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Abstract

A multi-agent game-learning program that already
epitomizes a variety of high-level reasoning is augmented
with both an associative visual memory and spatially-
oriented reasoning agents. From a pattern-oriented language
based on small collections of markers, patterns persistently
associated with wins, losses, and draws are identified and
stored. A new, game-independent agent relies upon
increasingly improved knowledge about associalions
between these patterns and the outcomes of the contests in
which they are observed. Meanwhile, additional new, game-
specific agents are spawned as generalizations over the
learned patterns. The agents are automatically created and
incorporated into the program. As they demonstrate their
reliability, they acquire increasing influence over decision
making. A dynamic filtering process continually refines
knowledge about the patterns to ensure that, as the game-
learning program becomes more expert, concept formation
becomes increasingly accurate. An important contribution
of this work is the successful self-expansion of 2 multi-
agent architecture during skill acquisition. The resultant
spatially-oriented system is shown to enhance performance.

Introduction

There is increasing evidence that people integrate multiple,
parallel, possibly conflicting strategies to make decisions
(Biswas, Goldman, Fisher, Bhuva, & Glewwe 1995;
Crowley & Siegler 1993; Ratterman & Epstein 1995).
Different parts of the brain, for example, are activated
when decisions are being made about different strategic
aspects of chess (Nichelli, et al. 1994), In humans,
perception is an integral part of problem solving. While
learning to play games, for example, people report noticing
and applying pattern knowledge (Ratterman, et al. 1995).
Even experts describe their rationale for move selection in
terms of control of the center of the board or the edges
(Fine 1989; Gelfer 1991; Lee & Mahajan 1990; Samuel
1963; Samuel 1967).

It is the thesis of this work that those interested in the
simulation of human intelligence cannot afford to overlook
perception, and, in particular, those interested in the design
of adaptive game players cannot afford to overlook pattern
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learning. The work reported here simulates the way people
learn pattern-oriented play. People integrate both pattern
knowledge and spatially-oriented concepts into their
decision making. Game players, for example, apply pattern
knowledge that associates particular patterns with
successful or unsuccessful play. In Figure 1(a), the empty
locations are blanks, # denotes “don’t care,” and a skilled
tic-tac-toe player associates the pattern with a win for X.
The pattern may appear in any symmetric orientation, the #
squares may be empty or contain any marker; the human
expert still will associate the pattern with a win for X.
Game players also use more general but equally salient
spatially-oriented heuristics. An example is the
generalization “reflect O’s move through the center,”
produced from the three patterns of Figure 1(b) and proved
to be optimal play for X in the game lose tic-tac-toe
(Cohen 1972). In general, spatially-oriented heuristics are
much faster than high-level reasoning and search because
they function as compiled knowledge; they are applied
without reasoning about them.

Like people, the FORR architecture for learning and
problem solving simulates the integration of a variety of
strategies and employs multiple concurrent processing
streams (Epstein 1994a). Each strategy is represented as an
agent that contributes advice on how to make a decision.
Hoyle is a FORR-based program that learns to play two-
person, perfect information, finite-board games. To
integrate spatially-oriented reasoning with other kinds of
strategies, the program has recently been enhanced with
pattern learning. One new agent produces advice based
upon these patterns, essentially applying pattern
associations like those of Figure 1(a). Individual additional
agents are learned as generalizations over patterns, like the
generalization over Figure 1(b).

At an earlier workshop we reported a preliminary design
for this system based on small samples of play experience
(Epstein & Gelfand 1995). The contribution of this paper is
a revised and much improved version that now processes
all playing experience, plus evidence that this spatially-
oriented reasoning is readily integrated into the pre-
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(above 5 for support and below 5 for opposition) of the
Advisor’s opinion on the action. Whenever it is Hoyle’s
turn to move, the hierarchy is provided with the input, and
tier 1 sequentially attempts to compute a decision. If any
tier-1 Advisor makes a decision, it is executed as Hoyle's
move. If no tier-1 Advisor makes a decision, then the
second tier collectively makes its many, less reliable
recommendations. After all the tier-2 Advisors have
commented, the move that is forwarded to the game
playing algorithm for execution is the one that has the most
support and least opposition, i.e., the one that produces

max; (% s{A, i)) [

where s(A, i) denotes the strength of the comment from
Advisor A on move i.

Hoyle’s performance improves with expetience because
many of the Advisor’s formulate their comments based
upon the useful knowledge the program learns from play.
Useful knowledge is expected to be relevant to future play
and is probably correct in the full context of the game tree.
Examples of useful knowledge include recommended
openings and states from which a win is always achievable
with perfect play on both sides. Each item of useful
knowledge is associated with a learning algorithm that is

Recommended actions

highly selective about what it tetains. The learning
methods vary; they may generalize and they may discard
previously acquired knowledge. Further details on Hoyle
are available in (Epstein 1992).

Learning Patterns as Advice

Our system limits -the cost of creating strategically
meaningful, higher-order concepts by formulating them
from a limited group of patterns associated with wins,
losses, and draws. A pattern, for our purposes, is a small
geometric arrangement of marker types (e.g., black or X)
and blanks (unoccupied positions) with a particular
orientation to each other, such as Figure 1(a). Patterns are
normalized for symmetry, i.e., each represents all the ways
it could be placed on the board under the eight classic
symmetries of the plane (0-, 90-, 180- and 270-degree
rotation, reflection across the horizontal and vertical axes,
and reflection across both diagonals). Patterns are initially
identified by templates (Epstein, et al. 1995).

Figure 3 provides an overview of the five-stage process
Hoyle uses to move from visual perception to new spatial
Advisors. The associative pattern store is a heuristically-
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Figure 3: A schematic of Hoyle's associative pattern learning and spatially-oriented agent formation.
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stage 3 of Figure 3, periodic sweeps through the pattern
cache attempt to generalize sets of patterns into concepts
like that of Figure 1(b). Each new concept is
proceduralized in stage 4 of Figure 3 into an individual,
game-specific, tier-2 Advisor called a spatially-oriented
Advisor. A spatially-oriented Advisor for concept C in
game G supports a move to a state where an instance of C
is newly introduced and opposes a move to a state where
an instance of C is eliminated.

Credit/blame assignment in a domain such as this is
difficult; even human experts may disagree on the move
that won or lost a contest. The significant decision may
have been early in play, or may have been a set of moves
rather than an individual one. Rather than credit or blame
an individual move, an algorithm called AWL credits or
blames each tier-2 Advisor when it supports or opposes
expert-like behavior (Epstein 1994b). This approach holds
the rationale behind actions accountable, rather than the
actions themselves.

AWL is a modification of WINNOW (Littlestone 1988).
Instead of tallying the tier 2 comments with [1], AWL uses

max; (% wi s(A, 1)) {31

For each tier-2 Advisor A; and each game, AWL computes
a weight wj to reflect the importance and reliability of A;
in that game. Previously, if two Advisors commented on
the same move with the same strength, their comments
would have been treated identically. If one of the two
Advisors were more trustworthy in a particular game,
however, its comment should have more influence there.
Irrelevant and self-contradictory Advisors in a particular
game should eventually have weights of 0, and more
trustworthy Advisors should have higher weights than less
trustworthy ones. Prior empirical experience with Hoyle’s
game-independent Advisors showed such weights to be
game-specific.

As new, spatially-oriented Advisors are spawned and
Hoyle's skill develops further, some of them may prove
irrelevant, self-contradictory, or untrustworthy, despite
prior empirical evidence of the validity of the patterns on
which they were based. We use AWL to integrate
spatially-oriented Advisors into tier 2, assigning them
credit or blame when they support or oppose expert-like
behavior. AWL runs after each contest Hoyle plays against
an external (human or computer) expert. The algorithm
considers, one at a time, only those states in which it was
the expert’s turn to move and Hoyle’s tier 1 would not
have made a decision. For each such state, AWL
distinguishes among support and opposition for the
expert’s recorded move and for other moves. Essentially,
Hoyle learns to what extent each of its Advisors, both
ordinary and spatially-oriented, simulates the expertise
exemplified by the expert’s moves. AWL cumulatively
adjusts the w;'s after each contest and uses those weights

to make decisions throughout the subsequent contest. In
particular, AWL gradually validates spatially-oriented
Advisors (stage S of Figure 3) for relevance and
correctness during subsequent play.

Although prespecified, game-independent Advisors and
learned, game-specific Advisors work together in tier 2 to
select a move, a new spatially-oriented Advisor is
probationary. Once the new Advisor demonstrates its
relevance (ability to comment), its comments are gradually
incorporated into the decision making process. When a
probationary Advisor outputs comments, its comment
strength is multiplied not only by wj as in [3], but also by a
discount factor d4 that reflects its novelty.

max; (z dawis(A, 1)) (4]

A

Initially, d o is 0.1. With each decision the probationary
Advisor participates in, that number increases by 0.1 until,
after 10 such decisions, the Advisor is relieved of its
probationary status and is treated like all the others
(da =1). As a result, the collective wisdom of tier 2 not
only remains intact but actually improves as the spatiaily-
oriented agents are smoothly integrated into the pre-
existing architecture. Further details on the formation of
spatial concepts and spatially-oriented decision-making
strategies in Hoyle are reported in (Epstein, Gelfand, &
Lesniak 1996).

Results

In the experiments described here, Hoyle alternately
moved first in one contest and second in the next. Such a
run continued until Hoyle was said to have learned to play
a game because it could draw n consecutive contests. Once
the program met this behavioral standard, the game was
considered learned, learning was turned off, and Hoyle
was tested against four challengers that simulated perfect,
expert (10% random move selection, 90% perfect), novice
(70% random move selection, 30% perfect), and random
contestants. During testing, reliability measures the
consistency with which the program can continue to win or
draw against contestants of varying strengths, and power
measures the ability of the program to defeat those
contestants (Epstein 1994¢). Because Hoyle is non-
deterministic, all results are averaged over five runs.

We have successfully impiemented spatially-oriented
decision making with the integration of spatially-oriented
Advisors into Hoyle’s tier 2. We tested the process on the
games tic-tac-toe and lose tic-tac-toe, played exactly like
tic-tac-toe except that the first person to get three of the
same playing piece along any row, column, or diagonal
loses. Tic-tac-toe is an easy game for Hoyle to learn; there
is only one kind of contest it must lose before it plays
perfectly, so that the speed with which it Jearns merely
reflects how soon the non-deterministic external expert
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Figure 5: The weights attributed to three learned, spatially-oriented Advisors during 250 consecutive learning contests.

irrelevant and incorrect ones, proves AWL to be an able
filter for the newly-learned agents,

Our implementation successfully avoids the potential
combinatoric explosion in detected patterns. Even in so
small a board as the one for these games, there are 37
possible patterns, but to date we have seen no more than 35
patterns in the cache, and even fewer are emphasized as the
conceptual grounds for a spatially-oriented Advisor.
Despite the potentially large number of lose tic-tac-toe
patterns, for example, on a typical run after learning there
were 39 patterns in the pattern queue, 34 patterns in the
cache, and 16 relevant (validated and actively
commenting) spatially-oriented Advisors.

Memory of patterns is refined by the threshold for a
pattern to enter the queue (set to 3 in these experiments),
aging in both the pattern queue and the pattern cache (set
to .9 and .99, respectively), and the management of both
consistent entries (with effective zero .01) and inconsistent
entries with the confidence value. Although we did not
perform a quantitative study of this memory refinement
process, we did find that without it performance degraded.
These processes are ongoing and constantly refine the
system’s perspective on patterns.

Discussion

We do not advocated reliance on pattern learning alone.
That would ignore the other, higher-level processes quite
evident in human decision making. Indeed, Hoyle learns

11

much useful knowledge that is not pattern-oriented and has
been detailed elsewhere (Epstein 1992).

The implementation of pattern learning and its ability to
spawn new tier-2 Advisors were inspired by repeated
laboratory experiences with people, in the context of many
different games. College students spoke about, reacted to,
and relied upon familiar, sometimes symmetrically
transposed, patterns while learning to play well. They
spoke of “the death triangle” or “the black L,” for example.
Later, they relied heavily (sometimes too much SO} on
these patterns as a kind of compiled expertise (Ratterman,
et al. 1995).

Other researchers have created programs that capitalize
upon learned patterns (George & Schaeffer 1991;
Levinson, Beach, Snyder, Dayan, & Sohn 1992; Painter
1993). Typically, however, a great many patterns are
acquired, so that matching against them becomes non-
trivial (Fawcett & Utgoff 1991; Yee, Saxena, Usgoff, &
Barto 1990). In one run, for example, Fawcett and Utgoff's
T2 learned 45 tic-tac-toe concepts as predicate calculus
expressions with 52 clauses after 800 contests. This is a
great deal of experience and a great many patterns with a
heavy matching cost for so simple a game. The problem,
we believe, is that predicate calculus lacks incisiveness,
and that such programs are forced to represent many
inconsistencies that may have no consequence in actual
strategic play. The process we describe, in contrast,
identifies inconsistent experience early on, and filters down
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