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Abstract. In speedup-learning problems, where full descriptions of operators are known, both explanation-
based learning (EBL) and reinforcement learning (RL) methods can be applied. This paper shows that both
methods involve fundamentally the same process of propagating information backward from the goal toward
the starting state. Most RL methods perform this propagation on a state-by-state basis, while EBL methods
compute the weakest preconditions of operators, and hence, perform this propagation on a region-by-region
basis. Barto, Bradtke, and Singh (1995) have observed that many algorithms for reinforcement learning can
be viewed as asynchronous dynamic programming. Based on this observation, this paper shows how to develop
dynamic programming versions of EBL, which we call region-based dynamic programming or Explanation-Based
Reinforcement LearningdBRL). The paper compares batch and online versions of EBRL to batch and online
versions of point-based dynamic programming and to standard EBL. The results show that region-based dynamic
programming combines the strengths of EBL (fast learning and the ability to scale to large state spaces) with
the strengths of reinforcement learning algorithms (learning of optimal policies). Results are shown in chess
endgames and in synthetic maze tasks.
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1. Introduction

Speedup learning is a form of learning in which an inefficient problem solver is transformed
into an efficient one. It is often easy to specify and implement an inefficient problem solver
for a task, whereas implementing an efficient problem solver can be very difficult. For
example, in the game of chess, an inefficient problem solver can be implemented as an
exhaustive search algorithm that applies the rules of the game. An efficient problem solver
would need to transform those rules into a near-optimal policy for choosing moves in the
game. Similarly, the problem of job-shop scheduling can be solved by a simple problem
solver that generates and tests all possible schedules. An efficient problem solver must
exploit particular properties of the job shop and the job mix to find efficient search heuristics.
There are many important applications that could benefit from effective speedup learning
algorithms.
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1.1. Explanation-Based Learning

In the field of machine learning, the best-studied speedup learning method is Explanation-
Based Learning (EBL), as exemplified by the Prodigy (Minton, 1988) and SOAR (Laird,
Rosenbloom, & Newell, 1986) systems. EBL systems model problem solving as a process
of state-space search. The problem solver begins in a start state, and by applying operators
to the start state and succeeding states, the problem solver seeks to reach a goal state, where
the problem is solved. The problem solver in EBL systems is typically initialized with
one of the weak methods, such as means-ends analysis or heuristic search. It then applies
its weak methods to solve problems. The key step of EBL is to analyze a sequence of
operatorsS that solved a problem and compute the Bedf similar problems such that the

same sequence of operatdfsvould solve those problems as well. This g&of similar
problems is then captured as a control rule which states

If the current state is i
Then apply the sequence of operat6rs

This analytical process is sometimes called “goal regression,” because the goal is regressed
through the sequence of operators to comgtte

Consider for example, the LEX2 system (Mitchell, Keller, & Kedar-Cabelli, 1986), which
applies EBL to speed up symbolic integration. A state in LEX2 is an expression, such as
[ 5z2dz. The goal is to transform this expression to one that does not contain the integral
sign. Two of the available operators are

Ops - /kf(x)dx:k:/f(x)das, and

mn—&-l

Opy: Ifn# 1,/3@ dr = R
The operator sequence = (Op1, Op2) solves this problem. Now, working backwards,
LEX2 can infer that any state in the sBt= { [ kz"dx A n # —1} can be solved by this
same operator sequence.

Note that the process of computing the setequires complete and correct models of
the effects of each of the operators available to the problem soMete also that the
computation of the seP can be performed very efficiently for some kinds of operator
representations as long as the Batan be represented intensionally.

Avariation on EBL that is employed in LEX2 and SOAR is to learn a control rule for each
state along the sequence of operat§rs- (Op1,Opa,...,Op,) that solved a particular
problem. The result is a list of set&P, P, ..., P,). Each setP; describes those states
such that the sequence of operat@®®;, Op;11,...,Op,) will reach a goal state. The
following collection of control rules is then created (one for each valug: of

If the current state is iP;
Then apply operataDp;.

This kind of control rule—which maps from a set of states to a single operator—will be the
focus of our attention in this paper.
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1.2. Reinforcement Learning

Substantial progress has recently been made in another area of machine learning: Reinforce-
ment Learning (RL). Like EBL, reinforcement learning systems also engage in state-space
search. However, unlike EBL, RL systems typically do not have models of their opera-
tors. Instead, they learn about their operators by applying them and observing their effects.
Another difference between RL and EBL is that RL systems seek to maximize a “reward”
rather than to reach a specified goal state. Each time an RL system applies an apetator
move from a state to a resulting state, it receives some real-valued rewaftls, Op, s').

These rewards are typically summed to define the cumulative rewardtgon) received

by the RL system}.The goal of RL is to learn a policy for choosing which operator to apply

in each state so that the return of the system is maximized. Formalbjicy is a function
(denotedr) that maps from states to operators. Hence, when a problem solver is pursuing
a particular policyr in states, it applies the operatot(s).

Despite these differences between EBL and RL, RL methods can also be applied to solve
speedup learning problems. Given a speedup learning problem, we can define a reward
function as follows. For each operat6rp, we can provide a reward equal to the negative
of the cost (in CPU time) of applyin@p. When the problem solver reaches a goal state,
we can provide a fixed reward (e.g., zero) and terminate the search (i.e., the goal states are
absorbing states). With this reward function, the cumulative reward of a policy is equal
to the negative of the cost of solving the problem using that policy. Hence, the optimal
policy will be the policy that solves the problem most efficiently. Reinforcement learning
problems of this form are called stochastic shortest-path problems.

In the remainder of this paper, we will focus on the application of RL methods to speedup
learning problems under this kind of reward function. For the most part, we will be con-
cerned with deterministic operators, since most speedup learning problems involve only
such operators. We will define the return of a policy to be the cumulative reward. To study
the generality of our methods, however, we will also explore problems with stochastic op-
erators, in which case the return of a policy will be the expected cumulative reward. We
will assume that there exists a non-zero probability path from every starting state to a goal
state.

Given any policyr, it is useful to compute a second function, called ¥h&ie function
f7, of the policy. The value function tells, for each statevhat return will be received by
applying the policyr in s and then continuing to follow indefinitely. Many RL algorithms
work by learning the value function rather than directly learning a policy. This approach is
possible because there are dynamic programming algorithms (discussed below) for taking
f™ and incrementally modifying it to produce a value functjth corresponding to a better
policy. By applying these improvements repeatedly, the value function will converge to the
optimal value function (denoteff).

Once the optimal value function has been computed, the optimal policy (detigtedn
be computed by a one-step lookahead search as follow)h(@) be the state that results
(in the deterministic case) from applying operatyrto states. Then,7*(s) can be defined
as
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" (s) = argmax [E(s, Op, Op(s)) + f(Op(s))] -

The expressioRR(s, Op, Op(s)) is the reward for applying operat@p in states, and
f*(Op(s)) is the return of pursuing the optimal policy starting in sté@tg(s). In other
words, the optimal policy applies the operator that results in the highest return according to
the optimal value functiorf* (plus the reward for applying the operator itself).

An important advantage of RL over EBL is that RL algorithms can be applied to domains
with stochastic operators. Specifically, {€ts’|Op, s) be the probability that if we apply
operatorOp in states we will move to states’. Then the value functiorf™ gives the
expected valuef the policyr:

f™(s) = Zp(s’|7r(s), s)[R(s,m(s),s") + f7(s")]

Barto, Bradtke & Singh (1995) have shown that many RL algorithms can be analyzed as
a form of asynchronous dynamic programming. The fundamental step in most dynamic
programming algorithms is called the “Bellman backup” (after Bellman, 1957). A Bellman
backup improves the estimated value of a sfdte by performing a one-step lookahead
search and backing up the maximum resulting value:

f(s) i=max > p(s'|Op, ) [R(s, Op, ') + f(5) (1)

It can be shown (for stochastic shortest-path problems) that regardless of the initial value
function f, if Bellman backups are performed in every state infinitely often, then eventually,
f will converge to the optimal value functiofi. Based on this result, a simple table-based
dynamic programming algorithm can work as follows: (&) represent the value furyttion
as a large table with one cell for every state; (b) initializto zero; (c) repeatedly choose a
states at random and perform a Bellman updates@d compute a new value fgf(s); (d)
repeat until convergence.

In the case where the operators are deterministic, the Bellman backup has the following
simpler form:

f(s) == max[R(s, Op, Op(s)) + f(Op(s))

Different RL algorithms perform their Bellman backups in different orders. The standard
RL algorithms are online algorithms that interleave problem solving with learning. At
each state during problem solving, an online algorithm must decide whether to apply the
current best operator (as indicated by one-step lookahead using the current value function)
or to make an “exploratory” move (i.e., apply some other operator to “see what happens”).
In either case, the algorithm can also perform a Bellman backup onsstafais takes
advantage of the fact that after computing the current best operator (through one-step
lookahead search), no further computation is needed to do the Bellman backup. Exploratory
moves are essential. Without them, itis easy to construct situations where the optimal policy
will not be found.
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A slight variation on this online approach is to perform “reverse trajectory” backups. With
reverse trajectory backups, no Bellman backups are performed during problem solving (but
the sequence of operators is stored). Once the goal state is reached, the Bellman backups are
performed in reverse order, starting with the last operator applied and working backwards
through the operator sequence. This can give more rapid learning, becayseaiues
being backed up are more up-to-date than in the standard online approach. However, this
may also introduce inefficiencies, because the value backed-up along the trajectory into
states may no longer be the highest value that could be obtained by a one-step lookahead
search frons. This can be avoided by repeating the one-step lookahead search at each state
s before performing the backup. Lin (1992) employed a somewhat more complex version
of reverse trajectory updates in a simulated robot problem.

A third way that Bellman backups can be applied is by an offline search technique known
as prioritized sweeping (Moore & Atkeson, 1993). The central idea is that whenever we
update the value of a statg we apply all of the available operatdrsreverseto generate
a list of states (the predecessorsQfwhose values might need to be updated to reflect the
(updated) value of’. We push this list of “update candidates” onto a priority queue, sorted
by the magnitude of the potential change to their values. At each iteration, we pop off the
states whose value has the potential for greatest change, and we perform a Bellman backup
on that state. (This requires performing a one-step lookahead search and computing the
backed-up value, as shown in Equation (1).) If this results in a chanffgjnwe compute
the predecessors of and push them onto the priority queue. We initialize the priority
gueue with the predecessors of each of the goal states.

If the operators are deterministic, each of these three methods can be substantially sim-
plified. The key is to initialize the value of every state to-b& and maintain the invariant
that the estimated value of every state is always less than or equal to its true value. If this
is invariant holds, then for any stateand operato©p, we can perform a partial Bellman
backup without considering any of the other operators that might be applied to

f(s) := max{f(s), R(s,Op, Op(s)) + f(Op(s))}.

In essence, we are incrementally computing the one-step lookahead search and taking the
maximum. This was first discovered by Dijkstra (1959), so we will call this single-operator
backup a “Dijkstra backup.” If a Dijkstra backup leads to a change in the valfiespfwe

will call it a “useful” backup.

Dijkstra backups can be performed either in the forward, online algorithm or in the reverse
trajectory algorithm. The deterministic version of prioritized sweeping is Dijkstra’s shortest
path algorithm (Cormen, Leiserson, & Rivest, 1990). This algorithm takes advantage of the
factthatwhen we compute a predecessafia states’, we can comput&(s, Op, s')+ f(s'),
and order the priority queue (in decreasing order) by these backed-up values. This ensures
that we will not consider backing up a value from a state one of its predecessors until all
successors of that could possibly raise the value gfthave been processed. This in turn
means that a backup is performed at most once for each state-operator pair. Unfortunately,
this property does not carry over to the stochastic case.

This review of RL algorithms has focused on algorithms that employ dynamic program-
ming to learn a value function. There are many other approaches to RL (see Kaelbling,
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Littman & Moore, 1996, for a review). Some methods explicitly learn a policy (either with

or without learning a value function), which permits them to avoid the one-step lookahead
search needed to choose actions when only a value function is learned. Another important
algorithm is@-learning (Watkins, 1989; Watkins & Dayan, 1992), which learns a value
function Q(s, a) for state-action pairs. The functidp(s, a) gives the expected return of
performing actioru in states and then following the optimal policy thereafter.

1.3. Relating EBL and RL

In the terminology of dynamic programming, the control rules learned in EBL represent a
(partial) policyr that maps from states to operators. Notice, however, that EBL does not
compute any value function. As a consequence, EBL is not able to learn optimal policies,
whereas RL methods are able to learn optimal policies (at least in principle).

To illustrate this problem, consider again the rule learned by LEX2:

If the current state matchgska™dx
andn # —1
Then applyOp;.

This policy is not optimal for the statf 0x'dx, because there are cheaper operators that
can apply. However, once a control rule has been learned, most EBL systems apply that
control rule to all future states where it applieFhis means that these systems are very
sensitive to the quality of the initial operator sequence constructed to solve a new problem.
A poor operator sequence will lead to a poor policy.

Because EBL systems do not learn optimal policies, they do not have any need to perform
exploratory actions. Even if such actions were to discover a better path to the goal, EBL
systems would have difficulty detecting or exploiting this path.

EBL systems do possess an important advantage over table-based RL systems—they
can reason withegionsrather than wittpoints The central problem with point-based RL
algorithms is that they do not scale to large state spaces. The value fufictjastypically
represented by a large table with one entry for every possible state. The time required for
batch dynamic programming is proportional to the number of states, so a large state space
imposes severe time and space limitations on the applicability of dynamic programming
and RL.

Many researchers have investigated methods for introducing some form of “state gen-
eralization” or “state aggregation” that would allow RL algorithms to learn the policy for
many states based on experience with only a few states. Perhaps the most popular approach
is to represent the value function by some function approximation method, such as local
weighted regression (Atkeson, 1990) or a feed-forward neural network (Tesauro, 1992;
Sutton, 1988; Lin, 1992). A closely related line of research attempts to partition the state
space into regions having the same (or similar) values for the value function (Chapman &
Kaelbling, 1991; Moore, 1993; Bertsekas & Castanon, 1989; Sammut & Cribb, 1990). A
difficulty with all of these approaches is that they rely on first gathering experience (through
problem solving), inferring values for some of the states, and then discovering regularities in
those values. An added difficulty is that in most cases, the optimal value function cannot be
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exactly represented by the function approximation method. This can prevent the algorithms
from finding the optimal policy.

Explanation-based learning provides an alternative approach to state generalization. The
goal regression step of EBL is very closely related to the Bellman backup step of RL. A
Bellman backup propagates information about the value of a state backwards through an
operator to infer the value of another state. Goal regression propagates information about
the value of asetof states backwards through an operator to infer the value of ansgher
of states

Unlike inductive approaches to state generalization, EBL chooses regions based on the
states where a specific operator (or a sequence of operators) is applicable. As with appli-
cations of EBL in concept learning, this provides a formjustified generalizatiorover
states. EBL does not need to gather experience over a region and then make an inductive
leap—it can commit to the region by analyzing the sequence of operators applied in a single
experience.

This ability to reason with regions has permitted EBL to be applied to problems with
infinite state spaces, such as traditional Al planning and scheduling domains, where point-
based RL would be inapplicable (Minton, 1988).

These observations concerning the relationship between EBL and RL suggest that it would
be interesting to investigate hybrid algorithms that could perfmgion-based backups
These backups would combine the region-based reasoning of EBL with the value function
approach of RL. The resulting set of regions would providesarctrepresentation of the
value function, rather than an approximate representation based on some state aggregation
scheme. We call these hybrid algorithiagplanation-Based Reinforcement Learn{iog
EBRL) algorithms.

Some researchers have previously explored region-based backups in RL tasks. Yee,
Saxena, Utgoff, and Barto (1990) described a system that performs online RL using a
kind of region-based backup. They organized the regions into trees of “concepts” with
exceptions, and developed methods that attempt to find large, useful regions. Their system
out-performed a non-learning problem solver that conducted 6-ply lookahead search in
tic-tac-toe.

The remainder of this paper describes online and batch EBRL algorithms and compares
them to standard online EBL and to online and batch RL (dynamic programming) algo-
rithms. We show that the EBRL algorithms outperform all of the other algorithms in both
batch and online settings in both deterministic and stochastic problems. To quantify and
predict the performance improvements, we define a parameterbe the mean number
of states contained in an EBRL region. We show that the performance improvements can
be predicted directly from the value pf Finally, we show how EBRL can be applied to
the reverse-enumeration of chess endgames to give deeper and more useful endgame tables
than batch RL can provide.

2. Methods

We begin by describing a simple robot maze domain that we will employ to illustrate
and evaluate our algorithms. Next, we describe the algorithms we are comparing: five
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algorithms for deterministic problems and two algorithms for stochastic problems. Finally,
we discuss criteria for evaluating the performance of RL algorithms.

2.1. Test Domain

Consider the simple maze problem shown in Figure 1. There are six goal states (marked
by G’s), and any state can be a starting state. The task is to construct an optimal policy for
moving from any state to a goal state. There are 16 available operators that can be divided
into three groups:

Single-step operators: north, south, east, andwest. These four operators take one step
in one of the four directions.

To-wall operators: north-to-wall, south-to-wall, east-to-wall, west-to-wall. These op-
erators move as far as possible in one of the four directions until they encounter a wall,
at which point they stop.

Wall-following operators: north-follow-east-wall, north-follow-west-wall, and so on.
These operators are only applicable next to a wall. The robot moves along the wall
until the wall ends. There are eight wall following operators, because an operator must
specify which direction it moves the robot and which wall it is following (e.g., “go
north following the east wall”).

These operators have different costs. The single-step operators cost 1 unit; the to-wall
operators cost 3 units; and the wall-following operators cost 5 units. The robot receives a
reward of 100 units when it reaches the goal. The goal is to find the policy that maximizes
the total reward received by the robot.

Itisimportant to note that the to-wall and wall-following operators have what Christiansen
(1992) calls the “funnel” property—that is, they map many initial states into a single
resulting state. In this simple problem, on the average, each operator maps 5.11 states into
a single resulting state. The effectiveness of EBL and EBRL is significantly enhanced by
funnel operators, because even when the resulting state is a single state, goal regression
through a funnel operator yieldsatof initial states. Without the funnel property, the only
way EBL (and EBRL) could reason with regions would be if the goal region contains many
states.

Figure 2 shows an optimal policy for this maze problem. A simple arrow in a cellindicates
a single-step operator; an arrow that is terminated by a perpendicular line indicates a to-wall
operator; and an arrow with a small segment perpendicular to its center is a wall-following
operator (and the small segment indicates which wall is being followed). The figure shows
that there are large regions of state space where the optimal policy recommends the same
operator, so we might hope that EBL and EBRL can find those regions easily.

Although this maze problem is very simple and involves maximizing only total reward to a
fixed goal state, the region-based (EBRL) methods described in this paper should also work
in the discounted reward and average reward cases. The key idea of EBRL is to analyze the
(known) models of the operators and the reward function to perform region-based backups.
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Figure 1. A Simple Maze Problem. “G” indicates a goal state.
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1 Letf be the value function (represented as an array

2 with one element for each possible state initialized-te).
3 LetQ be a priority queue.

4 LetG be the set of goal states.

5 Letw, be the reward received when reaching goal sjate

6 Foreacty € G, push(g, vg) onto the priority queu€).

7 While notEmpty() do

8 Let(s’,v") := pop@).

9 For each operata@p do begin

10 LetP := Op~1(s’) be the set of states such that
11 applyingOp results in state’.

12 For eacts € P do begin

13 Letv := v’ — cost(Op) be the tentative backed-up value of state
14 If v > f[s] then begin

15 fls]:i=w

16 push(s,v) onto Q.

17 end // if

18 end //s

19 end //Op

20 end // while

Table 1.The OrrLINE-PoINT-DP algorithm for offline, point-based dynamic programming.

This idea applies to any RL problem, although the effectiveness of region-based backups
depends crucially on the nature of the operators and the reward function. Because each
region-based backup is equivalent to performing a set of point-based backups, we conjecture
that EBRL methods will converge to the optimal policy under the same conditions as point-
based dynamic programming methods.

2.2. Algorithms

We first describe five algorithms for deterministic problems. We then describe two algo-
rithms that we have implemented for stochastic problems.

2.2.1. Point-Based Offline Dynamic Programmif@rFLINE-POINT-DP)

Table 1 describes the point-based dynamic programming algor@mr,iNe- POINT-DP.
It conducts a uniform cost search working backward from the goal. There are two central
data structures: An arraf representing the value function, and a priority quee This
version of offline DP requires an inverse operatgr—! for each operato®p. Op~1(s’)
returns the set of all statessuch thaOp(s) = s'.

The Dijkstra backup step is performed in lines 12—-15, where we compute the backed-up
value of states, determine whether it is better than the best previous valug tord update
f[s] if so. Note that the same state may be pushed onto the priority queue more than once.
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Figure 3. The value function foOFFLINE-POINT-DP after one iteration.

Hence, the algorithm can be slightly optimized to include a test after line 8 to determine
whether the value of stag, f[s'], is still equal tov’. If not, then a better backed-up value
for s’ has been determined (and already popped off the priority queue!), se’dats not
need to be further processed.

Figure 3 shows the value function after one iteration of the While loop at line 7. The
goal state at celfj16 has been popped off the queue and expanded. The value 99 of cell
pl6reflects applying th@orth operator. The value of 97 in celtsl6 n16 andmi6all
reflect applying thenorth-to-wall operator. Note that during the loop in lines 9-19, other
operators, such asest, west-to-wall, andwest-follow-north-wall, were all considered,
but the backed-up values where smaller than existing values for states syich as

OFFLINE-POINT-DP converges to the optimal policy in time proportional to the number
of states times the number of operators.

2.2.2. Rectangle-based offline dynamic programniidgrLINE-RECT-DP)

We now turn to the first of our explanation-based reinforcement learning algorithms,
OrrLINE-RECT-DP. Table 2 shows the algorithm for rectangle-based batch dynamic

programming. This is nearly identical to the point-based algorithm except that the value
function is represented by a collection of rectangles. The priority queue stores pairs of
the form (rectangle, value). Each inverse operétpr! is able to take a rectangté and
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1 Letf be the value function (represented as a collection

2 of rectangles; each rectangle has an associated value and operator.)
3 LetQ be a priority queue.

4 LetG be a set of rectangles describing the goal states.

5 Letvg be the reward received when reaching a goal state.

6 Foreacty € G do begin

7 push(g, vg) onto the priority queue).

8 insert(g, vg, nil) into the collection representing

9 end /lg

10 While notEmptyQ) do

11 Let(r’,v") 1= pop@).

12 For each operat@p do begin

13 LetP := Op~1(r’) be a disjoint set of rectangles such that
14 applyingOp to any state in those rectangles results in
15 a state in rectangi€.

16 For each rectangle € P do begin

17 Letv := v’ — cost(Op) be the tentative backed-up value of rectangle
18 If rectangler with valuev would increase the value

19 of f for any state then begin

20 insert(r, v, Op) into the collection representing
21 push(r, v) onto Q.

22 end // if

23 end /Ir

24 end //Op

25 end // while

Table 2.The OrrLINE-RECT-DP algorithm for offline, rectangle-based dynamic programming.

compute itgpreimageas a disjoinset P of rectangles such that applyidgp to any state in
any of those rectangles will result in a state in rectamgle

The need for each inverse operator to retusetaf rectangles can be seen in the example
shown in Figure 4, which shows the value function after one iteration of the While loop.
When the goal rectangle is given to the inverse operatoth-to-wall~!, three rectangles
result: One rectangle from lower left cormafl6to upper right corneql7, one rectangle
fromal8toql8 and one rectangle from19to g21 Computing these rectangles efficiently
requires careful choice of algorithms. Horizontal walls can be stored in a kind of 2-d tree
so that range queries can be answered in time logarithmic in the number of horizontal walls
and linear in the number of relevant walls. The range query is constructed by defining a
rectangle that extends froai6to q21 By proper organization of the 2-d tree, the answers
to the query can be retrieved in top-to-bottom order. The first wall that intersects the query
rectangle is the wall separating6-17 from m16-17 and it is used to construct the first
rectangle. The query rectangle then shrinks18-q21 The second nearest wall is the wall
separatindg19-21 from m19-21 and it is used to construct the third rectangle. The query
rectangle then shrinks @18-q18 This rectangle does not intersect any more walls, so it
defines the second rectangle. An analogous data structure is required for vertical walls.
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Figure 4. Value function after one iteration @rFLINE-RECT-DP.

The cost to evaluate this kind of iterated range quer@ (s + log W), wherem is the
number of resulting rectangles afd is the number of walls in the maze.

One additional factor complicates the computation of operator preimages. Consider the
rectangleal8-q18 and suppose we want to compute the preimage of this rectangle with
respect to the operateast-to-wall. This operator can only result in state$8 andil8,
because none of the other states in rectaafjBzq18has a wall on its east side. Hence, to
perform the preimage computation, we must first find the subrectang@é8gil&hat have
an east wall. There is only one such rectangle in this case: rectab@le8 We will call
such rectangles, “postimage rectangles,” because they are in the postimage of the operator
in question. All postimage rectangles can be obtained by a range query into the vertical
wall data structure mentioned above. Once we have these rectangles, we can compute their
preimages with respect @mst-to-wall. In this example, this produces two new rectangles:
i6-116 andh12-h16

Figure 5 shows the rectangles that have been constructed by the first Dijkstra backup of
OrrLINE-RECT-DP. Notice that the three light-grey rectangles produced by the preimage
of north-to-wall are hidden “beneath” the medium-gray rectangl&6:p22 produced by
the preimage of thaorth operator (and also beneath the dark-gray goal rectaggk,
g21). In general, the value functiofi ends up looking like a display of overlapping
rectangles on a workstation screen. We can imagine the observer looking down on the
maze world. Rectangles with highévalues occlude rectangles with lowgwralues (ties
broken arbitrarily). During the learning process, new rectangles will be added to this data
structure.
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Figure 5. Five boxes created by the first iteration @FFLINE-RECT-DP. Darkest box is the goal box (value
100). Medium grey box has value 99; the goal can be reached mpotiie operator from these states. The light
grey boxes have the value 97; the goal can be reached mptlte-to-wall operator from any of these states.

Algorithms for this problem have been studied in computational geometry. Bern (1990)
shows a data structure that requi@@log3 n + clog® n) time to insert a new rectangle
(wheren is the number of rectangles ands the number of “visible” line segments cut
by the new rectangle). This data structure can also retrieve the top-most rectangle at a
given point inO(log® n) time. As a side-effect, the algorithm can produce a set of disjoint
rectangles to describe the “visible” region of any rectangle. In our case, the number of
rectangles will be:/p, wheren is the total number of states in the state space. The number
of visible line segments cut cannot exced So the time to insert a new rectangle in our
algorithms grows a®(log®(n/p) + plog®(n/p)).

The fact that rectangles overlap suggests that a potential speedup in the algorithm could
be obtained after line 11 by replacinfby the set of disjoint sub-rectanglessdfthat are
currently “visible.” If no such rectangles exist, thehcan be discarded.

It is important to note that although this algorithm is expressed in terms of rectangles,
the same approach is suitable to any problem where regions can be represented intension-
ally. For example, expressions in propositional logic are equivalent to hyperrectangles in
a high-dimensional space with one dimension for each proposition symbol. Expressions
in first-order logic provide an even more powerful representation for regions. The compu-
tational geometry algorithms referred to above do not apply to these higher-dimensional
representations, but tierrLINE-RECT-DP algorithm works without modification as long
as a data structure can be implemented that represents a collection of regions with attached
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1 LetG =the goal states.

2 Letf be the value function (represented as an array).
3 Letpath be a LIFO queue.

4  Repeat forever

5 path = nil

6 s := random state.

7 while s ¢ G do

8 choose the operata@p to apply
9 push(s, Op) ontopath

10 s:=0p(s)

11 end

12 s’ =5

13 whilepath not empty do

14 pop(s, Op) from path

15 letv := f(s") — cost(Op)

16 ifv> f(s)thenf(s):=v

17 s’ =s

18 end

19 end

Table 3.Simple Reinforcement Learning with Reverse Trajectory Updabes.INE-POINT-DP

priorities and that can efficiently determine the region of highest priority that contains a
given point.

2.2.3. Reinforcement Learnif@NLINE-POINT-DP)

We implemented a simple asynchronous dynamic programming algorithm for reinforcement
learning (with reverse trajectory updates) as shown in Table 3. This algorithm, which we
will call ONLINE-POINT-DP, conducts an infinite sequence of trials. In each trial, problem
solving begins in a randomly-chosen state. Unless the problem solver chooses to make an
exploratory move, the problem solver computes the one-step lookahead greedy policy using
the current value function. Thatis, it applies all applicable operators, computes the value of
the state resulting from each, and picks the operator that takes it to the state with the highest
value after subtracting off the cost of the operator. Ties are broken randomly. The sequence
of states and operators is stored in the LIFO queud. Once the goal is reached, the
sequence is processed in reverse order performing Dijkstra backups (lines 13-18).

We implemented the following counter-based exploration policy: We maintain a counter
for each state that tells how many times we have visited that state. Suppose we have visited
a state times. Then with probability/16, we will follow the greedy policy when we enter
that state. Otherwise, we will choose an operator at random from among the operators
applicable in that state. The value 16 was chosen to be the number of operators. In practice,
performance is quite good well before we have visited every state 16 times.
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Table 4. Example Operator Sequence to lllustrate Path

Optimization
from state  operator reward (or negative cost)
119 east -1
120 west -1
119  south -1
k19 west -1
k18 north -1
118  north-to-wall -3
gl8 none (goal) 100

A feature of all three of our online algorithms is that they can recover from operator
sequences that visit the same state multiple times before reaching the goal. Consider, for
example, the sequence of operators (starting in state 119) shown in Table 4.

This sequence is suboptimal, because the second operator just undoes the effects of the
first operator. One might worry that the final backed-up reward for &l8tevould be 92
(= 100 — 8). However, there is no need to find and remove inefficiencies of this kind from
the sequence. They are handled automatically by the Dijkstra backup in lines 15-16. The
backups are performed in reverse order, so the backed-up vall@ief97,j18 is 96,j19
is 95,119 is 94, and20 is 93. When we pop the last state-operator p#if,éast) off the
stack, we compute = 92, but then, in line 16, we look up the best known value for state
s =119, and we find that it is 94, sf(119) is not modified.

2.2.4. Explanation-Based Learning

Table 5 shows our implementation of ther, algorithm. As with theONLINE-POINT-DP
algorithm, theeBL procedure performs a series of trials. In each trial, problem solving
begins in a randomly-chosen state. Operators are applied to move from this starting state
to the goal. The sequence of operators and resulting states is pushed onto a LIFO queue
(thisis slightly different thamr, where preceding-state/operator pairs were pushed onto the
gueue). During the learning phase (lines 14-23), rectangle-based backups are performed
by popping state—operator pairs off the queue.

Unlike all of the other algorithms in this papemBL does not construct a value function
f- Instead, it constructs a poliey. The policy is represented as a collection of rectangles.
Conceptually, we can think of this collection as a FIFO queue. New rectangles are inserted
at the tail of the queue. To find the rectangle that covers a givensstat start searching
from the head of the queue. Hence, we will retrieve the rectangle coverihgt was
inserted into the queuearliest (In a good implementatiors; would be implemented by
the more efficient data structure used in @erLINE-RECT-DP algorithm above.)

During problem solvinggBL performs no exploration. Instead, it obeys the current policy
«. Hence, in line 10, the operator to apply is chosen according tbr recommends an
operator, or at random otherwise.

TheksL approach of applying the first learned policy rule for staiteall future visits to
states, means that the quality of the learned policy is sensitive to the quality of the operator
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1 LetG = a set of rectangles containing the goal states.

2 Letw be the policy function (represented as as a collection of rectangles;
3 each rectangles has an associated operator.)

4 Letpath be a LIFO queue.

5 For each rectanglg € G, insertg into 7.

6 Repeat forever begin

7 s := random state.

8 path = nil

9 while s ¢ G do // Forward search to goal.

10 choose the operatarp to apply

11 s:=0p(s)

12 push(Op, s) ontopath

13 end

14 while path not empty do // Performs backups along path.

15 pop(Op, s’) from path

16 Letr’ := the first rectangle imr coverings’

17 LetP := Op~1(r") be a disjoint set of rectangles such that
18 applyingOp to any state in those rectangles results in
19 a state in rectangi€.

20 For eachr € P do begin

21 insert(r, Op) into the collection representing

22 end /ir

23 end /lpath

24 end

Table 5.Explanation-Based Learning

sequence chosen during the first visit to stateAnother way of saying this is that the
quality of the learned policy ikBL is determined by the quality of the initial policy. In

all of the other four algorithms, the initial policy is entirely random. To giwa. a better
initial policy, we modified the code in Table 5 to repeat the forward search in lines 9-13 ten
times and use the path with the best reward to carry out the backups in lines 14-23.

Like ONLINE-POINT-DP, oureBL algorithm can optimize the operator sequence during
the backup phase. This is somewhat surprising, givendbBraidoes not construct a value
function or perform true Dijkstra backups. In faggL discovers many more optimizations
along an operator sequence tHANRLINE-POINT-DP does (at least initially). To see how
this works, consider again the operator sequence in Table 4. WWhebacks up the last
operator, it constructs a rectangkel 8-q19 that selects operataorth-to-wall. When it
pops off the next operator-state paio(th, I18), it looks upl18 (at line 16) and retrieves the
entire rectangl@18-g18 It then computes the preimage of this rectangle as the rectangle
al8-ql7 This rectangle is then added to the tail of theectangle collection. Because the
rectangleal8-ql8vas inserted inta first, however, this new rectangdd 8-p18will always
be invisible, so the policyt in statek18will be to movenorth-to-wall directly instead of
taking one stemorth first.

Continuing with this example, we pop the pairest, k18) off the stack. The rectangle-
backup results in two rectangle39-g19andj19-q19 Some EBL systems would generate
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only the second rectangle, since it covers the $th®svhere the operatavest was applied.
However, ourimplementation computes full preimages of each operator application, so these
two rectangles are addedto

Next, we pop the paiisputh, k19). WheneBL looks upk19in , it finds that it is covered
by the rectangl§l9-q19 so it computes the preimage of that rectangle and produces two
rectangles:il9-119 and n19-q19 These are inserted into, but again, these are both
invisible, so they do not actually change the policy.

Next, we pop the paim(est, 119). WheneBL looks upl19, it again retrieves the rectangle
j19-g19 The backup througtvest results in the rectangj@0-q2Q which is added tar.

Finally, we pop the pairdast, 120). WhenEgBL looks upl20, it retrieves the rectangle
j20-g2Q and computes the preimag®-q19to insert intor. However, this rectangle will
be completely invisible. The resulting polieycontains only four visible rectangles:

rectangle operator
al8-q1l8 north-to-wall
al9-g19 west
j19-q19 west
j20-g20 west

If we appliedr to the same starting stat&9, it would solve the problem in two steps:
west, north-to-wall, which is the optimal action sequence.

The reasoreBL is able to do so well is two-fold. First, the rectangle backups mean that
before we even get to stakd 8 (during the backup process), we already have a policy for
that state from a previous backup. This effectively excises any irrelevant inefficient steps
from the operator sequence. The second reason is thathenethod of placing new
rectangles at the tail of the data structure tends to place them properly with respect to
their values, even though backed-up values are not computed. This is because each operator
application incurs a cost, so rectangles constructed later (in the backup process) produce
lower rewards. When we look up the valuerofor a given state, we retrieve the rectangle
that was constructed earliest, and—at least during a single trial—that rectangle will be the
one with the highest expected reward.

Unfortunately, whemBL is applied in subsequent triakd) new rectangles will be placed
behind the rectangles constructed in earlier trials, even if those new rectangles have better
values. So, within a single triaiBL optimizes properly, but between trials, it does not.

2.2.5. Online Region-Based Dynamic Learn{i@NLINE-RECT-DP)

Table 6 shows pseudo-code for our online EBRL algoritimLINE-RECT-DP. It is
essentially the same as theL algorithm, except that it learns a value function and a policy
rather than just a policy alone. The key change is to replace ttega structure with thé

data structure that we presented in @erLINE-RECT-DP algorithm. New rectangles are
inserted intof according to their value (they are “above” all rectangles with a lower value
and “below” all rectangles with a higher value).
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=

LetG = a set of rectangles containing the goal states.

Let f be the value function (represented as as a collection of rectangles;
each rectangles has an associated value and operator).

3 Letpath be a LIFO queue.

4 For each rectanglg € G, insertg into f.

5 Repeat forever begin

6

7

8

N

s :=random state.

path = nil
while s ¢ G do // Forward search to goal.
9 choose the operat@rp to apply
10 s:=0p(s)
11 push(Op, s) ontopath
12 end
13 while path not empty do // Perform backups along path.
14 pop(Op, s’) from path
15 Letr’ := the best rectangle ifi coverings’
16 LetP := Op~1(r") be a disjoint set of rectangles such that

applyingOp to any state in those rectangles results in
a state in rectangle’ .

17 Letv := f(s") — Cost(Op) be the backed-up value of each staté”in
18 For eachr € P do begin

19 insert(r, v, Op) into the collection representing

20 end /ir

21 end /lpath

22 end

Table 6.0nline region-based dynamic programmifNLINE-RECT-DP)

This completes our description of the five algorithms for deterministic problems. Now we
consider versions of the two offline algorithms that can be applied to stochastic problems.

2.2.6. Stochastic Point-Based Offline Dynamic Programni$igocaASTIC-OFFLINE-
PoIiNT-DP)

Table 7 describes our implementation of prioritized sweeping for point-based dynamic
programming. The main loop pops a stateff of the priority queue?), performs a full
Bellman backup on that state (line 9), and then generates the predecessarsroputes

how much the values of those predecessors are likely to change, and pushes each of them
ontoQ.



188 T. G. DIETTERICH AND N. S. FLANN

1 Letf be the value function (represented as an array

2 with one element for each possible state initialized-te).

3 LetQ be a priority queue.

4 LetG be the set of goal states.

5 Letvg be the reward received when reaching a goal state.

6 Foreacty € G, push(g, ve) onto the priority queue).

7 While notEmpty() do

8 Let(s, 6) := pop@).

9 Letv := maxoyp ZS, p(s’|Op, s)[f[s'] — cost(Op)] be the backed-up value of state
10 Leté := |v — f[s]| be the magnitude of the change in value.
11 Letf[s] := v.

12 For each operat@p do begin

13 LetP := Op~1(s) be the set of states such that

14 applyingOp results in state.

15 For eachs” € P do begin

16 push(s”, 6 - p(s|Op,s’”")) onto@Q

17 end //s"”’

18 end //Op

19 end // while

Table 7. The STocHASTIC-OFFLINE-POINT-DP algorithm for offline, point-based dynamic programming in
stochastic problems.

2.2.7. Stochastic Region-Based Offline Dynamic Program(@m@CHASTIC- OFFLINE-
RECT-DP)

Table 8 describes an algorithm for prioritized sweeping for region-based dynamic program-
ming. It is essentially the same as the point-based algorithm except that the process of
performing stochastic region-based backups is much more complex in line 9.

Figure 6illustrates the process of computing a region-based Bellman backup with stochas-
tic operators. The figure shows the effect of applying oper@joto regionR. There are
two possible resulting regions. With probabiliy 0.2, the resuR1s With probability 0.8,
the result isk2. Let us focus on regio®1 first. If we intersect this region with the known
regions of highest value, we find two regions: one with value 10 and one with value 20. To
back up these values, we compute the preimages of these two regions, intersect them with
R, and multiply their values by 0.2 (the probability of reaching these regions). The resultis
that we subdivideR into two preimage regions (labeled 2 and 4 in the figure). The process
for region R2 is analogous, and it results in subdividiRginto two rectangles labeled 6.4
and 9.6. We now compute the cross-product of these regions to produce the four rectangles
shown at the bottom of the figure. The states in the upper left rectangle have expected value
10.4, which § 4 + 6.4, because with probability 0.2, operafgr will result in a region of
value 20 and with probability 0.8, it will result in a region of value 8.

Each of these rectangles can be inserted into the data structure representing the value
function. If a different operato®yp’ results in regions of higher value, those regions will
“hide” these regions.
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1 Letf be the value function (represented as set of rectangles).

2 It initially contains one rectangle covering the entire space with vaite
3 LetQ be a priority queue.

4 LetG be alist of regions describing the goal states.

5 Letvg be the reward received when reaching a goal state.

6 Foreacty € G, push(g, ve) onto the priority queue).

7 While notEmpty() do

8

9

Let(r, §) := pop@).

LetR = {(r1,v1), (r2,v2),..., (rk, vi)} be alist of region/value pairs such that
Vs € rg v = maxop » ,, p(s'|Op, )[f[s'] — cost(Op)]
10 For eacHr;,v;) € R
11 Leté := |v; — f(r;)| be the magnitude of the change in value.
12 Insert regionr; into f with valuew;.
13 For each operat@p do begin
14 LetP = Op~1(r;) be a disjoint set of rectangles such that
15 applyingOp to any state inP results in a state in;.
16 For each region € P do begin
17 push(r, 8 - p(r;|Op, r)) ontoQ
18 end /Ir
19 end //Op
20 end //(Ti, 1}1‘>
21 end // while

Table 8. The STocHAsTIC-OFFLINE-RECT-DP algorithm for offline, region-based dynamic programming in
stochastic problems.

Obviously, there is a great potential for the original regioto be shattered into many
small regions with distinct estimated values. Notice that the resulting set of rectangles for
Ris determined by the size and complexity of the rectangles resulting from aplyitg
R. This is sensitive to the exact order in which the backups are performed. For example, it
could be the case that after performing this backup for reicenew high-value rectangle
is found that would completely covét2. If we waited to perform the backup dh until
this time, thenk would only be subdivided into two regions (resulting frdti).

We implemented this algorithm and found that in general, the rectangles were shattered
into very small regions. Hence, we developed the following alternative approach. First, con-
vert the stochastic operators into deterministic ones by taking only the highest-probability
outcome from each operator. Next, apply therLINE-RECT-DP algorithm to this de-
terministic problem to produce a set of rectangles. Then, perform synchronous dynamic
programming as shown in Table 9 with the stochastic operators. By doing the updates
synchronously, the rectangles being created within one iteration do not cause additional
shattering in that same iteration. This approach produced larger rectangles, so the results
we report below employed this method.

It should be noted that both of the algorithms (from Figure 8 and Figure 9) converge to
the optimal policy. The difference is that the second procedure is able to represent the value
function using larger rectangles.

We turn now to a discussion of the criteria for evaluating and comparing these algorithms.
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Figure 6. Performing a region-based Bellman backup with stochastic opetator

1 Letf be the value function (represented as set of rectangles).
2 Repeat forever

3 Let frnew be a new value function (represented as a set of rectangles), initially empty.
3 For each visible rectangtein the data structure representifig

4 Let{(ri,v1), (ra,v2),..., (rk, vk)} be alist of region/value pairs such that

5 Vs € T, v, = Maxop ZS/ p(s'|Op, s)[f[s'] — cost(Op)]

6 Insert eacl{r;,v;) into frew.

7 end // forr

8 f = frnew

9

end // repeat forever

Table 9.Synchronous region-based dynamic programming.

2.3. Evaluation Criteria for Speedup Learning

Speedup learning involves a tradeoff between the cost of learning and the quality of per-
formance. If we perform no learning, then performance is usually poor. If we spend a

large amount of CPU time in learning, then performance can eventually become optimal.
Given this tradeoff, the principal way that we will assess speedup learning algorithms is by
plotting the quality of their performance as a function of the amount of learning that has

been performed.
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We will measure quality in three ways:

1. Expected cumulative reward In each problem, there is a set of possible start states.
To measure performance quality, we will take the expected cumulative reward obtained
by the problem solver averaged over each of these possible start states.

2. Deviation from optimal value function. Another measure of quality is to count the
number of states in the state space where the difference between the current estimated
value and the value under the optimal policy is greater than some threshold. We will
use a threshold of 1, which is the cost of a single move. Several authors have noted that
the greedy policy may be optimal even when the value function has not yet converged
on the optimal value function. Nonetheless, measurements of the accuracy of the value
function are very inexpensive to take, so we will use them as well. To compute a value
for states where no value has yet been learned (i.e., no backups have been performed),
we will use the mean of the values of all states where a Vahisbeen learned.

3. Policy coverage The coverage of a policy is the percentage of states for which the
current value function has a non-default value. In the maze problems, for example,
the value of each state is initialized tel. The optimal value function has values in
the range [88,100]. The coverage of the policy is the number of states for which the
value is not equal te-1. Once a state has a non-default value, this means that we have
learnedsomethingabout what action to choose in that state. This is usually better than
applying the default initial policy to that state.

We will measure learning time in two ways:

1. Number of backups. This applies to both point-based and region-based algorithms
and to both batch and online algorithms. However, while a point-based backup requires
essentially constant time, region-based backups may require longer times (depending
on how the regions are represented).

2. Number of training trials. Online algorithms are trained through a series of trials. A
trial consists of choosing one of the start states at random and asking the problem solver
to get from the chosen start state to a goal state.

Because of the prototype nature of our implementations, we will not measure CPU time,
because this could be substantially improved through more painstaking coding. Instead,
we will apply results from symbolic computing and computational geometry to establish
the cost of each backup and each operator application in a trial.

3. Experiments and Results
3.1. Batch Algorithms for Deterministic Problems

We begin by comparing the two batch algorithM¥FLINE-POINT-DP and OFFLINE-
REcT-DP on our simple maze problem. Table 10 summarizes the performance of these
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Table 10.Performance of batch algorithms.

Algorithm Dijkstra Backups  Useful Dijkstra Backups
OFFLINE-POINT-DP 3,156 513
OFFLINE-RECT-DP 452 88

Table 11.Dijkstra backups as a function of the number of states in the problem.

Number of OFFLINE-POINT-DP OFFLINE-RECT-DP
states Total backups  Useful backups Total backups  Useful backups
327 3,156 513 452 88
2,500 20,932 3,352 2,989 608
10,000 83,968 13,998 12,525 2,494

two algorithms. The number of Dijkstra backups is equal to the number of times line 13
of OFFLINE-POINT-DP and line 17 ofOrrLINE-RECT-DP are executed. The number

of useful Dijkstra backups is the number of times lines 15-16pFLINE-POINT-DP and

lines 20-21 ofOrrFLINE-RECT-DP are executed. The backups that were useful resulted
in improved values for some state.

In the finalf structure folOFFLINE-RECT-DP, 88 rectangles were stored, but only 71 of
them had any visible states. The valugpthe average number of states in each rectangle,
was 5.27.

Figure 7 compares the coverage of the two algorithms as a function of the number of useful
Dijkstra backups. We can see tlarrLINE-RECT-DP attains coverage much faster than
OFrFLINE-POINT-DP, as we would expect. This is very important in domains (such as
chess), where full execution of either algorithm is impossible, because the state space is
too large. In such cases, before resources are exhaGstediNE-RECT-DP can achieve
much higher coverage th&FFLINE-POINT-DP.

To understand the scaling behavior of these algorithms, we performed the following two
experiments. First, we constructed two random mazes of size 50 by 50 and 100 by 100 with
approximately the same value fpras our example maze. We then measured the number
of Dijkstra backups. One would expect that the number of backups would be proportional
to the number of states for OFFLINE-POINT-DP and proportional to the number of
abstract states/p for BATCH-DP. Table 11 and Figure 8 show that this is indeed the case.
OFFLINE-RECT-DP maintains a constant factor advantage of roughly a factor of 7 in the
number of backups it performs (and a factor of 5.6—roughlyin the number of backups
that result in visible rectangles).

The second experiment we conducted was to convert our example problem from a 17-row,
22-column maze into a 170-row, 220-column maze by subdividing each original state into
100 new states. This gave a value faof 145.53. Table 12 shows that the cost of running
OFrFLINE-RECT-DP increased by only a factor of 3, while the cost of runn{DgFLINE-
PoinT-DP increased by a factor of 77 (for useful backups) and 95 (for total backups). For
the new problemOFFLINE-RECT-DP computes 220 times fewer backups (and about 143
times fewer visible backups).

Here is a summary of our observations:
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Figure 7. Coverage of batch algorithms as a function of the number of useful Dijkstra backups.

Table 12.Comparison of performance on the 170-row, 220-column ver-
sion of the original maze.

Algorithm Dijkstra Backups  Useful Dijkstra Backups
OFFLINE-POINT-DP 300,840 39,725
OFFLINE-RECT-DP 1,367 277

1. OrrLINE-RECT-DP makes roughly 5 times as many Dijkstra Backups as it makes
useful Dijkstra Backups in this domain.

2. OrrLINE-POINT-DP makes roughly 6 times as many Dijkstra Backups as it makes
useful Dijkstra Backups in this domain.

3. Theratio ofOrFrLINE-RECT-DP useful backups tO FrLINE-POINT-DP useful back-
ups is very close tp.

4. The ratio ofOFFLINE-RECT-DP total backups t@FFLINE- POINT-DP total backups
was roughly 1.3 to 1.5 times

From this, we can see that thgparameter is critical for predicting the relative number
of backups made b FrLINE-RECT-DP andOFFLINE-POINT-DP.
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Figure 8. Total number of Dijkstra backups as a function of the number of states. The number of walls was chosen
to keepp approximately constanpgr4 = 5.27; p2500 = 5.24; p10000 = 5.20)

The other key factor affecting performance is the cost of performing each backup. For
OFFLINE-POINT-DP, the process of performing a backup involves several steps (see Ta-
ble 1, lines 8-19). The steps involve popping a state-value (piv’) off the queue,
applying all operators (in reverse) to generate the preimage of that state, considering each
states in the preimage, computing the backed-up vah@ s, and (if the value is an im-
provement), updating the value ©&nd pushing the state-value pgirv) onto the priority
queue. LetB, be the branching factor dFFLINE-POINT-DP (i.e., the total number of
states in the preimages of all operators applied in reverse to a singles’tafiehe time
required for these steps can be summarized as follows:

Step Cost

pop (s, v') from Q@ O(log |Ql)
generate all predecessor states O(B,)
compute their backed-up values O(B,)
push them onto th€ if necessary O(B, log|Q|)

Experimentally,|Q| scales as, the number of states, so we estimate the sum of these
costs isO(B, log n). For our example maze problem, e FLINE-POINT-DP branching
factor is 8.44 (minimum 4, maximum 80).
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ForOrrLINE-RECT-DP, the backup process is basically the same (see Table 2), but there
are added costs for dealing with rectangles. As WMtrLINE-POINT-DP, the dominant
cost is the cost of inserting new rectangles into the priority queue and inserting them into
the f data structure. LeB, be the branching factor foDrFrLINE-RECT-DP (i.e., the
total number of preimage rectangles of all operators applied in reverse to a single rectangle
r"). Assuming we employ the overlapping rectangle data structure of Bern (1990), these
costs are)(B, logn/p) andO(B,.(log* n/p + plog® n/p)) respectively. The latter value
dominates, so we estimate the cost of processing each st@erniNE-RECT-DP as
O(B,(log® n/p+ plog®n/p)). For our example maze problem, the mean branching factor
for OFFLINE-RECT-DP is 6.37 (minimum 4, maximum 26).

3.2. Batch Algorithms for Stochastic Problems

We now consider what happens when we change the operators in the maze problem so
that they are stochastic. We introduced the following form of stochasticity: When an
operator is selected for execution, with some probability a different operator is executed
instead. Specifically, with probability 0.8, the selected operator is in fact executed, but
with probability 0.2, one of the other two operators having a direction perpendicular to the
chosen operator is executed instead. For example, ifahth operator is chosen, then with
probability 0.8, it is executed. With probability 0.1, thast operator is executed instead,
and with probability 0.1 thevest operator is executed instead. Similarly, if therth-to-

wall operator is chosen, then the actual operator executentis-to-wall (probability 0.8),
east-to-wall (probability 0.1), owest-to-wall (probability 0.1). It rarely makes sense to
substitute a different wall following operator, so we removed the wall-following operators
from the problem.

To evaluate the algorithms, we measured the number of states whose value is more than
1.0 away from the optimal value function. Figure 9 shows the results. We see that the
region-based dynamic programming procedure converges to the optimal value function
much more quickly than the point-based method as a function of the number of Bellman
backups. The final value @fin this problem is 1.24 (corresponding to 301 final regions),
which shows that in stochastic domains, the effectiveness of region-based methods is much
lower than in deterministic domains.

The stochastic substitution of operators moving at right angles to the desired operator
creates a large amount of fragmentation of the regions. This results partly from the fact that
the domain features (e.g., row and column) important for moving vertically are different
from those for moving horizontally. In many applications, it is unlikely that stochastic
operators would have this property. Rather, it is likely that errors in the execution of
operators would leave most of the same features irrelevant. For example, no matter what
errors are introduced when you steer your car, they have no effect on the location of your
office or the type of vehicle you are driving.

A way of exploring this within our simple maze problem is to insist that the operators
randomly substituted for the selected operator are operators that move in the opposite
direction from the selected operator. Hence, whenrtbgh operator is selected, the
operator actually executedi®rth (with probability 0.8) orsouth (with probability 0.2),
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Figure 9. Value function error during dynamic programming—point-based methods versus region-based methods.
Randomly-perturbed operators move in a direction perpendicular to the selected operator

and so on. Figure 10 shows the results. Region-based dynamic programming has a more
substantial advantage here. The final valug &f2.49 (154 regions).

On the other hand, if we modify the operators so that the distance moved is stochastic,
which is a form of randomness typically found in robotic applications, the effectiveness of
region-based backups is destroyed. This form of randomness destroys the funnel property
of the operators, and this causes all of the regions to shrink to single states.

From this, we can conclude that the effectiveness of region-based methods depends on
the nature of the stochastic behavior of the operators. In some domains, region-based
backups will still be worthwhile. However, we have also seen that to make region-based
backups work well, we needed to perform backups synchronously. Additional research
would be needed to make stochastic region-based backups effective in online settings where
synchronous updates are infeasible.

3.3. Online Algorithms

To compare the three online algorithmM8XLINE-POINT-DP, EBL, andEBRL), we per-
formed 30 runs of each. Each run consisted of a series of trials. Each trial consisted of
a forward search (with exploration) from a random starting state to the goal followed by
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Figure 10. Value function error during dynamic programming—point-based methods versus region-based meth-
ods. Randomly-perturbed operators move in the direction opposite to the selected operator.

a series of Dijkstra backups along the solution path. After each trial, we measured the
average undiscounted reward that would be received by starting the problem solver in every
possible start state and following the current policy. We also measured the deviation of the
current value function from the optimal value function. The results are plotted in Figures 11
and 12.

From these figures, we can see tiatLINE-RECT-DP reaches optimal performance
much faster than eithetBL or ONLINE-PoINT-DPp. Furthermore, we can see that the
performance ofBL converges to a rather poor performance level. This is a consequence
of the fact thateBL can never replace a bad learned rule with a better one (i.e., it can never
replace a rectangle of low value with a rectangle of higher value, because it does not learn
a value function). The wide error bars aBL reflect its sensitivity to the solutions paths
found in the first few trials. Some runs—uwith good early trials—perform much better than
other runs—with very bad early trials.

3.4. OrfrLINE-RECT-DP and OFFLINE-POINT-DP in chess endgames

To demonstrate the generality of the approach, we apply the batch methods to develop
optimal policies for playing chess endgames. Chess is considerably more complex than the
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Figure 11. Comparison of expected reward for explanation-based learning), reinforcement learning
(ONLINE-POINT-DP), and explanation-based reinforcement learniOgi(iNe-RECT-DP). Error bars show
one standard error on each side of the mean of 30 runs.

synthetic maze task for a number of reasons. First, this domain involves counter-planning,
because we have two agents with opposing goals. One player is trying to maximize its
return, the other trying to minimize it. Second, although played on a two dimensional grid,
applying EBRL to chess involves reasoning about multi-dimensional regions, because each
abstract state has multiple objects. Finally, “state generalization” methods, referred to in
Section 1.3, are very difficult apply because of the complexity of manually constructing an
accurate generalization vocabulary (Quinlan, 1983; Bratko & Michie, 1980).

To incorporate the counter-planning nature of chess, we must extend the state to be a
tuple describing the board position and the side that has the next move. We will refer the
maximizing player amaxand the minimizing opponent asin. The value of a staté/(s, p)
is the value of the board positiarfor the maximizing sideyis the player who makes the
next move). For goal states, the valuefdb, p) is defined:

f(s,min) = —oo
f(s,maz) := 400

Dijkstra backups are slightly more complex. For a state wirends to move, the backups
are the same as before:
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standard error on each side of the mean of 30 runs.

f(s,maz) = max {f(Op(s),min) — cost(Op)}

However, for a state whemin is to move, the backups require minimization instead of
maximization:

f(s,min) := rgipn {f(Op(s), max) + cost(Op)}

Because of these minimizing backups and opposing goals, dynamic programming algo-
rithms for counter-planning are more complicated than for ordinary planningrhLiNE-
Point-Dp, a state is pushed onto the priority queue whenever a better valyésprs
discovered. In counter-planning domains, if this value represents a loss, the losing player
will want to wait until all possible successor moves have been backed up. Only then has
the state been determined to be a losssarah be pushed onto the priority queue. Because
of the need to wait for all possible successor moves to determine correct valfiés) of
on-line algorithms are ineffective. In this study we implemented only the batch algorithms:
OFFLINE-POINT-DP andOFFLINE-RECT-DP.

OFFLINE-POINT-DP has been applied successfully in deriving optimal policies for play-
ing both chess and checkers endgames. In chess, Thompson (1986) has determined many
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100-move or greater forced wins for five- and six-piece endings. In checkers, endgame
databases up to seven pieces have significantly contributed to a program’s expertise and
earned it the right to play against the world champion (Schaeffer, 1991). However, since
the size of the tables needed to store these policies grows exponentially with the number of
pieces OFFLINE-POINT-DP has effectively reached its limit of usefulness in these appli-
cations. A potential advantage OffrFLINE-RECT-DP is to permit deeper searches before
exhausting available memory for storing the value function.

3.4.1. OFrFLINE-POINT-DP in chess endgames

The OrrLINE-POINT-DP algorithm given in Table 1 must be modified for chess and other
counter-planning domains. The main idea is still the same—the search begins with the
goal states and works backwards systematically. To accommodate the two players, the
backwards search is divided into maximizing and minimizing phases.

The modifiedDFFLINE-POINT-DP algorithmis given in Table 13. There are two queues,
one called?, ... for storing states whemmaxis to move, the other calle@,,,;, for storing
states whereninis to move. The process begins by both queues being initialized with their
respective goals. Then processing alternates between the two queues until both are empty.

In addition to the value functionf(s, p), each statds, p) has an associated function
g(s, p), which represents the number of legal moves for playsarting in state that have
not yet been backed up. Initially(s, p) is set to the number of legal moves that player
can make ins. This function is used to determine if the valuefdt, p) is indeed a loss.

The maximizing phase of the algorithm is illustrated in lines 11-25. During this phase,
the backing up of values is the same as in the standard algorithm. The only difference is
following the value function update. If the value determined is not a lossétthen the
state is pushed onto the queue. However, if the value currently represents a loss, then the
state is not pushed onto the queue until all forward operators have been considered (i.e.,
g(s,maz) = 0). When the queugl;», is empty, OFFLINE-POINT-DP performs the
minimizing phase by backing up all states@p,,.. This step is illustrated in lines 26—40,
and itis the exact dual of the maximizing stage. The algorithm terminates when both queues
become empty. With thest(Op) of bothminandmaxs operators being equal to f(s, p)
represents the length of the shortest path to a win or the longest path to a loss.

3.4.2. OrfFLINE-RECT-DP in chess endgames

For chess and checkers, the algorithm@wrrLINE-RECT-DP, given in Table 2, must
also be modified to employ two backup phases. However, instead of manipulating two-
dimensional rectangles, our counter-planning versiorOefLINE-RECT-DP handles
higher-dimensional rectangular regions. Each such region contains a two-dimensional
rectangle for each playing piece on the board. To store and retrieve these regions, a multi-
dimensional rectangle tree is employed (Edelsbrunner, 1983) that provides a retrieval com-
plexity of O(log??(2d) + N), whered is the number of pieces in the region aNdis the
number of regions retrieved.
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Let f be the value function (represented as an array
with one element for each possible state and player).
f[s, min] initialized to+oo; f[s, maz] initialized to—oo for all s.
Let g be the “outgoing move count” (represented as an array
with one element for each possible board position and player).
For each(s, p) initialize g(s, p) to be the number of
moves available to playerin states.
LetQ.nin andQmaz be priority queues.
LetGin andGpqz be the set of goal states.
For eacty € Giin, push(g, —oo) onto Qi and setf[g, min] := —oo.
For eacty € Gmaz, Push(g, +00) oNtoQmaz and setf[g, maz] := +oo.
10 While notEmpty@,,,in) A NOtEMpty(Q:mmqz) do begin
11 While notEmpty@,,») do

aabwnN

© 00 ~N O

12 Let(s",v") == pop@min)-

13 For each operat@p;,, .. do begin

14 LetP := Opy,L.(s) be the pre-image of staté for operatorOpmaz.
15 For eacts € P do begin

16 gls, maz] := g[s, maz] — 1

17 Letv := v’ — cost(Opmaz) b€ the tentative backed-up value of state
18 If v > f[s, max] then begin

19 fls,maz] :=v

20 If f[s, maz] > 0 push(s,v) onNto Qmax

21 end // if

22 else ifg[s, maz] = 0 push(s, v) oONtOQmax

23 end // Fors

24 end // FOlOp

25 end // while

26  While notEmptyQ,qq) do

27 Let(s’,v") == pop@maz)-

28 For each operat@p,,,;,, do begin

29 LetP := Op ! (s).

30 For eacts € P do begin

31 gls, min] := g[s,min] — 1

32 Letv := v’ + cost(Opmin ) be the tentative backed-up value of state
33 If v < f[s, min] then begin

34 fls,min] :==v

35 If f[s,min] < 0 push(s,v) oNtOQmin

36 end // ifv

37 else ifg[s, mazx] = 0 push(s, v) ONtOQmin

38 end /ls

39 end //Op

40 end // while

41  end// while

Table 13. The OFrLINE-PoOINT-DP algorithm for off-line, point-based dynamic programming for counter-
planning domains.

The modifiedOFrLINE-RECT-DP algorithm is given in Table 14 and begins by inserting
the goal regions onto the minimizer's and maximizer’s region quelgs, and @ ,,q.-
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[y

Let f be the value function (represented as a collection of rectangles;
each rectangle has an associated value).

2 LetQmin andQmaz be priority queues.

3 LetGin andGnp,qq be the set of rectangles describing the goal states.

4 For eachr € Gpin, push(r, —oo) onto Qi and insert(r, —oo, nil) into f(min).

5 Foreach € Gmaaz, push(r, +00) ontoQmaa and inser(r, +oo, nil) into f(max)

6 While notEmptyQ,,,in) A NOtEMptyQm.az)

7 While notEmptyQ i) do

8 Let(r’',v") := pop@Qumin)-

9 For each operat@p,,,q. do begin

10 LetP := Opmba(r)

11 For each rectanglec P do begin

12 Letv := v’ + cost(Opmaz) be the backed-up value of

13 Intersect each rectangle; € f such thatr; N7 # 0

14 Gather all of the resulting subregionsrahto a setl.

15 For eachu; € U do begin

16 Let f (u;) be the maximum value of the rectangles intersected to form
17 Letg(u;) be the number of rectangles that were intersected to fgrm
18 If g(u;) = the total number of possible outgoing movesdgr
19 push(u;, f(u;)) oNt0 Qmaz-

20 end // ifg

21 end // foru;

22 insert(r, v, Op) into the collection representingy

23 end /Ir

24 end //Op

25 end // while

26 While notEmptyQ,q.) do

27 Let(r’,v") := pop@maz)-

28 For each operat@p,,,;,, do begin

29 LetP := Op;én(r’)

30 For each rectanglec P do begin

31 Letv := v’ — cost(Opmin ) be the backed-up value of

32 Intersect each rectangle; € f such that; Nr # 0

33 Gather all of the resulting subregionsrahto a setl.

34 For eachu; € U do begin

35 Let f(u;) be the minimum value of the rectangles intersected to feym
36 Letg(u;) be the number of rectangles that were intersected to fgrm
37 If g(u;) = the total number of possible outgoing movesdgr
38 push(u;, f(ui)) oNtO Qyin -

39 end // ifg

40 end // foru;

41 insert(r, v, Op) into the collection representingy

42 end /ir

43 end /lOp

44 end // while

45  end// while

Table 14. The OrrLINE-RECT-DP algorithm for off-line, rectangle-based dynamic programming for counter-
planning domains.
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Figure 13. An example of three abstract Dijkstra backups derivinggeto-play, loss-in-2-ply pattern for the king

versus king-and-rook chess endgame. The loss pattern appears at upper left, and it describes a set of 15 checkmate
states formaxs king (the square piece). Note that each piece is bounded within a rectangle. To derive this
loss, preimages ahin-to-play, win-in-1-ply patterns (illustrated in the middle row) are progressively intersected,
reducing the set ahaxs king’s non-backed-up forward operatorsftoThe bottom row illustrates the provided
min-to-play, win-in-1-ply goal patterns, wheneaxs king is immediately captured.

Then it enters a maximizing phase. This process is illustrated in Figure 13 for the king
versus king-and-rook endgame.

The trickiest part of the algorithm is to determine when all outgoing moves from a region
have been backed-up so that a new region can be entered into the appropriate priority
gueue. Preimage regions are computed as in the maze task. To backup for the maximizing
player, we generate all regions such that- = Op,,L.(r"),r" € Qumin. Next, we need
to determine whether there is any subregiom édr which all outgoing moves have been
backed up. To do this, we identify every regignin f that has a non-empty intersection
with r. We intersect all such regions with », which partitions- into a set of subregions
(these subregions can be cached to save subsequent recomputation). For each suhregion,
the number of outgoing moves that have been backed up is equal to the number of regions
that were intersected to create If this number is equal to the total number of outgoing
moves forr;, then it represents a new loss regiony sis pushed ontoaxs queue ) qz -

Finally, eachr is entered intgf. Note that each backed-up regiemust be entered into
f even if it is completely “hidden” by existing regions with better values—otherwise, we
can’t compute the number of outgoing moves that have been backed up.
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Figure 14. Coverage of batch algorithms as a function of the number of useful Dijkstra Backups for KRK chess
endgame.

OnceQ,.;n is empty, the algorithm shifts into the minimizing phase by backing up each
of the new regions 0®,,.... The algorithm terminates when both queues are empty.

3.4.3. Experiment and results

We studied these two algorithms applied to the king versus king-and-rook (KRK) ending
in chess. While this ending is one of the simplest, it is difficult to play well, even for
experts, and it can involve up to 42-ply of forced moves to win. The value function is
derived for the maximizing side, the player with the single king. The minimizing player
has both a king and a rook. The initial goal states desaribeto-play, win-in-one-ply
positions wherenaxs king is immediately captured. There are 18,704 possible goal states
for OFrLINE-POINT-DP and three goal regions f@rrLINE-RECT-DP that are initially
pushed ont@), ;.

The results of runnin@rFrFLINE-RECT-DP and OFFLINE-POINT-DP for the entire
KRK chess endgame are shown in Figure 14. A useful Dijkstra backup is one that either
leads to a change in value for a region (when a shorter path to a win was identified) or
reduces the number of remaining forward operators.
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From Figure 14, it is clear tharrLINE-POINT-DP requires approximately 50 times
more backups tha®FrrLINE-RECT-DP (706,584 versus 13,619). One factor that can
account for this difference is the representation of the goal stateSOFarINE-POINT-

Dp, 18,704 states must be initially backed up to identify the 54 lost-in-2-ply positions.
This accounts for the initial flat period of the graph where 114,251 backups are required to
achieve a coverage of 5QrrLINE-RECT-DP, on the other hand, must only backup three
general regions, which enables rapid progress to be made, with only 254 backups needed
to reach the same coverage.

A further reason why the region-based abstraction is so effective in this domain is because
of the “funnel” property of the rook moves. Whenever a region is backed up through a rook
move, a more general region is generated. This tends to counter the specialization effect of
forming loss-regions, where repeated region intersections reduce generality.

Another feature of the graphs is their “staircase” form, where each graph alternates
between a steep and shallow slope. The steeper regions are generated during the minimizing
phase where most backups result in a new win. The shallower regions are generated when
the maximizing side is backing up and new loss states are only generated when the set of
forward operators is reduced (o

Similar results have been generated for other, more complicated endings in chess and in
checkers (see Flann, 1992, for more details).

4. Discussion

Our current stock of algorithms for reinforcement learning and explanation-based learning
suffer from many problems. The algorithms and experiments presented above provide
partial solutions to some of these problems.

4.1. Implications for Reinforcement Learning

Let us begin by considering the problems confronting RL methods. Point-based dynamic
programming algorithms (i.e., algorithms that store the value function as a large table)
learn slowly and do not scale to large state spaces. The results in this paper show that
region-based method®O¢FrFLINE-RECT-DP and ONLINE-RECT-DP) learn faster than
point-based methodSOFFLINE-POINT-DP and ONLINE-POINT-DP) in deterministic
and stochastic 2-D maze tasks and in chess endgames. The region-based methods achieve
better coverage, better mean reward, and better approximation to the true value function in
less time than the point-based methods. Region-based methods can be applied in infinite
state spaces, so they provide one way of scaling up RL to solve very large problems where
the state space cannot be enumerated.

Reinforcement learning algorithms that employ function approximation to represent the
value function also learn slowly in many applications (e.g., Zhang & Dietterich, 1995).
A possible reason for this is that general function approximators do not incorporate any
domain-specific knowledge about the shape of the value function. Region-based methods
can exploit prior knowledge (in the form of operator models and the reward function)
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to learn the value for an entire region from a single trial. Furthermore, the value function
computed by region-based backups is exact, unlike the value function computed by function
approximators based on state aggregation.

The effectiveness of region-based backups is limited by three factors. First, region-based
backups require correct operator models. This is not a problem for speedup learning tasks,
where the operators manipulate data structures inside the computer. However, in robotic
and manufacturing applications where the operators manipulate an external environment,
correct operator models are difficult to obtain.

The second factor is—the average number of points in each region in the final value
function. If the point-based state space containstates, then the region-based state
space contains/p states. Experimentally, we observed that the number of useful Dijkstra
backups performed by the region-based methods is reduced from the number performed by
point-based methods by a factorof

Thethird key factor is the cost of reasoning with regions. Forrectanglesintwo dimensions,
this cost is roughlyO(log®(n/p) + plog?(n/p)), which is quite reasonable. For higher
dimensions, Edelsbrunner’s (1983) rectangle-tree data structure reqmrﬁd(Qd) +
N) to retrieve N rectangles ind-dimensions. However, in discrete-valued spaces with
many dimensions, the costs may be prohibitive (Tambe, Newell, & Rosenbloom, 1990).
These high costs are the primary cause of the so-called “Utility Problem” of explanation-
based learning (Minton, 1990; Subramanian & Feldman, 1990). Some researchers have
explored algorithms that combine region-based policies with a default policy (Minton,
1988). This has the advantage of reducing the number of rectangles that need to be stored
and manipulated (but at the cost of eliminating the ability to learn an optimal policy).

4.2. Implications for Explanation-Based Learning

The results and perspective of this paper also provide partial solutions to many long-standing
problems in explanation-based learning. Intheir seminal (1986) paper, Mitchell, Keller, and
Kedar-Cabelli described three aspects of what they called the “imperfect theory problem”:
the intractable theory problem, the incomplete theory problem, and the inconsistent theory
problem. Let us consider each of these in turn.

4.2.1. The Intractable Theory Problem

The intractable theory problem arises when the domain theory makes it expensive to find
a “correct” explanation to which explanation-based generalization (goal regression) can be
applied. This can arise for many reasons. In problems, such as those discussed in this
paper, where optimal problem-solving solutions are desired, an EBL approach will only
work if it is applied to an optimal operator sequence. Finding such sequences starting with
a weak-method problem solver is usually intractable, so this makes it impossible to apply
EBL to such problems.

The present paper has shown that EBL can be applied to these problems if we learn a
value function instead of a policy. By learning a value function, a problem solving system
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can start with very poor problem-solving sequences and improve them incrementally. If
Bellman (or Dijkstra) backups are performed in every state enough times, then the value
function will converge to the optimal value function, and a one-step lookahead policy will
converge to the optimal policy.

This is particularly relevant in the chess domain, where standard EBL methods are very
difficult to apply. Our experiments have shown that region-based dynamic programming
can be extremely valuable in chess endgame problems.

Another case in which the intractable theory problem arises is when the operators in the
domain are stochastic. A traditional EBL system would observe one particular operator
sequence and perform region-based backups along that sequence to learn control rules.
In future problem solving trials, if a future state matched one of the learned rules, then
the EBL system would try to apply the same operator sequence. However, if the initial
observed sequence of states had very low probability, the resulting control rules would not
yield an optimal policy. More fundamentally, EBL methods based on logical proofs lack
the machinery to prove statements about the probability that a particular operator sequence
will reach the goal (or about the expected return that will be received). For this reason, few
people have attempted to apply EBL in stochastic domains.

The present paper has shown, however, that if we shift from learning a policy to learning
a value function and if we shift from simple Dijkstra-style backups to performing Bellman
backups, then stochastic domains can be handled within the same framework as deter-
ministic domains. Hence, dynamic programming provides a solution to this form of the
intractable theory problem.

However, we have seen that region-based methods are less effective in stochastic domains
than in deterministic ones, because the regions are formed by the cross-product of the
preimages of all alternative outcomes of an action. If care is not taken during the dynamic
programming process, the preimages can become very small, which destroys the benefits
of the region-based methods. Nonetheless, in our experiments with stochastic operators,
the region-based methods still had a sizable advantage over point-based methods.

There is one aspect of the intractable theory problem that region-based methods cannot
address. If the search space is immense, so that it is very difficult to find any operator
sequences thatreach a goal state, then dynamic programming methods (either point-based or
region-based) do not have much benefit. To solve such difficult problems, other techniques,
particularly those based on introducing abstractions, must be applied.

4.2.2. The Incomplete Theory Problem

The incomplete theory problem arises when the problem solver does not have a complete
model of its operators (or the reward function). Region-based methods cannot be applied
without complete models. If operator models are incorrect, then the resulting policy will not
be optimal. For example, if operators are missing preconditions, then preimages computed
during backups will be too large. If operators are missing effects, then the post-images will
be too large, so backups will be performed on inappropriate states.

The unified perspective of this paper suggests a solution: model-free RL algorithms such
as Q-learning or adaptive real-time dynamic programming (ARTDP, Barto et al., 1995)
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can be applied in cases where nothing is known about the operators. Hence, a hybrid
approach in which region-based methods are applied to states where models are available
and model-free methods are applied to states where models are not available should be able
to overcome the “incomplete theory problem.”

More generally, a problem solver can observe the results of its interactions with the
environment to learn the missing pieces of the domain theory. The results for ARTDP show
that as long as the domain theory eventually converges to the correct theory, the learned
policy will converge to the optimal policy.

4.2.3. The Inconsistent Theory Problem

The inconsistent theory problem arises when the domain theory permits the construction of
multiple, mutually inconsisent, explanations. This can arise because of errors in formalizing
the operators and their effects, but the primary source of this problem is the use of domain
theories expressed in some form of non-monotonic or default logic. The ideas in this paper
do not provide any insights or solutions to this problem.

5. Conclusion

We have shown that the fundamental step in Explanation-Based Learning—computing the
preimage of a region with respect to an operator—is closely related to the Dijkstra backup
step of dynamic programming and RL algorithms. Based on this insight, we designed and
implemented batch and online algorithms that perform region-based backups. We compared
these to standard batch and online algorithms that perform point-based backups and showed
that the region-based methods give a substantial improvement in performance.

We also compared these algorithms to standard explanation-based learning and showed
that they learn optimal value functions in cases where EBL does not. Indeed, the simple
step of representing the value as part of the regions computed by EBL makes it easy for
EBL algorithms to find optimal policies.

Finally, we have shown how RL algorithms can address many of the open problems raised
by work in explanation-based learning. Reinforcement learning methods can be applied
in cases where EBL would be impossible because of incomplete or intractable domain
theories.

This analysis moves us one step closer to building a unified theory of speedup learning
for problem-solving systems. It provides one possible approach to improving the speed
and scalability of RL algorithms, and it provides solutions to many of the long-standing
problems of EBL.
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Notes

1. Such operator models are also calleddbmain theory

More generally, the return may be defined in many different ways including expected cumulative reward,
expected cumulative discounted reward, and expected reward per unit time. See Puterman (1994) for a
rigorous presentation.

3. This is an oversimplification of some EBL systems, but the central point applies: no existing EBL system can
guarantee that it learns optimal policies. Instead, various ad hoc methods have been developed to ameliorate
this problem.
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