to which the original MDP can be represented
“compactly” and solved “efficiently.”

Definition 1.1. Basis Construction Problem in MDPs: Given a
Markov decision process M, find an “optimal” basis matrix ® that
provides a “low-dimensional” representation of M, and enables solving
M as “accurately” as possible with the “least” computational effort.

Notions like “optimal,” “accurately,” and “least” will for now be left
somewhat vague, but will be defined more precisely later. Note that the
solution to the basis construction problem involves managing a set of
mutually incompatible trade-offs. For example, a discrete MDP can be
solved exactly using the unit vector (“table lookup”) representation:
this choice of basis optimizes the “accuracy’ dimension, and requires
no effort in finding the basis, but incurs a sizable computational cost.
Exact algorithms like policy iteration [56] have a computational com-
plexity cubic in the size of the state space |S|, or exponential in the
size of any compact encoding of a state. On the other extreme, it is
easy to project a high-dimensional value function V € RI®l on a low-
order basis space of dimension R¥, where k < |S| by trivially choosing
a set of random vectors (e.g., each vector is normalized to have length 1
and whose entries are distributed uniformly between 0 and 1). In this
case, the cost of solving the MDP may be dramatically reduced, and
the effort in finding the basis matrix is again trivial, but the resulting
solution may be far from optimal.

It is possible to design an extremely compact basis matrix ® if the
optimal value function V* is known — namely, use V* itself! How-
ever, knowing V* presupposes solving the original MDP (presumably
on some initial basis, say the unit vectors). This latter solution illus-
trates the somewhat paradoxical situation that the basis construction
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problem may require as much or more computational effort than that
required to solve the original MDP. An example of an efficient basis is
given in Figure 1.4. Here, the optimal policy is found by compressing
a 100 state MDP into an effectively 4D space, whose solution gives
an optimal policy. However, the cost of finding the Drazin bases is
quite significant, since it involves finding the generalized inverse of the
Laplacian. In many applications, a decision maker is required to solve
many instances of the same problem. An example may be a robot that
is tasked to retrieve a set of objects in a given environment, where each
object is located in a different room. Thus, the cost of finding such
low-dimensional representations may be amortized over the solution of
a range of MDPs M, say all of which are defined on the same state
(action) space, and differ only in the reward function. Finally, in the
fully general setting of learning to solve MDPs, the decision maker may
only have access to samples from the underlying MDP, say by simu-
lation whereby training data are available in the form of trajectories
(s¢,ae, e, S¢+1). Here, s; is the state at time ¢, a; is the action selected,
ry is the payoff or reward received, and s;41 is the resulting state from
performing action a;. This setting is commonly studied in a variety of
areas, such as approximate dynamic programming [12, 109] and rein-
forcement learning [129]. The methods described later will illustrate
these competing trade-offs and how to balance them. It is worthwhile
to point out that these similar issues often arise in other domains, e.g.,
the use of wavelet methods to compress images [86].

1.3.1 Invariant Subspaces of a MDP

This paper describes a range of methods for constructing adaptive bases
that are customized to the nonlinear geometry of a state space, or to a
particular policy and reward function. The overarching theme under-
lying the various methods described in this paper is the notion of con-
structing representations by decomposing the effect of a linear operator
T on the space of functions on a state (or state-action) space, princi-
pally by finding its invariant subspaces.®> There are many reasons to
find invariant subspaces of an operator I'. The solution to a MDP can

3If T : X — X is an operator, a subspace Y C X is called invariant if for each z € Y, Tz € Y.
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be expressed abstractly in terms of finding the fixed point of an oper-
ator on the space of value functions. More formally, it can be shown
that the value function V™ associated with a policy 7 is a fixed point
of the Bellman operator T™:

T™(V™)(z) = V™ (). (1.1)

Thus, the value function V™ forms a 1D invariant subspace of the
Bellman operator. We will see, however, that there are compelling rea-
sons for finding other larger invariant spaces. The invariant subspaces
associated with a transition matrix P have the attractive property of
eliminating prediction errors [11, 104]. Two main principles for con-
structing invariant subspaces of operators are explored: diagonalization
and dilation.

1.3.2 Diagonalization and Dilation

In this paper, we explore two broad principles for solving the basis
construction problem in MDPs by finding invariant subspaces, based
on widely used principles in a variety of subfields in mathematics from
group theory [123], harmonic analysis [52, 86|, linear algebra [127], and
statistics [59]. Diagonalization corresponds to finding eigenvectors of
an operator: it reduces a possibly full matrix to a diagonal matrix. For
example, in linear algebra [127], eigenvectors form invariant subspaces
of T since Tx = Ax = x\. Here, X\ is the representation of 7" on the
space spanned by x.

Diagonalization: One generic principle for basis construction involves
remapping functions over the state space into a frequency-oriented
coordinate system, generically termed Fourier analysis [125]. Exam-
ples include dimensionality reduction methods in statistics, such as
principal components analysis (PCA) [59], low-rank approximations of
matrices such as singular value decomposition (SVD) [49], and time-
series and image-compression methods, such as the fast Fourier trans-
form [136]. In the case of MDPs, the basis functions can be constructed
by diagonalizing the state transition matrix. Often, these matrices are
not diagonalizable or are simply not known. In this case, it is possi-
ble to construct bases by diagonalizing a “weaker” operator, namely a
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random walk operator on a graph induced from a MDP’s state space,
similar to recent work on manifold learning [28, 98, 116, 131]. The graph
Laplacian [26] is often used, since it is symmetric and its eigenvectors
are closely related to that of the natural random walk. We call the
bases resulting from diagonalizing the graph Laplacian “proto-value
functions” or PVFs [77]. Unlike applications of graph-based machine
learning, such as spectral clustering [96] or semi-supervised learning
[98], approximating value functions on graphs involves new challenges
as samples of the desired function are not readily available. Instead,
an iterative procedure is used to sample from a series of functions Vt,
each of which is progressively closer to the desired optimal value func-
tion V*. Furthermore, samples are not available a priori, but must
be collected by exploration of the MDP’s state space. The concept of
invariant eigenspaces generalizes to infinite-dimensional Hilbert spaces
[37]; one example of which is Fourier analysis in Euclidean spaces.
We will explore building finite-dimensional Fourier bases on graphs,
and see how to generalize these ideas to eigenfunctions on continuous
spaces.

Dilation: Another general method for constructing invariant sub-
spaces uses the principle of dilation. For example, a dilation operator
on the space of functions on real numbers is T'f(x) = f(2z). Several
dilation-based approaches will be compared, including methods based
on Krylov spaces, a standard approach of solving systems of linear equa-
tions [41, 118]. Applied to MDPs, this approach results in the reward
function being “dilated” by powers of some operator, such as the transi-
tion matrix [106, 103]. A novel basis construction method called Drazin
bases is described in this paper, which uses the Drazin inverse of the
Laplacian L?. These are a new family of bases building on a theoreti-
cal result showing that the discounted value function of a MDP can be
written in terms of a series of powers of the Drazin inverse.

Another dilation-based procedure involves a multiscale construc-
tion where functions over space or time are progressively remapped
into time—frequency or space—frequency atoms [34, 86]. This multiscale
construction is most characteristic of a family of more recent methods
called wavelets [34, 86]. We will explore multiscale basis construction
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on graphs and manifolds using a recent graph-based approach called
diffusion wavelets [30]. There has been much work on multiscale wavelet
methods in image compression and signal processing [87], which can
also be viewed using the framework of invariance. We will construct
multiscale wavelet bases on discrete graphs, building on the recently
developed diffusion wavelet framework [76]. These approaches can be
applied to a range of different operators, ranging from a model-based
setting using the system dynamics transition matrix to “weaker” oper-
ators such as the natural random-walk on the (sampled) underlying
state (action) space.

Combined with any of the procedures described above for construct-
ing task-adaptive bases, it is possible to design a variety of architec-
tures for simultaneously learning representation and control. One such
framework is generically referred to as representation policy iteration
[78], comprising of an outer loop where basis functions are constructed
and an inner loop where the optimal policy within the linear span of
the constructed bases is learned.

1.4 Roadmap to the Paper

The rest of the paper is organized as follows. Section 2 provides an
overview of MDPs. Section 3 introduces a general family of Laplacian
matrices, and shows how they are intimately connected to solving
MDPs. Section 4 surveys various methods for approximately solving
MDPs, including least-squares methods, linear programming methods,
and reproducing kernel Hilbert space methods. Section 5 formulates
the problem of constructing low-dimensional representations of MDPs
more precisely, and describes a set of trade-offs that need to be bal-
anced in coming up with effective solutions. Section 6 describes the first
of the two main approaches to building basis functions by diagonal-
ization. Section 7 describes methods for constructing representations
by dilations of operators. Section 8 shows how these basis construc-
tion methods can be combined with methods for approximately solv-
ing MDPs to yield model-based techniques that simultaneously learn
representation and control. Section 9 describes a generalization of the
graph Laplacian operator to continuous sets called manifolds, as well as
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an interpolation method for approximating continuous eigenfunctions
of the manifold Laplacian. Section 10 describes a model-free version of
the RPI framework, and evaluates its performance in continuous MDPs.
Finally, Section 11 concludes with a brief survey of related work, and
a discussion of directions for future work.



2

Sequential Decision Problems

We begin by providing a detailed overview of a class of sequential deci-
sion problems called Markov decision processes (MDPs). Two common
optimality frameworks used in MDPs are described: in average-reward
MDPs, the goal of the decision maker is to optimize the expected
reward per step; in the discounted framework, the goal is to optimize
the expected cumulative discounted sum of rewards, where rewards in
the future are decayed geometrically by a discount factor v < 1. In
Section 3, we will show how Laplacian matrices provide a way to unify
both these frameworks by expressing the discounted value function in
terms of the average-reward or gain of a policy. We describe methods for
exactly solving MDPs, including policy iteration, value iteration, and
linear programming. Finally, we discuss simulation-based reinforcement
learning methods for approximately solving MDPs, when only samples
of the transition model and reward function are available. We restrict
the discussion in this section to methods that employ table lookup
representations (or unit vector bases) to exactly represent transition
models, rewards, and policies, leaving the discussion of more general
approximation methods to Section 4.

418
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2.1 Markov Decision Processes

The basic modeling paradigm underlying a MDP is that of a decision
maker (or “agent”) who interacts with an external environment by tak-
ing actions. The sequential decision problem is formulated as a set of
“states,” each of which models a particular situation in the decision
problem. For example, a state may be a configuration of pieces in a
game of backgammon or chess, the location of a robot, the number of
jobs waiting in a queueing system and so on. A crucial assumption made
in the MDP model is that the evolution of states is “Markovian,” mean-
ing that the distribution of future states is conditionally independent
of the past, given perfect knowledge of the current state. Actions cause
the environment to stochastically transition to a new state. The desir-
ability of a state is determined by an immediate “reward” or “payoft”.
The goal of the agent is to choose actions such that it maximizes its long
term payoffs. The transition from one state to the next is governed by
a probability distribution that reflects the uncertainty in the outcome
of decisions. A detailed review of MDPs can be found in Puterman’s
text [110].

2.1.1 Discounted MDPs

We begin with the discounted optimality framework. The average-
reward MDP formulation is described in Section 2.1.2. As we will see
later in Section 3, these two frameworks are intimately related through
a generalized Laplacian operator.

Definition 2.1. A discrete Markov decision process (MDP) M =
(S,A, P2, R2,) is defined by a finite set of discrete states S, a finite
set of actions A, a transition model P2, specifying the distribution
over future states s’ when an action a is performed in state s, and a
corresponding reward model RY,, specifying a scalar cost or reward. In
continuous MDPs, the set of states C R%.

Abstractly, a value function is a mapping S — R or equivalently
(in discrete MDPs) a vector € RIS!. Given a policy 7 : S — A mapping
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states to actions, its corresponding discounted value function V7™ spec-
ifies the expected long-term discounted sum of rewards received by the
agent in any given state s when actions are chosen using the policy.

Definition 2.2. The long-term discounted value associated with a
state under a fixed policy is defined as:

VT(5) = Ex(re 4+ yres1 + 7regs + s = s1),

where F; indicates the conditional expectation that the process begins
in the initial state s. Actions are chosen at each step using policy ,
and r; is the reward received at time step t.

We can associate with any policy m a value function V™, which is
the fixed point of an operator T7.

Definition 2.3. Given any deterministic policy 7, the operator T™ is
defined as

T™(V)(s) = Ryns) +7 Y PV

s'es

where Ry =Dy P;(,S)R”(,S).

Ss

It can be shown that V7 (s) is a fixed point of 7™, that is

T™(V™)(s) = V7 (s). (2.1)

Definition 2.4. The optimal value function V* of a MDP is defined as
Vi(s)=V*i(s)>V™(s) Vm, seSb,

where the optimal policy 7* is defined as

7*(s) € argmax + P&, V(s
() ga ( sa 'YZ s8 )

Here, Roq = ) g, PoyRY,
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The optimal policy 7* is not in general unique. However, any
optimal policy 7* defines the same unique optimal value function. The
optimal value function can be shown to be a fixed point of another oper-
ator T, defined as follows.

Definition 2.5. The fixed point operator T* for a MDP is defined as

T*(W(s):mgxx( sa+’VZP“,V >

s'eS

It can be shown that the optimal value function is a fixed point of
the operator 7™, that is

T (V*)(s) = V*(s), VseS. (2.2)

Action-value functions are mappings from S x A — R, and repre-
sent a convenient reformulation of the value function.

Definition 2.6. The optimal action value Q*(x,a) is defined as the
long-term value of the nonstationary policy performing a first, and
then acting optimally, according to V*:

Q*(s,a) = E (rt+1 + fym;}xQ*(gt+17a’) |s¢ = s,ap = a) )
a

where V*(s) = max, Q*(s,a).

where 7441 is the actual reward received at the next time step, and
S¢+1 is the state resulting from executing action a in state s;. The
corresponding Bellman equation for Q*(x,a) is given as

Q*(s,0) = Rea + 7Y _ PiymaxQ*(s',a). (2.3)
s’ o

We will describe how action-value functions can be approxi-
mated using “simulation-based” reinforcement learning methods in
Section 2.3.
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2.1.2 Average-Reward Markov Decision Processes

Another popular formulation of MDPs seeks optimal policies that max-
imize the expected reward per step, or the gain. We begin by introduc-
ing this formulation in the setting of a Markov reward process (MRP)
M, = (P, R), where P is a transition matrix (such as defined by a fixed
policy in a MDP), and R is a reward function.

The chain structure of a Markov reward process turns out to be
crucial in the setting of average-reward MDPs. A transition matrix
P can induce several different types of structures, based on whether
states continue to be visited indefinitely. The complexity of solving a
general average-reward MDP turns out to depend critically on the chain
structure.

Definition 2.7. A MDP M is called ergodic if every state in M is
recurrent under any policy. A recurrent state is one that is visited
indefinitely often.

States that are not recurrent are called transient. If a state ¢ has a
nonzero probability of transitioning to state j and vice-versa, the two
states communicate with each other. A set of recurrent states forms
an irreducible communicating class if no state outside the set can be
reached from a state within the set. Unichain MDPs have one recurrent
set of states, and a possibly nonempty set of transient states. Multichain
or general MDPs have multiple recurrent sets. In ergodic MDPs, there
are no transient states.

Definition 2.8. The long-run transition or limiting matriz P* is
defined as

1 n—1
P* = lim — Y P* (2.4)
k=0

n—oo n

which can be shown to exist when S is finite or countable.

If an MRP is ergodic, then each row of the long-term transition
matrix P* is identical, and equal to the invariant distribution p (defined
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below more formally). If Pss > 0, the state s is called aperiodic. If all
states in a MDP are aperiodic, the MDP is called aperiodic. Notice
that a MDP may be ergodic, but not aperiodic (e.g., a two-state MDP
where state 1 transitions to 2 and vice versa, but each state does not
transition to itself).

Definition 2.9. The invariant distribution p of an ergodic MRP
M = (P,R) is the left eigenvector associated with the largest eigen-
value \ = 1, which is also the spectral radius of P.!

By convention, p is written as a row vector p = [p1,p2,...,pn], SO
that
pP =p. (2.5)
The limiting matrix P* for an ergodic and aperiodic MRP can be writ-
ten as
P* = lim P*=1p, (2.6)
k—oo

where 1 is a column vector of all 1’s. The multiplication 1p is the outer
product of a column vector and row vector, and generates a rank one
matrix whose every row is p.

Since P is ergodic (or irreducible), by the Perron-Frobenius theorem
[10], the largest eigenvalue is indeed the spectral radius A =1, and all
other eigenvalues are < 1. Furthermore, the eigenvector associated with
A has all positive real elements.

Definition 2.10. The gain or average-reward of a MRP at state s is
defined as

g(s) = P*R(s). (2.7)

Intuitively, the gain is the average-reward received over the long run
starting from state s. The bias or average-adjusted sum of rewards

! The spectral radius of a matrix A is the real number max{|\| : Az = Az}, where |)| is the
modulus of the (possibly complex-valued) eigenvalue .
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received for an MRP is defined as
h(s)=FE (Z (R(s¢) — 9(80)) : (2.8)

where s1 = s.

In ergodic MRPs, since P* has identical rows equal to p, the gain
g is not state-dependent, which significantly simplifies the solution
of ergodic average-reward MDPs. This property also holds true for
unichain MRPs, since transient states will not affect the long-term
average reward. However, the different transient states can affect the
total reward received, and it is desirable to find a policy that maximizes
both the gain and the bias. In ergodic (or irreducible) MRPs, the bias
can be written as

h= i(Pt — PYR. (2.9)
t=0

The policy evaluation problem for average-reward ergodic (or
unichain) MDPs can be defined as follows.

Definition 2.11. Let M be an ergodic (or unichain) average-reward
MDP. The bias or average-adjusted value of any policy 7 can be found
by solving the equations:

W™ =R" — p" + P7h", (2.10)

where p™ is the gain associated with policy m. R™(s) is the expected
one step reward received for taking action 7(s).

Notice that this is a set of |S| equations in |S| + 1 unknowns. One
solution is to set the bias of an arbitrary state h(s) =0, as the bias
values are really to be viewed as relative values. Another approach is to
estimate the average-reward independently by averaging the sampled
rewards. The action-value formulation of average-reward MDPs can
be defined analogously. In Section 3, we will show that solutions to
average-reward and discounted MDP are related to each other.
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2.1.3 Examples of MDPs

We briefly illustrate the range of applications of MDPs in this section,
with some examples from continuous and discrete spaces. A much wider
set of examples can be found in standard treatments [12, 109, 129]. Our
goal is two-fold: First, these examples illustrate the need for finding
low-dimensional representations of MDPs since many of them involve
continuous or large state spaces; some of these tasks will be used in the
experimental study later in Section 10. Second, these problems show
that finding good basis functions for MDPs can be aided by incorpo-
rating knowledge of the task, in particular the overall geometry of the
state space, or a high-level recursive task decomposition.

2.1.4 Grid World Domains

In discrete MDPs, the state space is over a discrete set of states. In
the simplest cases, the states are viewed as atomic entities, such as in
the example illustrated in Figure 1.1. Such problems are widely used
as simple “toy” testbeds in many papers on MDPs in Al and machine
learning. Figure 2.1 illustrates a larger “multiagent” grid world domain

" EEEED
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Fig. 2.1 A multiagent “blocker” domain with a state space of >106 states.
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with a state space of over 10° states, proposed in [119]. This task is a
cooperative multiagent problem where a group of agents try to reach
the top row of a grid, but are prevented in doing so by “blocker” agents
who move horizontally on the top row. If any agent reaches the top row,
the entire team is rewarded by +1; otherwise, each agent receives a
negative reward of —1 on each step. The agents always start randomly
placed on the bottom row of the grid, and the blockers are randomly
placed on the top row. The blockers remain restricted to the top row,
executing a fixed strategy. The overall state space is the Cartesian
product of the location of each agent.

2.1.5 Factored MDPs

In many interesting real-world applications of MDPs, the state space
and action space can be modeled as resulting from the combinatorial
product of a set of discrete (or continuous) state variables. Figure 2.2
illustrates a simulated “humanoid” robotics domain [114], modeled as
a large factored “concurrent” MDP. Concurrent decision-making is a
familiar everyday phenomenon of multi-tasking: when we drive, we usu-
ally engage in other activities as well, such as talking on a cellphone
or conversing with other occupants in the vehicle. Concurrency is a
fundamental issue in the control of high degree-of-freedom humanoid

Fig. 2.2 A factored MDP model of a two-armed humanoid robot. The task is to efficiently
stack dishes by coarticulating multiple concurrent temporally extended actions: for example,
as the left arm of the robot is placing a dish on the stack, the right arm can reach over to
obtain the next dish.
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robots. Solving concurrent MDPs is challenging not only due to the
large state space, but also due to the large action space generated
by many possible subsets of action variables. A factored concurrent
MDP [114] is a model of sequential decision-making, where the inter-
action between an agent and its environment is modeled by a set of
factored state variables s1,...,s,, and a set of discrete action variables
at,-...,ar. In the humanoid robot concurrent MDP example, there are
7 state variables and 3 action variables, as shown in Figure 2.3. The
set of possible states is generated by Cartesian products of the state
variables, and the set of possible concurrent actions is generated by
products of action variables (not all concurrent actions may be legal in
every state).

A common assumption in factored MDPs [55, 124, 51] is to approx-
imate value functions as a linear combination of fized basis functions
Fy ={¢1,...,¢r}: each basis function represents a localized “feature”
@i : S; x A; = R, where typically .S; is defined over a subset of the state
variables, and A; is defined over a subset of action variables. We will
discuss approximation methods for solving (factored) MDPs in more
detail in Section 4.

Left arm (a;) | Right arm (a;) | Eyes (a.) |

pick pick fixate-on-washer

washer-to-front
front-to-rack
rack-to-front
front-to-washer
stack

washer-to-front
front-to-rack
rack-to-front
front-to-washer
stack

fizate-on-front
fixate-on-rack
no-op

n0-0p Nn0-0p

Swasher | lp057 T'pos, €pos lstaty Tstat | Srack

0,1,...,n | washer has-plate | stacked
front empty not-stacked
rack

Fig. 2.3 Factored state and action variables for the humanoid robot task illustrated in
Figure 2.2.
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2.1.6 Manufacturing Application

MDPs have long been applied to problems in industrial optimization,
ranging from optimizing production on unreliable machines [85] to
scheduling elevators [129]. Figure 2.4 shows an example of a schedul-
ing problem involving autonomous guided vehicles (AGVs) in a factory
domain (see e.g., [47]). M1 to M3 are workstations in this environment.
Parts of type ¢ have to be carried to the drop-off station at workstation
i (D;), and the assembled parts brought back from pick-up stations of
workstations (P;’s) to the warehouse. The AGV travel is unidirectional
as the arrows show. The AGV receives a reward of 20 when it picks up
a part at the warehouse, delivers a part to a drop-off station, picks up
an assembled part from a pick-up station, or delivers an assembled part
to the warehouse. It also gets a reward of —5 when it attempts to exe-
cute Put1l-Put3, Pick1-Pick3, Load1-Load3, Unload, and Idle actions
illegally. There is a reward of —1 for all other actions. The state of
the environment consists of the number of parts in the pick-up and

P3 P1 P: Pick up Buffer
i i D: Drop off Buffer
M: Machine
D3 == D1 =
Load

Warehouse

D2 == Unload

Fig. 2.4 An AGV scheduling task can be modeled as an average-reward MDP. An AGV
agent (not shown) carries raw materials and finished parts between machines (M1-M3) and
warehouse.
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drop-off stations of each machine and whether the warehouse contains
parts of each of the three types. In addition, the agent keeps track of
its own location and status as a part of its state space. Thus, in the
flat case, the state space consists of 33 locations, 6 buffers of size 2, 7
possible states of the AGV (carrying partl-part3, carrying assembly1—
assembly3, empty), and 2 values for each part in the warehouse, i.e.,
|S| =33 x 36 x 7 x 23 = 1,347,192 states. Since there are 14 primitive
actions (Left, Forward, Right, Put1-Put3, Pick1-Pick3, Loadl-Load3,
Unload, Idle) in this problem, the total number of parameters that
must be learned (the size of the action-value Q(s,a) table) in the flat
case is 1,347,192 x 14 = 18,860,688.

2.1.7 Continuous MDPs

In many applications of MDPs, the states or state variables are contin-
uous, taking values over some prescribed range of real numbers. One
example is the Acrobot task [129], a two-link under-actuated robot
that is an idealized model of a gymnast swinging on a highbar. The
only action available is a torque on the second joint, discretized to one
of three values (positive, negative, and none). The reward is —1 for
all transitions leading up to the goal state. The detailed equations of
motion are given in [129]. The state space for the Acrobot is 4D. Each
state is a 4-tuple represented by (91,91,92,92). f1 and 05 represent the
angle of the first and second links to the vertical, respectively, and are
naturally in the range (0,2m). 6, and 5 represent the angular veloci-
ties of the two links. Notice that angles near 0 are actually very close
to angles near 27 due to the rotational symmetry in the state space.
Figure 2.5 plots the Acrobot state space projected onto the subspace
spanned by the two joint angles 61 and #,. This subspace is actually a
torus.

2.2 Exact Solution Methods

The examples of MDPs shown previously illustrate the computational
challenges in solving large MDPs. Before proceeding to tackle large
MDPs, it will be essential to introduce the basic solution methods that
later approximation methods are based on.



430  Sequential Decision Problems

raise tip above
this line

Fig. 2.5 The state space of the Acrobot (shown on the left) exhibits rotational symmetries.
The figure on the right plots its projection onto the subspace of R? spanned by the two
joint angles 67 and 62, which can be visualized as a torus. The angular velocities 61 and
62 were set to 0 for this plot. The points shown on the torus are subsampled states from a
random walk. The colors indicate the value function, with red (darker) regions representing
states with higher values.

2.2.1 Value Iteration

One way to solve a MDP is to construct the optimal value function
V*, or action value function Q*(s,a). Since these functions are the
fixed points of operators, a natural strategy is to find the fixed point
by successive approximation. The value iteration algorithm computes
the next approximation V!*! by iteratively “backing up” the current
approximation:

V() =T*(VY)(s) = max R + 'yZPsas,Vt(s') . (2.11)

The value iteration algorithm can be terminated when the differ-
ence between successive approximations is less than some tolerance
parameter, that is ||Vt — V|| <¢, where || - || denotes the “norm”
or “length” of a function. It can be shown that the operator 7% is a
contraction in a Hilbert space, and hence the algorithm will asymptot-
ically converge [138].2 A similar procedure can be used to compute the
optimal action value function Q*(s,a). A drawback of value iteration

2Intuitively, this property implies that at each iteration, the “distance” between V! and
V* shrinks, and hence asymptotically, the algorithm must converge.



2.2 Exact Solution Methods 431

is that its convergence can be slow for v near 1. Also, at each step, it
is necessary to “backup” values over the entire state space. This prob-
lem has been addressed by a number of approaches; algorithms such as
real-time dynamic programming (RTDP) and “simulation-based” rein-
forcement learning methods back up values over only a set of sample
transitions [129].

2.2.2 Policy Iteration

The policy iteration algorithm was introduced by Howard [56].
In this procedure, at each iteration, the decision maker “evaluates” a
specific policy , finding its associated value function V™. Then, the
associated “greedy” policy 7’ associated with V™ is computed, which
deviates from 7 for one step by finding the action that maximizes
the one-step reward and then follows 7 subsequently. Howard proved
that if 7 is not the optimal policy, the greedy policy associated with
V™ must improve on 7. This procedure will become the foundation

Algorithm 1 The Policy Iteration Algorithm for Discounted MDPs
Set 7 to some random initial policy.

1: repeat
2:  Solve the “Bellman” linear system of equations to determine V™

(I —yP™)V™ =R"

3:  Find the “greedy” policy 7’ associated with V'™:

7'(s) € argmax (Z P, (RYy + ’yV(s’)))

4. if 7’ # 7 then

5: Set 7 < 7’ and return to Step 2.
6: else

7: Set done <« true.

g8  end if

9:

until done.
Return 7 as the optimal discounted policy for MDP M.




432  Sequential Decision Problems

for the Representation Policy Iteration (RPI) framework presented
in Sections 8 and 10, where both basis functions as well as optimal
policies will be simultaneously learned [78]. As described here, the
policy iteration algorithm assumes that value functions (and other
functions such as rewards, transition models, and policies) can be
stored exactly, using a “table lookup” representation. In Section 4,
we will describe a variant of this procedure, called least-squares policy
iteration (LSPI) [69], which is based on least-squares approximation
of the action value function Q™ associated with policy .

2.2.3 Linear Programming

A third approach to exactly solving MDPs is based on linear program-
ming [110]. The variables for the linear program are the values V(i).
The exact formulation is given below:

Definition 2.12. The linear program required to solve a MDP M is
given as

Variables: V(1),...,V(n),
Minimize : Y a,V(s),

S

Subject to: V(s) > ZPSC;/ (Riy +7V(s)), VseS, acA,

where « is a state relevance weight vector whose weights are all positive.

There is one constraint for each state s and action a, thus, leading to
an intractable set of constraints in problems with an exponential state
space. Later, we will describe a variant of this linear programming
(LP) formulation in Section 4, which uses a set of basis functions to
compute an approximation of the exact value function that lies in the
space spanned by the bases.

2.3 Simulation-Based Methods

We now turn to briefly describe a class of approximation methods for
solving MDPs, which retain the restriction of representing functions
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exactly, but require only sample transitions (s, a¢,7¢,s;) instead of
true knowledge of the MDP. Such methods can be generically referred
to as simulation-based methods, and are the topic of much study in
various areas, including approzimate dynamic programming [12, 109]
and reinforcement learning [129]. Two classes of methods will be
described: Monte—-Carlo methods, which approximate the exact return
V™ by summing the actual returns, and temporal-difference learning
methods, which can be viewed as a biased version of Monte—Carlo
methods.

2.3.1 Monte—Carlo Methods

Monte—Carlo methods have long been studied in a variety of fields,
and there is a well-developed statistical theory underlying them [113].
Monte—Carlo methods for solving MDPs are based on the simple idea
that the value of a particular state V™ (s) associated with a particu-
lar policy w can be empirically determined by “simulating” the policy
m on a given MDP M, and averaging the sum of rewards received.
Monte—Carlo methods are simple to implement. As a statistical pro-
cedure, they have the attractive property of being unbiased estima-
tors of the true value. Unfortunately, their variance can be high. A
more detailed discussion of Monte—Carlo methods for MDPs is given
in [12, 129].

Algorithm 2 Monte—Carlo method for evaluating policy 7 in state s.
for i=1to N do
Set the step counter ¢ = 0, initial state s; = s, and V; =0.
Set the action a = 7(s¢), and “execute” action a.
Let the sample reward received be ry. Set ¢t <t + 1.
Set VZ = Vz + 7.
if terminated then
Set VZ = %Vl
end if
end for
Return V7 (s) = %Zf\ilf/z
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2.3.2 Temporal-Difference Learning

Temporal-difference (TD) learning methods [130] exploit the property
that the value of a state V™(s) can be estimated as the sum of the
immediate reward received, ry, and a biased estimate of the value at
the next state. The simplest TD(0) algorithm can be written as

VEi(s) = (1= a) V() + o (re + V7(5)). (212)

Here, ay € (0,1) is a time-varying “learning rate” that averages the
estimate over multiple samples. As in the Monte—Carlo procedure, the
TD(0) algorithm also only requires a simulation of a MDP, and asyn-
chronously evaluates the value of states in a MDP over sampled trajec-
tories. A more sophisticated least-squares variant of TD algorithm uses
a set of nonunit vector bases to approximate value functions [16, 18].
Readers familiar with the theory of stochastic approximation [65] may
recognize the TD update rule given above as similar to the Robbins-
Munro method of finding the roots of a function. Indeed, a rigorous
convergence analysis of TD learning has been made drawing on the
theory of stochastic approximation [12, 138]. A TD-based method for
learning action values called Q-learning was introduced by Waktins
[140]. Q-learning estimates the optimal action value function using the
following learning rule:

Qi(s,a) < (1 — ar)Q¢(s,a) + ag(ry + *yrr;a/ux@t(s',a')). (2.13)

Q-learning is sometimes referred to as an “off-policy” learning algo-
rithm since it estimates the optimal action value function Q*(s,a),
while simulating the MDP using any policy, such as a random walk. In
practice, a greedy policy is used that picks actions at each state with
the highest Q(z,a), occasionally choosing random actions to ensure
sufficient exploration.
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Laplacian Operators and MDPs

In this section, we introduce a broad class of Laplacian operators,
which play an important role in later sections. In particular, we explore
two specific types of Laplacian operators. The first type is intimately
linked to the study of Markov decision processes (MDPs) introduced in
Section 2. In particular, we show that exact solutions of average-reward
and discounted MDP models can be expressed in terms of a generalized
inverse of a Laplacian operator. We introduce a generalized spectral
inverse called the Drazin inverse. We show that discounted value func-
tions can be written as a Laurent series expansion that involves powers
of the Drazin inverse of the Laplacian. This expansion will provide
the theoretical foundation for a new approach to approximating MDPs
using the Drazin basis, which we will explore in later sections. We also
introduce a more restricted class of positive-definite Laplacian matri-
ces that have been the topic of considerable interest in machine learn-
ing to approximate functions on graphs and continuous sets embedded
in Euclidean spaces called manifolds. These so-called graph Laplacian
operators will be extended later to manifolds, and lead to an effective
method of approximating continuous MDPs.

435
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3.1 Laplacian Operators

A unique feature of this paper is the explicit linking of a class of singular
operators called Laplacians with exact and approximate solutions of
MDPs. A common property shared by all the Laplacian operators in
this paper is that their matrix representations have row sums that are 0,
and their off-diagonal entries are nonpositive.

Definition 3.1. The generalized Laplacian operator [2, 22, 24| is
defined as a (possibly nonsymmetric) matrix L € R"*"  where

L(i,j) <0, i#}],

n
Y L(i,4) =0, i=1,...,n.
7=1

Note importantly that no assumption is made here that IL is sym-
metric.! It is possible to associate a generalized Laplacian matrix Lr
with any directed graph T' = (V,E,W), where the edge weights W (i, 7)
associated with the directed arc (i,j) € E are strictly positive. More
precisely, the Laplacian matrix Lr is defined as follows:

—W(i,5) ifi#7 and (i,j) € E,
Lr(i,j) =<0 ifi#£7 and (i,j) ¢ E,
= 2pilr(i k) ifi=j.
There are interesting connections between generalized Laplacian

matrices and stochastic matrices. In particular, the following theorem
is a straightforward consequence of the above definition.

Theorem 3.1. For any stochastic matrix P and « > 0, the matrix
a(l — P) is a generalized Laplacian.

There are fundamental connection between Laplacian matrices and
MDPs, as we discuss next. In what follows, for brevity, we will refer to
“generalized Laplacians” as simply “Laplacian matrices.”

I Laplacian matrices are sometimes also referred to as discrete Schrodinger operators, par-
ticularly when the matrix is symmetric [134]. Laplacian matrices can also be viewed as
singular M-matrices [10].
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3.2 Laplacian Matrices in MDPs

In this section, we describe how the solution of average-reward and
discounted MDPs can be defined in terms of a Laplacian matrix. We
explain how the Laplacian plays a key role in the exact solution of
MDPs. Special instances of this general form will be studied in later
sections in the approximate solution of MDPs.?

3.2.1 Discounted MDPs and the Laplacian

As we have seen earlier, solving a MDP requires computing the value
functions associated with policies. Let P™ represent an |S| x |S| tran-
sition matrix of a (deterministic) policy 7 : S — A mapping each state
s €S to a desired action a = m(s). We can associate a Laplacian L™
with any policy .

Definition 3.2. Given any policy # in a MDP M with associated
transition matrix P7, the Laplacian L™ is defined as

L™ =1- P (3.1)

Let R™ be a (column) vector of size |S| of rewards. The value func-
tion associated with policy m can be computed using the Neumann
series:

VT =( —~yP") 'R = (I ++P" +~+*P")*+ ) R". (3.2)

To show the connection of the Laplacian L™ to V™, we reformulate
Equation (3.2) in terms of an interest rate p [110].

1

Definition 3.3. The interest rate p= (1 — )y~ " or equivalently,

v = ﬁp. The interpretation of p as an interest rate follows from the
property that, if a reward of 1 is “invested” at the first time step, then
1 + p is the amount received at the next time step. The interest rate

21t is somewhat striking that the literature on Markov chains and MDPs investigating the
properties of Laplacian matrices [21, 92, 110, 121] nonetheless does not refer to these
matrices as Laplacians!
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formulation of the discounted value function associated with a policy
m can be written as

V™= (I —-~P")'R™ = (1+ p)(pI +L™)"'R", (3.3)

where ™ = I — P7 is the Laplacian matrix associated with policy .

For p > 0, the matrix (pI + L™)~! is called the resolvent of —IL"
at p. For v <1, the spectral radius of vP™ <1, and hence the
inverse (1 —yP™)~! exists. Consequently, the resolvent (pI + L™)~!
also exists.

3.2.2 Average-Reward MDPs and the Laplacian

There are close connections between the solution of average-reward
MDPs [110] and the Laplacian as well; the gain and bias of a Markov
reward process can be defined in terms of the Laplacian.

Theorem 3.2. Given a MDP M = (S, A, P,R), let the Markov reward
process defined by any policy m be M™ = (P™,R™). Let the gain of the
MRP be defined as g™ and h™. The gain ¢™ is in the nullspace of the
Laplacian ™. More precisely, we have

L™¢" = (I — P")g" =0, (3.4)

Equation (3.4) can be readily derived from the properties of the
long-term limiting matrix (P™)*:

L7g" = (I — P)(P")"R"
= ((P7)" = PT(P")")R" = ((P™)" — (P")")R" =0.
The derivation of Equation (3.5) is more subtle; we will need to
introduce a generalized inverse of the Laplacian. We will also show

how the study of average-reward and discounted MDPs can be unified
using the generalized inverse of the Laplacian.
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3.3 Generalized Inverses of the Laplacian

Not all matrices are invertible. In particular, if a matrix A € C* x C"
has an eigenvalue A =0, or alternatively, if its column space is not
of full rank, then A has no real inverse. However, in a large class of
applications in statistics and machine learning, such low-rank matrices
are commonplace. Clearly, the Laplacian associated with the transition
matrix P, namely L. = I — P, is nonvertible as it is not of full rank: its
row sums add to 0, and hence the constant eigenvector 1 is associated
with the 0 eigenvalue. In such cases, one can define generalized inverses
that satisfy many of the properties of a real inverse [20)].

Definition 3.4. A generalized inverse X of a matrix A € C" x C™ is
a matrix that satisfies one or more of the following properties:

(1) AXA=A
(2) XAX = X.
(3) (AX)* = AX.
(4) (XA)* = XA.
(5) AX = XA
(6) Ak:—HX — Akz

where ()* denotes the conjugate transpose.
A generalized inverse matrix X of A that satisfies a subset C' C
{1,2,3,4,5,6} of these properties is labeled a A inverse.

All of these properties are satisfied, of course, by the true inverse
A~ of a nonsingular matrix. However, if A is singular, there is no
generalized inverse X of A that satisfies all these properties. It turns
out, however, that there are unique generalized inverses that satisfy
some interesting subsets. For example, the well-known Moore-Penrose
pseudo-inverse At of A is a A11:234} inverse since it satisfies the first
four properties. We will later use this generalized inverse for least-
squares approximation of value functions.

Another generalized inverse exists called the Drazin inverse (or its
special case, the group inverse) plays a crucial role in the study of
Markov chains and MDPs [110, 121]. We will introduce this inverse in
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Section 3.3.3. As we will show below, the Drazin or group inverse of
the Laplacian also intimately links the study of average-reward MDPs
with discounted MDPs. We will later investigate the Drazin basis as a
way of approximating MDPs. We will also introduce another important
matrix, the fundamental matrix of a Markov chain, which is related to
the Drazin inverse.

3.3.1 Fundamental Matrix

For simplicity, we begin our discussion with the simpler case of ergodic
chains — recall that these have a single recurrent class. The fundamen-
tal matrix is an important matrix associated with the study of Markov
chains [121].

Theorem 3.3. The eigenvalues of the matrix P — P* of an ergodic
Markov chain lie within the unit circle. Consequently, the fundamental
matriz [110, 121] associated with P

L+P*=I—P+P* (3.6)

is invertible.

Proof. Since P is ergodic,® from the Perron Frobenius theorem [10], it
follows that A =1 is its largest eigenvalue and also its spectral radius.
Furthermore, all other eigenvalues \; have their modulus |A;| < 1,1 <
i <n — 1 (assuming P is an n x n matrix).* Each of these eigenvalues
A; must also be an eigenvalue of P — P*, because if Px; = \;x;, where
A # 0, then it follows that

But, this can only hold if P*x; =0 since A\; # 0 and A; # 1. Hence,
it follows that

P*l'i =

(P — P*)iL‘Z = P.%'i = )\Z.CL‘Z

3 A general proof for nonergodic chains can be given using the Drazin inverse, which we
introduce in Section 3.3.3. We give a simpler proof here following [21].

4In general, eigenvalues of stochastic matrices are complex-valued. The modulus of a com-
plex number z = a + ib is defined as |z| = Va2 + b2.
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Thus, z; is an eigenvector of P — P* with eigenvalue J; if it is also
an eigenvector of P. If, on the other hand, A; = 0, then P*x; = P*Px; =
AiP*x; = 0, and hence A; = 0 is an eigenvalue of P — P* as well. Finally,
the eigenvalues of the fundamental matrix . — P* =1 — P + P* are
1,1 = X;,...,1 — An_1, none of which are 0. a

3.3.2 Group Inverse of the Laplacian

We now introduce a generalized inverse of the Laplacian L =1 — P
called the group inverse [20, 21]. The group inverse is a special case of
a more general inverse called the Drazin inverse, which is introduced
below.

Definition 3.5. The group inverse A% of a square matrix A € C" x
C" is a A5 inverse.

We now introduce the group inverse of the Laplacian, and show why
it is of fundamental importance in MDPs.

Definition 3.6. The group inverse of the Laplacian L =1 — P of a
Markov chain with transition matrix P is defined as

L# = (I — P+ P*) ' - P* (3.7)

It can be shown that the properties 1,2, and 5 in Definition 3.4 are
satisfied. As an example, let us show that L#L = LL#.

=
BiS
=
|
~
|
Y
+
k!
I
|
k!

(I-7P)
— P*(I — P)

+(I—-P+ P tpr— p*
=I-P+P)'I-P+P)-P*



442  Laplacian Operators and MDPs

The meaning of the term “group inverse” arises from the property
that it is actually the inverse element in a group I'r, of all Laplacian
matrices IL, defined for a specific invariant distribution p, where pP = p,
and P* =1p.

Iy ={L:pL=0L1=0,(L+ P*)"" exists}. (3.8)

We now link the group inverse of the Laplacian to the average-
reward Bellman equation (Equation (2.10)). We can expand the fun-
damental matrix in a Taylor series expansion as follows

(e}

(I-P+ P! (P — P¥). (3.9)
=0

t

Using this Taylor series expansion of the fundamental matrix, we
can derive the average-reward Bellman equation as

(I-PYI-P+P)yt=1-P*
PP+ (I-PYI—-P+P)Y =1
PPR+(I-P)I-P+P)'R=R

g+U—m§yﬁ—PﬂR:R
t=0
g+({I—-Ph=R

g+ Lh = R,
after multiplying both sides by R

which is exactly the form of the average-reward equation given in
Equation (3.5).

A simple interpretation of the group inverse of the Laplacian can
be given based on Equation (3.9):

I-P#=(1-P+P)'-p

— i(P_ P*)t _ p*
t=0
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- i(Pt A

t=0
n—1
_ k _ p¥\ _ px*
=l > (PE-PY =P
k=0
n—1
= lim (P* — nP¥)
n—oo
k=0

In other words, the element (7,7) in the group inverse matrix is the
difference between the expected number of visits to state j starting in
state ¢ following the transition matrix P versus the expected number of
visits to j following the long-term limiting matrix P*. Figure 3.1 shows
this difference on a simple two state Markov chain.

3.3.3 Drazin Inverse of the Laplacian

Finally, we introduce the Drazin inverse of the Laplacian. In this sec-
tion, we consider arbitrary Markov chains, regardless of their chain
structure. First, we define Drazin inverses generally, using the gener-
alized inverse axioms, and then give an explicit matrix definition for
stochastic matrices.

Definition 3.7. The index of a square matrix A € C" x C" is the
smallest nonnegative integer k such that

R(AF) = R(AFTY). (3.10)

Here, R(A) is the range (or column space) of matrix A.

0.5385
0.7

) ) O O™

0.3 0.4

0.4615
0.6 0.4615

Fig. 3.1 This figure illustrates the concept of group inverse of the Laplacian, on a sim-
ple two state Markov chain. Left: The original Markov chain with transition matrix P.
Right: A chain with transition matrix P*, the limiting matrix. The group inverse measures
the difference in the expected number of visits to a state following P versus P*.
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For example, a nonsingular (square) matrix A has index 0, because
R(A%) = R(I) = R(A) = C". The Laplacian L =1 — P of a Markov
chain has index 1.

Definition 3.8. The Drazin inverse of a matrix A€ C" x C" is a
A1256} inverse, where property 6 holds when k is the index of A.

We now give an equivalent definition of the Drazin inverse in terms
of the decomposition of a matrix.

Definition 3.9. If a general square matrix A is decomposed as follows

_(C 0.
A—W<OAJW , (3.11)

where W and C are nonsingular matrices, and N is nilpotent,> then its
Drazin inverse of A is given by:

-1
AD:LV(q) 8)%”1 (3.12)

Let us specialize this definition for general (nonergodic) Markov
chains, and investigate its application to MDPs [110].

Definition 3.10. Let a transition matrix P of a Markov chain be
defined on a finite state space S, and suppose P induces m recurrent
classes on S. Then, P can be decomposed into the following form:

P:W<10>W4, (3.13)
0 @

where W is nonsingular, I is an m X m identity matrix, and @ is
an |S| —m x |S| —m times matrix. The inverse (I — Q) exists since
1 is not an eigenvalue of Q. Also hmn-mo%ZZj QF =0, since Q is
nilpotent.

We can now define the Drazin inverse L” of the Laplacian L =
I — P in its general form.

5 N is a nilpotent matrix if for some nonnegative integer k, N* = 0.
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Definition 3.11. Given an arbitrary transition matrix P on a finite
state space S, the Drazin inverse LP of L is given by

LP=(I-PP=w (8 1 _OQ)_1> wL, (3.14)

Also, the long-term limiting matrix P* of a general Markov chain
P can be written as

I 0\, .
P =W WL 3.15
<0 0) (3.15)

Note that we can now derive the identity given in Definition 3.6 for
arbitrary Markov chains given the matrix form of the Drazin inverse,
since

()

(] (L e

= -P+pP) ! -p

3.3.4 Computation of Drazin Inverse and Limiting Matrix

Let us briefly discuss the issue of computing the Drazin inverse L? and
the long-term limiting matrix P*. A number of algorithms have been
developed [20]. One approach is to form the direct decomposition of a
matrix A into its nonsingular component and nilpotent component.

There are many other methods. For example, any 1-inverse of L. can
be used to find its Drazin inverse, such as the Moore-Penrose pseudoin-
verse LT. More sophisticated methods are available based on the orthog-
onal deflation procedure used in singular value decomposition [20]. In
Section 7.5, we will describe a multiscale iterative method for fast com-
putation of the Drazin inverse.

3.3.5 Unifying Average-Reward and Discounted MDPs

In Equation (3.3), we formulated the discounted value function in terms
of the resolvent of the Laplacian. We now introduce an important
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Algorithm 3 A general algorithm for Drazin inverse
1: Input: A matrix A and its index k (if A=L =1 — P, then k=1).
2. Form the row-reduced echelon form of A (e.g., use MATLAB
command rref).

[A, O] = rref(AF), (3.16)
where A, is the row-reduced echelon form, and C4 is the set of
column indices of A such that A(:,Cy4) = [v1,v2,...,v,] forms a basis
for R(AF).

3: Form the matrix I — A,. Its nonzero columns, denoted as
[Vr41,...,0n], form a basis for N'(AF).

4: Construct a nonsingular matrix W = [vy,...,v,], and form the
product
c 0
1 o
WLAW = <0 N), (3.17)

where C'is the nonsingular portion and N is the nil-potent portion.
4: The Drazin inverse of A is given as

c-t 0
AP =w WL 3.18
(% o) (3.18)
5. If A is the Laplacian . = I — P, the long-term limiting matrix P*

is given as
I 0 -1

Pr=WwW W, 3.19
(o o) (3.19)

connection between average-reward and discounted MDPs using the
Laurent series expansion of the resolvent of the Laplacian. This series
will be in terms of powers of the Drazin inverse of the Laplacian. We
will later use this expansion as an interesting type of basis for approx-
imating MDPs.

Theorem 3.4. If L=1 — P, and 0 < p < o(I — P) (where o denotes
the spectral radius), the resolvent (pI + L)™' can be expressed as the
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following Laurent series:

(pI + L) =p P+ i(—p)"(LD)"“- (3.20)
n=0

Proof. We base our proof on that given in [110]. Given the decomposi-
tion of P in Equation (3.13), we can express the resolvent (pI + L)™' as

-1 p 0 _
(ol +1) 1‘W< 0 <pf+<f—@>>1>W1

(o (G - gp) P

Notice that the first term is p~!P*. Using the identity

(PI+ I -Q) ' '=U+pI-Q ) T-Q7,

we can expand the first expression in the second term above as
oo
I+pI-Q ) =D (=" -7,
n=0
which is valid as long as p < o(I — Q) (the spectral radius of I — Q).
Using this Taylor series expansion in the matrix decomposition above
leads to the final result. |

Now, combining this theorem with the expression for the discounted
value function V™ of a policy defined earlier in Equation (3.3), we finally
obtain an expression for the discounted value function in terms of the
Drazin inverse of the Laplacian.

Theorem 3.5. Given a discounted MDP M and policy =, the value
function V™ can be expressed in terms of the gain and bias of the asso-
ciated Markov reward process M, = (P™,R™), and the Drazin inverse
of the Laplacian, as follows

Vi=(1+p) (plg” + AT+ i(—p)"((Lﬂ)D)"HR“> - (321

n=0




448 Laplacian Operators and MDPs

Proof. This result follows directly from the previous theorem and Equa-
tion (3.3). Note that g™ = (P™)*R™ as defined earlier. Also, we showed
earlier that h™ = (I — P™)(I — P™ + (P™)*)"'R™. o

If we represent the coefficients in the Laurent series as y_1,¥o,-- .,
they can be shown to be solutions to the following set of equations (for
n=1,2,...). In terms of the expansion above, y_; is the gain of the
policy, %o is its bias, and so on.

]L”y_l =0
y—1+ L7y = RT

Yn—1 + Lﬂyn =0

3.3.6 Examples

We now provide some simple examples to illustrate the Drazin expan-
sion. Figure 3.3 shows a simple 7 state grid world MDP. If each compass
action succeeds in moving the agent in the desired direction with prob-
ability 0.7, and leaves the agent in the same state with probability 0.3,
the transition matrix of an optimal policy for reaching the goal marked
G is given as

0.30 070 O 0 0 0 0
0 030 0 070 O 0 0
0 0 030 070 O 0 0
P=1 0 0 0 030 0 0 070]. (3.22)
0 0 0 0 030 070 O
0 0 0 070 0 030 O
0 0 0 0.3 0 0 0.7

The invariant distribution p is given as the row vector

p=(0 00 03 0 0 0.7) (3.23)
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The Drazin inverse of the Laplacian L. = I — P is given as

1.2245 1.0204 —0.2041 0.2463 —0.2041 —0.4082 0.0985

—0.2041 1.0204 —0.2041 0.2463 —0.2041 —0.4082 0.0985

—0.2041 —0.4082 1.2245 0.2463 —0.2041 —0.4082 0.0985
LP=]-05041 —0.7082 —0.5041 —0.0537 —0.5041 —0.7082 —0.2015
—0.2041 —-0.4082 —0.2041 0.2463 1.2245 1.0204 0.0985

—0.2041 —-0.4082 —0.2041 0.2463 —0.2041 1.0204 0.0985

—0.9041 —-1.1082 —0.9041 —-1.6606 —0.9041 —1.1082 —0.0842

(3.24)

Notice the highly regular structure of the entries in the above
matrix. This regularity is not a coincidence, but in fact the key rea-
son why the Drazin inverse of the Laplacian provides an effective way
to compress MDPs. Many interesting properties of the structure of
Markov chains are captured by LP (or equivalently L#, the group
inverse). In particular, the following properties can be shown (see [20]
for a more detailed analysis):

e For a general Markov chain, states s; and s; belong to the
same ergodic set if and only if the * and k" rows of I — LIL#
are equal.

e [f states s; and s; are transient states, then Li is the
expected number of times the chain is in state s; after start-
ing in s;. Also, s; and s are in the same transient set if and
only if L% >0 and L}, > 0.

e State s; is a transient state if and only if the i*" column of
I —LL# is 0.

Figure 3.2 gives an example of how the framework of Drazin inverses
of the Laplacian can be used to approximate value functions. Even
though the value function is highly nonlinear due to the presence of
walls and nonlinearities, it can be effectively compressed by projecting
it onto a basis generated from the Drazin inverse of the Laplacian
associated with a policy. We will describe a more complete evaluation
of these and other bases in Section 8.
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Optimal Value Function V* Projection of V* onto 15 Drazin Bases
100 o 100

Optimal Value Function VAn Optimal

100
2 2
80
4 4
60
6 6
40
8 8
20
10 10
2 4 6 8 10 0

Fig. 3.2 This figure illustrates how the Drazin inverse of the Laplacian can be used to
approximately solve MDPs. The value function shown is highly nonlinear due to walls. The
approximation shown was computed by projecting the (known) optimal value function on
a set of basis vectors generated from the Drazin inverse of the Laplacian associated with
the optimal policy 7. Although the problem has 100 states, the optimal value function is
effectively compressed onto a subspace of dimension 15.

3.4 Positive-Semidefinite Laplacian Matrices

In this section, we introduce a more restricted family of positive-
semidefinite (PSD) Laplacian matrices that have been the topic of sig-
nificant recent work in machine learning.® A growing body of work
in machine learning on nonlinear dimensionality reduction [73], mani-
fold learning [8, 30, 116, 131], and representation discovery [80] exploit
the remarkable properties of the PSD Laplacian operator on manifolds
[115], many shared by its discrete counterpart, the graph Laplacian
[2, 26, 44]. Although these cannot be directly used to model transi-
tion matrices in MDPs as the more generalized Laplacians described

6 A positive-semidefinite matrix A is one where v Av > 0 for all v # 0. PSD matrices have
real nonnegative eigenvalues and real-valued eigenvectors.
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previously, they are still of significant interest in finding approximate
solutions to MDPs, as will be described below.

3.4.1 Diffusion Models and Random Walks on Graphs

Consider a weighted graph G = (V, E,W), where V is a finite set of
vertices, and W is a weighted adjacency matrix with W (i,j) >0 if
(i,7) € E, that is, it is possible to reach state i from j (or vice-versa) in
a single step. A simple example of a diffusion model on G is the random
walk matrix P, = D~'W. Figure 3.3 illustrates a random walk diffusion
model. Note the random walk matrix P, = D~'W is not symmetric.
However, it can be easily shown that P, defines a reversible Markov
chain, which induces a vector (Hilbert) space with respect to the inner
product defined by the invariant distribution p:
(f,9)0 =D F(D)g()p(i).
eV
In addition, the matrix P, can be shown to be self-adjoint with respect
to the above inner product, that is

<P7"fag>p = <f7 Prg>p'

Consequently, the matrix P, can be shown to have real eigenvalues and
orthonormal eigenvectors, with respect to the above inner product.

1 2
3 4 7
5 6 Goal

0 05 05 0 0 00
P. = 05 0 0 0.5 0 00
7 1033 0 0 033 033 0 O

Fig. 3.3 Top: A simple diffusion model given by an undirected unweighted graph connecting
each state to neighbors that are reachable using a single (reversible) action. Bottom: First
three rows of the random walk matrix P, = D~1W. P, is not symmetric, but self-adjoint
with respect to the invariant distribution, and consequently has real eigenvalues and eigen-
vectors.
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The random walk matrix P, = D™'W is called a diffusion model
because given any function f on the underlying graph G, the powers of
P!f determine how quickly the random walk will “mix” and converge
to the long term distribution [26]. It can be shown that the station-
ary distribution of a random walk on an undirected graph is given
by p(v) = Wlfiglc;)’ where d,, is the degree of vertex v and the “volume”

Vol(G) = 3 cr do-

3.4.2 Graph Laplacians

Even though the random walk matrix P, can be diagonalized, for com-
putational reasons, it turns out to be highly beneficial to find a sym-
metric PSD matrix with a closely related spectral structure. These are
the popular graph Laplacian matrices, which we now describe in more
detail. The main idea underlying some of the graph—theoretic meth-
ods for basis construction is to view approximating the value function
of a MDP as that of regularizing functions on state space graphs. We
develop this point of view in detail in this section, showing how the
Laplacian provides a highly effective regularization framework [98].
For simplicity, assume the underlying state space is represented as
an undirected graph G = (V, E,W), where V is the set of vertices, and
E is the set of edges where (u,v) € E denotes an undirected edge from
vertex u to vertex v. The combinatorial Laplacian L is defined as the
operator L = D — W, where D is a diagonal matrix called the valency
matrix whose entries are row sums of the weight matrix W. The first
three rows of the combinatorial Laplacian matrix for the grid world
MDP in Figure 3.3 is illustrated below, where each edge is assumed to
have a unit weight:
2 -1 -1 0 0 0 O
-1 2 0 —1 0 0 0
0 0

L=y o 3 -1 -1

Comparing the above matrix with the random walk matrix in
Figure 3.3, it may seem like the two matrices have little in common.
Surprisingly, there is indeed an intimate connection between the ran-
dom walk matrix and the Laplacian. The Laplacian has many attractive
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spectral properties. It is both symmetric as well as PSD, and hence its
eigenvalues are not only all real, but also nonnegative. To understand
this property, it helps to view the Laplacian as an operator on the space
of functions F : V — R on a graph. In particular, the Laplacian acts as
a difference operator.

Lf() = (f(i) = f(5), (i.j) € E.

ji
On a 2D grid, the Laplacian can be shown to essentially be a dis-
cretization of the continuous Laplace operator in Euclidean space:

o%f  9*f

922 T oy

where the partial derivatives are replaced by finite differences.

3.4.3 Reproducing Kernels and the Graph Laplacian

The crucial idea of using the graph Laplacian as a regularizer is that
rather than smoothing using properties of the ambient Euclidean space,
smoothing takes the underlying manifold (or graph) into account.
We develop this notion more formally in this section, by showing
that the graph Laplacian induces a Reproducing Kernel Hilbert Space
(RKHS) [54].

Definition 3.12. The Laplacian L = D — W defines a semi-norm over
all functions on an undirected graph G

(fi9)=f"Lg. (3.25)

Furthermore, the length of a function is defined as || f|| = v/(f, f)-

Since L is symmetric, the properties of a norm can be directly veri-
fied, except that for constant functions, (f, f) = 0, thus, violating one of
the properties of a norm. However, as we will show below, the Laplacian
induces a regular norm over a more restricted space. Informally, the
smaller || f]| is, the “smoother” f is on the graph. This intuition can be
formalized as follows.
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Definition 3.13. The Dirichlet sum is defined as
FTLf = ) wu(f(u) = f(v)?. (3.26)

(uw)eER

Thus, for highly “smooth” functions, f; = f;,(4,7) € E and w;; is
small. More formally, a fundamental property of the graph Laplacian is
that projections of functions on the eigenspace of the Laplacian produce
the smoothest global approximation respecting the underlying graph
topology.

Note that the Laplacian L = D — W is singular since its smallest
eigenvalue A\; = 0. In fact, it can be shown that for graphs with r com-
ponents, the 0 eigenvalue has multiplicity r, and the corresponding
eigenspace defined by the r associated eigenvectors spans the kernel
of L (where the kernel of L is the space spanned by all z such that
Lz = 0). To define the reproducing kernel associated with L, we define
a restricted Hilbert space of all functions that span the complement of
the kernel, that is, all functions that are orthogonal to the eigenvectors
associated with the 0 eigenvalue.

Definition 3.14. Let the eigenvalues of L on a graph G
with 7 connected components be ordered as A\ =0,...,A\. =0,
Arg1>0,...,A, > 0. Let the associated eigenvectors as u;,1 <i < mn.
The Hilbert space associated with a graph G is defined as

H(G)={g:¢9"ui=0,1<i<r} (3.27)

Clearly, ||fll=+/{f.f)= VfTLf now defines a norm because
| £l > 0. We now show that H(G) actually defines an RKHS as well,
and its reproducing kernel is K = L™, namely the pseudo-inverse of L.
First, note that we can write the pseudo-inverse of L as follows.

Definition 3.15. The pseudo-inverse of Laplacian L =D — W is
defined as

(3.28)
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where the graph G is assumed to be undirected and unweighted, and
having r connected components.

The definition easily generalizes to weighted (and directed) graphs.
The main result we need to show is as follows.

Theorem 3.6. The reproducing kernel associated with the RKHS
H(G) of an undirected unweighted graph G is given by

K=L" (3.29)

Proof. Clearly, K is symmetric from the definition of L™. Indeed, note
also that

T
LLY =1-) uu]. (3.30)
=1

This result follows directly from the expansion of L™ and because U,
the matrix of eigenvectors of L is orthogonal (hence, UUT = I). More

n n 1
=1 i=r+1

i=r+1 i=r+1 7"

n
= E ’U,Z’U,ZT
1=r+1

—I-

concretely,

LL™

,
i=1
Thus, given any function g € H(G), we have LL"g = g. Thus, it
follows that
g(i) = e;L" Lg = K (:,i)Lg = (K (:,4),g),

where K (:,i) is the i¢th column of K, and e; is the ith unit basis
vector. O
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Given that the Laplacian L defines an RKHS, it is possible to define
the problem of minimum-norm interpolation of functions on a graph G.

Definition 3.16. Given an undirected graph G, whose Laplacian L =
D — W, given samples of a function f on [ vertices of G, the minimum-
norm interpolant in H(G) to f is given as follows

i 1 g; = i,':l,...,l . 3.31
Jin Ll gi = firi h (3.31)

Where it is assumed without loss of generality that the function
values are known on the first [ vertices. A variety of different solutions
to this minimum-norm problem can be developed. For example, one
approach is to use a regularized least-square approach, which requires
solving a linear system of equations of |G| = n equations [98]. Another
approach is to use the representer theorem [139], which states that the
solution g can be expressed as the linear sum of kernel evaluations on
the available samples.

l
g(i) =Y K(i,j)cj, (3.32)
j=1

where the coefficients ¢ are computed as the solution to the equation
c=K*f, (3.33)

where K = K (1:1,1:1). We will discuss the application of these ideas
to basis construction in MDPs in Section 6.

3.4.4 Random Walks and the Laplacian

To make the connection between the random walk operator P, and the
Laplacian, the normalized Laplacian [26] needs to be introduced:

L=D :LD 2.
To see the connection between the normalized Laplacian and the
random walk matrix P, = D~'W, note the following identities:
L=D:LD2=]-D WD 2, (3.34)
I-L=D:WD 2, (3.35)
D™2(I — £)D% = D™'W. (3.36)
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Hence, the random walk operator D™'W is similar to I — £, so
both have the same eigenvalues, and the eigenvectors of the random
walk operator are the eigenvectors of I — £ point-wise multiplied by
D7 3. In particular, if ); is an eigenvalue of the random walk transition
matrix P,, then 1 — ); is the corresponding eigenvalue of L.

The normalized Laplacian £ also acts as a difference operator on a
function f on a graph, that is

1 flu)  fv)
£f(u)—\/(7u§(\/£—m>ww. (3.37)

The difference between the combinatorial and normalized Laplacian is
that the latter models the degree of a vertex as a local measure.




4

Approximating Markov Decision Processes

In this section, we introduce a variety of methods for approxi-
mately solving MDPs, including least-squares, linear programming, and
Hilbert space methods. All these approaches depend crucially on a
choice of basis functions for constructing a low-dimensional representa-
tion of a MDP, and assume these are provided by the human designer.
The focus of this section is not on basis construction, but rather on
approximation. The problem of approximation is naturally formulated
using the theory of vector spaces. We assume the reader is familiar with
finite-dimensional vector spaces, as covered in standard undergraduate
textbooks [127]. However, it will be convenient to generalize the usual
matrix-based coordinate-dependent framework to a richer framework
based on a type of vector space called a Hilbert space [37].

4.1 Linear Value Function Approximation

It is obviously difficult to represent value functions exactly on large
discrete state spaces, or in continuous spaces. Furthermore, even in
discrete spaces where it is possible to store value functions exactly,
the use of a well-designed basis can greatly accelerate learning as it

458
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propagates corrections to the value function across large regions of the
state space. Consequently, there has been much study of architectures
for approximating value functions [12]. We introduce a general theoreti-
cal framework for value function approximation based on Hilbert space,
a type of vector space, i.e., much studied in approximation theory [37]
and machine learning [120].

4.1.1 A Hilbert Space Formulation

We address the problem of approximating the value function V™ associ-
ated with a fixed policy 7, before considering the more difficult problem
of approximation of the optimal policy V*. An elegant and general way
to formalize value function approximation builds on the framework of
approximation in a type of vector space called a Hilbert space [37]. We
follow the Hilbert space formulation of value function approximation
given in [138], which the interested reader can refer to for additional
details. Some readers may find the mathematics in this section to be
somewhat abstract. This section can be omitted without loss of conti-
nuity, and readers can directly proceed to Section 4.2 where two spe-
cific projection methods are described using finite-dimensional matrix
theory.

A Hilbert space H is a vector space equipped with an abstract
notion of “length” defined by an “inner product” (f,g) between any two
vectors f,g € H. As an example, in the familiar Euclidean space R",
which is a Hilbert space, the inner product of two vectors (f,g) = fTg,
viewing f and ¢ as column vectors. In a general MDP, the concept
of distance needs to be modified from that in Euclidean distance by
a nonuniform “weighting” that depends on the frequency with which
different states are visited by a particular policy.

We now define an inner product, i.e., induced by the invariant dis-
tribution p™ of a policy. We assume that the MDP is ergodic, and as
seen in Section 3, the limiting matrix (P7™)* = 1p".

Definition 4.1. The space of all value functions on a discrete MDP
forms a Hilbert space under the inner product induced by the invariant
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distribution p™ of a specific policy w, where
(Vi Vo)r = Y VI ()V5 (5)p7 (s)- (4.1)
ses

The “length” or norm in this inner product space is defined as

IVller = V. V)t

The concept of projection is crucial in defining approximation in a
Hilbert space. Intuitively, the idea is to find the element of a (closed)
subspace that is “closest” to a given vector. In value function approx-
imation, we are interested in finding the “best” approximation to
the vector V™ that lies in the subspace spanned by a set of basis
functions.

Definition 4.2. The projection operator Ilx : H — K finds the closest
element o € K to v € H, that is

Mk (u) = argmin|lg — ully. (4.2)
geK

Any projection operator II is idempotent, so that IT> = II and non-
expansive, so that ||TI(u)]| < ||ul.

If the basis functions ¢; are orthonormal, meaning that (¢;, ¢;)y =
i, where 6;; = 1 if and only if 4 = j, then the projection operator can
be defined by the following abstract Fourier series.

Definition 4.3. If ¢1,...,¢; is a basis for the subspace K, the projec-
tion operator Il operator can be written as

k

Mic(u) = (u, ¢i)i- (4.3)

i=1

I Technically, p™ must be a strictly positive distribution for (., .)pm to form a valid inner prod-
uct, which implies that the Markov chain can have no transient states s where p™(s) = 0.
A minor change allows extending the definition to arbitrary MDPs [138].
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Applying this definition to approximation of the value function V7™,
we have
k
Vg =TaV™ = (V™) i, (4.4)
i=1
where the projection operator onto the space spanned by the bases ¢; is
indicated as Ilg for convenience. In the next section, we will investigate
a “fixed point” algorithm for finding the best approximation to V7.
This algorithm works by finding the fixed point of the composition of
the T™ operator and the projection operator Ilg. A natural question
that arises is whether the error in such algorithms for value function
approximation can be quantified. A convenient way to arrive at such
results is through the concept of a contraction mapping.

Definition 4.4. An operator T on a Hilbert space H is called a con-
traction mapping if and only if

[Tw — T|[3 < Bllu — vln, (4.5)
where 0 < 6 < 1.

It can be shown that the operator T™ is a contraction mapping,
where

IT™Vi = T™Vapr <4[[Vi — Vallr. (4.6)

A standard method for computing least-square projections for value
function approximation is to find the projection of the backed up value
function 77 (V™) onto the space spanned by the bases ®. This procedure
is motivated by the observation that although the current approxima-
tion V may lie within the subspace spanned by the bases, the backed up
value function may lie outside the subspace, and hence need to be pro-
jected back in. Thus, we are interested in investigating the properties
of the composite operator IlgT™. Since projections are nonexpansive,
the composite operator is also a contraction mapping.

Theorem 4.1. The composite projection and backup operator IleT™
is a contraction mapping with a factor x <.
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Proof. We know that T™ is a contraction mapping with a factor ~. It
follows easily from the nonexpansion property of Ilg that the combined
operator is also a contraction mapping, since

e T™V; — MoT™Val|r < |[T7Vi — T™Va|pr < 4|Vi = Vollpr. B

Since the composite operator is a contraction mapping, it must also
have a fixed point.

Definition 4.5. The fixed point of the combined operator IIsT™ is
defined as

VE =T V. (4.7)

Exploiting the contraction property of the composite operator
IIgT™ the following general error bound establishes bounds on the
“distance” between the true value function V™ and the fixed point
approximation V£ .

Theorem 4.2. Let V(I’f be the fixed point of the combined projection
operator Il and the backup operator T™. Then, it holds that

VT = Vg |l~ < — V™| . (4.8)

1 s
il

K is the contraction rate of the composite operator.

Proof.
VT = Vg2 = VT =TV + Tp V™ — V|2
= V7 = Ha V7|5 + [He V7 — V|5
= VT = Mo V7|2- + [[MeT™ (V™) — TeT™(VE)| 3
< VT =TV + &*[VT = VE |2

The result follows directly from the last inequality. The second step
follows from the use of the generalized Pythogorean theorem in Hilbert
spaces (the length of the sum of two orthogonal vectors is the sum of
the lengths of each vector). Note that the error vector V™ — IIa V7™ is
orthogonal to all value functions in the space spanned by the bases @,



4.2 Least-Squares Approximation of a Fixed Policy 463

because of the property of orthogonal projectors. The inequality follows
from Theorem 4.1. |

4.2 Least-Squares Approximation of a Fixed Policy

In this section, we review two standard approaches to approximating
value functions using a linear combination of basis functions, which are
known as the Bellman residual approach [122, 94|, and the fized point
approach [69, 94] Assume a set of basis functions Fo = {¢1,...,¢r}
is given, where each basis function represents a “feature” ¢; : S — R.
The basis function matrix ® is an |S| x k matrix, where each column
represents a basis function, and each row specifies the value of all the
basis functions in a particular state. We assume the Bellman backup
operator 1™ is known, and then proceed to discuss how to extend these
approaches when 1™ is unknown and must be estimated from samples.

Definition 4.6. The Bellman Residual minimization problem is to
find a set of weights wpgr such that

wpg = argmin | T™(V) — V|| =, (4.9)
w

where V is an initial approximation to V7.

We can express the minimization as a “least-squares” problem as
follows

min||T7(V) = V|| =
w
= min ||R™ + yP"V — V|| =
w
=min ||R™ + yP"dw — Qw||
w
(I —vP™)®ow ~,~ R™

The last step formulates the equivalence as a weighted least-squares
problem of the form Az =, b. It is well known that the solution to a
weighted least-squares problem can be expressed generically as

z = (ATCA)~TAT O,

where C is a diagonal matrix whose entries specify the non-uniform
weights measuring the “length” in the space. For Bellman residual
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minimization, the corresponding elements are:
Agr = —yP™)®, C=D,, b=R".

Thus, the Bellman residual minimization problem can be solved as
the following least-squares solution:

wpR = (ALR D= Apr) " (AER D= R™) (4.10)

Another popular approach is to find the fixed point of the combined
projection operator Ilg and the Bellman “backup operator T.

Definition 4.7. The Bellman Fized Point method for linear value
function approximation is to find the weights wgp such that

wpp = argmin |[eT™ (V) — V|| = (4.11)
w

A similar least-squares solution to the fixed point method can be
derived as follows

Hgn!!H@T“(V) — Vo
= ngnHHq,TW(I)w — Qw|| yr
HeT"Pw ~pr Pw
dw = ®(®' Dpr®) ' ®T D yr (R + yP"Ow)
wpp = (BT Dpe® — 4@ D)= PT®) 1T D= R™.

Figure 4.1 gives a geometrical perspective of the problem of value
function approximation. The Bellman residual approach can be seen as

T (V™)

JL

ME(T™ (V™))

Fig. 4.1 A geometrical view of value function approximation.
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minimizing the length of the vector T7(V™) — V™, whereas the fixed
point approach minimizes the projection of the residual in the space
spanned by the basis ®.

4.2.1 Least-Squares Temporal Difference Learning

In Section 2.3, we described the temporal difference TD(0) learning
algorithm. Here, we generalize this algorithm and describe the LSTD
method [16, 18]. Least-Square Temporal Difference (LSTD) computes
the approximation to the value function V™ on a specific set of bases ®.
It can be viewed as an iterative approximation of the fixed-point pro-
jection method described above (see Equation (4.11)). Essentially, the
algorithm maintains a matrix (denoted as A) and a column vector b,
which are both updated from sampled trajectories. When flag is
true, namely whenever the approximated value function is needed, the
algorithm returns w = A~'b as the answer. The algorithm shown is
the LSTD(A) method for the undiscounted v =1 setting [16]. Here,
0 <A <1 is a weighting parameter that determines the eligibility or
recency of past states.

LSTD(A) can be viewed as building a compressed model on the
basis ®. To gain some insight into the meaning of the A matrix and b
column vector, let us assume that the basis matrix ® is the identity, that
is, the unit vector basis is used. Then, line 6 of the LSTD algorithm,
for A = 0, computes the sum

A=A+ ¢(x)(p(xr) — d(w141))7,

where ¢(x;) is a column vector of all 0 except for a single 1 at the
location corresponding to state x;. Thus, the outer product is a matrix
with all 0’s except at the row corresponding to state x;, which has a 1
in the diagonal entry and a —1 at the column corresponding to state
Z¢y1. The sum of all these rank one matrices is

Af:(N_T)a

where N is a diagonal matrix counting the number of times that
each state was visited, and T is a matrix that counts the number of
transitions from state z; to state xy1. Similarly, line 7 in the LSTD(0)
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Algorithm 4 The LSTD(\) Algorithm
// A: A matrix of size k x k initialized to the 0 matrix.
// b: A vector of size k x 1 initialized to 0 vector.

// t: time counter initialized to 0.
// flag: A binary variable set to true when the coefficients are desired.
1: fori=1to N do
2:  Choose a start state x; € S.
3 Set z; = ¢(x4)
4:  while z; # END do
5: Execute action m(z;), resulting in state z;4; and reward R,
6: Set A=A+ z(p(x1) — d(zp41))T
7: Set b=0b+ 2z Ry
8 Zi41 = Az + O(Te41)
9 t=t+1
10: end while
11:  if flag then
12: Return w = Afb
13:  end if
14: end for

algorithm consists of the vector sum
b = b + qb(xt)Rt,

which is simply a vector of sum of rewards received on transitions out
of each state x;. The matrix pseudo-inversion step in line 12 of the
LSTD algorithm can be written as

VT =(N-T)s,

where s is a column vector containing the sum of rewards received in
each state. When & is not the identity matrix, then A can be shown to
be computing a compressed model.

4.3 Approximation in Learning Control

The problem of value function approximation in control learning is
significantly more difficult in that only samples of the MDP are
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available, from which 7™ must be constructed. A standard algorithm for
control learning is approzimate policy iteration [12], which interleaves
an approrimate policy evaluation step of finding an approximation of
the value function V™ associated with a given policy 7, at stage k, with
a policy improvement step of finding the greedy policy associated with
V7, Here, there are two sources of error introduced by approximat-
ing the exact value function, and approximating the policy. A specific
type of approximate policy iteration method — the Least-Square Policy
Iteration (LSPI) algorithm [69] — is described in Section 4.3.1, which
uses a least-squares approach to approximate the action-value function
to alleviate this problem.

4.3.1 Approximation of Action-Value Functions

Here, we focus on action-value function approximation, and in particu-
lar, describe the LSPI method [69]. The complete algorithm is described
in Figure 4.2. In action-value learning, the goal is to approximate the
true action-value function Q™ (s,a) for a policy 7 using a set of basis
functions ¢(s,a) that can be viewed as compressing the space of action-
value functions. The true action-value function Q7 (s,a) is a vector in a
high-dimensional space RI°I*I4l and using the basis functions amounts
to reducing the dimension to R¥, where k < |S| x |A|. The approxi-
mated action value is thus

k
Q(s,a;w) = Y dj(s,a)wy,
j=1

where the w; are weights or parameters that can be determined using a
LSM. Let Q™ be a real (column) vector € RISXIAl ¢ (s, a) is a real vector
of size k where each entry corresponds to the basis function ¢;(s,a)
evaluated at the state action pair (s,a). The approximate action-value
function can be written as Q’r = ®w™, where w” is a real column vector
of length k£ and ® is a real matrix with |S| x |A| rows and k columns.
Each row of ® specifies all the basis functions for a particular state
action pair (s,a), and each column represents the value of a particular
basis function over all state action pairs. As described in Section 4.1,
the Bellman fixed point approximation tries to find a set of weights w™
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LSPI (T, N,e,®):

// T: Number of episodes for sample collection
// N: Maximum length of each trial

// € : Convergence condition for policy iteration
// ®: Basis function matrix

Sample Collection Phase

e Collect a data set of samples D = {(s;,ai,8i+1,7i),...} by following
a random policy for a set of T trials, each of maximum N steps.

Control Learning Phase

® Set i = 0. Initialize w® € R* to a random vector.
® Repeat the following steps:

(1) Define 7°(s) € argmax,Q(s,a), where Q(s,a) = dw'.

(2) Set i+i+1. Using the stored transitions
(st,at,st,ay,m¢) € D, compute the matrix A and vec-
tor b as follows:

Ft+1 it ri T

A = A+ ¢(5t7at) (¢(5t7at) - 7¢(5t77" (St)>

bt+1 == ZN)t + ¢(St7at)7”t.

(3) Solve the linear system of equations Aw’=b using any
standard method.

(4) until ||w’ — W™ <e.

® Set 7(s) € argmaxaeAQi(s,a), where Q' = ®w'’ is the e-optimal
approximation to the optimal value function within the linear span
of basis functions ®.

Fig. 4.2 This figure describes a least-squares variant of approximate policy iteration.

under which the projection of the backed up approximate Q-function
T,Q™ onto the space spanned by the columns of @ is a fixed point,
namely

Q™ =T T™(Q™),

where T, is the Bellman backup operator. It was shown in the pre-
vious section that the resulting solution can be written in a weighted
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least-squares form as Aw™ = b, where the A matrix is given by
A= (®"Dyr(® — P D)),
and the b column vector is given by
b=o"D,R,

where D~ is a diagonal matrix whose entries reflect varying “costs” for
making approximation errors on (s,a) pairs as a result of the nonuni-
form distribution p”(s,a) of visitation frequencies. A and b can be esti-
mated from a database of transitions collected from some source, e.g., a
random walk. The A matrix and b vector can be estimated as the sum of
many rank-one matrix summations from a database of stored samples.

A = A 4 p(sian) (6(s0,ar) — vo(shm(sh)) T
B = B 4 g(san)r,

where (s¢,at,7,8}) is the tth sample of experience from a trajectory
generated by the agent (using some random or guided policy). Once the
matrix A and vector b have been constructed, the system of equations
Aw™ = b can be solved for the weight vector w™ either by taking the
inverse of A (if it is of full rank) or by taking its pseudo-inverse (if A
is rank-deficient). This defines a specific policy since Q™ = dw™. The
process is then repeated, until convergence (which can be defined as
when the normed difference between two successive weight vectors falls
below a pre-defined threshold €). Note that in succeeding iterations,
the A matrix will be different since the policy 7 has changed.

4.4 Approximation Using Convex Optimization

A different class of approaches from least-squares for solving MDPs are
those based on convex optimization [17]. Two methods that fall into this
class are reviewed now: approximate linear programming [36] and repro-
ducing kernel based methods that use quadratic programming [120].

4.4.1 Approximate Linear Programming

A straightforward way to generalize exact linear programming using
basis functions is given below. This approach is referred to as approxi-
mate linear programming in the literature [36].
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Definition 4.8. The approximate linear program required to solve a
MDP M given a set of bases @ is:

Variables : wy,...,wg

Minimize : ZaSszfbi(s)
S 7

Subject to : Zwi@(s) > ZPgS, <R§8/ + VZwicﬁi(s)) ,
Vsebs, acAs,

where « is a state relevance weight vector whose weights are all positive.

Note that the number of variables in the LP has now been reduced
from |S| =n to k < |S|. Unfortunately, the number of constraints is
still equal to |S||A|. For special types of factored MDPs, it is possible
to simplify the number of constraints by exploiting conditional inde-
pendence properties in the transition matrix [51].

4.4.2 Reproducing Kernel Hilbert Space Methods

A Reproducing Kernel Hilbert Space (RKHS) # is a vector space of
functions on a (state) space equipped with a symmetric kernel func-
tion K(.,.) that serves as the “representer” of evaluation of any value
function:

V(z)=(V,K(z,.))n,
which implies that the kernel satisfies the “reproducing property”:

K(z,y) = (K(z,.), K(y,))n-

One way to interpret the kernel function is to view it as “implicitly”
encoding a large (possibly infinite) set of features ¢(s), such that

K(z,y) = (¢(x),d(y))n-

A simple “polynomial” kernel is defined as the inner product
between a set of polynomial features:

o(x) = (1,:6,3:2,...,3:”),
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which generates the kernel

K(z,y) = (1 + (z,9)".
To formulate value function approximation using RKHS methods,

we assume that the exact value function, say V™, can be approximated
by the inner product

V™ (s) ~ (w,6(s))u, (4.12)
where ¢(s) = K(s,.) is specified by the reproducing kernel associated
with H. We can treat the problem of approximating V™ as an instance
of support vector regression (SVR) [120], where the goal is to approxi-
mate an unknown function f from samples (x, f(x)). The intuitive idea
is to approximate f to within €, where only errors outside € are penal-
ized. Also, occasional deviations above ¢ can be tolerated by a slack
variable. One SVR formulation of value function approximation as a
quadratic optimization problem is given below [13].

Definition 4.9. The support vector regression formulation of value
function approximation can be formulated as minimizing the Bellman
residual error BE = V7 — T7(VT), where V" = ®w. In quadratic pro-
gramming, regression problems can be formulated as minimizing the
“norm” of the associated weight vector w in the RKHS defined by a
kernel function K(z,y) = (¢(z),o(y)). Its “primal form” formulation is
given as

1 *
min - ||w|3, + ¢ g (& + &)
wg 2 seS

such that BE(s) < € + &

~BE(s) < e+ €
5875: Z 07 VSGS,

where S is a set of samples, &,£* are “slack variables,” and € is a fixed
“resolution” parameter.

Such quadratic programs are usually solved by using the Lagrangian
dual. The key benefit of finding the dual solution is that it is expressed
purely in terms of inner products of K (x,y) = (¢(z),$(y)). This enables
using the “kernel trick” [120].
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4.5 Summary

Thus, we can see that there are a range of methods for approximately
solving MDPs, all of which assume that the basis set ¢ is given explic-
itly. A detailed comparison of these methods is beyond the scope of this
paper, but is the subject of ongoing research. We next turn to methods
for automatically constructing the basis .
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Dimensionality Reduction Principles in MDPs

Before proceeding to describe specific solutions to the problem of
constructing low-dimensional representations of Markov decision pro-
cesses (MDPs), we outline some general characteristics of the problem
in this section. There are several variants of the basis construction
problem, each of which may lead to a different solution. Furthermore,
there are also a set of trade-offs that need to be considered: the issue of
optimizing a single versus multiple policies, as well as approximating
a single decision problem versus multiple are some of the choices that
need to be considered. In Sections 6 and 7, we will explore particular
solutions in greater detail.

5.1 Low-Dimensional MDP Induced by a Basis

We have referred several times to the problem of basis construction
as building a “low-dimensional” representation of a MDP. Here, we
formalize this somewhat “intuitive” notion. In particular, it is possible
to show that a least-squares approximation of the value function on
a basis matrix ® is equivalent to solving an exact “low-dimensional”
MDP Mg [104]. This result implies that a basis ® is not only useful in
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approximating value functions, but also induces a “simpler” MDP. The
methods described later in Sections 6 and 7 yield abstractions that are
useful in compressing any function on the state space.

Definition 5.1. Given a basis matrix ® and policy 7, the induced
approximate reward function R and approximate model Pg are

defined as:

Pg
Rg

(@To) ot P o,
(@T®)"teT R

In essence, R is simply the least-squares projection of the original
reward function R onto the column space of ®. Similarly, Pg is the
least-squares solution of the overconstrained system ® P ~ P®, where
the left-hand side is the actual prediction of the features of the next
state, according to the approximate model, and the right-hand side is
its expected value. The following result can be easily shown.

Theorem 5.1. (Parr et al. [104]) Given a basis matrix ®, the exact
solution to the approximate policy evaluation problem defined by Pg
and R7 is the same as that given by the fixed point solution of the exact
policy evaluation problem defined by P™ and R™ onto the basis .

Proof. We begin by reminding ourselves from Section 4 (see Equa-
tion (4.11)) that the solution to the fixed point projection problem is
given as (ignoring the weighting matrix D ,r):

wpp = (I — 7(@T®) 167 Po) ' (@7®) BT R™.
The exact solution to the “approximate” policy evaluation problem
is simply
w= (I —~P§)"'Rj
= (I —y(@To)'oT Po)~ 1 (®Td) 'dTR"

= WFP. O
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Thus, we can equivalently talk about approximating the exact value
function by projection onto a set of basis functions ® or equivalently,
view this problem as the exact solution of a compressed MDP. This
distinction is important to keep in mind in later sections. The following
lemma is a straightforward consequence of the above theorem.

Lemma 5.2. Given an approximate model Pg and reward function

% induced by a basis ®, the exact policy evaluation problem defined
by P™ and R™ is reduced from its original complexity of O(n?) by the
basis ® to O(k?).

Proof. The original policy evaluation problem requires inverting an
|S] x |S| transition matrix, where |S| =n. The approximate policy
evaluation problem reduces this to the inversion of a k x k matrix. We
are ignoring, however, the complexity of mapping the original value
function from the |S|-dimensional space to the reduced k-dimensional
basis space and back. We will describe a multiscale basis construction
method in Section 7 that enables a faster solution to the policy eval-
uation problem for some types of MDPs using a quicker method for
matrix inversion. O

Although using a basis reduces the complexity of solving a MDP,
what we have not yet factored into this analysis is the cost for con-
structing the basis, as well as the “loss” in solution quality resulting
from it. These factors depend on the exact basis construction method,
which we explore in subsequent sections.

5.2 Formulating the Basis Construction Problem

The problem of approximating a discrete MDP M = (S, A, R, P) can be
defined as constructing a basis matrix ® of size |\S| x k (or equivalently,
|S||A| x k), where k < |S]| (or k < |S||A|). A good basis enables the
MDP to be solved “approximately” in time significantly less than it
would take to solve using the default “table lookup” unit vector basis.
For continuous MDPs, the basis functions are represented on a set of
“sampled” states. In coming up with a more precise formulation, there
are a set of trade-offs to be considered, which are described next.
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5.2.1 Cost of Computation

A desirable goal is to have the cost of constructing a basis be less than
the cost of solving the original MDP (in some default basis). However,
in some cases, this goal may not be achievable. Such bases are still
useful if the aim is to solve multiple closely related MDPs, which can
amortize the cost of computing the basis. For example, in Section 7,
we will describe a multiscale basis for compressing powers of a transi-
tion matrix, which provides a fast way to solve the policy evaluation
problem. In this case, each successive dyadic power of the matrix is rep-
resented on a new basis. These bases depend on the transition matrix,
but not on the reward function, so they can be re-used with multiple
reward functions. However, reward-sensitive bases such as the Drazin
or Krylov bases described in Section 7 are tailored to a specific policy
(transition matrix) and reward function. These bases are more difficult
to transfer, making their cost of construction a more sensitive issue.

5.2.2 Representational Complexity of a Basis

Another important consideration is the size of a basis, e.g., the number
of bits required to specify a basis function or the number of nonzero
coefficients of its representation on some other basis (e.g., unit vec-
tors). Laplacian eigenvector bases (described in Section 6) are not
sparse, since their support is over the whole state space. These bases
are expensive to store on a general state space graph. However, we show
that in special circumstances, where the state space graph decomposes
as a product of simpler graphs, it is possible to represent eigenvec-
tor bases very efficiently. In Section 10, we show an application to
a large multiagent MDP with 10° states using Laplacian eigenvector
bases. We also discuss multiscale wavelet bases in Section 6, which
by their very construction are significantly sparser than eigenvector
bases. Finally, in Section 9, we discuss basis construction in contin-
uous MDPs, and describe both sampling and interpolation methods
that enable Laplacian eigenvector bases to be constructed in continu-
ous MDPs. Results in Section 10 show that in several interesting con-
tinuous MDPs, excellent performance can be achieved by representing
each basis function on only a few hundred sampled states.
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5.2.3 Reward-Sensitive versus Reward-Independent

One primary distinction between different methods of constructing rep-
resentations is whether the bases are tuned to a particular reward func-
tion, or whether they are invariant across rewards. These two choices
present some interesting trade-offs: having the bases tuned to a par-
ticular reward function makes it possible to construct more effective
bases that are customized to the subspace in which a particular value
function lives; if the goal is indeed to compute V™ or V*, it makes sense
to customize the bases to the reward function. However, on the other
hand, reward-sensitive bases are perhaps of little or no value if the goal
of the decision maker is to solve multiple MDPs on the same state
(action) space. Consider a robot which is tasked to navigate around a
fixed environment and retrieve objects. If we define the reward func-
tion based on retrieving a particular object in a specific location, then
the constructed bases will be adapted to this very specific objective. If
the goal is modified, say retrieving a different object in the very same
location or the same object in another location, a new set of bases have
to be constructed. We will explore both reward-specific and reward-
invariant bases in Sections 6 and 7.

5.2.4 Single Policy versus Multiple

Along with customizing the bases to a particular reward function, it
is also possible and indeed beneficial to also customize the basis to a
specific policy 7 in solving for its value function V™. Each round of the
policy iteration algorithm (defined earlier in Section 2.2.2) will conse-
quently result in a specific set of basis functions tuned to a specific
policy. It is possible to make the policy-specific bases additionally cus-
tomized to a particular reward, or indeed, to have them invariant to
the reward function. At every new round of policy iteration, a new set
of bases will have to be generated. Consequently, in this formulation,
the bases constructed have a fairly short life span, and multiple sets
of bases have to be constructed for solving just a single MDP. On the
other hand, by tuning the bases to a specific policy and reward func-
tion, it is possible to develop some theoretical guarantees on how well
they can approximate V™.
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5.2.5 Incremental versus Batch Methods

One final distinction between different basis construction methods is
where the representations are formed incrementally, one basis function
at a time, or in a “batch” mode where multiple (or all) basis functions
are constructed. The methods surveyed in the next section construct
basis functions from samples drawn from a MDP. In this context, an
additional distinction that can be drawn is whether each basis func-
tion is constructed incrementally from each sample. These distinctions
will become clearer in later sections when we discuss concrete basis
construction methods.

5.3 Basis Construction Through Adaptive
State Aggregation

We now describe a simple basis construction algorithm that will illus-
trate some of the issues discussed above, as well as provide motivation
for a more general formulation. State aggregation partitions the original
state space S into a set of k subsets 5i,...,Sk, where Ulesz- =S
and furthermore, S; N S; = 0,7 # j. We can view state aggregation as
generating a special type of basis matrix ®, where each column is an
indicator function for each cluster. Each row is associated with a state
and has a single nonzero entry, specifying the cluster to which the state
belongs. There has been a variety of approaches to state aggregation,
and a review of these methods can be found in [75]. One particular
method is of interest in terms of basis construction, namely the adaptive
aggregation method of using the Bellman error to cluster states [11].
Here, at each iteration, states are grouped according to the Bellman
residual 77 (V) — V associated with them. An abstract Markov chain
is then formed using these clusters as states, and value iteration at the
base level is interleaved with value iteration at the abstract level, where
rewards at the abstract level are defined using the Bellman residual.
Thus, the aggregation algorithm interleaves regular value iteration

VML =T(V¥) = R + 4PV,
with a low-rank correction step using the basis matrix:

VE=VF 4 oy
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Here, ® is the basis function matrix that defines the state aggrega-
tion. y is computed by solving a reduced policy evaluation problem at
the “abstract” level:

y=(I—P5) 'Ry

where Pf and R} are the induced transition matrix and reward func-
tion at the abstract level

P =3'P"®,
RE = ol(T(VF) — V).

These equations are in fact exactly the same as that given in
Definition 5.1, except that the reward function at the abstract level
is comprised of the “residual” Bellman error projected onto the space
spanned by the basis ®. It is shown in [11] that the error after one step
of value iteration and aggregation consists of two terms:

Ey = (I -1)(T(VF) = V),
Ey =~(I = II)P"®y,

where IT = ®®1 is the orthogonal projection onto the range of ®. The
first error term Ej is controlled by adaptively aggregating the states
into m groups by dividing the Bellman residual error T(V*) — V* into
m intervals. It can be shown that the term FE; measures the difference
between the Bellman error at a state and the average Bellman error of
all states in its partition. The second term FEs is not controlled by this
scheme. As we will see next, the basis construction methods described
in Sections 6 and 7 allow controlling this second term by construct-
ing invariant subspaces of the transition matrix P™ for which Es = 0.
To achieve this capability, the basis matrices cannot be restricted to
partitions anymore, but are generalized to sets of (usually) orthogo-
nal vectors. We discuss the problem of finding invariant subspaces of
transition matrices next.

5.4 Invariant Subspaces: Decomposing an Operator

The approach to representation discovery described in Sections 6 and 7
can abstractly be characterized as determining the invariant subspaces
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of a vector space under some operator 7', and building basis functions
that span these subspaces.

Definition 5.2. A subspace x of a vector space V is invariant under
a linear mapping 7' if for each vector w € y, the result Tw € x.

A key theorem regarding invariant subspaces is worth stating and
proving formally [126].

Theorem 5.3. Let x be an invariant subspace of T, and let the
columns of matrix X form a basis for x. Then, there is a unique matrix
L such that

TX =XL.

In other words, the matrix L is the representation of 1" on the subspace
x with respect to the basis X. It is often useful to refer to the restriction
of an operator T" on a subspace x as T'|y.

Proof. The proof is straightforward (see [126]). Since x is an invari-
ant subspace, for any vector z; € x, T'xz; € x, and consequently can
be expressed as a linear combination of the columns in X. That
is, Tx; = Xl;, where [; is the unique set of coefficients. The matrix
L:[ll,...,ln]. (]

Often, we can determine a set of invariant subspaces such that every
vector in a vector space can be written as the direct sum of vectors from
each subspace. That is, given any v € V', we can write it as

v =wy A w + e+ W,

where each w; € W;, an invariant subspace of an operator T. We will
use the following notation for direct sum decomposition of V:

V=WieWed oW
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5.4.1 Finding Invariant Subspaces of a MDP

One key idea is to find the invariant subspaces of the transition matrix
P? for each action a (or P™ for each policy ).

Definition 5.3. P%isa representation of the invariant subspace of P¢
spanned by the basis @ if and only if

PA® = P, (5.1)

For example, if P* is diagonalizable (such as a reversible random
walk), then its eigenspaces form invariant subspaces.

Definition 5.4. If the transition matrix P® is diagonalizable, then
each eigenspace of the form

VA = ({z| P2 = \z}), (5.2)

is an invariant subspace of P* where ({z,y,...}) represents the space
spanned by the enclosed vectors.

Unfortunately, transition matrices P® are often not reversible, in
which case, diagonalization leads to complex eigenvectors. One solution
is to replace P® with a related stochastic matrix, i.e., reversible and
whose eigenspaces provide a suitable space to compress a MDP. We
will explore such diagonalization-based methods in Section 6.

Figure 5.1 contrasts two approaches to constructing low-dimensional
representations. One approach tries to find a way to compress the tran-
sition dynamics such that the MDP can be “simulated” accurately in
a lower-dimensional space. Here, ¢(s) is a compression function that
maps a potentially high-dimensional vector to a lower-dimensional one.
One approach is to find a compression function ¢ and a compressed
transition function such that

P4 =P ¢, (5.3)

In other words, compress the state first to ¢(s) = § and then con-
struct a compressed state prediction function P® (for each action a).
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Fig. 5.1 One general principle for constructing low-dimensional representations of a MDP
is to look for invariant subspaces. Left: One approach is to construct a compression function
¢(s) of a state such that it can predict the next state accurately. Right: Another approach
is to construct a value-directed compression function that suffices to predict rewards [107].

Separately, another compressed reward predictor p is constructed to
predict the true reward from the compressed state ¢(s), so that

R=pod¢. (5.4)

Alternatively, the reward-directed (or value-directed [107]) approach
does not attempt to construct a compression function that can predict
the next state correctly, but that can only predict the rewards properly.
In this latter case, it follows from the construction of the figure that

$ o P*=P%o¢. (5.5)

These two conditions are also related to the concept of reward-
respecting state aggregations or homomorphisms used to construct
reduced MDPs [48, 112]. In the special case of linear compression, ¢
is represented by a basis matrix ®. In this case, the identity above
shows that P? is an invariant subspace of P?® on the space spanned by
the basis ®. We will explore methods in next two sections that do not
track the one-step dynamics accurately, but that find invariant sub-
spaces of P™. In the context of policy iteration, it suffices to be able to
find subspaces that enable evaluating each policy accurately.
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Basis Construction: Diagonalization Methods

We begin our discussion of methods for constructing low-dimensional
representations of MDPs in this section by focusing on diagonaliza-
tion procedures. The main insight here is to look for invariant spaces
spanned by the eigenvectors of some diagonalizable operator on the
state (action) space. We begin by assuming that the Laplacian matrix
L™ of a specific policy 7 is diagonalizable, and show how the result-
ing eigenvectors provide an efficient way to approximate its associated
value function V™. However, the resulting bases from diagonalizing the
Laplacian matrix L™ will only be of use in approximating a specific pol-
icy w. This approach also assumes the Laplacian matrix L™ is known,
or can be estimated. Consequently, to overcome these limitations, we
develop an alternative approach where we substitute the random walk
on a graph (or the graph Laplacian) as a diagonalizable operator, build-
ing on its attractive properties for regularizing functions on graphs.

6.1 Diagonalization of the Laplacian of a Policy

One subclass of diagonalizable transition matrices are those corre-
sponding to reversible Markov chains (e.g., induced by the natural

483
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random walk on a graph). Transition matrices for general MDPs are not
reversible, and their spectral analysis is more delicate, since it involves
dealing with complex numbers. If the transition matrix P™ is diago-
nalizable, there is a complete set of eigenvectors ®™ = (¢7,...,¢5) that
provides a change of basis in which the transition matrix P™ is repre-
sentable as a diagonal matrix. For the sub-class of diagonalizable tran-
sition matrices represented by reversible Markov chains, the transition
matrix is not only diagonalizable, but there is also an orthonormal
basis. In other words, using a standard result from linear algebra, it
follows that

LT =] — P™ — @FATF(QTF)T,

where A™ is a diagonal matrix of eigenvalues.! Another way to express
the above property is to write the Laplacian matrix as a sum of pro-
jection matrices associated with each eigenvalue:

L7 =Y ATof(e])"
1=1

where the eigenvectors ¢] form a complete orthogonal basis. Thus,
| ¢7 ll2=1 and (¢],¢7) = 0,4 # j. It readily follows that powers of L”
have the same eigenvectors, but the eigenvalues are raised to the corre-
sponding power. Hence, (I — P™)¥¢T = (AT)*¢7. Since the basis matrix
®7 spans all vectors on the state space S, the reward vector R™ can be
expressed in terms of this basis as

R™ =o"a", (6.1)

where o™ is a vector of weights. For high powers of the transition
matrix, the projection matrices corresponding to the largest eigenval-
ues will dominate the expansion. Combining Equation (6.1) with the

IL™ and P7 share the same eigenvectors, and their eigenvalues are also closely related:
if \; is an eigenvalue of L™, then 1 — )\; is an eigenvalue of P™. We could obviously
phrase the problem in terms of diagonalizing the transition matrix P™ directly, as has
been formulated in [106]. However, in keeping with our unified theme, we describe it in
terms of diagonalizing the Laplacian of the policy.
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Neumann expansion in Equation (3.2), it follows that
e .
VT = Z(VPW)Z(I)WO(W
i=0
n oo ) )
=Y > 71— A)'dfaf
k=1i=0
n

1
— ﬂ-¢7ra7r
Zl—’y(l—)\k) k2k

k=1
n

= Ber,
k=1

using the property that (P’T)%}r =(1- )\;r)%b;r Essentially, the value
function V™ is represented as a linear combination of eigenvectors of
the transition matrix. In order to provide the most efficient approxima-
tion, the summation can be truncated by choosing some small number
m < n of the eigenvectors, preferably those for whom (j is large. Of
course, since the reward function is not known, it might be difficult to
pick a priori those eigenvectors that result in the largest coefficients.
A simpler strategy instead is to focus on those eigenvectors for whom

the coefficients y are the largest. In other words, the eigenvec-

T
tors corresponding to the smallest eigenvalues of the Laplacian matrix
I — P7 should be selected (since the smallest eigenvalue of L™ is 0, the
eigenvalues closest to 0 should be selected):

T Zm: 1 rar (6.2)

Sl—(l-Ap

where the eigenvalues are ordered in nonincreasing order, so AT is the
largest eigenvalue. If the transition matrix P™ and reward function
R™ are both known, one can of course construct basis functions by
diagonalizing P™ and choosing eigenvectors “out-of-order” (i.e., pick
eigenvectors with the largest () coefficients above).

The spectral approach of diagonalizing the transition matrix is prob-
lematic for several reasons. One, the transition matrix P™ cannot be
assumed to be reversible, in which case diagonalization may result in
complex eigenvalues (and eigenvectors). Second, the transition matrix
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may be unknown. Of course, one can always use samples of the under-
lying MDP generated by exploration to estimate the transition matrix,
but the number of samples needed may be large. Finally, in control
learning, the policy keeps changing, causing one to have to re-estimate
the transition matrix. For these reasons, a different approach to con-
structing bases is now described by diagonalizing the natural random
walk on a graph induced from a MDP.

6.2 Regularization Using Graph Laplacian Operators

The graph Laplacian was introduced in Section 3. Here, we show how it
can be used to regularize or smoothly interpolate functions on graphs
from noisy samples. Let G = (V, E, W) represent an undirected graph
on |V| = n nodes, where (u,v) € E is an edge from vertex u to v. Edges
are all assumed to have a weight associated with them, specified by the
W matrix. For now, we assume W (u,v) = W (v,u), but this assumption
will be relaxed later. The notation u ~ v means an (undirected) edge
between v and v, and the degree of u to be d(u) =5, ., w(u,v). D will
denote the diagonal matrix defined by D, = d(u), and W the matrix
defined by Wy, = w(u,v) = w(v,u).

The space of functions on a graph forms a Hilbert space, where each
function f:V — R under the inner product?:

(f.9)=">_ f(v)g(v).
veV

The notion of a smooth function on a graph can now be formalized.
The L2 norm of a function on G is defined as

IF13 = 1£ () [Pd(v).

veV

The gradient of a function is Vf(i,5) = w(i,7)(f(2) — f(4)) if there
is an edge e connecting 7 to 7, 0 otherwise. The smoothness of a function

2 As discussed previously, one can also define a weighted inner product that takes into
account the invariant (stationary) distribution of the Markov chain induced by a random
walk on the graph.
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on a graph can be measured by the Sobolev norm [82]:

£z = I3 + IV F1I3
= DI @)Pdw) + Y 1f(w) = f)Pwluw).  (6.3)

veV u~v

The first term in this norm controls the size (in terms of L?-norm) for
the function f, and the second term controls the size of the gradient.
The smaller || f||2y2, the smoother is f. In the applications to be con-
sidered later, the functions of interest have small H? norms, except at
a few points, where the gradient may be large.

For simplicity, let us assume an orthonormal basis (e1,...,ey|)

\4l

for the space R For a fixed precision €, a function f can be

approximated as

= Z%’ez‘ <e

1€S5(€)

with o; = (f,e;) since the e;’s are orthonormal, and the approximation
is measured in some norm, such as L2 or H2. The goal is to obtain
representations in which the index set S(e) in the summation is as
small as possible, for a given approximation error €. This hope is well
founded at least when f is smooth or piecewise smooth, since in this
case it should be compressible in some well chosen basis {e;}.

The combinatorial Laplacian L [26] was earlier defined as L =
D — W, where D is a diagonal matrix whose entries are the row sums
of W. Alternatively, the normalized Laplacian £ = D_%(D — W)D_%
is often used, whose eigenvalues lie in [0,2] [26].

One of the key attractive properties of the (combinatorial or nor-
malized) Laplacian is that it is positive semi-definite. Since both the
Laplacian operators, £ and L, are also symmetric, the spectral theorem
from linear algebra can be applied, yielding a discrete set of eigenvalues
that are all nonnegative: 0 < A\g < A\ <--- < \; < --- and a correspond-
ing orthonormal basis of real-valued eigenfunctions {&;};>0, solutions
to the eigenvalue problem L£&; = \;&;.

The eigenfunctions of the Laplacian can be viewed as an orthonor-
mal basis of global Fourier smooth functions that can be used for
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approximating any value function on a graph [26]. A striking prop-
erty of these basis functions is that they capture large-scale features of
a graph, and are particularly sensitive to “bottlenecks,” a phenomenon
widely studied in Riemannian geometry and spectral graph theory
23, 26, 44].

Observe that &; satisfies ||V&;]|3 = A;. In fact, the variational char-
acterization of eigenvectors (described below) shows that & is the
normalized function orthogonal to &p,...,&—1 with minimal ||V&;]|2.
Hence, the projection of a function f on S onto the top k eigenvectors
of the Laplacian is the smoothest approximation to f, in the sense of
the norm in H2. A potential drawback of Laplacian approximation is
that it detects only global smoothness, and may poorly approximate
a function which is not globally smooth but only piecewise smooth,
or with different smoothness in different regions. These drawbacks are
addressed in the context of analysis with diffusion wavelets described
in Section 7.6 [30].

Building on the Dirichlet sum above, a standard wvariational
characterization of eigenvalues and eigenvectors views them as the solu-
tion to a sequence of minimization problems. In particular, the set of
eigenvalues can be defined as the solution to a series of minimization
problems using the Rayleigh quotient [26]. This provides a variational
characterization of eigenvalues using projections of an arbitrary func-
tion g : V' — R onto the subspace Lg. The quotient gives the eigenval-
ues and the functions satisfying orthonormality are the eigenfunctions:

(9.£9)  {9.D LD 3g) Y, ,(f(u) — f(v))*wan

(9.9) (9,9) B >ou f2(u)d,y ’

where f = D_%g. The first eigenvalue is Ay = 0, and is associated with

the constant function f(u) =1, which means the first eigenfunction
go(u) =D 1 (see, e.g., top left plot in Figure 6.1). The first eigen-
function (associated with eigenvalue 0) of the combinatorial Laplacian
is the constant function 1. The second eigenfunction is the infimum over
all functions g : V' — R that are perpendicular to g,(u), which gives us
a formula to compute the first nonzero eigenvalue A;, namely

)\1 — inf Zuwy(f(u) - f(v))Qqu
FLVD1 >ou [H(u)dy '
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The Rayleigh quotient for higher-order basis functions is similar:
each function is perpendicular to the subspace spanned by previous
functions. In other words, the eigenvectors of the graph Laplacian pro-
vide a systematic organization of the space of functions on a graph that
respects its topology.

6.2.1 Examples of Graph Laplacian Basis Functions

This section provides an intuitive pictorial overview of the problem
of value function approximation and illustrates some types of bases
produced by the methods described above. Figure 6.1 illustrates one
type of basis function formed by diagonalizing a graph operator called
the normalized Laplacian [26] over an undirected graph, where edges
(s,s") are created with a unit weight if P(s'|s,a) >0 or P(s|s’,a) >0,
where s and s’ are any two reachable states in the two-room MDP,
and a is one of the four compass directions. Each eigenfunction (or
eigenvector) can be viewed as a function mapping each discrete state
to a real number. Notice how these eigenfunctions are highly sensitive
to the geometry of the underlying state space, clearly reflecting the
bottleneck connecting the two rooms.

6.2.2 Diagonalization of the Directed Graph Laplacian

In the previous section, basis functions were created by diagonaliz-
ing an undirected graph. In this section, we show that these ideas
straightforwardly generalize to directed graphs using the directed graph
Laplacian [27]. A weighted directed graph is defined as G4 = (V, Eq, W).
The major distinction between the directed and undirected graph is the
nonreversibility of edges. A directed graph may have weights w;; =0
and wj; # 0. In order to diagonalize a graph operator on a directed
graph, the operator must be made self-adjoint. Since the standard ran-
dom walk operator on a directed graph is not self-adjoint, it is sym-
metrized by using the leading eigenvector associated with the spectral
radius (or largest eigenvalue) 1. This leading eigenvector is sometimes
referred to as the Perron vector and has played a major role in web
search engines.
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A random walk on (G4 defines a probability transition matrix P =
D~'W. The Perron-Frobenius Theorem states that if Gy is strongly
connected then P has a unique left eigenvector v with all positive
entries such that ¥ P = py, where p is the spectral radius. p can be
set to 1 by normalizing 1 such that ) . 1; = 1. A more intuitive way of
thinking of v is as the long-term steady state probability of being in any
vertex over a long random walk on the graph. There is no closed-form
solution for ; however, there are several algorithms to calculate it.
The power method [49] iteratively calculates 1) starting with an initial
guess for ¢ using the definition ¢ P = ¢ to determine a new estimate.

Definition 6.1. The combinatorial and normalized graph Laplacian
for a directed graph G = (V, E, W) is defined as

P + PTQ

Li=1" — % (6.4)
gl/2py-1/2 L ¢y-1/2 pTyl/2

Lo=1T- +2 , (6.5)

where U is a diagonal matrix with entry ¥;; = ;.

To find basis functions on directed state action graphs, we compute
the k& smoothest eigenvectors of Ly or L4. These eigenvectors form ®
and can be used with any of the approximation methods described in
Section 4. A comparison of the directed and undirected Laplacian for
solving MDPs can be found in [57]. The directed Laplacian requires
a strongly connected graph, however, graphs created from an agent’s
experience may not have this property. In order to ensure that this
property exists, a “teleporting” random walk can be used. With prob-
ability n the agent acts according to the transition matrix P and with
probability 1 — 7 teleports to any other vertex in the graph uniformly
at random.

6.3 Scaling to Large State Space Graphs

While diagonalization of Laplacian operators is a theoretically attrac-
tive framework for approximating MDPs, it can be computationally
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intractable to apply the framework to large discrete or continuous
spaces. In this section, we describe ways of scaling this approach to
large discrete spaces. We investigate several approaches, ranging from
exploiting the structure of highly symmetric graphs [32, 63], to the use
of sparsification and sampling methods [39] to streamline matrix com-
putations. We first analyze structured graphs that are constructed from
simpler graphs, based on the notion of a Kronecker product [32]. We
describe a general framework for scaling basis construction to large fac-
tored discrete spaces using properties of product spaces, such as grids,
cylinders, and tori. A crucial property of the graph Laplacian is that its
embeddings are highly regular for structured graphs (see Figure 6.3).
We will explain the reason for this property below, and how to exploit
it to construct compact encodings of Laplacian bases. We also describe
an approrimate Kronecker decomposition that decomposes any matrix
into a product of smaller matrices.

6.3.1 Product Spaces: Complex Graphs from Simple Ones

Building on the theory of graph spectra [32], we now describe a hierar-
chical framework for efficiently computing and compactly storing basis
functions on product graphs. Many MDPs lead to factored represen-
tations where the space is generated as the Cartesian product of the
values of variables (examples such MDPs were given in Figures 2.1
and 2.2). Consider a hypercube graph with d dimensions, where each
dimension can take on k values. The size of the resulting graph is O(k%),
and the size of each function on the graph is O(k?). Using the hierar-
chical framework presented below, the hypercube can be viewed as the
Kronecker sum of d path or chain graphs, each of whose transition
matrix is of size (in the worst case) O(k?). Now, each factored function
can be stored in space O(dk?), and the cost of spectral analysis greatly
reduces as well. Even greater savings can be accrued since usually only
a small number of basis functions are needed relative to the size of
the graph. Figure 6.2 illustrates the idea of scaling Fourier and wavelet
basis functions to large product graphs.

Various compositional schemes can be defined for constructing com-
plex graphs from simpler graphs [32]. We focus on compositions that
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GRID

CYLINDER

PATH

CIRCLE

Fig. 6.2 The spectrum and eigenspace of structured state spaces, including grids, hyper-
cubes, cylinders, and tori, can be efficiently computed from “building block” sub-graphs,
such as paths and circles. This hierarchical framework greatly reduces the computational
expense of computing and storing basis functions.

involve the Kronecker (or the tensor) sum of graphs. Let Gi,...,G,,
be n undirected graphs whose corresponding vertex and edge sets are
specified as G; = (V;, E;). The Kronecker sum graphG =G @ --- @ Gy,
has the vertex set V =V;---V,, and edge set E(u,v) =1, where u =
(u1,...,u,) and v = (vy,...,v,), if and only if uy is adjacent to vy for
some ug,v; € Vi and all u; = v;,7 # k. For example, the grid graph illus-
trated in Figure 6.2 is the Kronecker sum of two path graphs; the
hypercube is the Kronecker sum of three or more path graphs.

The Kronecker sum graph can also be defined using operations on
the component adjacency matrices. If 4; is a (p,q) matrix and As is a
(r,s) matrix, the Kronecker product matrix® A = Ay ® Ay is a (pr,qs)
matrix, where A(i,j) = A1(4,7) * Ag. In other words, each entry of A

3The Kronecker product of two matrices is often also referred to as the tensor product.
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is replaced by the product of that entry with the entire Ao matrix. The
Kronecker sum of two graphs G = G7 @& G5 can be defined as the graph
whose adjacency matrix is the Kronecker sum A = Ay ® I + As ® 14,
where I and I are the identity matrices of size equal to number of
rows (or columns) of A; and Aj, respectively. The main result that
we will exploit is that the eigenvectors of the Kronecker product of two
matrices can be expressed as the Kronecker products of the eigenvectors
of the component matrices.

Theorem 6.1. Let A and B be full rank square matrices of size r x
r and s X s, respectively, whose eigenvectors and eigenvalues can be
written as

Aug = Ny, 1<i<r, Bvj=pjv;, 1<j<s.

Then, the eigenvalues and eigenvectors of the Kronecker product
A ® B and Kronecker sum A & B are given as
(A ® B)(ui ® vj) = Aipj(ui @ vj)
(A® B)(ui @ vj) = (A® I + I @ B)(us @ v5) = (Ai + p5)(wi @ vy).

The proof of this theorem relies on the following identity regarding
Kronecker products of matrices: (A ® B)(C ® D) = (AC) ® (BD) for
any set of matrices where the products AC and BD are well defined.
We denote the set of eigenvectors of an operator 7 by the notation
X(T) and its spectrum by (7). A standard result that follows from
the above theorem shows that the combinatorial graph Laplacian of
a Kronecker sum of two graphs can be computed from the Laplacian
of each subgraph. In contrast, the normalized Laplacian is not well-
defined under sum, but has a well-defined semantics for the Kronecker
or direct product of two graphs. The Kronecker product can also be
used as a general method to approximate any matrix by factorizing it
into the product of smaller matrices [137].

Theorem 6.2. If L; = L(G;) and Ly = L(G2) are the combinatorial
Laplacians of graphs G1 = (Vi1, E1,W7) and Go = (Va, E9, Ws), then the
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spectral structure of the combinatorial Laplacian L(G) of the Kronecker
sum of these graphs G = G1 & G2 can be computed as

(B(L), X(L)) ={Ni + wj, i @ by}, 1<i<|Vi], 1<j<|Val,

where ); is the ith eigenvalue of L1 with associated eigenvector I; and
kj is the jth eigenvalue of Lo with associated eigenvector k;.

The proof is omitted, but fairly straightforward by exploiting the
property that the Laplace operator acts on a function by summing
the difference of its value at a vertex with those at adjacent vertices.
Figure 6.3 illustrates this theorem, showing that the eigenvectors of the
combinatorial Laplacian produce a regular embedding of a grid in 2D
as well as a cylinder in 3D. These figures were generated as follows.
For the grid shown on the left, the eigenvectors were generated as the
Kronecker product of the eigenvectors of the combinatorial Laplacian
for two chains of size 10. The figure shows the embedding of the grid
graph where each state was embedded in R? using the second and third
smallest eigenvector. For the cylinder on the right, the eigenvectors
were generated as the Kronecker product of the eigenvectors of the
combinatorial Laplacian for a 10 state closed chain and a 5 state open

Laplacian Embedding of a Grid Lag

-0.15}

2 L L L L L L L 2 L L L L L L L
-02 -015 -0.1 -0.05 0 0.05 0.1 0.15 02 -02 -015 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Fig. 6.3 Left: This figure shows an embedding in R? of a 10 x 10 grid world environment
using “low-frequency” (smoothest) eigenvectors of the combinatorial Laplacian, specifically
those corresponding to the second and third smallest eigenvalues. Right: The embedding
of a “cylinder” graph using two low-order eigenvectors (3rd and 4th) of the combinatorial
Laplacian. The cylinder graph is the Kronecker sum of a closed and open chain graph.
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chain. The embedding of the cylinder shown on the right was produced
using the third and fourth eigenvector of the combinatorial Laplacian.

For the combinatorial Laplacian, the constant vector 1 is an eigen-
vector with associated eigenvalue Ay = 0. Since the eigenvalues of the
Kronecker sum graph are the sums of the eigenvalues of the individual
graphs, 0 will be an eigenvalue of the Laplacian of the sum graph as
well. Furthermore, for each eigenvector v;, the Kronecker product v;® 1
will also be an eigenvector of the sum graph. One consequence of these
properties is that geometry is well preserved, so for example the com-
binatorial Laplacian produces well-defined embeddings of structured
spaces.

6.3.2 Decomposing Large Graphs Using Approximation
Methods

A variety of other approximation methods can be used to scale
basis construction to large graphs, including matrix sparsification [1],
low-rank approximation [46], graph partitioning [62], and Kronecker
product approximation [137]. We review the latter two methods here.
Kronecker product approximation [137] constructs two smaller stochas-
tic matrices B and C whose Kronecker product B ® C approximates a
given matrix A.

Let P, = D~'W denote the random walk matrix, as described in
Section 3. P, can be approximated by a Kronecker product of two
smaller stochastic matrices P, and FP,, which minimizes the Frobenius
norm of the error:

F(PusFy) = pin (1P, = P @ Ple).
Pitsianis [137] describes a separable LSM to decompose stochastic
matrices, but one problem with this approach is that the decomposed
matrices, although stochastic, are not guaranteed to be diagonalizable.
This problem was addressed by Johns et al. [58], who applied this
approach for learning to solve MDPs. To ensure the diagonalizability
of the decomposed matrices, Johns et al. [58] incorporated an addi-
tional step using the Metropolis Hastings algorithm [15] to approxi-
mate the smaller matrices P, and P, by reversible matrices P, and P} .
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Then, the eigenvectors of the original random walk matrix P, can be
approximated as the Kronecker product of the eigenvectors of the fac-
torized smaller reversible matrices P, and P; (since the smaller matri-
ces are reversible, they can also be symmetrized using the normalized
Laplacian, which makes the numerical task of computing their eigen-
vectors much simpler). Using this approach, Johns et al. [58] were able
to reduce the size of the random walk weight matrices by a significant
amount compared to the full matrix. For example, for the well-known
Acrobot control problem illustrated in Figure 2.5, the original basis
matrix was compressed by a factor of 36:1, without significant loss in
solution quality. An important point to emphasize is that the full basis
matrix never needs to be stored or computed in constructing the vertex
embeddings from the smaller matrices. The factorization can be carried
out recursively as well, leading to a further reduction in the size of the
basis matrices.

6.3.3 Graph Partitioning

A general divide-and-conquer strategy is to decompose the original
graph into subgraphs, and then compute local basis functions on each
subgraph. This strategy can be used on any graph, however, unlike
the methods described above, few theoretical guarantees can be pro-
vided except in special circumstances. A number of graph partitioning
methods are available, including spectral methods that use the low-
order eigenvectors of the Laplacian to decompose graphs [91], as well as
hybrid methods that combine spectral analysis with other techniques.

Graph partitioning is a well-studied topic, and there are a large
variety of nonspectral methods as well. METIS [62] is a fast graph par-
titioning algorithm that can decompose even very large graphs on the
order of 10° vertices. METIS uses a multiscale approach to graph par-
titioning, where the original graph is “coarsened” by collapsing vertices
(and their associated edges) to produce a series of smaller graphs, which
are successively partitioned followed by uncoarsening steps mapping the
partitions found back to the lower-level graphs.
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Basis Construction: Dilation Methods

In this section, we introduce another general strategy for constructing
low-dimensional representations of MDPs by using Laplacian operators
to dilate a reward function or initial basis. We describe two dilation
procedures. The simplest dilation algorithm is to use the Krylov space
associated with the Laplacian IL™ of a policy. We contrast this approach
with another approach motivated by the Laurent series decomposition,
where the dilation of rewards is accomplished using the Drazin inverse
of the Laplacian L™ introduced in Section 3.1. In both cases, the
basis is generated from the powers (T)!R™ (where T =L" or L™P).
The Krylov space has long been a staple of methods for efficiently
solving systems of linear equations of the form Axz = b. These proce-
dures are highly turned to a specific policy and reward function, and
some attractive theoretical properties can be shown that follow readily
from the geometry of Krylov spaces. Unfortunately, the resulting set
of basis functions are limited in this regard as well. Hence, we describe
a more general framework for constructing a series of multiscale basis
functions, motivated by the framework of wavelet analysis in Euclidean
spaces. A specific algorithm for multiscale basis construction on graphs
using dilation of graph Laplacian operators is presented.

498
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7.1 Krylov Spaces

The principle of dilation is easiest to explain using the well-known
Krylov space of methods [118]. In Section 7.6, we will explain a more
sophisticated approach using wavelets. Unlike the wavelet approach,
which uses just the dyadic powers, Krylov spaces compute all pow-
ers of a matrix. Also, unlike the wavelet paradigm, which constructs a
multiresolution analysis, keeping the bases at every scale separate, the
Krylov bases do not admit a clear multiscale interpretation. Krylov
bases have found much use in eigensolvers, and have been extensively
studied in the context of solving systems of linear equations of the
form Az = b [41, 49]. Note that reward-specific bases entail some com-
promises: if there are multiple tasks that are to be performed on the
same state (action) space (e.g., navigating to different locations), bases
learned from one goal cannot be easily transferred to another goal loca-
tion. However, by constructing bases sensitive to a reward function, one
gains the advantage of being able to prove (under idealized conditions)
certain guarantees of reconstruction accuracy.

Definition 7.1. The jth Krylovsubspace K; generated by an operator
T and a function f is the space spanned by the vectors:

Ki={f.TfT*f.....T"" [}, (7.1)

Clearly, K; C CN. Note that K; €Ky C ---, such that for some
m, Ko, = K1 = K. Thus, K is the T-invariant Krylov space gener-
ated by 7" and f. When T is completely diagonalizable, the projections
of f onto the eigenspaces of T' form a basis for the Krylov space K [88].

Theorem 7.1. If a matrix 7' € C™ x C" is diagonalizable, and has n
distinct eigenvalues, the nontrivial projections of f onto the eigenspaces
of T form a basis for the Krylov space generated by T and f.

Note that Krylov spaces can be used in situations when matrices are
not diagonalizable. In the next two sections, we study two approaches to
constructing Krylov bases: one uses the Drazin inverse of the Laplacian
LP, and the other uses the Laplacian L directly.
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7.2 Reward Dilation Using Laplacian Operators

The most direct method for constructing bases from Krylov spaces is to
dilate the reward function R™ using the Laplacian L™ associated with
a policy 7.1

Definition 7.2. Given the Laplacian matrix L™ and reward function
R™, the jth Krylov subspace K; is defined as the space spanned by the
vectors:

K™; ={R",L"R",(L™)?R",..., (L") ~'R"}. (7.2)

Note that K™ C K"y C---, such that for some m,K",, =
K™ m+1 = K™. Thus, KT is the L™-invariant Krylov space generated by
L™ and R™.

7.2.1 Bellman Error Bases

A closely related idea to reward-sensitive Krylov bases is the con-
cept of the Bellman error basis function (BEBF), studied by sev-
eral researchers, whose theoretical and empirical properties have been
recently investigated by Parr et al. [103, 104]. The intuitive idea is to
select the next basis function in the direction of the error in approxi-
mating a given value function V™. More formally, let w7 be the set of
weights associated with the weighted least-squares projection defined in
Equation (4.1). Thus, the current approximation to the value function
is then

Vg = dwg,.
The Bellman error is then defined as
BE(®)=T(Vg) — Vg = R™ + vP"dwj — dwj.
The next basis that is added is proportional to the Bellman error, that is

¢ps1 = BE(D).

1 Once again, we couch this description in terms of dilation using the L™ = I — P™ operator,
rather than P™. The resulting bases are the same in either case.
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Since the error is orthogonal to the subspace spanned by the current set
of bases, one can easily show that the resulting set of bases forms (when
suitably normalized) an orthonormal set, and hence constitutes a com-
plete basis. If the initial basis ¢; = R™, then it can be proved that the
Bellman error basis is identical to the Krylov basis [104]. Furthermore,
it can be shown that if the Bellman operator 7' is known exactly, then
this procedure will drive down the error in approximating V™ at least
as fast as value iteration (with a unit vector basis). Of course, these
guarantees hold under idealized conditions when 7' is known exactly
(i.e., P™ and R™ are given). If T has to be approximated from samples,
then the performance of BEBFs is of course subject to sampling error
and noise in the estimation process.

7.2.2 Examples of Krylov Bases of the Laplacian

Figure 7.1 illustrates the first four bases associated with a chain MDP
of 50 states. This problem was previously studied by Lagoudakis and
Parr [69]. The two actions (go left, or go right) succeed with probabil-
ity 0.9. When the actions fail, they result in movement in the opposite
direction with probability 0.1. The two ends of the chain are treated
as “dead ends.” The basis vectors shown are the result of applying
a QR decomposition to orthogonalize the Krylov vectors. Notice that
the first basis function is essentially the reward function (inverted and
scaled to have length 1). One problem with these bases should be appar-
ent: due to their limited support, approximation will be quite slow. We
will describe below how Drazin bases overcomes this problem, result-
ing in their converging significantly faster in the chain domain in the
experiments shown in Section 8.

Figure 7.2 illustrates some sample Krylov basis functions for the
two room MDP, where P™ is the optimal policy transition matrix and
R™ is the associated reward function. A sharp contrast can be made
between the Drazin bases and the Krylov bases by comparing Figure 7.4
with Figure 7.2. Since Krylov bases remain largely dependent on the
reward function initially, their support is largely localized if the reward
function is so (in this case, the reward function was a delta function at
one state). Consequently, in approximation of MDPs, this localization
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Fig. 7.1 The first four Krylov bases for a chain MDP with 50 states. Rewards of +1 are
given in states 10 and 41. Actions are to go left or right, each succeeds with probability 0.9.
The Laplacian associated with the optimal policy is used to dilate the reward function.

can make the progress rather slow, as the experiments in Section 8 will
show. Drazin bases converge much more quickly as the initial terms
are defined over the whole state space. Of course, there are many other
issues that need to be considered as well, such as the computational
complexity, in determining the “right” choice of a basis.

7.3 Reward Dilation Using Drazin Inverse of Laplacian

Recall from Section 3.1 that the discounted value function V7 associ-
ated with a policy 7w can be written in a Laurent series involving powers
of the Drazin inverse of the Laplacian L™ associated with 7. Thus, a
natural set of basis vectors with which to approximate V™ are those
generated by dilating R™ by the powers of (™).
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Fig. 7.2 The first four Krylov bases for the “two-room” environment based on dilation of
the reward function using the Laplacian of a policy.

Definition 7.3. The Drazin space associated with a policy mw and
reward function R” is defined as the space spanned by the set of Drazin
vectors:

DT = {P*R™ (L™PR™ (L")P)2R™,...,(L")P)""1R™}.  (7.3)

Note that D™y C D" C---, such that for some m,D7",, =
D™ .11 = D™. Thus, D™ is the (L™)P-invariant Krylov space generated
by L™ and R".

The first basis vector is the average-reward or gain g™ = P*R™ of
policy 7. The second basis vector is the product of L” R™. Subsequent
basis vectors are defined by the dilation of the reward function R™
by higher powers of the Drazin inverse L.” used in the Laurent series
expansion of V™. The following property is worth noting.
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Theorem 7.2. The product (P7)*(L™)P = 0.

Proof. Expanding the product, we get

(PT)(LT)P = (PT)" (I = PT+ (PT)) ™ = (PT)")  (74)
(PT)*(I = P™ + (P7)")~! = (PT)* (7.5)

(PT)" = (PT)" =0

A variety of algorithms for computing the Drazin inverse of a matrix
are reviewed in [20], some of which were described in Section 3.3.4. As
a prelude to describing the multiscale diffusion wavelet framework, we
will show a computational trick called the Schultz expansion that can
be used to compute both the Krylov bases as well as the Drazin inverse
using dyadic powers (powers of two) of an operator. As we will see in
Section 8, Drazin bases can give excellent results in simple problems.
However, the computational complexity of computing Drazin bases
needs to be taken into account. Parallel implementations for computing
pseudo-inverses in general, and the Drazin inverse in particular, have
been developed. These methods enabled generalized inverses can be
computed in O(log2 n), assuming there are sufficient processors to com-
pute matrix multiplication in O(logn) [25, 141]. This parallel algorithm
uses an iterative method to compute the Drazin inverse. In Section 7.4,
we will show how this iterative expansion can be effectively computed
using the Schultz expansion.

7.3.1 Examples of Drazin Bases of the Laplacian

Figure 7.3 illustrates the first four Drazin bases associated with a chain
MDP of 50 states. The first basis is the average reward p = P*R".
Notice, how unlike the Krylov bases, the bases combine both global
and local support. As a consequence, we will see in Section 8 that
convergence is much more rapid. The second basis function is essentially
the reward function (scaled to unit length), which will be important
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Fig. 7.3 The first four Drazin bases for a chain MDP with 50 states. Rewards of +1 are
given in states 10 and 41. Actions are to go left or right, each succeeds with probability 0.9.
The Laplacian associated with the optimal policy is used to dilate the reward function.

in reducing the overall error as will be shown in the control learning
experiments.

Figure 7.4 illustrates some sample Drazin basis functions for the
two-room MDP, where P™ is the optimal policy transition matrix
and R™ is the associated reward function. The first basis is the gain
g™ = P*R™. The second term is the bias A™. The subsequent bases are
orthogonal to the first two vectors.

7.4 Schultz Expansion for Drazin and Krylov Bases

As a prelude to introducing the general framework of diffusion wavelets,
we motivate one of the key ideas by showing how both Drazin and
Krylov bases can be significantly accelerated by a computational trick
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Fig. 7.4 Drazin bases for the “two-room” environment based on dilation of the reward
function using the Drazin inverse of the Laplacian of a policy.

called the Schultz expansion [14]. Both these methods for basis con-
struction fundamentally involve expanding the reward function R™ in
terms of a sequence of powers of an operator T'. Let us abstractly con-
sider applying the inverse (I — T)~! (e.g., T = P™) on a function f
(e.g., f=R").

I-T)'f=I+T+T*+-)f. (7.7)

Let us consider finitely summable sequences derived from the above
infinite series as follows

(I+T)f=f+Tf
I+TYI+T*f=f+Tf+T*f +T3f
I+T)I+THIT+TYf = f+Tf+T*f+T*+- +T"f.
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Denoting the sum of the first 2* terms in this series by S, we have
the recurrence relation:

2k 1
Sip1= D T = (I +T%)8. (7.8)
i=1

Thus, we can rewrite the Neumann series in Equation (7.7) using
the Schultz expansion:

(I—T)—1f=(I+T+T2+---)f=ﬁ(I+T2’“)f. (7.9)
k=0

In Section 7.6, we describe a general method for computing com-
pressed representations of the dyadic powers T' 2" of an operator. The
Schultz expansion provides an effective way of storing both the Drazin
and Krylov bases. For example, we can rewrite the Neumann series for
the discounted value function as follows

oo
V™= (I —yP")'RT = [ + (vP")*)R". (7.10)
k=0

7.5 Multiscale Iterative Method to Compute Drazin Bases

To compute the Drazin bases using the Schultz expansion, we will use
an iterative method called Successive Matriz Squaring (SMS) that was
developed for efficient parallel implementation of general inverses of
matrices [141, 25]. Note that from the definition of Drazin inverse in
Section 3.3.3, we note that if X is a Drazin inverse of A, then it must
satisfy the following properties:

XAX =X, XA=AX, A1X=4" (7.11)

where k is the index of A (for Laplacian matrices derived from P™, the
index k =1). An iterative method can be developed starting with the
last identity, as follows

Xpy1 = X — BARTIX, — AF)
= (I — BAM X + BA* = SXpy1 + Q, (7.12)
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where S = (I — BA*1) and Q = BA*. In our case, to compute the
Drazin inverse of the Laplacian L™ = (I — P™)P| we have

§T=(I - BA%) = (I - B(I - P™), Q" =B(I—P7). (7.13)

Define the 2n x 2n matrix T as follows

- <§ ?) (7.14)

The SMS algorithm consists of the following iteration:
T = (Tin-1)?, (7.15)

whereby the mth term T, can be written as follows

m 2Mm—1 i
T = (S Zizo S Q) . (7.16)
0 I

The mth approximation to the Drazin inverse is thus given by the
sub-matrix that appears on the top right, namely

2m—1
AP(m) =" 5'Q. (7.17)
=0

Now, we can once again apply the Schultz expansion here, and
rewrite this sum as follows
m
AP(m) =T + s%)@. (7.18)
k=0
Thus, we see that both Drazin and Krylov bases can be effectively
computed by using dyadic powers of an operator. We now turn to
describe a general framework for compressing such powers using the
principles of wavelets [86].

7.6 Dilation and Multiscale Analysis

We now introduce a broad framework for multiscale analysis using ideas
inspired by wavelet analysis [86]. The concept of dilation is at the heart
of wavelet analysis, and was first developed in Euclidean spaces. On the



7.6 Dilation and Multiscale Analysis 509

real line, a function is dilated by “stretching” the function in time, e.g.,
f(x) — f(2x). What does it mean to dilate a function on a general
state space, such as a graph or manifold? Dilation in such cases means
the application of an operator, such as the Laplacian matrix L™ of a
specific policy, or the natural random walk Laplacian L, =1 — P, =
I — D7'W on a graph. Given a function f on a state space S, dilation
corresponds to applying powers of the operator 1" to a function f,
giving rise to T'f, T2f,.... Any given function (e.g., the delta function
d; mapping state z to 1 and taking the value 0 elsewhere) will be
“diffused” by applying powers of an operator to it, where the rate of
dilation depends on the operator.

Figure 7.5 illustrates the rationale for multiscale analysis of opera-
tors. If P represents one step of applying the operator, by the Markov
property, P! represents ¢ steps. For an initial condition J, (i.e, where
x is the starting state), P!6,(y) represents the probability of being at y

T=I1-L
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T1 28
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Fig. 7.5 Powers of the diffusion operator T'= 1 — L for the 100 state “two-room” MDP.
Note that for higher powers, the operator matrix is progressively less sparse.



510 Basis Construction: Dilation Methods

at time ¢, conditioned on starting in state . The matrix P encodes local
similarities between points, and the matrix P! is diffusing, or integrat-
ing, this local information for ¢ steps to larger and larger neighborhoods
of each point. The process {P!};>0 can be analyzed at different time
scales. If P is diagonalizable, for very large times, the random walk can
be analyzed through its top eigenvectors. However, eigenvectors are
global, and not suited for analyzing small- and medium-scale behavior.
On the other hand, many interesting features of the data and of func-
tions on the data can be expected to exist at small and medium time
scales. The task of analyzing P! for all times and locations seems to
require either large time in order to compute all powers of P (which
is computationally expensive since, even if P is sparse, its powers are
not), and/or large space to store those powers. However, there is redun-
dancy in time and space in the family {P'(x,y)}t>0.0yex. There is
a spatial redundancy: if x and y are close and ¢ is large (depending
on the distance between x and y), P!(z,-) is very similar to P(y,").
Secondly, there is a redundancy across time scales: using the Markov
property, P?(x,y) can be computed from knowledge of P!(z,-) and
P!(-,y). These two properties can be exploited resulting in an efficient
multiscale algorithm called diffusion wavelets [30)].

7.7 Diffusion Wavelets

Diffusion wavelets enable a fast multiscale analysis of functions on a
manifold or graph, generalizing wavelet analysis and associated signal
processing techniques (such as compression or denoising) to functions
on manifolds and graphs. They allow the efficient and accurate compu-
tation of high powers of a Markov chain P on the manifold or graph,
including direct computation of the Green’s function, or the inverse of
the Laplacian L=! = (I — P)~! (on the complement of the kernel of
the Laplacian).

A multi-resolution decomposition of the functions on a graph is a
family of nested subspaces Vo 2 V4 D --- D V; DO --- spanned by orthog-
onal bases of diffusion scaling functions ®;. If T* can be interpreted as
an operator on functions on the graph, then Vj is defined as the numer-
ical range, up to precision ¢, of T2j+1_1, and the scaling functions are
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smooth bump functions with some oscillations, at scale roughly 2/+!
(measured with respect to geodesic distance). The orthogonal com-
plement of V1 into Vj is called W}, and is spanned by a family of
orthogonal diffusion wavelets ¥;, which are smooth localized oscilla-
tory functions at the same scale.

Here and in the rest of this section, the notation [L]gf indicates the
matrix representing the linear operator L with respect to the basis B;
in the domain and Bs in the range. A set of vectors B represented
on a basis By will be written in matrix form [Bj]p,, where the rows of
[B1]B, are the coordinates of the vectors Bj in the coordinate system
defined by Bs.

The input to the algorithm is a stochastic matrix P, derived from
the natural random walk P, = D~'W on a weighted graph (G, E,W),
or the transition matrix P™ of a policy . The powers of P are used to
“dilate,” or “diffuse” functions on the state space, and then define an
associated coarse-graining of the graph. Observe that in many cases of
interest P is a sparse matrix. We usually normalize P and consider T' =
IIPII~! where II is the asymptotic distribution of P, which is assumed
to exist, is unique and can be chosen to be a strictly positive distribution
by the Perron-Frobenius Theorem. If P is reversible, Il = D%, and T
is symmetric. In the other cases, if T' is not symmetric, in what follows
any statement regarding eigenvectors should be disregarded.

T is assumed to be a sparse matrix, and that the numerical rank
of the powers of T decays rapidly with the power. A diffusion wavelet
tree consists of orthogonal diffusion scaling functions ®; that are
smooth bump functions, with some oscillations, at scale roughly 27
(measured with respect to geodesic distance), and orthogonal wavelets
U, that are smooth localized oscillatory functions at the same scale.
The scaling functions ®; span a subspace Vj, with the property that
Vit1 €V, and the span of W;, Wj, is the orthogonal complement
of V; into Vj41. This is achieved by using the dyadic powers T? as
“dilations” (see, e.g., Figure 7.5), to create smoother and wider (always
in a geodesic sense) “bump” functions (e.g., which represent densities
for the symmetrized random walk after 2/ steps), and orthogonalizing
and down-sampling appropriately to transform sets of “bumps” into
orthonormal scaling functions.



512  Basis Construction: Dilation Methods

j=0"
DiffusionWaveletTree ([T]§8,¢0, J,SpQR,¢)

// Input:
T)20 . a diffusion operator, written on the orthonormal basis ®q
)

_ D
(@510 A} 50 AT g1

// ®o : an orthonormal basis which e-spans V}

// J : number of levels

// SpQR : function to compute a sparse QR decomposition.
// €: precision

// Output:

// The orthonormal bases of scaling functions ®;, wavelets ¥;, and
// compressed representation of T? on ®; for j in the requested
range.

for j=0to J—1do

[®j11]s, , [sz]qfl FSPQR([TQJ]q’j’g)
j+1,D; 195
Ty = [T% ]@jﬁ = ([TQJLP;H[(I)J'H]%)Q

[¥;]e; < SPQR(I(0;) — [®j+1a,[Pjr1]g,.€)

end

Fig. 7.6 Pseudo-code for construction of a Diffusion Wavelet Tree.

The multiscale construction is now briefly described, and further
details can be found in the original paper [30]. The algorithm is
summarized in Figure 7.6. T is initially represented on the basis
&g = {0k }req; the columns of T are now interpreted as the set of
functions ®; = {T6}rec on G. A local multiscale orthogonalization
procedure is used to carefully orthonormalize these columns to get a
basis ®1 = {¢1 r}rec, (G1 is defined as this index set), written with
respect to the basis ®q, for the range of T up to precision €. This
information is stored in the sparse matrix [®;]p,. This yields a sub-
space denoted by Vi. Essentially ®; is a basis for the subspace V}
which is € close to the range of T, and with basis elements that are
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well-localized. Moreover, the elements of ®; are coarser than the ele-
ments of ®g, since they are the result of applying the “dilation” T
once. Obviously |G| < |G|, but this inequality may already be strict
since the numerical range of 1" may be approximated, within the speci-
fied precision ¢, by a subspace of smaller dimension. The sparse matrix
[T]g; is a representation of an e-approximation of 1" with respect to &g
in the domain and ®; in the range. T' can also be represented in the
basis ®;: with the notation above this is the matrix [T]gi. The next
power [Tﬂgi = [®1]a, [Tﬂgg[@ﬂgo is computed. If T is self-adjoint,
this is equal to [T]zé([T]gé)T, which has the advantage that numerical
symmetry is forced upon [TQ]gi. In the general (nonsymmetric) case,
[T2]5 = (T3} [®1]e,)*.

The columns of [TQ]% are ®y = {[TQ]%%}%GI- These are functions
{T?p1 k}rea,, up to the precision . Once again, a local orthonormaliza-
tion procedure is applied to this set of functions, obtaining an orthonor-
mal basis @2 = {21 }req, for the range of 77 (up to precision ), and
also for the range of T (up to precision 2¢). Observe that ®, is nat-
urally written with respect to the basis ®1, and hence encoded in the
matrix [®2]g,. Moreover, depending on the decay of the spectrum of T,
|G| is in general a fraction of |G;|. The matrix [TQ]% is then of size
|G2| x |G1], and the matrix [Tﬂg; = [TZ]%([TQ]%)T, a representation
of T# acting on ®,, is of size |G| x |Ga|.

After j iterations in this fashion, a representation of T? onto a
basis ®; = {¢;x}req,; is obtained, encoded in a matrix T; := [TQj]gj.
The orthonormal basis ®; is represented with respect to ®;_1, and
encoded in the matrix [®;]q. . Let ®; = T;®;, the next dyadic power
of T on ®;;1 can be represented on the range of T 2, Depending
on the decay of the spectrum of T, |G;| << |G, in fact in the ideal
situation the spectrum of T decays fast enough so that there exists
v <1 such that |G| <7|Gj_1] <---<+?|G|. This corresponds to
downsampling the set of columns of dyadic powers of T', thought of
as vectors in L?(G). The hypothesis that the rank of powers of T
decreases guarantees that down-sampling will result in coarser and
coarser lattices in this space of columns.
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While ®; is naturally identified with the set of Dirac J-functions on
G these functions on the “compressed” (or “downsampled”) graph G;
can be extended to the whole initial graph G by writing

[@jle, = [®5]a; , [Pj—1]a,
== [P]e, | [Pj1]e; - [P1]a [Po]a,- (7.19)

Since every function in ®g is defined on G, so is every function in
®;. Hence, any function on the compressed space GG; can be extended
naturally to the whole G. In particular, one can compute low-frequency
eigenfunctions on G; in compressed form, and then extend them to the
whole G. The elements in ®; are at scale T2j+1*1, and are much coarser
and “smoother,” than the initial elements in ®g, which is how they can
be represented in compressed form. The projection of a function onto
the subspace spanned by ®; will be by definition an approximation
to that function at that particular scale. An example of the use of
diffusion wavelets to compress powers of a diffusion operator is shown
in Figure 7.7.

There is an associated fast scaling function transform: suppose f
is given on G and (f, ;i) needs to be computed for all scales j and
corresponding “translations” k. Being given f means ((f,¢0x))kec is
given. Then, ((f,p16))hecs = [@1]s,((f.¢04))kec can be computed,

and so on for all scales. The sparser the matrices [®;]o. , (and [T]g; )

J

. _
2 4 2 4
05

s o o o

I SR ST R

Fig. 7.7 Compressed representation of powers of the transition matrix P™ = I — L™ gener-
ated by the diffusion wavelet algorithm for the 50 state chain MDP (Top) and the two-room
MDP (Bottom). From left to right, each row shows successive dyadic powers of the operator.
The optimal policy is used in both plots. Notice that higher dyadic powers are represented by
progressively smaller sized-matrices. In the two-room domain, the 26 = 64th dyadic power
is effectively of size 1, a significant compression from its original size. Entries are displayed
in log; scale.
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the faster this computation. This generalizes the classical scaling func-
tion transform. If the orthogonal projector onto Vj is denoted by Q;,
wavelet bases for the spaces W, can be built analogously by factorizing
Iy, — Qjn Q]Tﬂ, which is the orthogonal projection on the complement
of Vj41 into Vj. The spaces can be further split to obtain wavelet pack-
ets [19]. The wavelets can be considered as high-pass filters, in the
sense that they capture the detail lost from going from V; to V1,
and also in the sense that their expansion in terms of eigenfunctions of
the Laplacian essentially only involves eigenfunctions corresponding to

. o gi_q __giti_
eigenvalues in [e72' 1 ¢=2"" 1

. In particular, their Sobolev norm, or
smoothness, is controlled.

In the same way, any power of T' can be applied efficiently to a func-
tion f. Also, the Green’s function (I — T)~! can be applied efficiently
to any function, since it can be represented as product of dyadic powers
of T, each of which can be applied efficiently. Simultaneously, the pow-
ers of the operator T and the space X itself are being compressed, at
essentially the optimal “rate” at each scale, as dictated by the portion
of the spectrum of the powers of T" which is above the precision e.

Observe that each point in G; can be considered as a “local aggre-
gation” of points in G;_1, which is completely dictated by the action
of the operator 1" on functions on G: the operator itself is dictating the
geometry with respect to which it should be analyzed, compressed or
applied to any vector.

Diffusion wavelets allow computing T2 f for any fixed f. This is
nontrivial because while the matrix representation of 7' is sparse, large
powers of it are not, as Figure 7.5 illustrated, and the computation
T2 f =T -T---(T(Tf))--) involves 2¥ matrix-vector products. As a
notable consequence, this yields a fast algorithm for computing the
Green’s function, or fundamental matrix, associated with the Markov
process T', via the Schultz expansion [76]:

(-1 =Y "1 =[]+ T%)5.

k>0 k>0

In a similar way one can compute (I — P)~!. For large classes of
Markov chains, this computation can be performed quickly in a direct
(as opposed to iterative) fashion. This is remarkable since in general the
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matrix (I — 7)~"! is full and just writing down the entries would take
time O(n?). It is the multiscale compression scheme that allows effi-
ciently representing (I — 7T)~! in compressed form, taking advantage
of the smoothness of the entries of the matrix.

7.7.1 Examples of Scaling Function Bases

Figure 7.8 shows examples of scaling function bases constructed by the
diffusion wavelet algorithm [30]. The figure shows scaling functions from
a 6 level diffusion wavelet tree. At the lowest level (top left plot in the
figure), the initial bases are just the unit vector bases. At subsequent

Diffusion Wavelet Basis 1 Diffusion Wavelet Basis 1

e 2 N 2

0 o 0o 0
Diffusion Wavelet Basis 1 Diffusion Wavelet Basis 1

Fig. 7.8 Diffusion wavelet scaling functions based on dilating the optimal policy P™ =
I — L™ in the two-room MDP. Reading clockwise, the bases displayed are at levels 1, 3, 4
and 5. At each level, one selected basis function is displayed. Notice how the higher level
bases have larger support, it is important to note that these displays are generated by
projecting the bases onto the original state space. In the diffusion wavelet tree, the bases
at higher levels are stored in compressed form as described in the text.
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levels, the unit vector bases are dilated using the optimal policy, and
the resulting dilated vectors are then orthogonalized to construct the
scaling functions. Notice how the scaling functions get coarser at each
succeeding level, till at the top most level (bottom right plot), they look
like the eigenfunctions shown in Figure 6.1. These bases are stored in
a compressed form, where at each level, the set of basis functions is
represented with respect to the bases at the lower level.

7.7.2 Laplacian Eigenfunction versus Diffusion Wavelet
Bases

Figure 7.9 provides an illustrative example showing where diffusion
wavelet bases excel, and where eigenfunctions of the Laplacian do
poorly. The MDP is an 800 state two-room domain. The top left
panel in Figure 7.9 shows a highly nonlinear “delta” function, which
is significantly better approximated by the diffusion wavelet bases

The Target function Approximation with 5 eigenfunctions  Reconstruction with 5 wavelet packets

Wavelets
<= = Eigenfunctions

The Target function

Wavelets
= = Eigenfunctions

£

Fig. 7.9 Left column: Target functions. Middle two columns: Approximations produced
by 5 diffusion wavelet bases and Laplacian eigenfunctions. Right column: Least-squares
approximation error (log scale) using up to 200 basis functions (Bottom curve: Diffusion
wavelets; Top curve: Laplacian eigenfunctions).
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(second panel, top) as compared to the Laplacian (eigenfunction) basis
(third panel, top). The bottom panel shows that the difference between
eigenfunctions and wavelet bases is much less pronounced for smooth
functions. The last column plots the error in reconstruction, measured
on a log scale. The performance of Laplacian eigenfunctions is highly
sensitive here to the smoothness of the target function, a finding which
is highly consistent with known properties of Fourier bases in Euclidean
spaces [86].
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Model-Based Representation Policy Iteration

We now bring together the basis construction methods described in
Sections 6 and 7 with the approximation methods described in Sec-
tion 4 in an integrated framework for jointly learning representation
and control in MDPs. This framework is referred to as representation
policy iteration (RPI) since the underlying control learning framework
can be thought of as iterating over policies, which is supplemented with
algorithms that iterate over representations. A number of variants of
RPI can be designed: we focus here primarily on model-based meth-
ods in discrete MDPs. Model-free methods that are better suited for
continuous MDPs are discussed in the following sections. Our goal in
this section is to compare bases that result from dilations of Laplacian
operators from a known model and reward function. We primarily inves-
tigate two types of bases: Krylov bases generated from orthogonalizing
the space of vectors resulting from dilating the reward function by pow-
ers of the Laplacian associated with a policy; and Drazin bases that are
generated by expanding the discounted value function in the Laurent
series expansion of powers of the Drazin inverse of the Laplacian of a
policy.

519
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8.1 Representation Policy Iteration: Drazin and
Krylov Bases

Figure 8.1 specifies a more detailed algorithmic view of an overall
framework called Representation Policy Iteration (RPI) [78] for jointly
learning representation and control in MDPs. This particular variant
of RPI uses a transition model and reward function to construct a low-
dimensional representation of a MDP M by dilating the reward func-
tion using the Laplacian operator L™ =1 — P™ or its Drazin inverse.
Once the orthogonal basis matrix @ is found, a low-dimensional Markov
reward process is constructed and solved, whose dimension is k < |S].
The compressed solution is projected back to the original space, and
a better policy is found. Note that the policy iteration step uses the
uncompressed model P2, for simplicity. In large MDPs, such model-
based methods would exploit factored representations of transition
matrices, such as a dynamic Bayes net [51]. It is also possible to
reformulate this model-based algorithm using action-value functions
Q(z,a), similar to model-based LSPI [69]. The process continues until
there is no change in the policy from one run to the next. Note that
this constraint may be too severe: a more relaxed constraint is to ter-
minate the algorithm when successive iterations produce compressed
value functions V within some desired e distance.

8.2 Representation Policy Iteration: Diffusion Wavelets

Figure 8.2 presents a variant of RPI using diffusion wavelets to evaluate
the current policy. As described in Section 7, diffusion wavelets can be
used to do a fast inversion of the policy evaluation equation

VT =(I—~P")'R".
The Schultz expansion technique is used as described in Section 7.4
to compress the dyadic powers of P™.
8.3 Experimental Results

We begin our experimental analysis of model-based RPI by focusing on
the approximate policy evaluation step, whereby the original MDP M
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Model-Based RPI (M, k):

// M = (S,As,P,R): Input (discrete) MDP

// m: Initial policy

// Flag : Convergence condition for policy iteration
// k: Number of basis functions to use

® Repeat
Representation Construction Phase

— Define Laplacian operator L™ =1 — P™.

— Construct an |S| X k basis matrix ® by orthogonalizing
the vectors:

* Krylov basis:
Kr ={R",L"R™,(L")°R",...,(L")* 'R™}
* Drazin basis:
Df = {(P™) R™,(L")" R™,(L")P)*R™,...,(L")P)* ' R"}
— Form the Markov reward process Mg = (P;,R%):
P =oTP"®
R} = ®TR™
Policy Evaluation Phase

— Find compressed solution: (I — vPg)ws = Rj.

— Project solution back to original state space: Vg = dws
Policy Improvement Phase
— Find the “greedy” policy 7’ associated with V:
7' (s) € argmax <Z Pl (RS + 'yvqf(s')))
a Sl

— If ©’ # 7 set m+ 7', set Flag to false, return to Step 2

— Else set Flag to true.

e Until Flag
® Return .

Fig. 8.1 This figure shows a model-based algorithm for jointly learning representation and
control in discrete MDPs.
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DWT-Based RPI (M, k,m,e€):

// M = (S,As, P,R): Input (discrete) MDP

// m: Initial policy

// Flag : Convergence condition for policy iteration

// k: Number of levels for diffusion wavelet tree construction
// € Desired resolution for fast inversion

// ®o: Initial basis (e.g., unit vectors).

// SpQR: Sparse QR decomposition routine

® Repeat
Representation Construction Phase
® Build a diffusion wavelet tree as described in Section 7.6.
Tr = DWT(P™,®0,k,SpQR,¢)
Policy Evaluation Phase

® Compute a fast direct inverse using the Schultz expansion as
described in Section 7.4

V™ = FastDirectInverse(I — yP™, R")

Policy Improvement Phase

e Find the “greedy” policy n’ associated with V{—r

7' (s) € argmax <Z o/ (R?S/ + 'YVTF))

o If ' # 7 set m < 7', set Flag to false
e FElse set Flag to true.
o Until Flag

Return 7.

Fig. 8.2 This figure shows a variant of RPI using fast inversion with diffusion wavelets.

is compressed using bases derived by dilating the reward function R™ of
a policy . This analysis is valuable since it tells us how each approach
performs given exact knowledge of the transition matrix P™ and reward
function R™. We will find that Drazin bases perform surprisingly well,
and outperform Laplacian eigenfunctions and Krylov bases.
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8.3.1 Approximate Policy Evaluation

Figure 8.3 compares Drazin bases with Krylov and proto-value function
(PVF) bases on a simple 20 state closed chain MDP. Here, the reward
was set at 10 for reaching state 1. The discount factor was set at v = 0.9.
The policy 7 evaluated was a random walk, so the probability of moving
to either neighbor was 0.5 uniformly. The plots in the figure represent
the following error terms, following the style of evaluation proposed by
Parr et al. [104].

(1) Reward error: The reward error measures the difference
between the actual reward R™ and the approximated reward
RY, (see Definition 5.1), plotted in the figure using the Lo-
norm of the vector.

(2) Weighted feature error: The weighted feature error represents
the product of Pj and wg, where we was defined as

we = (I —yPE) ' ry.

Reward Error Reward Error

Krylov PVF

2lbrazin PVF
£y

—+—Krylov
¢ Drazin
~m-a- - 8 -PVF

-
G-a
050 Krylov / ~a ]
5y
/ PVF .
Drazin—>" BN
. .

0 2 4 6 8 10 12 14 16 18 20

Fig. 8.3 Comparison of Drazin bases versus Krylov bases and PVFs (eigenfunctions of the
combinatorial graph Laplacian) on a 20 state closed chain MDP. The reward for reaching
state 1 was set at +10 for the plots on the left; the right plots show 5 separate runs with
randomly generated rewards (uniform between 0 and 1). The policy evaluated in all cases
was the random walk on the undirected chain graph.
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(3) Bellman error: The Bellman error is the linear sum of the
reward error and the feature error.

The plots reveal interesting differences between these three types of
basis functions. Proto-value functions (PVFs) or the eigenfunctions of
the combinatorial graph Laplacian (computed on the chain’s adjacency
matrix) have a high reward error, since the reward function is a delta
function that is poorly approximated by the PVFs. In this case, PVFs
are essentially the Fourier basis on the discrete circle (cosines), and this
result is a well-known limitation of Fourier bases [86]. However, PVF's
have zero feature error since the bases are made up of eigenvectors of
the combinatorial Laplacian. These are the same as the eigenvectors of
the transition matrix P™ in this case (the natural random walk on the
graph), as was shown earlier in Section 3. The Bellman error remains
large until the end when all 20 bases are used, since the reward error
is large.!

Note the reward error for Krylov bases is by definition 0 as R™ is
a basis vector itself. The feature error plot tells an interesting story:
as Krylov vectors are added, the feature error goes down to 0 show-
ing where an invariant subspace was produced. The Bellman error
goes down to 0 much more quickly than with PVFs. Measured by the
Bellman error, Drazin bases have the best performance overall at this
task. The Bellman error goes down quickly to 0 using just 5 bases, twice
as fast as the Krylov bases and three times more quickly than PVFs.
The reward error initially is high since R™ is not in the basis (recall the
first term is P™R™, or the gain of the policy g™).

The plot on the left in Figure 8.4 shows the 50 state chain MDP
studied previously in [69, 83]. The optimal policy is evaluated. Rewards
are given at states 10 and 41 only. Drazin bases once again are clearly
far superior to the others. The plots on the right in Figure 8.4 compare
the Drazin bases with the Krylov bases on the two-room gridworld
MDP. The value function for the optimal policy was shown earlier in

L1t is important to view these comparative results using the Bellman error with some
caution. Ultimately, in control learning, the goal is to learn an approximately optimal
policy, which can be achieved even in the presence of large Bellman errors. In Section 10,
we will show that PVFs perform excellently in both large discrete MDPs as well as
continuous MDPs.
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Fig. 8.4 Left: Comparison of Drazin and Krylov bases with PVFs on a 50 state chain MDP
with rewards of +1 at states 10 and 41 (the settings are identical to [69]). The optimal
policy was evaluated. Right: Comparison of Drazin bases versus Krylov bases in a 100 state
two-room MDP, whose value function was shown earlier in Figure 3.2. Both bases were
evaluated on the optimal policy. The reward was set at +100 for reaching a corner goal
state.

Figure 3.2. This MDP has 100 states. The agent is rewarded by 100 for
reaching a corner goal state. Compass navigation actions are stochastic,
succeeding with probability 0.9. Drazin bases are again convincingly
superior to Krylov bases in this problem.

8.3.2 Representation and Control Learning

Now we turn to evaluate the model-based RPI method, where both the
representation and control were learned simultaneously. We use the
two-room MDP once again. Figure 8.5 compares the performance of
Drazin versus Krylov bases. Each curve shows the reduction in error in
the approximated value function as a function of the number of itera-
tions in policy iteration, given a specific number of bases. Drazin bases
clearly perform better, achieving 0 error at a much earlier point, with
just 10 bases. Krylov bases generate a large error given 10 bases, and
need 15 bases to achieve 0 error. Using a weighted Ls-norm, Drazin
bases converge, whereas Krylov bases generate a much larger error and
do not converge (the convergence condition was set to 0.01 for the
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Drazin vs Krylov Bases in Two Room MDP
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Fig. 8.5 Experimental comparison of model-based RPI using Drazin versus Krylov bases
in the two-room domain using the model-based RPI algorithm described in Figure 8.1.
Top: Error was measured by comparing the La-norm of the approximated value function
with respect to the optimal value function. Bottom: A weighted La-norm was used with
respect to the invariant distribution p™ of the policy being evaluated at each iteration.
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weighted Lo-norm). The weighted least-squares projection was com-
puted using D,~ as defined in Equation (4.11). This result is not sur-
prising given the local support of the initial Krylov bases, versus the
more global support of the Drazin bases.

8.3.3 Comparison of Drazin versus Krylov Bases

Although Drazin bases performed better than Krylov bases, they are
more expensive to generate as they require computing the Drazin
inverse (or the long-term limiting matrix P*). Computing the Drazin
inverse or P* for each policy involves significant computational
resources. However, there are iterative parallelizable algorithms for
computing Drazin inverses [141] described in Section 7, which could
partially alleviate the computational burden. Also, in the context of
policy iteration, if the policy and the associated transition matrix
change locally (e.g., a few states), then it is possible to reuse the pre-
vious Drazin inverse and modify it based on the local changes. Specif-
ically, if the transition matrix P™ changes locally, then the Drazin
inverse of the new policy can be computed more quickly, i.e., =~ O(n?),
than having to start from scratch (which is an O(n?®) computation
for a MDP with |S| = n states). Additionally, a variety of aggregation
methods have been developed that enable computing P* in ergodic
MDPs efficiently by decomposing P into a set of censored Markov
chains [70].

8.3.4 RPI with Diffusion Wavelets

Finally, we turn to evaluating the RPI method using the diffusion
wavelet algorithm as a means of doing policy evaluation. Figure 8.6
illustrates the approach on a larger 21 x 21 two-room MDP. In this
procedure, the diffusion wavelet tree is constructed directly from the
transition matrix P™ of the policy currently being evaluated. The com-
pressed representation of the dyadic powers of the transition matrix of
the final learned optimal policy is displayed. Additional comparisons on
larger problems of DWT-based policy iteration with standard iterative
methods like cgs in MATLAB are given in [76].
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Fig. 8.6 Experimental evaluation of model-based RPI using diffusion wavelets in a 21 x 21
two-room domain. Top: Dyadic powers of the learned optimal policy transition matrix
(entries are displayed in log;,). Note that the 27 = 128th power is just a 1 x 1 matrix.
Bottom: Learned optimal value function and optimal policy. The results are identical to
direct inversion within the desired precision of € = 109,

8.3.5 Factored Model-Based Approaches

Model-based basis construction methods depend on knowing the transi-
tion model and reward function. In experiments not shown here, it was
found that sampling errors in estimating the transition model could
degrade the performance. To scale such approaches to large MDPs
requires exploiting significant structure in the transition matrix, such
as using a factored dynamic Bayes net [51]. A number of studies have
explored the problem of basis construction in factored MDPs [66, 108].
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Basis Construction in Continuous MDPs

Thus far, the construction of bases was restricted to discrete MDPs. In
this section, we turn to discuss basis construction in continuous MDPs,
which present significant challenges not encountered in discrete state
spaces. We will restrict our discussion primarily to Laplacian eigenfunc-
tion bases. We describe an extension of the graph Laplacian to continu-
ous spaces called manifolds. A central result called Hodge theorem shows
that the eigenfunctions of the manifold Laplacian provides a complete
basis for all square-integrable (smooth) functions on a manifold. In
practice, the basis functions can only be computed and stored on sam-
pled real-valued states, and hence must be interpolated to novel states.
We discuss sampling methods for interpolation of eigenfunction and
wavelet bases on continuous spaces. We describe one standard method
to extend Laplacian eigenfunctions from sample points to new points
called the Nystrom interpolation method. This approach has been stud-
ied previously in kernel methods [142] and spectral clustering [9].

9.1 Continuous Markov Decision Processes

A continuous state Markov decision process (MDP) M = (S, A,
P2, R%,) is defined by a set of states S C R?, a set of discrete actions A,
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a transition model P2, specifying the distribution over future states
s’ when an action a is performed in state s, and a corresponding
reward model R?, specifying a scalar cost or reward. Usually, con-
tinuous control tasks are specified by some underlying controller or
plant sy+1 = f(st,as,04) which specifies a functional mapping of a state
s¢ into a new state s;41 in response to the control or action selected
a; and some (parametrically modeled) noise term o;. In this paper,
we do not assume either the continuous control system or the noise
model is known. Given a policy 7 : S — A mapping states to actions,
its corresponding value function V™ specifies the expected long-term
discounted sum of rewards received by the agent in a state s when
actions are chosen using the policy. Any optimal policy 7* defines the
same unique optimal action-value function Q*(s,a) which satisfies con-
tinuous Bellman equation:

Q (s,a) = / o <R§5/ + mz;xv@*(s',a')) ds’.

A more detailed treatment can be found in standard treatises on MDPs
[110]. We do not discuss the extension of MDPs to continuous actions,
where the Bellman equation is often referred to as the Hamilton—
Bellman—Jacobi (HIJB) equation [93].

9.2 Riemannian Manifolds

There is a rich and well-developed theory of the Laplace operator on
manifolds, which is briefly summarized in this section. The Laplace-
Beltrami operator has been extensively studied in the general setting of
Riemannian manifolds [115]. Riemannian manifolds have been actively
studied recently in machine learning in several contexts, namely in
semi-supervised learning [8], in designing new types of kernels for super-
vised machine learning [67] and faster policy gradient methods using
the natural Riemannian gradient on a space of parametric policies
[5, 61, 105]. The Laplacian on Riemannian manifolds and its eigen-
functions [115], which form an orthonormal basis for square-integrable
functions on the manifold (Hodge’s theorem), generalize Fourier anal-
ysis to manifolds. Historically, manifolds have been applied to many
problems in Al, for example, configuration space planning in robotics,
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but these problems assume a model of the manifold is known [71, 72],
unlike here where only samples of a manifold are given.

It has been known for over 50 years that the space of probability
distributions forms a Riemannian manifold, with the Fisher informa-
tion metric representing the Riemann metric on the tangent space.
This observation has been applied to design new types of kernels for
supervised machine learning [67] and faster policy gradient methods
using the natural Riemannian gradient on a space of parametric poli-
cies [5, 61, 105]. Recently, there has been rapidly growing interest in
manifold learning methods, including ISOMAP [131], LLE [116], and
Laplacian eigenmaps [8]. These methods have been applied to nonlinear
dimensionality reduction as well as semi-supervised learning on graphs

8, 28, 144].

9.2.1 Manifolds

This section introduces the Laplace-Beltrami operator in the general
setting of Riemannian manifolds [115], as an extension of the graph
Laplacian operator described earlier in the more familiar setting of
graphs reviewed in Section 3. The material in this section is purely
intended for review, and it is not necessary to understand the Nystrom
interpolation method described later.

Formally, a manifold M is a locally Fuclidean set, with a homeo-
morphism (a bijective or one-to-one and onto mapping) from any open
set containing an element p € M to the n-dimensional Euclidean space
R™. Manifolds with boundaries are defined using a homeomorphism
that maps elements to the upper half plane H" [74]. A manifold is a
topological space, i.e., a collection of open sets closed under finite inter-
section and arbitrary union. In smooth manifolds, the homeomorphism
becomes a diffeomorphism, or a continuous bijective mapping with a
continuous inverse mapping, to the Euclidean space R".

In a smooth manifold, a diffeomorphism mapping any point p € M
to its coordinates (p1(p),...,pn(p)) should be a differentiable func-
tion with a differentiable inverse. Given two coordinate functions
p(p) and &(p), or charts, the induced mapping 1 : po ¢1: R* — R®
must have continuous partial derivatives of all orders. Riemannian
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manifolds are smooth manifolds where the Riemann metric defines
the notion of length. Given any element p € M, the tangent space
T,(M) is an n-dimensional vector space, that is, isomorphic to R".
A Riemannian manifold is a smooth manifold M with a family
of smoothly varying positive semidefinite inner products g,,p € M,
where g, : T,(M) x T,(M) — R. For the Euclidean space R", the tan-
gent space T,(M) is clearly isomorphic to R™ itself. One example
of a Riemannian inner product on R" is simply ¢(z,y) = (x,y)rn =
>, xiYi, which remains the same over the entire space. If the space is
defined by the set of probability distributions P(X|6), then one exam-
ple of a Riemann metric is given by the Fisher information metric
Z(0) [67].

9.2.2 Hodge Theorem

Hodge’s theorem [115] states that any smooth function on a compact
manifold has a discrete spectrum mirrored by the eigenfunctions of A,
the Laplace-Beltrami self-adjoint operator. On the manifold R", the
Laplace-Beltrami operator is A =), 86—;2 (often written with a — sign
for convention). Functions that solve the equation Af =0 are called
harmonic functions [4]. For example, on the plane R?, the “saddle”
function x? — y? is harmonic. Eigenfunctions of A are functions f such
that Af = Af, where X is an eigenvalue of A. If the domain is the unit
circle S', the trigonometric functions sin(f) and cos(f) form eigen-
functions, which leads to Fourier analysis. Abstract harmonic analysis
generalizes Fourier methods to smooth functions on arbitrary Rieman-
nian manifolds. The smoothness functional for an arbitrary real-valued
function on the manifold f: M — R is given by

S(f) = /M VP dp = /M FAFdu= (A, iz,

where L.2(M) is the space of smooth functions on M, and Vf is the
gradient vector field of f. We refer the reader to [115] for an intro-
duction to Riemannian geometry and properties of the Laplacian on
Riemannian manifolds. Let (M,g) be a smooth compact connected
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Riemannian manifold. The Laplacian is defined as

A = divgrad = \/dleitg%,:ai ( detg g”@) )
where g is the Riemannian metric, det g is the measure of volume on the
manifold, 9; denotes differentiation with respect to the i*" coordinate
function, and div and grad are the Riemannian divergence and gradient
operators. We say that ¢ : M — R is an eigenfunction of A if ¢ # 0 and
there exists A € R such that

Ag = \.

If M has a boundary, special conditions need to be imposed. Typical
boundary conditions include Dirichlet conditions, enforcing ¢ =0 on
OM and Neumann conditions, enforcing 0,¢ = 0, where v is the nor-
mal to OM. The set of A’s for which there exists an eigenfunction is
called the spectrum of A, and is denoted by o(A). We always consider
eigenfunctions which have been L*-normalized, i.e., [|¢||p2(rg) = 1.

The quadratic form associated to the Laplacian is the Dirichlet
integral

S(f) = /M lgrad f|%dvol

- /M fAfdvol = (Af, flrzag = llarad flrzn.

where L2(M) is the space of square-integrable functions on M, with
respect to the natural Riemannian volume measure. It is natural to
consider the space of functions H!(M) defined as follows

HI M) = {f € L2 (M) : (I fllrx vty = I Fllzeany + S(HF- (91

So clearly HY(M) CL*(M) since functions in H!'(M) have a
square-integrable gradient. The smaller the H!'-norm of a function,
the “smoother” the function is, since it needs to have small gradient.
Observe that if ¢, is an eigenfunction of A with eigenvalue A, then
S(¢a) = A: the larger is A, the larger the square-norm of the gradi-
ent of the corresponding eigenfunction, i.e., the more oscillating the
eigenfunction is.
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Theorem 9.1 (Hodge [115]). Let (M,g) be a smooth compact con-
nected oriented Riemannian manifold. The spectrum 0 < A\g < A1 <

<A < -0 A = 400, of A s discrete, and the corresponding eigen-
functions {¢x }x>o form an orthonormal basis for L?(M).

In other words, Hodge’s theorem shows that a smooth function f €
L2(M) can be expressed as

= Zaiei(:c)
i=0

where e; are the eigenfunctions of A, i.e., Ae; = A;e;. Smoothness can
be defined as

S<61> = <Aeiaei>]L2(M) = Az’-

In particular, any function f € L?(M) can be expressed as

o
= (f.bx)pn(x
k=0

with convergence in IL2(M) [98].

9.3 Sampling Techniques

The smoothness of functions on a manifold as defined by Equation (9.1)
determines the number of samples necessary to approximate the func-
tion up to a given precision. This number of samples is independent of
the number of points explored. Consider the following simple example.
Suppose the state space is the interval [0,1], and that the function f is
band-limited with bandwidth B. This means that the Fourier transform
f is supported in [—B,B]. Then by the Whittaker-Shannon sampling
theorem [86], only B/(27) equispaced samples are needed to recover V
exactly. Suppose we have observed samples S’ in a space S, and that
the function f is smooth so that a subset §” much smaller than S’
would suffice to determine f. We propose two simple methods in order
to select S”.
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Purely random sub-sampling: We fix |S”|, and select |S”| points uni-
formly at random in &’. For very large |S’| one would expect that the
points in §” are going to be well-spread in S’.

Well-spread random net: The previous algorithm has two main draw-
backs: first, it is not clear how to select |S”|, even if in theory this
number can be determined by knowing the complexity of the value
function to be approximated. Second, the points in 8" are not going to
be necessarily well-spread in 8’: while it is true that for large |S’|, with
very high probability, no two points in §” are going to be very close,
it is not true that the points in §” are going to be roughly equidistant
nor well equidistributed in balls contained in S

In order to guarantee that the set of points is well-spread, we con-
sider the following construction. We define an e-net of points in S’ to
be a subset 8” such that no two points are closer than €, and that for
every point y in &', there is a point in 8’ which is not farther than
e from y. One can construct a (random) e-net in & as follows. Pick
xg € 8’ at random. By induction, for k > 1 suppose g, x1,...,T} have
been picked so that the distance between any pair is larger than e. If

k
Ry = 5’\ (U Be(xl)> :
=1

is empty, stop, otherwise pick a point xx,; in Rg. By definition of
Ry, the distance between xpy1 and any of the points xg,...,x is not
smaller than €. When this process stops, say after £* points have been
selected, for any y € 8’ we can find a point in §” not farther than ¢, for
otherwise y € Rp+ and the process would not have stopped. One can
prove upper bounds of the distance between the eigenfunctions of the
Laplacian on 8’ and the eigenfunctions of the Laplacian on S8”, which
depend on € and the order of the eigenfunction. We will explore the
effectiveness of these sampling methods for learning basis functions in
continuous MDPs in the next section.

9.4 Learning Eigenfunctions Using Nystrom Extension

To learn policies on continuous MDPs, it is necessary to be able
to extend eigenfunctions computed on a set of points € R"” to new
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unexplored points. We describe here the Nystrom method, which can
be combined with iterative updates and randomized algorithms for low-
rank approximations. The Nystrom method interpolates the value of
eigenvectors computed on sample states to novel states, and is an appli-
cation of a classical method used in the numerical solution of integral
equations [6]. The eigenfunction problem can be stated as

/ny y)dy = Ap(z), VxeD, (9.2)

where D can be any domain, e.g., R. Using the standard quadrature
approximation, the above integral can be written as

[ Koy~ 3wkl s)d(s) (9.3)
=1

where w; are the quadrature weights, s; are n selected sample points,
and ¢ is an approximation to the true eigenfunction. Combining
Equations (9.2) and (9.3) gives us

Zw, (2,5:)0(si) = A\p(). (9.4)

By letting = denote any set of n points, for example, the set of
quadrature points s; itself, the kernel k(s;,s;) becomes a symmetric
matrix. This enables computing the approximate eigenfunction at any
new point as

r) = ;Zwik(fc,si)éﬁm(si). (9.5)
=1

Let us instantiate Equation (9.5) in the context of the normal-
ized Laplacian £L =1 — D :WD 3. First, note that if \; is an eigen-
value of £, then 1 — ); is the corresponding eigenvalue of the diffusion
matrix D"2W D3, Applying the the Nystrom extension for comput-
ing the eigenfunctions of the normalized Laplacian L¢; = \;¢;, we get
the equation

(9.6)

di(x) =
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Fig. 9.1 This figure illustrates the Nystrom interpolation method for extending eigenfunc-
tions on samples to new states. Left: The 3rd eigenvector of the Laplacian plotted on a
set of samples (shown as filled dots) drawn from a random walk in the inverted pendulum
domain, as well as its Nystrom interpolated values. Right: The Nystrom interpolated 6th
eigenvector illustrated on the entire state space as well as on the actual samples (again
shown as filled dots).

where d(2) =3, ,w(z,y), and z is a new vertex in the graph. Note
that the weights w(z,y) from the new state = to its nearest neighbors
y in the previously stored samples is determined at “run time” using
the same nearest neighbor (NN) weighting algorithm used to compute
the original weight matrix W. An extensive discussion of the Nystrom
method is given in [39], and more details of its application to learning
control in MDPs are given in [84].

Figure 9.1 illustrates the basic idea. Note that the Nystrom method
does not require recalculating eigenvectors — in essence, the embedding
of a new state is computed by averaging over the already computed
embeddings of “nearby” states. In practice, significant speedups can
be exploited by using the following optimizations. We have empirically
observed that roughly only 10% of the overall samples needed for learn-
ing a good policy are necessary to construct basis functions. Once the
bases is defined over these sub-sampled states, the Nystrom extended
embeddings of the remaining 90% of training samples needs to be cal-
culated only once, and henceforth can be cached during repeated runs
of policy iteration. During testing, the Nystrom embeddings of novel
states encountered must be computed, but since the eigenvectors are
defined over a relatively small core set of sample states, the extensions
can be computed very efficiently using a fast NN algorithm.
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Model-Free Representation Policy Iteration

We now discuss a model-free variant of the representation policy
iteration (RPI) framework. We will primarily focus on Laplacian eigen-
function bases (PVFs) as well as diffusion wavelets, described in
Sections 6 and 7. We will exploit the decomposition approach described
in Section 6, and illustrate how Laplacian eigenfunction bases can be
used successfully in a multiagent MDP with over 10° states. One of
the challenges in applying these methods in continuous MDPs is that
basis functions are generated from graphs constructed by sampling a
continuous space. We will apply the sampling and interpolation meth-
ods described in Section 6 and present results comparing Laplacian
eigenfunction bases to parametric bases, such as radial basis functions,
on standard benchmark continuous control tasks. In some cases, large
speedups are possible with automatically generated bases. We also show
positive results on a 4-dimensional Acrobot control task using diffusion
wavelets. Here, we show how Krylov bases can be used to tri-diagonalize
a symmetric graph Laplacian operator, and speed-up the generation of
multiscale wavelet bases.

538
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10.1 Model-Free Representation Policy lteration

Having described a variety of methods for constructing basis functions
from operators, we now describe a model-free variant of the RPI
framework previously introduced in Section 8. Figure 10.1 describes
the overall algorithm. For the sake of concreteness, this procedure
assumes that bases are constructed by diagonalizing or dilating an
operator such as the normalized graph Laplacian. In the sample col-
lection phase, an initial random walk (perhaps guided by an informed
policy) is carried out to obtain samples of the underlying manifold
on the state space. The number of samples needed is an empirical
question. Given this set of samples, in the representation learning
phase, an undirected (or directed) graph is constructed in one of sev-
eral ways: two states can be connected by a unit cost edge if they
represent temporally successive states; alternatively, a local distance
measure such as k-NN can be used to connect states, which is par-
ticularly useful in the experiments on continuous domains reported
below. From the graph, PVFs are computed using one of the graph
operators, for example, the combinatorial or normalized Laplacian.
The smoothest eigenvectors of the graph Laplacian (i.e., associated
with the smallest eigenvalues) are used to form the suite of PVFs.
The number of PVFs needed is a model selection question, which
will be empirically investigated in the experiments described later.
The encoding ¢(s) : S — R* of a state is computed as the value of
the £k PVFs on that state. To compute a state action encoding, a
number of alternative strategies can be followed: the figure shows
the most straightforward method of simply replicating the length
of the state encoding by the number of actions and setting all the
vector components to 0 except those associated with the current
action.

10.2 Scaling to Large Discrete MDPs

In this section, we build on the general framework for scaling
basis construction to large factored spaces described in Section 6.3,
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RPI (7, T, N,€e,k,O,D):

// Tm: Policy at the beginning of trial m

// T: Number of initial random walk trials

// N: Maximum length of each trial

// € : Convergence condition for policy iteration
// k: Number of proto-value basis functions to use
// O: Type of graph operator used

// D: Initial set of samples

Sample Collection Phase

e Off-policy or on-policy sampling: Collect a data set of samples
D = {(84,a4,8i41,7i), ...} by either randomly choosing actions (off-
policy) or using the supplied initial policy (on-policy) for a set of T'
trials, each of maximum N steps.

e (Optional) Subsampling step: Form a subset of samples Dy C D
by some subsampling method such as random subsampling or tra-
jectory subsampling.

Representation Learning Phase

® Build a diffusion model from the data in Ds. In the simplest case
of discrete MDPs, construct an undirected weighted graph G from
D by connecting state ¢ to state j if the pair (4,7) form temporally
successive states € S. Compute the operator O on graph G, for
example the normalized Laplacian £ = Dz (D — W)D_%.

® Diagonalization: Compute the £ smoothest eigenvectors of O on
the graph G. Collect them as columns of the basis function matrix
®, a |S| x k matrix.

® Dilation: Build the diffusion wavelet tree from O, and select k
scaling functions and wavelets. Collect them as columns of the basis
function matrix ®, a |S| x k matrix.

Control Learning Phase

® Using a standard parameter estimation method (e.g. Q-learning or
LSPI), find an e-optimal policy 7w that maximizes the action value
function Q™ = ®w”™ within the linear span of the bases ® using the
training data in D.

® Optional: Set the initial policy 7m4+1 to 7 and call
RPI(mm+1,T,N,€,k,O, D).

Fig. 10.1 This figure shows a generic algorithm for jointly learning representation and con-
trol, where representations are specifically constructed by diagonalizing (or dilating an
initial basis with) a graph operator, such as the normalized graph Laplacian.
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where we exploit the spectral properties of the graph Laplacian in
constructing embeddings that are highly regular for structured graphs
(see Figure 6.3). In particular, as we saw previously, the eigenspace
of the Kronecker sum of two graphs is the Kronecker product of the
eigenvectors of each component graph.

10.2.1 Constructing Complex Bases from Simpler Bases

We can construct complex basis functions for large graphs out of the
simpler bases for the “building block” component graphs. Recall that
basis functions in this context are column eigenvectors of the diagonal-
ized representation of a graph operator, whereas embeddings ¢(s) are
row vectors representing the first & basis functions evaluated on state s.
By exploiting the property that (4 ® B)T = AT @ BT, it follows that
embeddings for structured graphs can be computed as the Kronecker
products of embeddings for the constituent state components. As a con-
crete example, a grid world domain of size m x n can be represented
as a graph G = G, ® G, where G,,, and G,, are path graphs of size m
and n, respectively. The basis functions for the entire grid world can
be written as the Kronecker product ¢(s) = ¢pn,(s") ® ¢p(s¢), where
®m(s") is the basis (eigen)vector derived from a path graph of size m
(in particular, the row s” corresponding to state s in the grid world),
and ¢, (s¢) is the basis (eigen)vector derived from a path graph of size
n (in particular, the column s¢ corresponding to state s in the grid
world).

Extending this idea to state action pairs, the basis function ¢(s,a)
can written as ej(a) ® ¢(s), where ej(a) is the unit vector corre-
sponding to the index of action a (e.g., action a; corresponds to
e1 = [1,0,...]T). Actually, the full Kronecker product is not necessary if
only a relatively small number of basis functions are needed. For exam-
ple, if 50 basis functions are to be used in a 10 x 10 x 10 hypercube,
the full state embedding is a vector of size 1000, but only the first 50
terms need to be computed. Such savings imply PVF's can be efficiently
computed even in very large structured domains. For a factored state
space s = (s1,...,s™), we use the notation s’ to denote the value of the
ith component. We can restate the update rules for factored RPI and
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LSPI as follows

AL = A+ p(se,ar) (6(se,ar) — v6(shm(s)))T
— At + €1(a) @ HQSl(S%)
®

T
X (61(%) H@'(Si) — Yer(n(s)) @ Hqﬁi(sf)) .
® ®
The corresponding update equation for the reward component is

Bt+1 = Bt + ¢(St7at)rt = l;t + TtCI(at) ® qul(slzf)
&

10.2.2 Experimental Results: Blocker Domain

We now present a detailed study using a much larger factored multia-
gent domain called the “Blockers” task, which was studied in [119]. This
task, which was illustrated in Figure 2.1, is a cooperative multiagent
problem where a group of agents try to reach the top row of a grid, but
are prevented in doing so by “blocker” agents who move horizontally
on the top row. If any agent reaches the top row, the entire team is
rewarded by +1; otherwise, each agent receives a negative reward of —1
on each step. The agents always start randomly placed on the bottom
row of the grid, and the blockers are randomly placed on the top row.
The blockers remain restricted to the top row, executing a fixed strat-
egy. The overall state space is the Cartesian product of the location
of each agent. These experiments on the blocker domain include more
difficult versions of the task not studied in [119] specifically designed
to test the scalability of the Kronecker product bases to “irregular”
grids whose topology deviates from a pure hypercube or toroid. In the
first variant, shown on the left in Figure 2.1, horizontal interior walls
extend out from the left and right side walls between the second and
third row. In the second variant, an additional interior wall is added in
the middle as shown on the right.!

IIn the Blocker domain, the interior walls are modeled as having “zero width,” and hence
all 100 states in each grid remain accessible, unlike the two-room environment.
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The basis functions for the overall Blocker state space were com-
puted as Kronecker products of the basis functions over each agent’s
state space. Each agent’s state space was modeled as a grid or a cylin-
der (for the “wrap-around” case). Since the presence of interior walls
obviously violates the pure product of cylinders or grids topology, each
individual agent’s state space was learned from a random walk. The
overall basis functions were then constructed as Kronecker products of
Laplacian basis functions for each learned (irregular) state grid.

Figure 10.2 compares the performance of the factored Laplacian
bases with a set of radial basis functions (RBFs) for the first Blocker
domain (shown on the left in Figure 2.1). The width of each RBF was
set at 2"2‘1‘, where |S,| is the size of each individual agent’s grid, and k
is the number of RBF's used. The RBF centers were uniformly spaced.
The results shown are averages over 10 learning runs. On each run, the

learned policy is measured every 25 training episodes. Each episode

Results on 10x10 Blocker Domain with Middle and SideWalls
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Fig. 10.2 This figure compares RPI using factored Laplacian eigenvector basis functions
with LSPI using hand coded radial basis functions (RBF) on a 10 x 10 “wrap-around”
Blocker domain. There were 3 agents and 2 blockers, resulting in a space of >10° states.
Both approaches were tested using 100 basis functions.
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begins with a random walk of a maximum of 70 steps (terminating ear-
lier if the top row was reached). After every 25 such episodes, RPI is run
on all the samples collected thus far. The learned policy is then tested
over 500 test episodes. The graph plots the average number of steps
to reach the goal. The experiments were conducted on both “normal”
grids (not shown) and “wrap around” cylindrical grids. The results
show that RBF's converge faster, but learn a worse policy. The factored
Laplacian bases converge slower than RBF's, but learn a substantially
better policy.

10.3 Experimental Results of RPI in Continuous MDPs

In this section, we present experimental results applying the model-
free RPI algorithm to continuous MDPs. We compare the automati-
cally generated basis functions with parametric hand-tuned bases in
standard benchmark MDPs. A more detailed evaluation of RPI can
be found in [83]. A crucial question here is how to build a graph by
subsampling the set of states visited during the initial learning period.
We discuss this sampling problem next.

10.3.1 Graph Construction from Point Sets in R™

Given a continuous MDP, samples are collected using some policy,
either a random walk or a more informed policy from a previous round
of RPI. Given a data set {z;} in R", different weighted graphs can be
constructed from this point set. There are different choices of edges
and for any such choice there is a choice of weights on the edges. In the
experiments below, the following construction was used. Edges were
inserted between a pair of states x; and x; if:

® z; is among the k-NNs of x;, where k£ > 0 is a parameter.

Weights were assigned to the edges in the following way:

o o lei—al3n ]
e W(i,j) =al(i)e” s~ where o > 0 is a parameter, and

« a weight function to be specified.
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Observe that for undirected graphs, since x; can be among the
K-NNs of z; but x; may not be among the K-NNs of z;, the above
construction will still yield asymmetric weight matrices. An additional
symmetrization step is needed where the weight matrix W is replaced
by the symmetric W + W7, If the states {z;} are drawn uniformly
from a Riemannian manifold, then it is shown in [8] that the above con-
struction, with o = 1, approximates the continuous Laplace-Beltrami
operator on the underlying manifold. If {z;} is not drawn uniformly
from the manifold, as it typically happens in MDPs when the space is
explored by an agent, it is shown in [68] that a pre-processing normal-
ization step can (must) be performed that yields the weight function «,
so that the above construction yields an approximation to the Laplace-
Beltrami operator. Various ways of normalizing the weight matrix are
explored elsewhere [83]. Here, it is assumed that the operator T used
is the normalized Laplacian £ = D_%(D — W)D_%.

A brief comparison of Laplacian eigenfunctions or PVFs with RBFs
is now given. Radial basis functions (RBF's) are a popular choice of basis
functions for both discrete and continuous MDPs. The comparison of
PVFs and RBFs is restricted to the inverted pendulum and mountain
car domains. To choose a suitable set of parameters for RBF's, the kernel
widths were fine-tuned to find the best performing setting for RBFs. For
PVFs, the number of bases and the scaling of the state space dimensions
were varied to find the best performing setting. Generally speaking,
the results below demonstrate that PVFs are significantly quicker to
converge, by almost a factor of two in both the inverted pendulum and
mountain car domains. Asymptotically, both approaches converge to
the same result. These comparisons are meant to be suggestive, and
not definitive. For example, fine-tuning the centers of the RBF bases,
or incorporating the scaling factors used in the experiments with PVFs
may produce better results with RBFs.

Inverted pendulum: Figure 10.3 compares the performance of PVFs
with a linear RBF approximation architecture for the inverted pen-
dulum domain, for a varying number of RBF architectures, with 15
PVFs. PVFs converge significantly faster to the final goal of balancing
the pendulum for 3000 steps: PVFs take 20 trials to converge, but RBFs
take roughly twice as long.
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PVFs vs RBFs on Inverted Pendulum Task PVFs vs. RBFs in Mountain Car Domain
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Fig. 10.3 This figure compares model-free RPI using automatically generated PVF bases
with LSPI using hand-tuned RBF bases. Left: A comparison of 15 PVF's with several choices
of RBF's on the inverted pendulum task, focusing on the initial 100 episodes averaged over
100 runs. Right: A comparison of 25 PVFs and 13 RBF's on the mountain car task. Higher

number of RBF's produced worse results.

Mountain car: As with the inverted pendulum, the parameters for
RBFs were determined by fine-tuning the kernel width, although the
differences are less significant than in the inverted pendulum domain.
Figure 10.3 plots the best performing RBF architecture (13 basis func-
tions) compared with the PVF approach (25 basis functions). Given
sufficient training experience, both converge to approximately the same
result, although PVFs seem to converge to a slightly better result.
However, as with the inverted pendulum results, PVFs converge signif-
icantly quicker, and clearly outperform RBFs for smaller numbers of

samples.

10.4 Krylov-Accelerated Diffusion Wavelets

When an operator T is diagonalizable, the Krylov bases spanned by T'
and a function f are spanned by the projection of f onto its eigenspaces
[88]. This insight can be used to develop faster algorithms for eigenspace
projection, such as the well-known Lanczos method [49]. In other words,
rather than directly projecting on the eigenspaces of a diagonalizable
operator, Lanczos methods can be used to construct a highly compact
tridiagonal representation of the operator 7', constructed by restrict-
ing it to the Krylov space spanned by powers of 7" and a function f.
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This idea can be applied to accelerate the construction of scaling func-
tion bases and wavelets, as recently shown in [79].

The Acrobot task [129] is a two-link under-actuated robot, that is,
an idealized model of a gymnast swinging on a high bar. The only action
available is a torque on the second joint, discretized to one of three val-
ues (positive, negative, and none). The reward is —1 for all transitions
leading up to the goal state. The detailed equations of motion are given
in [129]. The state space for the Acrobot is 4-dimensional. Each state is
a 4-tuple represented by (01,91,02, 92) f, and 0, represent the angle of
the first and second links to the vertical, respectively, and are naturally
in the range (0,27). #; and y represent the angular velocities of the
two links. Notice that angles near 0 are actually very close to angles
near 27 due to the rotational symmetry in the state space.

The time required to construct Krylov-accelerated diffusion
wavelets with regular diffusion wavelets is shown in Figure 10.4 (left
plot). There is a very significant decrease in running time using the
Krylov-subspace restricted Lanczos tridiagonal matrix. In this experi-
ment, data was generated doing random walks in the Acrobot domain,
from an initial sample size of 100 to a final sample size of 1000 states.
The performance of regular diffusion wavelets with Krylov-accelerated
wavelets is shown on the right plot. This experiment was carried out

Krylov-accelerated vs. regular Diffusion Wavelets 1000r Acrobot Task
70
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Fig. 10.4 This figure shows the performance of model-free RPI using multiscale diffusion
wavelet bases. Left: Time required to construct regular versus Krylov-accelerated diffusion
wavelets on the Acrobot control task; Right: The resulting performance with RPI on the
Acrobot task.
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using a modified form of RPI with on-policy re-sampling. Specifically,
additional samples were collected during each new training episode
from the current policy if it was the best-performing policy (in terms
of the overall performance measure of the number of steps), otherwise
a random policy was used. Note that the performance of Krylov-
accelerated diffusion wavelets is slightly better than regular diffusion
wavelets.
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Related Work and Future Challenges

In this section, we briefly summarize related work in a number of dif-
ferent areas, including methods for approximating value functions to
algorithms for constructing low-dimensional representations. We also
outline a number of challenges that need to be addressed in scaling
the proposed methods to larger MDPs: some of these directions have
already been studied to some extent and where relevant, we discuss
recent results.

11.1 Related Work
11.1.1 Value Function Approximation

Value function approximation with a fixed handcoded basis has been
studied by many researchers. Largely, our presentation has been
restricted to linear basis functions. However, there is a substantial lit-
erature on nonlinear methods for value function approximation using
neural networks with fixed basis functions. Bertsekas and Tsitsiklis [12]
provide a detailed review of nonlinear neural network methods. There
has also been significant work on nonparametric methods for approx-
imating value functions, including nearest neighbor (NN) methods

549
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[50] and kernel density estimation [100]. Nonparametric kernel meth-
ods based on Hilbert spaces have also been applied to value function
approximation, including support vector machines [38] and Gaussian
processes [42, 111], where the kernels are pre-specified.

11.1.2 Representation Discovery

The basis construction methods described here can be applied to con-
struct representations from data over a broad range of problems in
Al as described in [80]. The problem of representation discovery has
a long history in Al. Amarel [3] was an early pioneer, advocating the
study of representation learning through global state space analysis.
Amarel’s ideas motivated much subsequent research on representation
discovery [128, 135], and many methods for discovering global state
space properties like “bottlenecks” and “symmetries” have been stud-
ied [89, 90, 112]. The approaches described in this paper can be viewed
as providing a formal framework showing how the geometrical analysis
of a state space analysis can be transformed into useful representations
for solving sequential decision problems.

There have been several attempts at overcoming the limitations of
traditional function approximators, such as radial basis functions. In
particular, it has been recognized that Euclidean smoothing methods
do not incorporate geometric constraints intrinsic to the environment:
states close in Euclidean distance may be far apart on the manifold.
Dayan [35] proposed the idea of building successor representations.
While this approach was restricted to policy evaluation in simple
discrete MDPs, and did not formally build on manifold or graph-—
theoretic concepts, the idea of constructing representations that are
faithful to the underlying dynamics of the MDP was a key motiva-
tion underlying this work. Drummond [40] also pointed out the non-
linearities that value functions typically exhibit, and used techniques
from computer vision to detect nonlinearities. Neither of these studies
formulated the problem of value function approximation as approx-
imating functions on a graph or manifold, and both were restricted
to discrete MDPs. There have been several attempts to dynamically
allocate basis functions to regions of the state space based on the
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nonuniform occupancy probability of visiting a region (e.g., [64]), but
these methods do not construct the basis functions adaptively. Finally,
there has also been research on finding common structure among the
set of value functions on a given state space, where only the goal
location is changed [45], assuming a probabilistic generative (mixture)
model of a value function, and using maximum likelihood estimation
techniques.

11.1.3 Manifold and Spectral Learning

The approach of diagonalizing graph operators builds on recent work
on manifold and spectral learning, including diffusion maps [28, 29, 31],
ISOMAP [131], LLE [116], and Laplacian eigenmaps [8, 60]. One major
difference is that these methods have largely (but not exclusively)
been applied to nonlinear dimensionality reduction and semi-supervised
learning on graphs, whereas this paper focuses on approximating (real-
valued) value functions on graphs. Although related to regression on
graphs [99], the problem of value function approximation is fundamen-
tally different: the set of target values is not known a priori, but must
be inferred through an iterative process of computing an approximate
fixed point of the Bellman backup operator, and projecting these iter-
ates onto subspaces spanned by the basis functions. Furthermore, value
function approximation introduces new challenges not present in super-
vised learning or dimensionality reduction: the set of samples is not
specified a priori, but must be collected through active exploration of
the state space.

11.2 Future Work

This paper described recent work on solving Markov decision processes
(MDPs) by simultaneously learning representation (basis functions)
and control. Several approaches to constructing basis functions were
described, principally by diagonalizing a Laplacian operator or by dilat-
ing a given basis or reward function using (the generalized inverse of) a
Laplacian operator. Several Laplacian operators were described, rang-
ing from those directly based on the transition matrix of a given policy
to the natural random walk on a graph induced by the MDP on a set
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of sample states. Many extensions of these ideas are possible, and are
being actively explored. Some of these ongoing investigations are briefly
explored here.

11.2.1 Drazin Inverse of Laplacian Operators

A novel representation based on the Drazin inverse (or group inverse)
of the Laplacian was shown to be useful, both in exactly solving MDPs
as well as in approximating them. The approach was motivated by
the theoretical result showing that the discounted value function can
be written as a Laurent series involving powers of the Drazin inverse
of the Laplacian [110]. While this approach was shown to be highly
effective on small discrete MDPs given the transition model and the
reward function, its approximation properties have yet to be studied
in the case when the model must be learned from simulation data.
Furthermore, computing the Drazin inverse can be computationally
intractable in large MDPs. An interesting challenge is to develop algo-
rithms that exploit the factored state structure or hierarchical task
structure of large MDPs in scaling the computation of Drazin bases.
There are also some interesting results showing that Drazin inverses
can be updated incrementally when P changes slightly (e.g., a sin-
gle row changes), without having to recompute the whole inverse
again [70].

11.2.2 Transfer Learning

There are many examples of sequential decision problems in the lit-
erature, including robot navigation where multiple objects need to be
retrieved in the same environment, and information retrieval where the
Markov chain representing the web graph remains the same, but the
retrieval goals change. A fundamental issue in basis construction that
we have not addressed is how well a set of bases transfer from one prob-
lem to another. Work on this problem is beginning to be addressed by
a number of researchers. For example, recent studies have investigated
how well proto-value functions (PVFs) can be transferred across related
tasks [43, 133].
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11.2.3 Algorithms for Learning Representation and Control

This paper largely focused on combining basis construction meth-
ods with least-squares-based approximate policy iteration methods. As
described in Section 4, there are a whole host of other ways of approxi-
mately computing policies in MDPs, including those that are based on
convex optimization. An interesting challenge is to combine the basis
construction methods described here with linear programming meth-
ods for solving MDPs [36] or reproducing kernel Hilbert space (RKHS)
methods [42].

11.2.4 Basis Construction in Average-Reward MDPs

Largely, the proposed basis construction methods were evaluated in
the discounted MDP framework. There are many interesting applica-
tions where the average-reward framework is more appropriate than the
more commonly studied discounted framework, as discussed in [56, 110].
As described in Section 3, the Laplacian framework applies nicely to
average-reward MDPs. In fact, the first two terms in the Drazin bases
can be viewed as the average-reward approximation to a discounted
MDP. A more comprehensive investigation of dimensionality reduction
in average-reward MDPs is needed.

11.2.5 Exploiting Task Structure

It is well-known that task structure can be exploited in solving large
MDPs [7]. It is possible to extend the approaches described here to
semi-Markov decision processes (SMDPs), where actions are tempo-
rally extended, such as “exiting a room”. For the graph-based approach,
temporally extended actions result in longer “distal” edges connect-
ing nonadjacent vertices (such as the vertices corresponding to interior
states in a room with those representing the “door” state). Osentoski
and Mahadevan [102] show that constructing PVFs over state-action
graphs using these distal edges can significantly improve the perfor-
mance over PVFs constructed over state graphs with only primitive
actions. Recently, promising results have been obtained on large hier-
archical MDPs such as the AGV domain shown earlier in Figure 2.4,
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where the basis functions are automatically constructed from the hier-
archy [101]. The key idea is to construct a compressed graph at higher
levels, and generate embeddings at more abstract levels by reusing
embeddings from lower level subtasks.

11.2.6 Theoretical Analysis

Theoretical guarantees on the efficiency of constructing geometry-
sensitive or reward-sensitive basis functions in approximating value
functions and models need to be further investigated. The Drazin bases
were motivated by the asymptotic convergence of the Laurent series to
the discounted value function. However, the empirical results suggest
that in practice, the Laurent series converges rather rapidly in many
cases. A finite-dimensional analysis of this expansion would be valu-
able in understanding the properties of Markov chains for which fast
convergence holds. Furthermore, both Drazin and Krylov bases were
largely evaluated only for the model-based case. It is important to
theoretically characterize their behavior when models have to be esti-
mated from sampled transitions. For the graph-based basis construction
methods, there is a rapidly growing literature showing how the vari-
ous graph Laplacians converge to the Laplace-Beltrami operator on
the underlying manifold. For example, Hein [53] shows that under non-
uniform sampling conditions, the random walk Laplacian converges to
a weighted Laplace-Beltrami operator. These results need to be com-
bined with exploration techniques to investigate the conditions under
which these sampling conditions can be met in the context of MDPs.

11.3 Summary

This paper described methods for automatically compressing Markov
decision processes by learning a low-dimensional linear approximation
defined by an orthogonal set of basis functions. A unique feature of
this paper is the use of Laplacian operators, whose matrix representa-
tions have non-positive off-diagonal elements and zero row sums. The
generalized inverses of Laplacian operators, in particular the Drazin
inverse, was shown to be useful in the exact and approximate solution of
MDPs. This paper also described a broad framework for solving MDPs,



11.3 Summary 555

generically referred to as representation policy iteration, where both the
basis function representation for approximation of value functions as
well as the optimal policy within their linear span are simultaneously
learned. Basis functions were constructed by diagonalizing a Laplacian
operator, or by dilating the reward function or an initial set of bases
by powers of the operator. The idea of decomposing an operator by
finding its invariant subspaces was shown to be an important principle
in constructing low-dimensional representations of MDPs. Theoretical
properties of these approaches were discussed, and they were also com-
pared experimentally on a variety of discrete and continuous MDPs.
Challenges for further research were briefly outlined.
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