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\ Abstract

~ Othello is a recent addition to the collection of games that have been examined within artificial intelligence.
Advances have been rapid, yielding programs that have reached the level of world-championship play. This
article describes the current champion Othello program, lage. The work described here’includes: (1) a task
analysis of Othello; (2) the implemenation of a program based on this analysis and state-of-the-art Al game-
playing techniques; and (3) an evaluation of the program’s performance through games played against other
programs and comparisons with expert human play. ..

This research was sponsored by the Defense Advanced Research Projects Agency (DOD), ARPA Order No.
3597, monitored by the Air Force Avionics Laboratory Under Contracf F33615-78-C-1551, i
Y ARPA Ovder)- 2597
The views and conclusions contained in this document arc those of the author and should Not be
interpreted as representing the official policics, either expressed or implied, of the Defense Advanced

Research Projects Agency or the US Government.
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L INTRODULCTION |

1. Introduction

The game of Othello’ is a modern variation of the 19 century board game Reversic Itwas developed inits
current form in 1974 by Goro Hasegawa (see Personal Computing (1980) for mure details), and up until
recently it has been played primarily in Japan, where it is the second inost popular board game (next to Go).
Othello is similar to backgammon in its appeal; the rales are simple an enjovable game can he plased by
beginners, and there is a great deal of complexity that must be dealt with in order to play the game well. One
of the purposes of the present article is to face this complexity by treating the game of Othello as a subject for
scientific analysis.  The primary purpose of this article is 0 show how state-of-the-art game-playing
techniques can be applied to Othclio to yicld a competent performance program, called Jago. In its most
recent competition, Jago won the Santa Cruz Open Machine Othello Tournament’, with an 8 - 0 record
against an international field of computer Othello programs. In his review of the tournament, Jonathan Cerf,
the current world Othello champion, stated [Cerf 81b): “In my opinion the top programs from Santa Cruz are

now cqual (if not superior) to the best human players.”

The study of game playing is onc of the oldest and most developed portions of artificial intelligence. f-arly
work on checkers [Samuel 63) showed the potential of Al techniques in game playing. More recently, the
ficld has been driven primarily by advances in chess [Slate & Atkin 77], which have led to programs that are
fast approaching'thc master level of play. Work on other gamces has continued to broaden the range of
application of game-playing methods. For example, the work by Berliner on backgammon has produced a
program that won a match against the world backgammon chanpion, as well as contributing new methods
and theory to the ficld [Berliner 80),

The success of Jago is additional cvidence of the power of Al game-playing techniques. When 1 began this
effort, my knowledge of both Othello and game-playing techniques was rudimentary. My total experience
with Othello consisted of about ten games against a very poor program (which played the maximum disc
strategy (Scction 3.1.1)). Since then, with about 5§ man-months of cffort, Jago has been brought up to world-
championship level.

lago routincly beats all human players around the CMU computer science department (including the
author). Because programs do not currently participaie in human Othello tournaments, Jago has only
competed in two tournaments organized cxplicitly for Othello programs. The first -- the Northwestern Man-
Machinc Othello Tournament -- took place in June 1980. Therc were cight invited competitors, including the

lOlhcllo is CBS Inc.'s registered trademark for its strategy disc game and equipment. Gameboard design (¢) 1974 CBS Inc.

2/\ description of the tournament and the final standings can be found in Frey (1981a).
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then world Othello champion, Hiroshi Inoue, the U.S. Othello champion, Jonathan Cerf, and an carly version
of Jage. That version of lage was written in the Sail language, and was running on CMU-101) (a 1ecSystem
1050 -- KAI10 processor with 240K words of prihary meraory). The other five competitors were Othello
programs. lago came in fifth -- losing to both human entrics, and ending up 3-1-1 versus the other programs,

Itis noteworthy 1 at cach of the humans lost to a program in this tournament.

‘The second tournament -- the Santa Cruz Open Machine Othello Tournament -- was held in January 1981.
This tournament was open to any computer Othello program, and had no human contestants. It drew an
international ficld of twenty programs, including the top entries from the previous tournament. The
tournament was cight rounds, with the pairings being made so that programs with comparable records were
paired (with duplications climinated). An improved version of Jago (still written in Sail, but now running on
CMU-20C, a DecSystem 2060 -- K1.10 processor with 512K words of primary memory) carncd a perfect 8-0

record, including wins against the top four challengers (and seven out of the top nine challengers).

It is difficult to compare the structure of fago with that of the other leading Othello programs, because
there is a reluctance on the part of most of the authors to releasc information3, This stems from a desire to
maintain a competitive edge (and for many, a marketing edge as well). However, one thing is clear --
computing powcr has not been the primary determinant of success in computer Othello. ‘The top two
programs in the Northwestern tournament, and the second through seventh finishers in the Santa Cruz
tournament were running on microcomputers. It is the structure and knowledge contained in the current

version of Jago that allow it to perform at a world-championship level.

The topics covered in this paper include a description of the game of Othello and its rules (Section 2); an
analysis of Othcllo (Section 3); the structure and mechanisms in fago (Section 4); and a comparison of fago's

play with expert human play (Section §). Section 6 contains some concluding remarks.

3For what has been written, see Frey (1980a, 1980b). Maggs (1979). and Phillips (1980). A bricf description of AMdaroa (writen by
Charles Heath), the second place program in the Santa Cruz Open Computer Othcllo Tournament, appears in Cerf (1981b) (along with &
brief description of /ago). To the level at which it is described, Aldaros appears 10 ecmploy information not too different from that in
lege.
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2. The Game of Othello

Conceptually Othetlo is a derivative of the Go family of board games; emphasizing the capture of territory
through the process of surrounding the opponent’s picces. It is played on an 8x8 board, with a set of dual-
colored discs. Each disc is black on one side and white on the other. The initial board configuration is shown
in Figure 2-1a. Othello notation differs from standard Chess notation in numbering the rows from top to
bottom, so the top left-hand corner square is a/. In addition, many of the squarcs have standard names
(Figure 2-1b), such as square 52 which is an x-squar A

Initially, white owns the two central squarcs on the main diagonal (¢4 and e5), and black owns the two
central squarces on the minor diagonal (e4 and d5). Black plays first, and then the players take turns moving
until ncither side has a legal move. The player with the most discs at this point is declared the winner (there

may be tics). In Othello, a player controls only those squares that have a disc with his color on them.

a b ¢c d e f 9 h a b c d e f g h
1 11 |C|A|B{B|A|C
2 2JC|X X|C
3 3]A A
4 @) 1B B
5 ()@ 5| B B
6 6] A A
7 71CIX X|C
8 s8] |C|A|B[B|A|C

(a) The initial board configuration {b) The named board squares

Figure 2-1: The Othcllo board

A move is made by placing a disc on the board, with the player’s color facing up. In order for a move to be
legal, the square must be ecmpty prior .0 play, and placing the disc must capture some of the opponent’s discs
by flipping them to the player's color. Figure 2-2 shows an example of a legal move by black to squarc 44, and
the resulting changes in disc ownership. The board position in Figure 2-2a could not possibly have arisen

during a game; it is intended solely to illustrate a legal move.

The opponent’s discs arc flipped by bracketing them between the disc being played and an existing disc
belonging to the player. Bracketing can occur in a straight line in any of the cight directions (two vertical, two

horizontal, and two in cach diagonal dircction), and consists of an arrangement of the form: the empty square,

45ec Sullivan and Richards (1981) for a glossary of this and other Othetlo terms.

L . I'.. ~ a2 (e M i ..
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a b ¢ g e f g h a b ¢ 2 e f O h
1 @ 1 ()
2 0@ 2 Q@
3 O 3 O
JHeeee e ) i 1000000e]
s| | @00 5] | 1@O®
] 1O () o] 1O ()
1@ @ 7|@® @
8 8
(a) Before black’s move at d4 (b) After black’s move at d4

Figure 2-2: Contrived example to show results of a legal play.
The marker (the solid black square) in (a) points to where the disc will be played.
followed immecdiately by one or more of the opponent’s discs, followed immediately by one of the player's
discs. This arrangement can be found in. two directions from d4: horizontally to the right (flipping the discs at
e4, f4, and g4); and on the lower right diagonal (flipping the disc at e5). There can be no empty squares within
this string, so the disc at d5 does nut flip. Discovered bracketing ddcs not cause discs to he flipped; even
though the disc at square ¢4 is flipped, causing the disc at e3 to be bracketed, the disc at e3 is not flipped. All
of the opponent’s discs that are bracketed by the new disc are flipped to the player's color. No discs are ever

taken off the board -- they just change color.

If the player docs not have a legal move, he loses his turn and the opponent plays again. Usually the game
ends only after the entire board has been filled with pieces, which normally takes 64 - 4 = 60 moves.
However, games can terminate before this occurs when neither side is able to move. In the Santa Cruz
tournament, seven games (out of the 77 games for which a record is available [IFrey 81b), exctuding all types of
forfeits) ended before the board was filled. Two games ended because of wipe-outs, 56-0 and 42-0, and the
other five ended with an average of 1.4 empty squares. In tournaments, games can also end when a player
forfeits because of lack of time. Each side is allowed 30 minutes in which to make all of their moves. This

yields an average of one minute per move, assuming that each side will make half of the moves.

The average winning margin at the Santa Cruz Open was 27.9 discs (standard deviation of 15.7). Figure 2-3
shows how the margin was distributed. Of the 77 games, black won 36 times (average margin of 30.6 discs),

and white won 41 times (average margin of 25.5 discs).
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Number of Occurrences

o 10 20 30 40 50

Santa Cruz Open Machine Othello Tournament

60 70
Disc Differential

Figure 2-3: Distribution of winning margin over 77 machine games
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3. An Analysis of Othello

The basis for 4 program - laays o task analysis, Duc o s newness, Othelle stratepy s sull inan
emh ol stage of development, and useful descriptions of the game are lacking,  There s one English-
language book on Othello [Hascgawa & Brady 77). but s advice s more misleading than helpful. the
analysis i this section s Imuted o what the suthor and conarkers (pamants Bioce Tadendont and Charles

I.eiserson) hayvc been able to ascertain about the gumc5 .

3.1. Three simple strategies

A number of simple strategies, such as the obyvious on¢ of maximizing the numencal dise advantage, have
been suggested for Othello. While none of these strategies can produce a competent pertornnance program,
their examination docs Jead 1o concepts that are useful in a more detailed sk analysis. In this section we
examine three single-concept strategies: (1) the obvious one, called the mavmuwen dise strategy: (2) the

weighted squure strategy. and (3) the mimimum disc strategy.

3.1.1. The maximum disc strategy

The maximum disc strategy derives from a straightforward attempt o use the top-level goal of the game
(possess the most discs at the end of the game) as a playing heuristic. As such. it ts a form of greeds algorithm
‘The goal gets translated into a he. “istic of the following form.

Play the move which captures the most discs

As an evaluation function for a program, this heuristic is generally implemented by maximizing the difference
in the number of discs for cach side. This will be positive when the player has more dises. negatine if the
opponent has the majority, and zcro for a tie. One of the intnguing aspects of Othello s that this obvious
strategy is a miscrable failure. Just how wrong this strategy can be is well documented by 4 game played at
the Santa Cruz Open by lago against The Moor (wnitten by Danvid [ evy and Kevin O'Connell). bigure 3-1a
shows the state of the game after move 30 (Black to play). lago was playing black and The Moor was plaving
white At that point The Moor had a 30 disc advantage (32 1o 2). [ts problems arc two-fold: (1) white has the
most discs, but nothing prevents black from recapturing them: and (2) white has completely lost its mobiluty.
In its most general sense, mobility refers to the amount of freedom a plaver has in the sclection of mosves. In
this case, black should be able to force white to move wherever he pleases. That s precisely what happened;

leading to a final score of 51-13 in favor of Jago (Figure 3-1b).

Figure 3-1c shows the record of the game in Othello notanon. The numbered dises show when, and by

whom, a disc was played in the assaciated square. For example. the first move was made by black at 43, so

’m: author 15 not 3 scnous Othello player and except bnefly at tournaments cxpert plavers have nat been available for consuitation

—_—

o mae
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there is a black disc, with the digit 1 superimposed on it at d3. Fach square in the record has a colored disc
and a move number (between 1 and 60). Figure 3-2 tracks the disc differential over the whole game. Though
The Moor was probably not playing a purc maximum disc strategy, its stratcgy was greedy enough to show

that the maximum disc strategy is poor.

a b c d e f g h a b c d e f O h
10 IOIOI0IO 1189) 5/@/91@(@)
leeeee 2/0|0/000/2/@®|63
3[QOI00I@O Seel e
oeee e 1000 @/©)
s|OI00IOIOIO 5|2/@)
s[Q]_IOI00O 6|23|@|| @I
7 O 719@[6@(®)|eD[6[e9)
8 L @EUECE00

(a) Aftcr the 30th move (b) The final position (¢) The game record

Black to play
Figure 3-1: lago(B-51) vs. The Moor (W-13)
Santa Cruz Open Machine Othcllo Tournament
60,
50{' ®o e lago: Black
40l 00 The Moor: White

g——=8 Difference: Black - White

Number of discs after the move

Move number

Figure 3-2: The disc counts and differential
lago (B-51) vs. The Moor (W-13)
Santa Cruz Open Machine Othello Tournament
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3.1.2. The weighted square strategy

The weighted squere strategy stems from the observation that not all of the squases on the thello board are
of equal value. For example, compare the corner squares (al. A/, u&, h¥) with the x-squares (recall Figure 2-
Ib). The comer squares, once occupicd. cannot be recaptured, while ownership of an x-square almost always

allows the opponent to capture the adjacent corner. The corner square thus seeins i more saluable square.

The maximum disc stratcgy ignores these distinctions; it just computes the numerical difference in disc
ownership. With the weighted square strategy. a sum is computed in which cach disc is weighted according to
the value of the square that it occubies. The difference between the two weighted sums (one for cach player)
is the important statistic. 'The square values can be constants, or can change dynamically with the game

situation, depending on the sophistication of the implementation.

The version of fago that competed in the Northwestern Man-Machine Othello Tournament played a
weighted square strategy (secc Maggs (1979) for a description of a typical weighted-square program). [ts
performancc in that tournament rcvca].cd the inadequacy of the strategy. fago was soundly beaten by both
human cntrants. lago’'s game against Hiroshi Inoue (won by Inouc 43-21) can ac seen in Figure 3-3a. ‘The
weighted square strategy fails because there are more important reasons for taking (or avoiding) squares than
just their location on the board. For instance, mobility is crucial. Starting from the position in Figure 3-3b,
Inoue was able to make six consccutive moves: ¢8, 48, g7, a7, al, and a2. lago had no legal moves during that

entire span. The final board position can be seen in Figure 3-3c.

<
©

| 010/@000]-
0000000

BLELEEEY

®000R®
OIOOIOIOIOIO

o0 0506|-
C6/8/6/0/6/8/6)-

7(69169 0
GDIIIDQDI |00 0/eee |

(a) The game record (b) Whitc gets next six moves (c) The final position
c8, h8. g7, a7, al, and a2

Figure 3-3: Jago (B-21) vs. Inouc (W-43)
Northwestern Man-Machine Othello Tournament
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The weighted square strategy v naot all bad.  Against the ather five progranis i the Narthwestern
tournament. Jage cnded up a respectable 3-1-1. The strategy s not, howeser, sufficient 1o play Othello at a
high level of skill.

3.1.3. The minimum disc strategy

The remaining sunple strategy that is worth examunng 1s the minimum disc strategy. Both the maximum
disc and weighted square strategies ran into mobility problems because of their greediness.  The mmmum disc
strategy attempts to alleviate this by taking the opposite tack. A player using the mimmum disc strategy

minimizes the number of his own discs, while maximizing the aumber of his opponent’s discs.

1 have no direct experience with this strategy. 1t is an approximation to the mobility measures that will be
discussed shortly, but its cmphasis is wrong. Where the discs are placed is as cructal as the simple count of
how many there are. Having only a few poorly placed discs can be disastrous, as the position in Figure 3-4
shows. Black has fewer discs (7 to 39), but only two moves -- both of which allow white to take corner

squarcs. This example is from Stringham (1980), which contains a discussion of the disc counting strategies.

a b c d e f O h

- I L

Figure 3-4: A board position that is misjudged by the minimum disc strategy -- Black to play.
This position is taken from Stringham (1980)
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3.2. General analysis

In a game of Othello, the players must maintain two top-level goals for their play. One wp-level goal
obvious: to win the game. The ather top-level goal, maximizmg the winning margin, s amponant dunng
tournaments in which towal disc differential 1s used as a tie breaking moechanmism. | hwe differential s also the
primary factor in the official raungs of the United States Othello Assoctation (CSOA) A player's rating will
be lowered, even if he wins, if he does not beat his opponent by an amount determined by thair relabve

ratings®.

As with many other games, Othello games can be temporally subdivided into three phases: (1) the opening
game; (2) the middie game; and (1) the cnd game. There arc no firm boundanes between the phaves. Rather,
they are characterized by their diffcrent strategic concerns. in the remainder of this section we examine the
three phases of an Othello game in reverse chronolugical order. The analyses of the carly phawes of the game
are motivated by what comes later in the game.

3.2.1. The end game

As the end of the game nears, the primary concern is with maximizing the disc differenuial. However, as
was shown by the failure of the maximum disc strategy. flipping a disc does hitle good if the opponent can
immediately Mip it back. The concern must be with maximizing the fina/ dixc differential.

3.2.1.1. Solving end-game positions

One way to maximize the final disc differential is by solving the position; that is, to.completely scarch the
game tree to the end of the game. In Othello, the branching factor of the game trce is always bounded above
by the number of empty squares on the board, which diminishes as the end approaches. Figure 3-5 shows the
average number of moves available at each point in the game. The data is averaged over the ten gamcs played
by Jago at the Santa Cruz Open (includes two unofficial games also won by Jago), using the valucs for both
players. Pairs of adjacent moves (the first move for each player (moves 1 and 2), the sccond move for each
player (moves 3 and 4), etc.) were then averaged (o yield the points in Figure 3-S. Becausce of the small
branching factor near the end, complete analysis of final move sequences plays an important part in successful

end game play.

‘Ihe ratings sre defined so that every ten points difference between two players means one disc difference in score. For cxample, 2
game between two players whose rankings differ by 200 points (the interval between classes of playcrs) shauld end with a disc differential
of 20 (a final score of 42-22). Ratings below 800 points are in the novice class. over 1999 points is a senior master The highest ranking
(1796 -- high expert) currently belongs 1o Jonathan Cerf. FFor more on the ratings system see Richards (1981).




P

3. AN ANALYSIS OF OTHELLO 11
20,
18 } Number of empty squares
168} ® - -@ Average number of legal moves
14}
12}
10L- .- -'......_.......'“. . * ‘
- ..
PO 4

6}

4,4

2}

o 10 20 30 40 50 80

Move Number

Figure 3-5: Mean number of legal moves at each point of an Othello game,
Computed from the ten games played by Jage at the Santa Cruz Open

3.2.1.2. Stability

Prior to when complete analysis is possible, possession of final discs can be guarantced through the
acquisition of stable discs. A completely stable disc can never be recaptured (flipped) by the opponent.
Therefore, the number of stable discs for each player is a monotonically increasing function of move number.
Figure 3-6 shows the number of stable discs for the game at the Santa Cruz Open between Jago and Reversi
Challenger (written by Dan and Kathe Spracklen). The game (won by Jago by a score of 60-3) can be seen in
Figure 3-7.

Four lines run through each square on the Othello board (one horizontal, one vertical, and two diagonals).
Two necessary (but not sufficient) conditions for flipping a disc are that there be one of the player's discs on
one side of the desired disc (on one of the four lines through the square), and a blank square on the other side
(along the same line). Neither condition requires hnmediéte adjacency (there may be intervening discs of the
same color as the one being flipped), but this bracketing along one of the lines must be possible. Therefore, a
disc is provably stable if there are no lines through the square along which both of these conditions can cver
hold.

The Othello board can be divided into three classcs of squares: (1) corner squares (al, hl, a8, h8); (2) edge
squares (the a-squares, b-squares, and c-squares in Figure 2-1b) ; and (3) internal squares (the remaining




12 A WORLED-CHAMPIONSHIP-LEVEL O1HE 1 TO PROGRAM

80, o
8 ,
Q oo
2 50 @ & Reversi Challenger: Black 6 |
] i O - O lago: White :
? 40 oo
o ;
$ o
30}
3 Y
3 °
o® |
201 009 |
.': {
10l o000 l
] P (222 22X ) :
o ’ 3 33 33 20 50 60
Move Number
Figure 3-6: The number of stable discs ;
Reversi Challenger (B-3) vs. lago (W-60) ]
Santa Cruz Open Computer Othello Tournament |
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(a) The game record (b) The final position

Figure 37. Reversi Challenger(B-3) vs. lago (W-60)
Santa Cruz Open Machine Othello Tournament
squares). Discs in corner squares are always completely statr:c. At least one side of cach line through a corner
square lics off the playing surface, inaccessible for disc placement. Comner discs are crucial, not only because
of their own stability, but because thcy commonly form an anchor by which other discs can be stabilized.
Edge discs are the first to show this cffect. Three of the four lines through cach cdge square lic off the board
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on one side, leaving only one line of possible instability -- the edge itself. One way of temoving tils instability
is to have the edge dise be immediately adjacent to a stable dise of the same color, such as a corper dise, I
there is no way that the stable disc can be flipped along the edge, the same must be vue of an adjacent cdge
disc of the same color. In general, there are three types of formations that stabilize edge discs.

e If the edege dise is adjacent to a stabile edge (or corner) dise of the saine colot dhen it is stable. For
example, white's discs at b/ and ¢/ in Figure 3-8a.

o If the edge disc is part of a string of the player’s discs embedded between two of the opponent's
stable discs, then it is stable. ‘The embedded dise can also be stble even when the embedding
discs are not: though black’s disc at A4 is unstable (Figure 3-8a), white's dises at /5 and /6 ave
stable. All of the empty squares in the top portion of that edge are needed just to Hip black’s disc,
lcaving no pussibitity of flipping white’s discs.

o if there are no empty squarcs on that edge (including corners) then all of the discs on that edge are
stable. For example, all of the dises on the bottom edge of the board in Figure 3-8a are stable,

In addition to these stable formations, it is possible (though rarc) for an edge disc to be stable simply
because it is impossible for the opponent to make the edge move that would result in the dise being Nlipped.
In Figure 3-8b, the black discs at ad-a6 are stable because it is impossible for white discs to be played at a2

and a’.

8 b c de f @ n a b c d e t g h
1 00@) N@OIOIOOOO
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. @O0
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(a) bl-cl, h5-h7, and b8-gR arc stable. (b) u3-ub arc stable (among others)

Figure 3-8: Contrived examples of edge stability,

Internal discs require stability along all four lines through them, and are thus difficult o stabilize until very
late in the game. The maximum disc strategy ignores this fact (among others). and plays poorly. On the other

hand, the weighted square strategy is a first-order attempt at handling the stability distinctions between the

regions of the board, with weights diminishing from corners to cdges to internal squares.  Of course, this

approach is too simplistic: the impact of owning a disc can extend far beyond the square occupied by the disc.

N )
L————*—_—_ a PR po
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FFor example, placing a dis¢ in a corner square may allow g sting ol dises alung one side to by stabihized (along
with stabilizing the corner square itself), while wrcaking havac along other sides of the hoard. Figure 3-9a
shows a typical such situation, trom the first game of the 1980 world-champtonship match between Jonathan
Cerf (U.S.A) and Takuya Mimura (Japan). White (Mamura) has an wnbalanced formation [Licobs & Jacobs
79] along the wp edge of the board -+ a string of five dises on the sides wath the comers and one of the ¢
squares empty. A move o Al oy white stebilizes wiate's dises along the nght side ot the board, but allows
black to stabilize the top and Iefl sides, In addition, black pets the corner at a¥, ghang hun g leg up on the
bottom edge of the board. | he results can be seen i the final board position (Figure 3-9by. The pame record

is in Figure 3-9¢.
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(a) White to play (b) The final position (c) The game record
{Before Move 50)

Figure 3-9: A casc where the corner move (50-h1) icads to bad consequer.ces
First game of the 1980 World Championship match
Cerf (B-44) vs. Mimura (W-20)

Strategies for occupying and avoiding specific squares become a major component of play when the effect
of a single disc is critical. A player can have one (or more) of the following goals for a square: (1) occupy the
square himsclf; (2) avoid the squaie; (3) have the opponent uccupy the square; and (4) keep the opponent out
of the square. Each type of goal requires a different strategy. but they are all based on a common set of four
componcnts:

o Work on the complementary goal. For example, if a specific square is desired, the complementary
goal of keeping the opponent out of the square should also be pursucd.

o Work on ownership of the adjacent squares. 1f the player has discs in the squares adjacent to the
contested square, the opponent is likely to get the square (and vice-versa),

o Look for sequences of moves with the desired result.

e Maximize the player’s mobility, and minimize the opponent’s mobility. A player with low maobility
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can be foreed into taiking undesitable squares. A player with high mobility has a better chance of
finding sequences of moves with the desired result.

3.2.2, The middle game

During the middle game, mobility -- lexibility in the choice of moves -~ is the critical strategic concern.
Fack of mobility can lead a player into two distinet difticaltics. "Fhe gane at the Santa Cruz Open between
lago and The Moor (recall Figure 3-1) illustrates one type of difficulty. Jago took advantage of the carly loss
of mobility by The Moor, by consistently lcaving The Moor with a choice among a small set of moves. When
pussible, the set included only bad moves, resulting in a gradually dcteriorating position for The Moor.

Figure 3-10 shows the number of legal moves for cach side in the game.

u 20-
% 18| Maximum possible legal moves.
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Figure 3-10: 'The number of legal moves
lago (B-51) vs. The Moor(W-13)
Santa Cruz Open Machinc Othello Tournament

As an altcrnative to using a mobility deficiency to force bad moves, the opponent’s moves can be
climinated cntirely. The game at the Northwestern tournament between Jago and Hiroshi Inoue (recall
Figure 3-3) illustrates how this can lead to the second difficulty. Jago's mobility was restricted for most of the
latter part of the game. Inouc took advantage of this by making six of the last seven movces in the game,

generating a large number of stable discs at the last minute.

Whichever tack is taken, the development of a mobility advantage becomes a crucial strategic concern in
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the middle game. However, it is clear that this involves more than just maximizing the difference in the
current number of moves availuble to the players. First, the desitability of the moses matters. A player who
has a large number of moves, all of which are undesirable, suffers from the first difticulty described above --
he must make bad moves. The other problem with the simple notion of mobility is that, in additon to
immediate mobility, the players must consider what other foatures of the hoard will lead to a long-term

mobility advantage. In all, there are three aspects of the board that impact mobility.

o The current number of m‘ccpmble’ moves. ‘The difference in this value for the two players
determines who has the unmediate mobility advantage.  In addition, all else being cqual, the
advantage will propagate some distance into the future, impacting future mobility.

® The current number of unucceptable moves. While of little use in the immediate situation, given
time, unacceptable moves can become acceptable.  For example, an x-square move becomes
acceptable once cither the adjacent corner is occupied, or it no Jonger matters if the opponent
takes the corner, or the opponent has no way of flipping the x-square disc along the diagonal (if he
has no discs on the diagonal, and no way of getting any). ‘This proves to be a common way of
squeczing out a last one or two reasonable movces.

o The mobility potential of other board configurations. According to the rules of Othello, a formation
consisting of (1) an empty square, followed by (2) a sulid string of the opponent’s discs. followed
by (3) one of the player's discs, is required for a legal move in the empty square. By working on
each aspect independently, at some later point there should be a payoft in terms of an additional
advantage in the number of moves. For example, one aspect involves dises that are adjacent to
empty squarcs (frontier discs). Acquisition of frontier discs limits the long-term mobility of the
player while allowing the opponent to increase his mobility. Figure 3-11 shows an example from
the game at the Santa Cruz Open between fago and Reversi Challenger. Reversi Challenger has
built a wall of frontier disks along the top. disallowing any moves by it in the top ‘half of the board
until aftcr Jago breaches the wall. Jago, on the other hand, has its choice of moves across the wall.

3.2.3. The opening game

The opening game should be based upon a book containing successful opening sequences of moves, but
little has been published (at lcast in English) on the subjccla. However, there is agreement on the first iwo
moves in the game. The first move (by Black) is a choice between four symmetric moves (d3. /5. e6, and c4);

the choice is arbitrary. White selects the initial line of play with his first move (the second mozc in the game).

He has three alternatives: (1) the perpendicular opening (Figure 3-12a); (2) the diagonal opening (Figure 3- -

12b); and (3) the parallel opening (Figure 3-12c). The perpendicular and diagonal openings show up in
expert Japanese play {Albion 80]; the parallel opening does not.

7Rigorously defining "acceptable” is problematic: it is uscd loosely here to refer to moves that do not have disastrous consequences.

8/\Ibion (1980) contains a description of one opening (the Maruoka opening). and some variations.
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Figure 3-11: A wall trapping black in the lower half of the board
Reversi Challenger (13-3) vs. fago (W-60)
Santa Cruz Open Machine Othello Tournament
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Figure 3-12: Initial game records for white's three opening moves
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4. lago

The primary task faced by Jage is to sclect the best move, whenever it is its turn to play. To accomplish
this, fage is built around a- scarch (sce Nilsson (1971)), and an evaluation based on the Othello knowledge
described in Scction 3. These two components form the heart of fage (and this section), but they are not
sufficient alone because of the time constraints under which Othello games (at least during tournaments) are
played. Care must be taken so that fago can complete all of its moves within its allocated time (30 minutes in

tournament games).

4.1. Time allocation in lago
During touraament matches, lago must allocate its 30 minutes effectively. This would yield one minute
per move if it were spread equally over all of the moves (assuming that fago makes half of the moves). Five

factors make this simple approach inadequate:

1. Time that is left unused by onc move sclection can be fruitfully added to later moves.

2. There is overhead time for disc flipping (on the physical board), typing in moves, and hitting the
button on the chess clock. This time is charged to /age, in addition to the time taken to sclect a
move.

3. Some time must be left in case hardware problems arise during the match. Tournament rules
vary, but computer downtime is frequently charged to the program’s clock.

4. Iago may have to make more than the standard 30 moves (in case its opponent can’t move at some
point in the game).

5. The value of additional clock time varies across moves. For example, it can pay to allocate more
time to end-game moves if that allows the positions to be completely solved.

Before beginning cach move selection, fage generates a time allocation for the selection. This allocation is
computed by multiplying the amount of time Jago has remaining on its clock by a pre-computed allocation
factor for the current point in the game (move number). These factors were computed by the following
procedure:

1. A marginal value was assigned to cach move number, reflecting the importance of that point in
the game.

2. The values were then normalized so that the odd and even fractions would separately sum to 1
(corresponding to plays by black and white respectively).

3. An allocation fraction for cach move number was then computed as the ratio of its marginal value
to the sum of the marginal values from there to the end of the game.

i et i i 8 . b i PR, i . el
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4. Sume tractions were then reduced by hand to leave room for more than 30 moves”,

‘The resulting normalized marginal allocations are shown in Figure 4-1. The raggedness near the end of the
curve is a result of the hand moditications. ‘The first inove has an abnormally small aifocation because it is a
choice between four symmetric moves. Any time spent on this selection is a waste, and there is no opening

book in which to prestore a selection.
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Figure 4-1: Marginal time allocation fractions (normalized) by move number

The time allocation is generated by multiplying the amount of time left on the clock by the allocation
fraction. This procedure takes carc of points 1, 4, and 5. Potential hardware problems (point 3) arc alleviated
by removing 2.5 minutes from lago's internal clock at the beginning of the match, leaving it with only 27.5
minutes available for allocation. Overhead time (point 2) is handled by subtracting 10 secconds from the time
allocated for the move sclection. ‘These 10 seconds are then used by the overhead activitics instcad of by the

move sclection procedure.

9’I‘hi.~. was a post-hoc solution that became necessary during the Santa Cruz Open. There were several games in which fage nearly ran
out of time (using 28 of its 30 minutcs).
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4.2. Search in lago

The basic scarch procedure in fago consists of an implementation of a full-width recerive a-f algorithm,
The root node of the search tree returns the move that must be made in order to reach its best (determined by
the backed-up cvaluation) child node (the first-ply nodes). The remaining nodes back up the evaluation from

the terminal nodes of the tree,

lterative deepening [Slate & Atkin 77] is used to determine the depth to which fago can scarch during the
time allocated. lago performs a complete 1-ply scarch, followed by a complete 2-ply scarch, and so on. fago
trics another ply when it cstimates that it can completely scarch at Ieast Min{3, number of first-ply nodes} of
the first-ply nodes at the new depth. In order to make this estimation, fago keeps track of the amount of time
spent for cach iteration, and the average branching factor for cach player. Using this information, it

extrapolates the expected time to complete another iteration.

Even when fago estimates that it can finish another iteration, the amount of time required to finish might
far exceed the time allocated for that search. To handle this, Zago checks its progress between cach first-ply
node, and aborts the search if it estimates that the time to complete one more first-ply node will exceed 1.3
times the allocated time. During each scarch, the first-ply nodes are ordered according to their valucs.
Because this ordering is used to cstablish the search order for the next iteration, even if the search is aborted

after only onc first-ply node, it is safc to pick the best move found during the current iteration.

lago currently searches to an average depth of 6.3 (i.c. scarches are completed for .3 of the first-ply nodes at
a depth of 7) . Deeper scarches do result in better performance, but increasing the depth of scarch is not a
panacca. In the Northwestern tournament, the two worst programs scarched to an avcrage depth of 7-8 ply,

while the better programs scarched to only 4 or 5 ply.

4.2.1. Increasing the efficiency of the search

lago’s search depth has been increased by: (1) upgrading the efficiency of the evaluation function; (2)
performing all computations as close to the root node as possible (incremental updating of the evaluation
Junction); and (3) decreasing the number of nodes that the scarch must examine. The techniques included in

(1) are discusscd along with the evaluation function itself in Scction 4.4.

Because cach additional ply in the scarch adds a loop nested within the current innermost loop of the
computation, technique (2) is equivalent to the optimization technique of moving code out of loops. Many of
the valucs that arc needed in the evaluation function can be computed by initializing them at the beginning of
the search, and updating them as the scarch proceeds. 'This procedure takes computations that would
otherwise be done completely at the terminal nodes of the scarch (inside the inncrmost loop), and sprecads

them out over the entire scarch tree (moving much of the cffort out of the inner loops).




4 IAUO A

‘The third wechnigue is where the «-f8 algorithni is so important, With a 30 minute e allocation in which
to make its moves (tournament situation, but with no overhead charges). fago cx:umines an average of 10000
terminal nodes per move!? {counting the terminal nodes from all iterations of the scirch). The average raw
branching factor is 9.9, so with a simple minimax scarch (no iterative deepening). Jago could only achieve a
search depth of 1.0, Jago achicves its average scarch depth of 6.3 by lowering the brunching factor o 1.0, The

minimal attainable branching factor for a-g is 3.7 (sce Slagle & Dixon (1969) for the defining formula).

Since the order in which nodes are scarched is crucial to the efficiency of the a-f algorithm, fago devotes
considerable resources to improving on random ordering. fago gathers information about node ordering
during itcrative deepening. The top three ply of the search tree are ordered and saved once they have been
scarched -- guarantecing perfect ordering (according to the information obtained so far) for the critical top
portion of the trce. Below the top three ply, lago maintains a response killer table (similar to the refutation
data used by Cichelli (1973a)). For cach possible move (combination of square and player), the table contains
a list of all possiblc responses, and a rating for cach response, ‘The ratings are computed incrementally over
iterations of the wearch (and across successive moves in the game, though they are halved between moves to
emphasize the effect of killers found on the current move) by boosting the response value by a small amount
whenever it is a legal response, and by a large amount whenever it is the best response (or the cause of a cutoff
in the scarch). Therefore, lagoe can gencrate an ordering at cach node by looking at the ratings of the

responscs to the move made at that node.

A two-factor experiment (depth to which the scarch tree was saved versus the ordering heuristic used for
the remainder of the search tree) was performed to cvaluate the cffectiveness of these techniques (sce Gillogly
(1978) for an analysis of the cffectiveness of scarch heuristics in chess). Three different depths were used: 0, 1,
and 3. In the remainder of the tree, four ordering heuristics were tried: (1) a fixed ordering of the nodes
based on the "natural” order of move generation (left-to-right across the board and top-to-bottom); (2) a fixed
ordering according to the "valuc” of the squares (e.g. corner squarcs are first); (3) a killer table based on who
1s to move, and the move number (similar to the killer heuristic first suggested by McCarthy in
1957 [McCarthy 81]); and (4) the response killer table.

The twelve conditions (3 X 4) were all evaluated on the same set of six data points sclected from five games
at the most recent world championship tournament [Prentice 81]. Two points were sclected randomly from
moves 1-15 of the five games, two from moves 16-30, and two from moves 31-45. For cach point, the scarch

depth was sct so that the standard condition (trec depth of 3, responsc killers) would use about 1 minute. This

1OThis value (as well as the value for the branching factor) was computed by averaging the values over the first 46 moves of a game

playcd by Jagoe against itself (end-game scarches were done from move 47 until the end of the game (sce Section 4.3)).
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depth was then used or all twelve condivons, The mean and standard doviation) ol the branchang tadtan tor
cach condition (averaged over the 6 points) can be toand - Table 410 The minunal obtanable branching
factor for the six points is 3.9 (standard deviauon ot 0.8). The best condition (search tree saved to a depth of 3,
with the response killer table used in the remainder of the tree). is the one used in fago. 1his stll leaves room
for improvement. as the branching fuctor for this condition (L1 differs ooty from the optimet value (p

<0.05).

Ordcring Heuristic
Depth Fixed Order Killer Table
Saved Move Generation Square Value Move Number Response Marginal
0 56(1.3) 5.4(1.8) 4.4(0.8) 4.2 (0.8) 49(1.3)
1 55(1.2) 5.1(1.6) 45(0.8) 43(0.9) 48(1.2)
3 4.7 (0.9) 44(1.0) 4.2 (0.7) 4.1 (0.8) 4.3(0.8)
Marginal 5.2(LD) 49(1.5) 4.4 (0.7) 4.2(0.8) 47(L1)

Table 4-1: Evaluation of a-# ordering heuristics in /ago.
Three depths to which the scarch tree is saved X four ordering heuristics
Mean (and standard deviation) of the branching factor for cach condition,

Looking at the marginal means, there is a clear trend along both dimensions: the more ordering
information available, the lower the branching factor. Along onc dimension, as the depth to which the search
tree is saved increascs, the branching factor decreases. Along the other dimension, both fixed ordering
schemes maintain a single ordered list of squares (the square-value list has effectively more information
because the ordering is based on knowledge of the game), while the move-number killer table requires up to
15 (the maximum search depth) lists, and the response killer table requires up to 60 (the number of squares in

which it is possible to play) lists.

While the trends are clear, not all of the results achicve statistical signiﬁcancc”

. There is a significant
difference between tree depths of 1 and 3 (p < 0.001), but the difference between 0 and 1 did not achicve
significance (though p < 0.1 does hold). Along the other dimension, the two fixed ordering schemes do not
significantly differ (p < 0.15), and the same holds for the two killer tables (p < 0.1). When the fixed ordering

data is pooled and compared against the pooled killer data, the difference is sighificant (p < 0.005).

llThc data were normalized before they were checked for significance, by dividing cach value by the branching factor for the control
condition (nonc of the search tree was saved, and the move-generation fixed ordering was used).
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4.3. Solving end-game positions

lago is capable of solving (through a complete scarch to the end of the gamce) a significant number of end
game positions. In this context. solving a position can have two distinet incanings, corresponding o the two
top-level goals in Othello (Section 3.2): (1) to find the move which maximizes the final dise differential; or (2)
to find uny mose which yields the hest pnssihlg value from the set §win. tie. loss). Taso has a distinet (from
cach other, and trom the evaluation function used in the carlicr part of the game) cvaluation function for cach
of these goals, consisting of the obvious measure for cach interpretation: (1) the final disc ditferential; and (2)

a three valued mcasure (from the sct {win, tie, lvss}).

Evaluation (1) is logically sufficient for both top-level goals, but evaluation (2) can be employced carlicr in
the game. Jago is capable of performing a complete end-game scarch with evaluation (2) at around move 46
(15 moves from the end of the game). Employing evaluation (1) is usually feasible at move 48 (13 Moves
from the end). ‘T'wo aspects of Evaluation (2) are responsible for its ability to be used prior to Evaluation (1).
Because evaluation (2) can return only one possible value for a winning position, cutoffs abound. once the
first winning path has been found in the scarch tree. In addition, the scarch order when evaluation (2) is
employcd should be nearer to optimal, as it is only necessary to assure that the winning moves precede the ties

and losses. Extra search is not required just becausce the best winning move was not scarched first.

lago decides dynamically which evaluation to use. At every iteration in the scarch, a decision is made
whether to go one deeper with the normal evaluation, use evaluation (1), use cvaluation (2), or terminate the
search. The decision as to which search to perform, is based on empirically determined cquivalences in search
time. Using cither cvaluation (1) or (2) the scarch can get deeper than is possible with the normal evaluation
because of the smaller time costs of the evaluation functions involved. If the scarch depth for the current
iteration is n, the next iteration will be cither a search with the normal evaluation to a depth of n+1; a search
with evaluation (1) to a depth of n+5; or one with evaluation (2) to a depth of n+7. The scarch times for
these alternatives are approximately equal. The decision algorithm is:

Ifthere is not enough time for another itcration
Then terminate the scarch
FLlse [fthe current position is within n+ 5 moves of the end of the game
Then usc evaluation (1)
FElse [fthe current position is within #+ 7 moves of the end of the game
And there is not enough time to do two more iterations and evaluation (1)
Then use evaluation (2)
Else complete another iteration with the normal evaluation.
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4.4. lago’s evaluation function

When fagoe is unable to scarch to the end of the game, it makes use of a single evaluation function
consisting of four components based on the analysis of Othello stratcgy in Scction 3. The components are
weighted by application coefficients [Berliner 80), and then summed to yicld a single value for the cvaluation.
‘The cocfficients used in Jago were hased initially on opinions about the reltive importance of the individual
components. A limited sct of variations on these values was then cvaluated by playing these differing versions
of Iago against each other. ‘The best variation became ZJago’s evaluation function':

Eval(pos) = ESAC(MoveNumber)x IidgeStability + 36X InternalStability +
CMAC(MoveNumber)xCurrentMobility + 99X PotentialMobility

Two of the application cocfficicnts vary with move number to reflect the relative importance of those
components during diffcrent stages of the game.
ESAC(MoveNumber) = 312 + 6.24XMoveNumber 1 < MoveNumber < 60
CMAC(MoveNumber) = 50 + 2xAoveNumber 1 < MoveNumber < 25
= 75 + MoveNumber 25 < MoveNumber < 60
Notice that the edge-stability application cocfficient is almost an order of magnitude greater than any of the
others. This insures that nontrivial edge-stability values will dominate the values from the other components,

moving lage automatically into the end-game.

The value for fago's evaluation function {on its maoves) in the game at the Santa Cruz Open vs. Reversi
Challenger is shown in Figurc 4-2. These values were determined by a post-hoc analysis of the game record 3.

The graph terminates (after move 46) when Iage is able to exactly solve an end-game position (Section 4.3).

The remainder of this scction is devoted to descriptions of the four components of the evaluation and a

brief discussion of the opening game, a weakness in fago.

4.4.1. Stabitity
lago’s evaluation function has two stability components: (1) EdgeStability -- the corner and edge squares,
and their interactions with x-squares; and (2) InternalStability -- the stability of non-edge squares.

Ry, facilitate comparisons in this presentation, the component ranges have all been nommalized to [-1000, 1000), with the differences
moved into the application coefficicnts.

13Iago is sct up to compute statistics for each position that occurred in a game. Tournament time allocations are set (except that the 10
seconds per move for overhead is not charged). and a scarch is performed at cach position. During the scarch, fage saves information
such as the value returncd by the scarch, the move that Jago would have made, and the values of the components of the ¢valuation.
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Figure 4-2: lago's cvaluation function on'its moves
Reversi Challenger (B-3) vs, lago (W-60)
Santa Cruz Open Machine Othello Tournament

4.4.1.1. Edge stability

For computations of edge stability, Jago assumes that each side of the board can be treated independently.
The 6561 (38) possible configurations of eight edge squares (including the two adjoining corners), are handled
by a precomputed table. Each clement in the table reflects the value of one edge configuration for black,
assuming that he has the next move'®. Values for the three other possibilities (the value for black with white
to move, the valuc for white with white to move, and the value for white with black to movc) are all retrieved
from this table. The value for white is the ncgative of the value for black, and the values for when white has
the next move are determined from the inverse configuration (all white discs changed to black, and all black

to white) with black to move.

The (able is precomputed by an iterative algorithm. The first step is to initialize the table with a set of suatic
values. Each disc in a configuration has a weight that depends on the square it is in (such as corner or c-

square), and the stability of the disc -- either stable, semi-stable (cannot be flipped on the next move), or

14'l‘his assumption is important because of the asymmetry inherent in many side configurations. Recall Figure 3-3b; because white has
the next move, he is able to move to ¢§ followed by A8, stabilizing seven of the squares along the bottom cdge. If black had had the next
move, he could have turned it around by moving to ¢8, stabilizing seven of the bottom edge squares for himself,

JURPTIRIY | Ly g
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unstable (Table 4-2). T he static value of the configuration is the sunt of diese weights (positive for black discs

and negative for whitc discs).

Stable Semi-stable}  Unstable

Corner 700 . .
C-Square 1200 200 -25
A-Square 1000 200 75
B-Square 1000 200 50

* Impaossible case since corners miust be stable

Table 4-2: The weights for edge discs.

Each iteration of the algorithm starts with the completely filled configurations (all discs stable) and works
backwards to intermediite positions by removing dises trom these positions. ‘These intermediate positions are
evaluated through the computation of the expected value of the position. For each empty square, the value
for when black plays there (computed by playing a black disc and retrieving the value for that position from
the table) is multiplied by the probability of being able to make that move. The probability is 1 if black can
move there by flipping an edge disc, otherwise it is O for corner squares and a function of the neighboring
discs for the other six squares. Black is also allowed to avoid making a move on the edge (Ieaving the cdge
configuration as it is) with a probability of 1. The best alternative is chosen as the valuc of the configuration.
L As values are assigned to intermediate positions, new positions are generated by removing discs from the ones
already cvaluated. ‘The iteration is complete when a value has been assigned to the empty configuration. The

table used in Jago was the result of five iterations.

The current table is adequate, but overly greedy. An attempt to rectify this problem by using a more
sophisticated generation algorithm, led to a table of values that was less greedy, and played a better edge
game. Unfortunately, because of a problem to be discussed in Section 4.4.2.2, the non-greediness of this new

table caused morc problems than it solved.

A more scrious problem occurs when the assumption of independence breaks down, primarily at corners.
One such problem stems from the table's ignorance of the cffect of x-square discs on corner squares (and by
extension, to the adjacent edges). Through most of the game, playing a disc in an x-squarc practically assures
the opponent access to the adjacent corner. ‘Though this can greatly affect the edge valucs, this effect is not

handlcd by the edge table. 1f corners were always good and x-squares always bad, x-squarcs could simply be

i
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avoided. There are, however, major exceptions to this rule. As the situation in igure 3-9 shuws, black’s move
to g2 (an x-squarc), at move 45, is an cxcellent move. Following white’s corner move at A/, black is able to
stabilize three sides of the board. Under such situations it is often advisable to make the x-square move. If
the opponent is low in mobility, he will be forced to take the corner. At worst, it gives the player one more

siafe move, which can be critical Late in the game.

lago overcomes this weakness in the edge table by explicitly evaluating the interactions between x-squarces
and corners (and edges). It compares the expected cost of making an x-squarc move with the value of not
making it. The expected cost is computed by estimating the probability of the x-square being used as an
access routc to the corner square, and the cost of giving up the corner square. ‘The cstimation of the

probability (p) breaks down into three cascs.

e If the adjacent corner is occupied, the probability is 0.

e If the opponent can immediately tlip into the corner by way of the x-square, the probability is
assumed to be 11,

o Othcrwise, lago assumces the probability to be a decreasing function of move number
(1 — MoveNumber/120). As the move number increases, there are fewer squares in which it is
possible to play, increasing the difficulty of utilizing the x-square.

The cost of giving up the corner square (assuming it is cmpty) is computed by performing a small search at
those terminal nodes of the regular search in which an x-square is occupicd, while the adjacent corner is
empty. A disc of opposite color from the x-square disc, is played in the corner square (even if it is not a legal
move), and the appropriate edge discs are ﬂippcd"’ along the two adjacent edges. ‘The values for these two
edges are combined into a single value for the corner. 1t is assumed that the player with the next move will be
able to take his choice of which side to play into; so the value for that side (with that player to move next) is
added 1o the value of the adjacent side (with the other player able to move first). This composite value is
compared to the composite value for the cxisting edge configurations; if the new value (for the player who
made the x-squarc move) is less than the current value, the expected value (pXNewValue + (1-

px ExistingValue) is used instcad of the existing onel’.

lsDue to an oversight, this condition was not actually tested.

"‘nae discs are not actually flipped  Instead, an index (based on the color of the disc to be played in the corner and the current edge
configurauion) is kept to the new value n the edge table.

"n\ere 1s an addiional multiphcative factor in the expected value that corrects for the fact that the effect of a corner disc on an cdge
value 1s counted twice when the dise is actually on the board (cach cdge affects two of the four corner valucs). but only once when it is
placed there dunng the ¥ square cvaluation
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‘I'he four corner values are summed to yicld a single value for the cdge of the board. Figure 4-3 depicts the
trajectory of the cdge value for lago's game in the Santa Cruz Open against Reversi Challenger. (1he value
takes off after move 30, because Jago perceives that it will gain a corner (Figure 4-4)). These are the weighted

values detcrmined from Jago's search.
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Figure 4-3: lago's weighted edge values
Reversi Challenger (B-3) vs. lago (W-60)
Santa Cruz Open Machine Othello Tournament
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Figure 4-4: After move 32 -- All of black’s moves give up a corner
Reversi Challenger (3-3) vs. lago (W-60)
Santa Cruz Open Machinc Othello Tournament
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‘This procedure does a more than adequate jub of evaluating interactions between x-squares and edges. For
cxample, in the game at the Santa Cruz Open between Jago and The Moor. lago made three x-square moves -
- at moves 29, 34, and 38. Each x-square move sacrificed a corner square, but left Jago in a position in which
it could win handily 51 to 13. However, there are other interactions between adjacent edges that are not
handled by cither the edge table, or the x-sguare algorithm, Figure 4-5 shows a contrived situation in which

independence fails catastrophically.

o000
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Figure 4-5: Contrived cxample of edge interactions. White to move.

The edge table assigns a high value to this position. The reason is simple; the evaluation of the left edge
shows that white is guaranteed access to the corner at a/, and none of the other sides yicld a certainty of black
gaining a corner. However, a little search reveals that black will almost assuredly gain the remaining three
sides of the board if white takes the corner. The result is that as long as white avoids the corner, the edge
values are strongly in white’s favor (though they should be fairly even), because of the ability to take the
corner. However, should white actually take the corner, its value would plummet immediately. The source of
this difficulty is that the cdge table assumes a corner is always desirable as long as taking it has no bad

consequences for that edge.

Iago handles these situations only to the extent that such sequences can be found by the normal a-8
search. The lack of a mechanism that can cvaluate these positions properly is one of the major remaining
weaknesses in Jago. One possible future resolution to this problem is to estimate dynamically the desirability
of a corner by a small search like the one uscd for x-squares, and add information to the edge table about the

values of edges when the corners are undcsirable.
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4.4.1.2. Internal stability

Determining which internal squarcs are stable is, in general, a difficult problem. However. it was possible
to isolate a subclass of stable internal squares for which a feasible detection algorithm could be devised. The
algorithm is based on the fact that an internal disc is stable if there is a stable disc of the same color adjacent to
it on cach of the four lines through the square. The algorithm nakes use of two data structures: a set of
unprocessed stable squares, and a boolean vector which tells for cach square whether there 1s a stable disc on
it. ‘The algorithm is:

1. Initialize the set to be empty and all elements of the vector to be false (all squares unstable).

2. For each occupiced corner square, mark it as stable, and add that squarc to the set for future
processing.
3. While the set is not empty, remove an element and process it:

For cach square adjacent to the element, if it is stable (that is, there is

a stable disc of the same color, or an edge of the board, adjacent to it along
cach of the four lines) and not so marked, then mark it stable and add it to
the sct.

4. The result is the difference of the number of stable internal disks for the two players (calculated
from the stability vector).

The utility of this algorithm has proven to be marginal. In tight games, there are generally not a significant
number of squares with this type of internal stability until it is already possible to cxactly solve the position;
so this algorithm has the greatest cffect in games in which Jago alrcady has an advantage. An additional
problem with this algorithm is that it can miss a large number of stable internal discs. Since there is a
correlation between edge stability and the stability of the near-by internal discs, working on edge stability
leads to the stabilization of internal discs. Some arc found by fago's algorithm. others are not. These others
can be troublesome, as they need not belong to the player with the stable edge squarcs. Figure 4-6 shows a
position in which Jago’s algorithm finds only 4 out of 12 stable internal discs. Two of them (d7 and ¢7) belong

to black, even though the stable edge and corner discs all belong to white.

The cost of executing this algorithm is decreased by not performing it during the evaluation function. By
executing it one ply closer to the root node of the search tree'8, the cost is cut by a factor of 4 (the branching
factor). Computing an expensive component at the terminal nodes of the search tree can result in the loss of a
ply or more in the search, leading to poorer information about all components. By moving the computation

of the more expensive ones out of the terminal nodes, performance on the other components is maintained at

m’n'ne value is then passed to all of the terminal nodes that are descendents of the node at which the calculation is performed.
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Figure 4-6; lago’s algorithm determincs b7, ¢7. f7, and g7 to be stable.
In addition, b3, ¢3, b4, d5, c6, d6, d7, and €7 arc stable.
Reversi Challenger (B-13) vs. lago (W-60)
Santa Cruz Open Machine Othello Tournament
the higher level. In general, components should be placed so as to maximize the performance/cost ratio for

the evaluation as a whole (though the actual placement in fago is somewhat ad hoc).

4.4.2. Mobility

According to the general analysis of Othello (Section 3.2), mobility is the primary strategic concern during
the middle game (Section 3.2.2). Jago's mobility knowledge is divided into two components: )
CurreniAobility -- the number of moves currently available; and (2) PotentialMobility -- the potential of

current board configurations to lead to future mobility.

4.4.2.1. Current Mobility
To evaluate currently available moves, Jago does the obvious, it counts them. Moves are always counted
for a player just prior to when the player is to move. Thus, only the value for one player is actually computed
in the evaluation function. The other player's moves are counted just before his last move in the scarch
{usually one ply closer to the root node). It is assumed that cach player has a 50% chance of taking any square
that both players have access to, and 100% chance for cvery square to which he has sole access. A count is
generated for each player by adding twice his sole access squares to the number of mutual access squares.
These two counts are then non-lincarly combined into a single component value. If the value for the player
performing the evaluation is p, and the value for the opponent is o, then the value for the component is:
CurrentMobility(p. 0) = Truncate[1000 x (p - 0)/(p + 0 + 2)] 1)
A strict difference between the two values is not used because having an advantage of 4 to 1 is more valuable

than an advantage of 15 to 11.

Figure 4-7 traces the value of the weighted measure over the game between lago and Reversi Challenger at
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the Santa Cruz Open. In this game, the transition from the middle to the end gaine occurs between moves W

and 32, when the advantage in legal moves translates into domination of the edges.

120000

~—

100000

80000}

Weighted Value

60000}

20000}

— A i

0 20 30 PT;) 50

Move Number

-20000L

Figure 4-7: Jago's weighted legal move measure
Reversi Challenger(13-3) vs lago (W-60)
Santa Cruz Open Machine Othello Tournament

[.egal move computation is one of the most costly portions of the evaluation function. Averaged over the
six positions used in the evaluation of ordering heuristics (Section 4.2.1), the mean cost of counting the legal
moves for one player in the evaluation function is 3.4 msecs, compared with .5 msecs for all of the other
calculations (yielding a total of 7.3 msecs per cvaluation when legal moves are counted for both players). By
doing the computation for one player at the nodes one closer to the root node, the cost is split over 4 (the
branching factor) terminal nodes, yiclding a net cost of 4.75 msec per evaluation. 1o minimize the cost even
further, legal moves are counted last, and the cvaluation is terminated prematurely when cither: (1) the
maximum value possible for this measure would not lead to an evaluation better than the current best node;
or (2) the minimum value possible for this measure would lead to a cutoff in the =earch tree. These conditions
are checked before each square is evaluated for a possible legal move. This optimisation trims another 0.8

msecs per evaluation, for a net of 3.95 msecs.

Onc of lago's current weaknesses is that the legal-move measure docs not distir guish between acceptable

and unacceptable moves (Section 3.2.2). Figurc 4-8a is a graphic example of this problem from the game




between Jago and Aldaron (written by Charles Heath) at the Santa Cruz Open. At move 42, fago has cleven
moves available. However, scven of those moves result in the immediate loss of o omner. Becoawse fago has
plenty of mobility, and the necessity of giving up a corner is over the scarch horizon, its evaluation is positive
through move 40 (Figure 4-9) . As soon as Jago rcalizes that it will have to play one of the bad moves, its
cvaluation plummets. Though Jago did win by a score of 34 to 30, Aldaren had a sure 34 to 30 victory until it

unaccountably made the wrong move at move number 5919
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(a) White to move (move 42) (b) The game record {(c) The final position
7 of 11 moves are bad

Figure 4-8: Scven of Jago's cleven moves give up a corner immediately
Aldaron (B-30) vs. Iago (W-34)
Santa Cruz Open Machine Othello Tournament

The desirability of possible moves can of course be computed by searching the game trce below cach move.
However, because this must be done at the terminal nodes of the regular search, it is prohibitively cxpensive.
Another alternative is to divide the squares up into a priori acceptable and unacceptable groups, as is done by
Aldaron [Cerf 81b]. A third alternative, and the one that will probably be tried in Jago, is to kecp the current
measure, and to add a second measure in which moves are climinated if they lead to an immediate

surrendering of a corner square (assuming that the corner was not already available by some other path).

4.4.2.2, Potential mobility
fago computes threc measures that combine to assess two of the three aspects of potential moves (Section

3.2.2): (1) a string of the opponents discs with (2) an empty square at one end. The three measures are:

o The number of discs that the opponent has adjacent to empty squares (frontier discs).

o The number of empty squares adjacent to the opponent’s discs.

19Thus in some sense Jage won the tournament by a fluke, since this game was Aldaron’s only loss. 1lowever, in an unofficial rematch,
lagobeat Aldaron 40 to 24 (FFigure 4-10).
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Figure 4-9: Jago's cvaluation on cach of its moves
Aldaron (B-30) vs. lago (W-34)
Santa Cruz Open Machine Othello Tournament
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(a) The game record {(b) The final position

Figure 4-10: Jago (B-40) vs. Aldaron (W-24)
Unofficial rematch
Santa Cruz Open Machine Othcllo Tournament

e The sum of the number of cmpty squares adjacent to cach of the opponent’s discs (while this is
like the previous measure, cmpty squares that arc adjacent to more than one of his discs will be
counted multiply -- once for cach disc).

Individually, these measures cannot capture all of the important aspects, but collectively they capture much of
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it. ‘The first measure establishes one type of bound on the number of potential tnoves by counting the discs
that can be used as a terminus of a string of Qiscs to be flipped. The sccond mcasure cstablishes the
complementary bound by counting the number of squares onto which a player can move. ‘[he third measure
cssentially repeats the second, with each blank being weighted by the number of discs to which it is adjacent.
The more possible avenues there are to an empty square, the more likely it is that at least one will be

converted into a legal move,

Each mcasure generates two values (one for cach player) which are combined into a single value for cach
measure by Equation 1 (Section 4.4.2.1). 'The three values (one for each measure) are then summed to yield a
single value for this component. Figure 4-11 shows each measure individually weighted, and the combined

weighted value for the game at the Santa Cruz Open between Jago and Reversi Challenger.
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Figure 4-11: Iago's potential mobility measures (for cach of its moves)
Reversi Challenger (B-3) vs. lago (W-60)
Santa Cruz Open Machine Othello Tournament

There is one aspect of the mobility potential of a position that is not captured by these measures: (3) the
player must have a disc at the other end of the string of discs to be flipped. fago currently has no mechanisms
that directly address this condition. Because of the greediness of the current edge table (Scction 4.4.1.1), lago
can frequently fulfill this condition by using an edge disc. The alternative non-greedy edge table had trouble

for preciscly this rcason; it lacked end discs that could lead to legal moves. One possible solution is to define




3o A WORLD-CHAMPIONSHIP-LEVEL O 1O PROGRAM

a sct of measures based on adjacency between discs of opposite colors; tor example, tie number of discs the

opponcnt has adjacent to the player's discs. This idea has not been tested in fago.

4.4.3. The opening game

In the current version of fage, the opening game is played like the middle game, with the exception of
changes in the application cocfficients. Jago does not have an opening book, and it is difticult to tell how
much it is hurt by the lack of one. There are games, such as the one at the Santa Cruz Open between Jago and
Aldaron (Figure 4-8), in which Jago fell behind in the opening game (Figure 4-9), and never quite recovered.
When the colors were reversed in the unofficial rematch (Figure 4-10), forcing fage to play a different
opening, it won by a 40 to 24 score. It is unclear whether to attribute this turnaround to the color, or to the
opening. During the ten games played by Jago at the Santa Cruz Open tournament (including the unofficial
rematch against Aldaron and one against Reversi Challenger that was won by lago 37 to 27), lago played
white 6 times for an average score of 41.33 to 22.33, and black 4 times for an average score of 48.25 1o 15.75.
When the games in which fago played whitc are broken up azcording to the opening move, the results are:
the diagonal opening was played 2 times for an average score of 37 to 26.5; the perpendicular opening was

played 4 times for an average score of 43.5 to 20.25; and the parallel opening was not played.

The most promising approach to generating an opening book for fage appears o be to use fago itself to
precompute choices for opening lines of play®,

2(’We understand that Belle uses this technique to extend its chess opening book
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5. Comparison of lago with Human Play

The current version of fago has not had the opportunity to play against Championship level human
competition.  An attempt 10 arrange a match between Jago and Jonathan Cerf, the current world Othello
champion, was gracefully rebuffed [Cerf 81b):

I nnderstand Paul Rosenbloom is interested in arranzing o match against me. Unfortunately my
schedule is very full, and 'm going (o see to it that it remams that way for the foresecable future,

As an alternative to direct play, lago's performance can be compared with that of cxpert players by
cxamining fago's analyses (at tournament time allocations, except no tournament overhead expenses are
charged) of cxpert games. fago processes each game, a move at a time. For cach position in the gane, lago
first determines the move it would make; computing and saving the value for that moveand the individual
components of the evaluation. A value is then computed for the mosve actually played in the game, by playing

the move, and then scarching to a depth one Icss than the depth used to search for lagoe's move.

This information forms the basis for three types of comparisons between Jago and the expert players: (1)
the frequency with which Jago's moves are equivalent to those of the cxpcrls”: (2) the evaluation for lago's
choices and the cxperts’ choices; and (3) a qualitative examination of whether the components of lagoe's
evaluation corrclatc with winning. These comparisons have been made for the two-game 1980 world
championship match between Jonathan Cerf (U.S.A.) and Takuya Mimura (Japan). The first game has
already been presented in Figure 3-922. The sccond game in the match can be seen in Figure 5-123. Both
games were won by Cerf. Figures 5-2 and 5-3 show the moves that Jage would have made at cach point in the
two games?*,

Table 5-1 summarizes the first two comparisons, Moves 46 to 60 are listed scparately beciuse fago is the
expert in that region -- it solved those positions during the analysis. Moves 39 and 41 by Cerf in the first game
were eliminated from the analysis because Jago radically misestimates their values. The board position just
before move 39-h2 can be seen in Figure 5-4a. Black's play at A2, allows white to gain the corner at A/ (by first
playing at hS5). As long as whitc can avoid playing at A/, the right side is in his favor, and the top side is
acceptable. Once white plays at h/ though, the right side is still in his favor, but the top side is highly

21Two moves are equivalent but not identical only when the choice is between symmetric moves (such as the first move of the game),
or the two moves would result in the same final score (applics in those end-game positions that are solvable by lago).
27’I‘his gamec has becn analyzed by Cerf (1981a).

23Th‘u game has been analyzed by Sullivan (1981).

24neuusc lago docs not always make the same choice as was actually played in the game, it may suggest the same move at more than
one move number, lcading to repetitions in these records.
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(4) The game record (M) The final position

Figure 5-1: Second game of the 1980 World Championship match
Mimura (13-21) vs. Cerf (W-43)

1-B-d3 11-B-g6 1-B-J7 31-B-c7 11 B-b7 Si-B-al
2-W-do 12-W-hs 2-W-f1 32-W-bo 42 W-a? S)W-g7
3-B-ed 13-B-c4 23-B-d7 33-B-ad 43-B-g6 53-B-al
4W-4 14-W-¢3 24-W-d7 34-W-b5 44-W-H2 54-W-h7
5-B-e3 15-B-g3 25-B-i4 35-B-a6 45-18. 7 55-B-a8
6-W-c6 16-W-¢2 26-W-d7 36-W-bS 46 W-g7 S6-B-b7
1-8-3 17-B-f2 27-B-¢7 37-B-b5 47-B-e8 57-B-c8
8-W-g6 [8-W-ba 28-W-ef 38-W-a8 48-W-/& 58-W-b8
>-B-o4 19-B-el 29-B-¢l 39-B-a7 49-B-c8 59-B-;8
10-W-3 20-W-/1 30-W-b1 H-W-a2 S0-W-hi 60-W-h8

Figure 5-2: 'I'he moves that fage sclects when faced with the game positions
First game of the 1980 World Championship match
Cerf (B-44) vs. Mimura (W-20)

1-B-d3 11-B-b6 2R3 31-B-d8 B2 S1-B-g7
2-W-ds 12-W-g4 2-W-H4 32-W-c8 42-W-a3 52-W-p2
}B-e6 13-B-ad 13-B-aS 33-B-63 4382 $3-B-gt
AW 14-W-e7 %-W o8 34-W-g8 43-W-ho $4-W-q7
5-B-cS 15-B-a4 35-B-aS 35-B-f7 45-B-b2 $5-B-g!
W- 16-W-c3 %-W-¢2 36-W-f7 46-W-al 56-W-h2
1-B-d} 17-B-hs 27-B-c2 3-B-ad 47-R-a2 $7-B-gl
8-W-gs 18-W-a2 8-W-2 38-W-h3 48-W-12 58-W-h!
9-B-c6 19-B-¢} 29-B-c2 39-B-g8 49-B-e! 59-W-h7
10-W-S W-W-13 30-W-f2 40-W-a6 50-W-b7 60-B-h7

Figure 5-3: ‘1'hc moves that Jage sclects when faced with the game positions
Sccond game of the 1980 World Championship match
Mimura (B-21) vs. Cerf (W-43)
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negative. White does eventually have 1o play at A7, but it 1 beyond the horizon of Jugo's scarch. Sumilarly, at
move 41 (Figure 5-4b), black’s play at a3 allows white to push the & move over the search horizon. This s

exactly the sort of problem that can be caused by the independence assumption built into the table of side

valucs.
Game Player Score Fquivalent Move Fraction Mcan Difference
Number Eyvaluation ise Count
1-45 46 - 60 1-60 1-45 46 - 60
1 Cerf* 44 52 88 62 4214 0.7
1 Mimura 20 55 86 .62 7189 40
2 Mimura 21 43 .86 53 4527 1.4
2 Cerf 43 S0 88 60 22217 0.5
Subtotal Corf* 87 Sl 88 61 3197 0.6
Subtotal Mimura 41 49 .86 .58 5828 2.1
Total 128 .50 87 .59 4543 1.6

* Cerf's moves 39 and 41 were ehminated from game 1 prior to this analysis, because Jago totally nusjudges them (see teat for discussion).

Table 5-1: Jago's analysis of the 1980 world championship match (Moves 2-45)
Jonathan Cerf (U.S.A.) vs. Takuya Mimura (Japan)

a b ¢ d e f 9 h a b ¢ d e t 8 h
1 O O Heeeee
2 @)
3 3
4 4
5 5
) O 6 QO
7 QIO 7 QIO
8 O 8 @
(a) Before black’s 39-42 {b) Before black's 41-a3

Figure 5-4: Two positions in which fage miscstimates the value of a move
Cerf(13-44) vs. Mimura (W-20)
First game of the 1980 World Championship match
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5.1. Equivalent move fraction

fago duplicates the cffect of 50 percent of the moves made by the two experts while wsing its inexact
evaluation (moves 1-45), and 59 pereent of their moves over the entire gamne.  Interpretation of these
pereentages is complicated by the possibility that fage is better than the experts. i o i fugh degree of match
is a reflection of the expert’s capability, not of fago's. It would be interesting to compare this with a 1y pical

percentage of agreemient between two experts, but that information is not available.

‘The values do compare favorably with the 38 percent match against expert moyves (identical moves only)
reported by Samucl for his checker program [Samucl 67). Samuel achieved a match against 64 percent of the
cxperts’ moves when both of the top two choices were included. A corresponding vajue cannot be generated
for lago because its scarch procedure is only guaranteed o have the best move ordered correctly; all of the

other alternatives may be out of order.

Another question that can be asked about this data is how well the fraction correlates with the outcome of
the game. [n the first game, both playe-s agreed with Jage 62 percent of the time. The lack of a difference
between the percentages for the two players, combined with the lopsided outcome of the game (a 24 disc
victory by Cerf), yields a poor correlation between the percentages and the outcome. However, it turns out
that if Mimura had played 46-g7 instcad of 46-b2, he would have been assured of losing by no more than 2
discs -- a result consistent with the percentages. In the second game, fago agrecs with 60 percent of Cerf's

moves and 53 percent of Mimura's moves -- a result consistent with a 22 disc victory by Cerf.

5.2. Positional value

The last two columns in Table 5-1 contain the mean differences between the values of the moves selected
by fago and thosc actually made by the experts. [uring the early portions of the game (moves 1 to 45), both
values are computed by lage's evaluation function. Since fago's cvaluation will always assign a higher value
to its own selection than to the move made by the expert (unless the scarch is aborted before the cxpert's
move is found), the differences are always positive. By comparing these differences for the two experts,
conclusions can be drawn about the closencss of Jago's style of play to that of the experts. In both games, the
mean difference is smaller for Cerf than for Mimura. The same is apparent when the differences are looked
at in more detail. Figure 5-5 shows the value for each position in which Mimura was to move (in the sccond
game). The two curves represent the values for Jago's sclection and Mimura's selection.  Figure 5-6 shows the

cquivalent curves for positions in which Cerf'is to play.

Thesc curves reinforee the conclusion that fago's cvaluation is closer in cffect to Cerf's style of play, than to

Mimura’s. They also reveal that Mimura probably crred late in this game as well. At move 39, Jago assigns a
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Figure §-5: fago's cvaluation of the moves made by Mimura, and its own choices
Sccond game of the 1980 World Championship match
Mimura (B-21) vs. Cerf(W-43)

o 140000,
32
S 120000
100000} 90— Cerf'schoice
8 ’ . @ lago’'s choice
60000}

40 50
Move Number

Figure 5:6: lago's cvaluation of the moves made by Cerf. and its own choices
Second game of the 1980 World Championship match
Mimura (13-21) vs. Cerf (W-43)
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value of 1820 o Munura's posiion, This s 4 very siadl value 1on this point m the gaane Gacainsd Reversi
Challenger. lago 1 ncd a value of -627731 1o Reversi Challeager~ position .t mowe 9y cortani. n - hould
not be enough of 4 problem to cause a loss by 22 dises. To investigate this, Jago was sct up o play aganst
inelf with @ constant time allocation of 2 minutes per move, starting with the buard positon mmmediately
tollowing move 8- by Corf (Figure 5-7a). The come contimnation can be seonom brears €70 black

(Mimura’s color) won by 4 dises thgure 5-7¢). Jaga's evaluation at move 39 s consistent with this outcome.

a b c g e f @ n a bc o0 e t g hn a b ¢ d e t @ n
1 O 1 WO OO IO
2 2 2 C OlC
] @ 3 JOIOI@IC o
4 P 4 O O(/)
5 5 IO OO
8 6 s}{@) I
: 7 ) r 2eoee &
8 8 8
{(a) T'he board before move 39 (h) The game record from mosve 39 (¢} [he final position

Figure 5-7: lago's continuation of the sccond game of the 1980 world championship match
Ihe first 38 moves were Like from the game record (Figure S-1a)
Black wins 34 to 30

During the latter portion of the game {moves 46 1o 60), end-game scarches are performed to cvaluate the
movces selected.  fago's moves were optimal, so the differences reflect the mean number of dises Jost by the

cxperts as a result of their end-game moves.

5.3. Componential analysis

Figure 5-8 shows the weighted edge value, determined by search, at cach point in the game. It shows the
same genceral character as the one in Figure 4-3; a long stretch in which only minor advantages are gained,
followed by an abrupt skyrocketing of the value. This skyrocketing occurs after the bad mosves by Mimura.
Figure 5-9 shows the legal-move and potential-mability measures for the game. Mimura's carly lead (Figure
5-5) was duc to his advantage in potential mobility, but he was unable to convert it into a legal-move
advantage. Neither side ever achicved a large mobility advantage. except at the very end when mobility was
traded off for edge advantage. Onc interesting aspect of these two curves is that an advantage in Iegal moves s
always preceded by a peak in the potential mobility curve.  This 1s a good example of how the potenual

mobility measurcs can serve as a predictor of future legal moves,
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3
S 120000}
£ 100000
- {
$ 80000}
soooo+
50
Move Number
Figure 5-8: The weighted edge value (from Cerf's point of view)
Second game of the 1980 World Championship match
Mimura (B-21) vs. Cerf (W-43)
o 60000
3
S 0 o Sum of the potential mobility meaures
g 40000 #——e Immediate mobility
£
S
3 20000
— 50
o MoveéNumber
o
-2ooooL ° e

-60000t
Figure §-9: The weighted legal-move and combined potential-mobility measures (from Cerf's point of view)

Second game of the 1980 World Championship match
Mimura (B-21) vs. Cerf (W-43)
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6. Conclusion

Modern artificial intelligence  programs have been developed tor o few gamnes (chess, chedkers,
backgammon, and kalah (sce Slagle (1971)) ). Now Jage adds a successful example for the game of Othello.
All of the major mechanisms that have emerged in game playing programs are used mn some form. So lago's
world-championship level of play may be taken as evidence for the basic adeguacy of the existing Jdass of

mechanisms developed in artif'  intelligence.

Development of this application involved: (1) a task analysis, yiclding knowledge about the game and a
control structure for its application; (2) implementation of the knowledge and structure through state-of-the-

. € . .
art techniques; and (3) an analysis of the performance of the resulting system.

Othcllo has been analyzed into a pair of major strategic concepts (stable territory and maobility), cach
decomposable into sub-concepts. Combined with the a-f8 scarch algorithm, iterative decpening, and move
ordering, these concepts form the basis of most of lago. Additional aspects of lago handle end-game

scarches, time allocation, and the cfficiency of both the algorithms and the implementation.

lago has been evaluated by: (1) direct play against other programs -- resulting in a 10-0 record; (2) an
analysis of the effectiveness of its mechanisms as implementations of the underlying Othello concepts; and (3)
comparing its analyses of expert games with the experts’ play -- showing that Jago is able to approximate their

level of performance, while avoiding some of their major errors.
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