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CRAPTER 1

INTRODUCTION AND OVERVIEW

1.1. OVERVIEW

We have designed a backgammon program to play
intelligent games. It can make good decisions of the
moves of 1ts checkers. It also can learn from {its past
exrerience. This thesis descrites how this program

works.

This thesis is divided into seven chapters. Chapter
one gives some background in Artificial Intelligence and
the tackgammon game. Chapter two summarizes the history
of the 1last 2@ years of computer game playing by some
well-known researchers in A.I. field. Chapter three
briefly descrites the overview of this backgammon pro-
gram, including the tasic playing, input, move verifica-
ticn, outrut, game starting ard terminating, and move
generation routines. Chapter four describes implementa-
tion & performance of the multiple linear polynomials
decisicn-making algorithm that was used in this rroject.
This chapter also discusses different strategles and the
sccring terms that were used in the strategy polynori-
als. Chapter five describes the fast learning algorithm

that was used, and how it improved the performance of
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INTRODUCTION ANT OVERVIEW

the program. Chapter six gives sample games that the
program rlayed with @ few human competitors and also
analyzes the program’s performance. Chapter seven
discusses some future developments, extensions of the
program, and the conclusions thet we Lave from the

result the rroject.

1.2. INTROLUCTION

- ———————— -

One gquestion that has arisen since the advent of
corputers 1is, ~does a computer do exactly what it is
told to do amd no more ? [SIMO 6€]. In an attempt to
address this question, Herbert Simon has stated:

"This statement 1is dintvitively obvious, indutitabdly
true, and supports none of the implications that are
commrenly drawn from it. A human teing can think, learn,
and create because the program his biological endowment
gives him, together witk the changes 1in that program
rrcdvced by interaction with his enviromment after
birth, enables him to think, learn, and create. If a
computer thinks, learns, and creates, it will be by vir-
tue c¢f a program that erdows it with these caracities.
Clearly this will not te a program - any more than the
huran’s is - that calls for highly stereotypred and
repetitive ‘tehavior 1independent of the stimuli comirg
from the environment and the task to te completed. It

"will bte a gprcgram that makes the system’s tehavior

TBESIS rage < JANUARY 1¢82Z



INTRODUCTION ANT OVERVIEW

highly conditional on the task environment - on the task
goals and on the clues extracted from the environment
that indicate whether progress 1is ©bteing made toward
thcse goals. It will be a program that analyzes, by some
means, its own rerformance, diagncses its fallure, and
makes changes that enable its future effectiveness [SIMO

€0].

It is also wrong to conclude that the “intelli-
gence" of a computer rrogram cannot exceed that of its

" human programmer. The potential c¢f Artificial Intelli-
gen;e in computer field is the reason that this young
field has advanced so rapridly in the last 32 years. The
drear of A.I. people is that ir the near future, machine
intelligence will te able to solve protlems which are

currently impossible for human intelligence [FFLD €3].

A favorite area of research in Artificial Intelli-
gence 1s computer programs that rlay games. Why should
one te interested in game playing? Here are some rea-

sorps:

Real 1ife problems usually are perceived in such a

vague manner that they are hard to express in a way
"“acceptable to a computer. Because many of the factors
involved are nonnureric in nature, they cannot te stated

rrecisely ty those techpiques of mathematics which

THESIS page € JANUARY 1683



INTRCDUCTICON AND OVERVIEW

derend on actual numbers for their exposition. Also,
the definitions of terms used in describing real frcbhb-

lems are not always understood precisely enough.

Farly A.I. researchers (Newell, Shaw & Simon, 19%58)
recognized that games were trecise and well formulated
and had some of the important characteristics of real
problems. They were mostly noﬂnuméric in pature, arnd
their tehavior was sufficiently unpredictable to be nct
imrediately amenable to known mathematical or data pro-
cessing techniques. Therefore, it was hoped that as pro-
grams were built could learn how to solve games, the
kncwledge gained could te transferred tc real protlems.
It was also hoped that in the process one would gain

insight into the rrotlem solving process [BANE 8@].

Besides the first two purposes for studying games,
another reason is that 1t r[rrcvides a direct contest
between man’s wit and machine’s wit. Ir short, game
environments are very useful task enviromments for
studying the rature and structure of complex gfrotlem-

solving processes.

The purpose of this thesis is tc 1investigate and
imrlement several theories of Artificlal Intelligence
using a backgammon game program. This program is able to

“learm from crast experience, make reascnable moves,
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INTRODUCTION ANT OVERVIEW

detect all illegal moves made ty either players, etc.
Its perforrance can be put opn the expert level among

backgammon players.

1.2. DESCRIFT}ON OF THE GAME OF EACKGAMMON

Backgammon’s history dates tack to ancient Sumer,
makirg 1t one of the oldest games in existence. It was
played in one form or another in ancient Egypt, Greece,
Rome, Persia, India, China, Japan, Mexico and North
America. More recently, it has ©been played throughcut
the Eastern and Western worlds, making it one of man’s
favorite intellectual diversions. It is an ancient and
fascinating gare, a gamtling game which requires both
luck and skill. With a single roll of the dice, a win-
ning position can crumble or a seemingly hopeless posi-
ticn can te salvaged. Luck keeps the game 1interesting,

vat skillful play always will be rewarded. Eackgammon is
actually a game of great strategic richness and subtlety

which must te studied to be fully aprreciated.

Backgammon 1is a dice-and-toard game for two
players. Fach player begins the game with fifteen check-
""ers of a different color from his opponent’s, a pair of
dice, a dice cup, and a doubling cube. Players move
their checkers around the board according to the roll of

the dice. The first player to get all of his checkers
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INTRODUCTION ANI OVERVIEW

around and fimally off the board is the winner. In this

thesis, the program will be referred to as X, and the

hurar competitor will te referred to as

The starting toard position is as follows:

0 (opronent).

X“s EAR point X“s midpoint

0°s inner board 0°s outer bo

¢ 1 2 3 4 £

e s b o e B e

i ———————

ard

7 8 9 1¢ 11 12

25 24 2% 22 21 2¢ 19 18 17 1€ 15 14 12
X’s ipner toard X°s outer board
0°s EAR point 0’s midpoint

FIG 1.1

THE INITIAL EOART CHECKERS  DISTRIBUTION

The board comnsists of 24 triangles

called ©points

and 1is divided into four quadrants, inner and outer

TBESIS rage €

JANUARY 1¢83



INTRODUCTION ANI OVERVIEW

toard for each player (figure 1.1). X moves in a clock-
wise direction, from position 1 to position Z24. The
opronent (O) moves in a counterclockwise direction, from

position 24 to position 1.

After rolling @ pair of dice, if the numbers on the
dice are not the same, the rlayer either uses each
number to move one checker or wuses the total of two

" numbers to move one checker. Each numter is considered
individually so that when the player uses btoth numbers
to meve one checker, he makes two separate moves in suc-
cession. If the numbers rolled on the dice are the sarme,
the player uses that numter four times. The dice numter
that needed to move a checker around the board are
called "pip ccunt”. For examrle, if X want to move a
chcker from board position 12 to 2@, then he needs 8 pip

counts.

When at least two checkers of one side occupy a
point, the point is said to te "owned”, and none of the
oprronent”s checker can touch down or land there. On any
roll, 1if the player uses two dice rumbers together to
move one of his checkers, then we say this checker uses
cne dice number to touch down a toard position and
another dice nurber to keep moving, eventually 1larding

at the destination position.

THESIS page 190 . JANUARY 1¢c@3



INTRODUCTION ANT OVERVIEW

A lonme checker is called a 'blot" . Should a
player’s checker 1land on an orroment’s blot, the
orrorent’s checker has been "hit" and is placed on the
"tar’'. The bar 1is the board positions 2 and 2% on the
toard as descrited in figure 1.1. When a checker is rit,
it 1is placed on the bar, where it is temporarily out of
play. If a player has one or more checkers on the ber,
he cannot move any other checker until all cf his check-

ers on the tar have been reentered.

Once a rlayer has trought all his checkers into his
inner toard, he can tegin to remove them. This is called
"bearing off . If a checker is hit by his opponent dur-
ing the ©bearing off process, ro more checkers can te
born off until that checker has teer trought beck to his
inrer ©board. The first player to bear off all of his

checkers wins the game.

There are three kinds of victory: a normal one for
an agreed stake if the loser has torn off at least one
of his checkers. A gammon for twice the stake if the
loser has not born off any of his checkers and a tack-

" gammon for three times the stake if the 1loser has not
torn off a checker ard has at least one checker in his

opronent s inner board or on the tar.

THEESIS rage 11 JANUARY 1¢83



CBAPTER =2

THE HISTORY OF COMPUTER GAME DEVELCOPMENT

2.1. GENERAL DESCERIPTION

The history of computer games development started
in the 1¢t@s. Because game situations provide problem
environments which are relatively regular and well
defined, but which afford sufficient complexity in solu-
tion generation so that intelligence and symbolic rea-
soning skills play a cruciel role, computer geme
" develoring always is a favorite area of A.I. research-
ers. This chapter will briefly descrite some research-
ers’ efforts on computer games developing ir the last 2¢

years.

“2.2. 1958 - 19

un

8

One of the earliest papers regarding computer games
was written by the famous English mathematician and log-
ician, A. M. Turing [TURI 5¢]. He proposed an Imitation
Game that used a comfputer to simulate human behavior.
The objective of his parer was to discuss the general
question "Can a machine think ?”°. The question was to
te decided ty an unprejudiced comparison of the alleged
"thirking tehavior” of the machirne with rormal "thirking

THE HISTORY OF CONMPUTER GAME DEVELOPMENT



THE HISTORY OF COMPUTER GAME DEVEICFMENT

behavior  4in human beings.

Turing also descrited a rrogram of chess that was
sufficlently simrple to be simulated by hand, without the
aid cf a digital computer. Turing’s program considered
all legal moves. In order to limit computation, however,
he was very careful atout the "tinuations’ . The program
considered “continuations’ were sucess moves to the

current board position.

Turing introduced the notation of a dead  Tosi-
ticn: One that 1im some sense was stable (to the point
where the material is not going to change with the next
move), and hence could te evaluated. Turing’s rrogram

‘evaluated material at dead positicns only. Fe made the
value of material dominant in his static evaluvation, so
that a decision problem remained only if “minimaxing’
revealed several alternatives that were require 1in
material. The "minimax" algeritam searches the game
tree and follows the branch that will offer the opponent
minirun oprortunities while giving maximum Dbenefits to

‘the player searching for a move.

He applied a supplerentary additive evaluation to
the positions reached ty making the alternative moves.
Although Turing’s rrogram was not a very good chess

player, it reached the tottom rung of the human intelli-
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THE HISTCRY OF COMPUTER GAME DEVELOPMENT

gence ladder.

In 1956 a group at Los Alamos programmed MANIAC I
to play chess [KIST £7]. 1In the Ios Alamos program, all
alternatives were considered; all continuation was
exrlcred to a derth of two mcves; the static evaluatiorn
function (fixed depth of the search continuation) con-
sisted of a sum of material and mobility measures; the
values were integrated ty a minmax procedure, and the
best alternative in terms of the effective value was

checsen for the move.

Recause of computation time limits, a major conces-
sion was required. Instead of the normal chess toard of
8x€, they used a reduced board, €x6. For every move, it
tock 12 minutes to make a move. Although the resulting
rrogram was a weak player, 1t could beat a weak hurac
player. It also was the first example of actual play or

a comrputer.

In 1627, Alex Rernstein developed a chess-playing
program for the IEM 704 for the full 2x8 board [BEEN
58]. 1In Bernstein’s program, only a fraction of the
legal alternatives and continuatlions were considered.
There were a series of subroutines, <called plausitle
move generators, that proposed the moves to be con-

sidered. The rrogram considered at most seven alterna-

THESIS page 14 JANUARY 1¢ce2



TEE HISTORY OF COMPUTER GAME DEVEICEMENT

tives, which were ottained ty operating the generators
in priority order. The program explored continuvations
two moves ahead and used the plaucsible move generators
at each stage, so that, at most, seven direct continua-
ticns were concsidered from any giver position.
Bernstein’s program gave us the first infcrmation about
radical selectivity. in move gereration and analysis.
This rrogram took & minutes to make a move. Its perfor-
mance was almost egqual to Los Alamos program, but its
corputation time was much less, shcwing selectivity to

be a very powerful device.

In 1¢58, Newell, Shaw, and Simon [NEWE sg]
developed a chess program called NSS (their iritials)
chess program. Cne new characteristic of this r[rrogram
that was the use of numerical additive evaluation func-
ticns to compare alternatives. This program was orgar-
jzed in terms of a set of goals, which were conceptual
units of chess - King safety, passed Pawns, arnd so on.
Fach goal had several routines associated witk it: (1) A
routine that srecified the goal. (2) A move generator

"that found moves positively related to carryirg out the
goal. (3) A procedure for making a static evaluation of
any position with respect to the goal. (4) An analysis
move generator that found the continuations required to

resolve a situation into dead positions.

THESIS page 1% JANUARY 1¢83



THE HISTCRY OF COMPUTER GAME DEVELOPMENT

The alternative moves came from move gererators,
considered 1in the order of priority of their respective
goals. Fach move, when it was generated, was subjected
to amn analysis. Which generated an exploration of the
continuations following from the move until dead gposi-
tions were reached, Static evaluations then were com-
puted for them. The performance of this rrogram was

surerior to its predecessors.

ny
[g1)
[

9€g - 19¢€9°

In 16€Z, A. L. Samuel developed a checker program
that was capable of learning. Fasically, this program
played by looking ahead a few moves ard evaluating the
resulting ©board positions much as a human player might
dc. "looking ahead” was implemented by computing all
possitle next moves, starting with a given toard recsi-
tion. The method of scoring the resulting ‘toard posi-
ticns was 1in terms of a linear scoring polynomial. Cne
way of looking at the varicus terms in the scoring poly-
nomial was that those terms with numerically small coef-
ficients should measure criteria related to intermediate
goals (piece ratio etc). Terms with large coefficients,

" then would measure long term goals (winning cr losing).
The achivement of these 1intermediate goals indicates
that the machine was going ir the right direction, such

that the large terms eventually will increase.

THESIS page 1€ JANUARY 1c¢cez2



THEE BISTORY OF CCMPUTER GAME DEVELOPMENT

Samuel conducted a series of studies on how to get
a computer to learn to play checkers. He experimented
with three different learning methods - rote 1learning,
rolynomial evaluation functions, and signature tables -
and showed that significant Jirprovement 1in playing
checkers <could te ottained. The learning procedure in
the current thesis 1s similar to Samuel’s polynomial
evaluation functions. Samuel’s ©program was trained in
several ways, by ©Fplaylng against 1itself, ty playing
against people, and by following published games between
master players. As the rrogram learred more, it improved
slowly but steadily, tecoming, 4in Samuel’s words, a
‘*“rather better-than-average novice, but definitely not

... an expert .

In 1S€€, Donald Watermar developed a computer pro-
gram that learned to play draw poker. Draw roker is a
gare of imperfect information 1ir which psychological
factoers ©Yecome 1important. Watermar developed a produc-
tion system to encode a set of bheuristics for poker, and
he sougkt to have his program discover these rrecduction
rules through experience. BHe tried three different
learning methods, automatic training (trained ty some
bock example), an advice-based method (traired ty scme
advise), and an analytic method (trained by analysis the

result of games). Among tkem, automatic training pro-

THESIS page 17 JANUARY 1€83



THE HISTORY OF COMPUTER GAME DEVELOPMENT
vided the best performance imprecvement.

“2.4. 187 - PRESENT

In 1972, James J. Gillogly published a paper, The
Technology Chess Program  |[GILL 72]. Ee used a classic
exbaustive search strategy, showing what can be done by

trute force search in computer gares.

In 1674, Arnold K. Griffith subtmitted bis paper, "A
Comparison and Fvaluation of Three Machine learning Pro-
cedures as Aprlied to [ARNO 74]. 1Ip this paper he art-
fully contested the 1idea of search ard fancy static
evaluvations using the game of checkers. He found out
that different 1learning prccedure will give dramati-
cially different result of perforrmance, he also found

out the best learning procedure is automatic learning.

In 1975, Eans Berliner’s PhD thesis [BERL 7E&],
"Chess as Problem Solving; The Development of a Tactics
Analyzer.” dealt extensively with chess. In his thesis,
Berliner advocated sophisticated, goal-directed plausi-
ble rove generation, drastically trimmed search trees,

and dynamically determined search depth.

B In 167S, Perliner developed a tackgammon program

called EEKG 6S.E. In July, 1975, this program defeated

the world tackgammon champion, ILuigl Villa, ty the

THESIS page 18 JANUARY 1¢€83



THE HISTCRY OF COMPUTER GAME DEVELOPMENT

impressive score 7-1 in & $5,00€ winrer-take-all match.
It was the first time a computer program had ‘teaten a
world champion at any board or card game. In Perliner’s
BKG €.€ program, he used a so called SNAC (Smoothness,
Nonlinearity and Application Coefficients) approach for
his move evaluation. Such an aprroach strorgly depends
urcen solid ‘backgammor knowledge. Unlike the test pre-
grams for playing chess, BKG €.8 uses more by positional
Judgrent than ©brute calculation. This means that it

plays btackgammon much as human experts do.

In 1628, David Wilkins [WIIK €8] investigated the
extent to which knowledge can replace and support search
in selecting a chess move. He developed a program called
PARATISE (PAttern Recognition Applied to DIrecting
SEarch), which finds the best move in tactically sharp
middle game <gpositions from the games of chess masters.
It encodes a large body of knowledge in the form of pro-
duction rules. The actions of the rules post concepts in
a data base of chess position and their scoring value
while the conditions match ratterns in the board posi-
ticns in the data btase. The rrograr uses the knowledge
base teo discover plans during static analysis and to
guide a small tree search which ccnfirms that a particu-
lar fplan 1is test. The search is "small” in the sense

that the size of the search tree is of the same order of

THES IS rage 1¢ JANUARY 1¢83



THE BHISTORY OF COMPUTER GAME DEVELQPMENT
magnitude as a human master’s search tree.

Once a plan is formulated, it guides the tree
search for several plys and exrensive static analyses
are done infrequently. PARADISE avoids placing a derth
limit on tke search, ty wusing a glotal view of the
search tree, information gathered during the search, &nd
the analysis rrovided by the knowledge base. PARADISE

" exhitits exyert performance on any position it has the
kncwledge to wunderstand. This program has Z possitle
failures. (1). The best plan is never suggested. (Z2).
The search becomes unbounded. (Z). A mistake is made in

the arnalysis.

The above summaries only ©biilefly describe a few
parers of game develop in the last 3@ years, but it
shcws the trend and progress of the game develorment
history. We can see that the more recent game program
shcws more new technigques and their performance of game

are also much tetter.

THESTS rage 2@ JANUARY 1c¢e3



CHAPTER 2

GAME MANAGEMENT PRCGRAM

'3.1. GENERAL DESCRIPTICN

This chapter descrite the tackgammon game set up
and management rrogram, because fhe'rule of backgammon
1s very cormplicate and have a 1ot exception, this rpart
tock wus quite a while to prcocgram it. This is a prolong
tut necessary step to let the computer knows the rule of

backgammon.

The literature on game rlaying ©programs suggests
that, for most games, tuilding rositional judgement of
the current board situation into a rrogram is extremely
difficult. EHence an enormous amount of information gces
into such judgmrents. Backgammon, however, is not such a
case; it has a domain where it is possitle to compare
twe situations and make a judgment atcut which one {is
the %Yetter without having to worry about an exhaustive

analysis.

The program was developed in three stages: (1) Set
up the %btasic game playing program. (2) Irplemert
decision-making process. (3) Irplement learning arnd

imprcvement process.

GAME MANAGEMENT PRCGRAM



GAME MANAGEMENT PRCGRAM

" 3.2. DATA STRUCTURES

The basic data structure in the backgammon <frogram
represents the game board, illustrated in FIG 1.1. TFor
the conveniencE of positional judgment and toard evaluva-
tion used in the decision-making and learning stages, We
chcse a sirple data structure to describe the board - a
one dimensional 1integer array of 2€ elements (indexed
from @ to 2E). Each elerent in this array stands for one

" position on the toard and cortains the numter of check-
ers at this position. Element @ is X“s BAR rpoint, ele-
" ment 25 1is the opponent’s PFAR pocint. If one element in
this array is positive, then the corresponding %bcard
position is occupied by X“s checkers. If it is negative,
then the correstronding tocard position is occupied bty the
opronent’s  checkerfs). If it 1is =zero, then the

corresponding toard position is erpty.

At the beginning of each game, the program initial-
fjzes the toard’s array position 1 to +2, positior 6 to
-5, tosition 8 to -3, rosition 12 to +£, position 12 to
-5, position 17 to +Z, position 1¢ to +Z, position z4 to
-2, and the rest of the positions to zero as 1illustrate

in FIG 1.1.

After a move is made by either side, the ©board 1is

updated. When it is X°s move, he makes moves according

JANUARY 1683
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GAME MANAGEMENT PRCGERAM

to the dice numters he rolls. The move 4is from some
starting position (must te occupied by his checker(s))
to a destination positions (must not have more than one
of crronent’s checkers). The starting position will te
decreased ty the numter of checker(s) that 1leave this
position. If the content of the destination position is
greater than -1, then it will te increased ty the numter
of checker(s) that moved to it. If the content of the
destination rosition is -1, then its content will become
the checkers”’ number that moved to 1it, and the

orronent”s BAR poirt will be increased by -1.

When it is the opponent’s move, a similar board-
updating routine is performed, the only difference teing
that the content of the starting positien will te
increased by the number of checkers that leave it, and
the destination position’s content will be decreased ty
the number of checkers moved tc it. If X"s tlot has

been hit, then X“s BAR point will be increased by 1.

There are two other memory locations called Xteaer-
off and Obearoff. Xbearoff 1s the numter of checkers
that X has torn off. Otearoff is the number of checkers
his orponent has born off. When elther player bears cre
of his checkers off the board, his tear off location
will 4increased by 1. Whichever rlayer’s tear o‘f loca-

tion reaches 15 checkers first, is the wirner.

THESIS Fage 23 JANUARY 1G&3



GAME MANAGEMENT PRCGRAM

Because the data structure of the board is so sim-
rle, 1t enables the development of very complicated
position judgment and board evaluation algorithms in the
decision-making and learning stage. This is one reason

that backgarmon is one game that is very suitatle for

corputer game playing.

Another data structure is the move structure whkich

contains 3 elements.

| the move scoring val]

|

| la pointer that point|

| Ito another move b e
|

|

[}

lstructure ,

---------------------- ——=>!

3
o
<
®
w
(ad
*y
[
o
ct
[
*

FIG Z.1
THE LINKELD LIST ARRAY OF VMOVES STRUCTURE

The first element is a polnter to an integer array
thet contains the checkers’” move positions (starting
positions and destination positions). The second ele-
ment 1is a long integer value that is set ty an evalua-
ticn function in relation to the toard after the above

move 1is made. This reflects the quality of the move in
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this move structure. The third element is a pointer to
ancther move structure. A moves generating routine gen-
erates all the next legal moves to a moves 1linked 1list
array. Each element in this array is a move structure as
descrited atove. The program will allocate approximate
merory space to this moves linked 1list arrey derending
on how many legal next moves it has (sometimes the legal
next moves are more than one hundred; Other times it ray

te ncne).

3.2. BASIC AIGCRITEM

The basic algorothm of the overall backgammon pro-
gram 1is descrited in Figure Z.1. Not corsidering the
detail algorithm (like decision-making and 1learning),
the tasic algorithm is simple and straight forward, two
rlayers just take turns to make their move, program will

verify their moves, also find out who win the game.
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Input two dice numbers

While two dice numbers are egqual
Input another two dice numters

Decide whose turn it is

While game not over
Select strategy
Show the current toard

If it is opporent”’s turn
Enter opronent’s move
While this move is illegal
Enter another move
Update the board according to a legal rmove
If opponent’s bear off location reaches 15 checkers
Opponent win the game and game is over

Else now is program’s turn

Pass the selected strategy polynomial to
the evalvation polynomial

Generate all legal next moves

Score all legal next moves and choose the

highest scoring move from them

Teacher enters the move that re thinks 1is
the test move

Frogram learns by adjusting polynomial coefficients
until program agrees with teacher”s move

Update the board according to this move

If program’s bear cff location reaches 15 checkers

Program wins the game and game is over

Input the next twc dice numters

End of while

FIG 3.1.
BASIC ALGCRITEM

All input and output activities are made through a

CRT. At the teginning of executlior, the program rrirnts
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a listing of coefficients that are used in the different
strategys” ©polynomials. It then requests the player to
enter the dice numbers of the orening roll for each
player. If the two dice numters are the same, then the
rrogram continues to request another openirg roll until
two dice numbters are not eqgual., The higher dice
nurber’s player uses both dice nurters to make his first
move after which all the moves are taken in turns.
Before each player makes his move, the program prints

out the current toard position and whose turn it is.

A move is specified by entering the starting posi-
tions and destination positions on the board. For exam-
ple, at the beginning of the game, if X°s dice numbers
are {€,1}, the move that 1is selected to 1input is

exrressed as:
1z-18 17-18

The 12, 17, 18 stand for the rositions on the ‘toard as
shewn in FIG 1.1. Each single movement is separated by a
space (like space tetweer 12-18 and 17-18), ard the dash
between two 1integers means "to (12-18 means move one
checker from position 12 to position 18). Cne rule for
making moves 1is the movement must be completed. This
means that even though a checker cnly touches down 1in

one position (without landing there), this touch dcwn
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moverent also must be specified. For example, the dice

roll {€,1} also could make the move:
12-1€ 18-1¢

Actually there is only one checker moved from position
12 to position 1€. It only touched down on position 18,
but the total mcvement must te sypecified, ‘tecause 1if
location 18 1is owned ty the opronent’s checkers, this

move tecomes illegal.

During the game toth player should input the
correct move 1input according to the rule as descrited
atcve, after one player wins the game, the program
prints out who wins the game and which kind of victory

he has - A normal win, A gammon or A backgammon.

3.E. SYSTEM FILES

Two system files are used by the program. One file,
called movefile, 1is wused to keep a record of all the
moves that are made during the gare. Before the opponent
makes his moves, he can request tc see this file. After
€ach game, the movefile constains all moves that were
made during the game, and opronent could check this mcve
file, figure out what kind errors he had make during the

gare.
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The other system file, called coefile, is wused to
keep all coefficients that are used in the S strategy
polynomials. Each polynomial has omne 1line of coeffi-
cients in this file. There are also 3 long integers in
this file for the low toundaries cf RUNNING GAME, HCID-
ING GAME, and ATTACKING GAME. The purpose for the 2
lower boundaries is to decide when the current <strategy

"4s not suit for the current board situation any more. If
the bighest move scoring value is smaller than the lower
bound, then program will give up tke current strategy
and choose another strategy. ALL coefficients are 4ini-
tialized to £@. During the learning process, they are
ad justed up or down depending on the importance of their
corresponding rolynomial terms. At the end of each
game, these new, adjusted weights are saved 1in coeflle
and used at the beginning of tke next game. It functions
as human’s experience and after a few games, the welights

reach relatively statle values.

" %.€. MOVES VERIFICATION RCUTINES

- e Er me e e = e e e e e S M e e o -

There are four move verifying routines, two for X’s

" move verification & two for the opponent’s move verifi-
“caticn. The multiple routines are required because tack-
garmen has 4 different sets of rules for legal moves
derending on the stage of the game. TFecause the rules

of tackgammon are very ccmplicated and have many
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excertions, these four move verifying routines are

rather complex.

A given move made by either player may have 2 to 4
individual movements, derending on the two dice numbers
and the current btoard position. In every move, the
pPlayer must make all possitle individual movements. Fcur
rarareters are prassed to each of the four verificatiocn
rovtines, the current toard array, the move to be
atterpted, and the dice numbers. These four routines
return a @ if they find that the move passed to them is
legal A 1 is returned otherwise. Each player users two
move verifying routines, one for the middle game and
another one for the end game stage, tecause the rule of
backgammon is different between middle game and end
game, so the each player have to use two different veri-

fying routine for different time during the game.

3.7. MOVES GENERATOR ROQUTINES

There are two move generating routines, ALLMOVES
and ALLENIMOVES. ALILMOVES generates all the legal next
moves for X without tear off consideration. ALLENDMCVE
generates all the possitle moves that will bear cff scme
checker(s). Both routines genmerates a 1linked 1ist of
potential moves. Most of the tirme the progrem will use

only one of these two move gererater, tut in some cases,
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‘bcth are used. For exarple, when X has only one checker
left at his outer board and the rest of his checkers are
in bis inner tcard, he can move bhis checkers around the
toard without bearing off any of his checkers. He can
also move his outer toard checker to his inner board and
tear off some of his checkers. Ir such a case, both

moves generating routines will be used.

After the move generators are called, the moves
lirk list of moves produced by "ALLENDMOVE™ 1is linked to
the end of "ALLMOVES" 1linked 1list to form one 1long

lirked 1ist that includes all the legal next moves.
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CEAPTER 4

TECISION MAKIMNG

'4.1. GENERAL DESCRIPTION

This chapter descrites how the program chooses the
best move from all the legal next moves. This decision-
makipg process is very 1important ©because the better
chcice the program can make, the more "intelligence” it

shews.

Berliner’s backgammon prcgrar [BEERL &2], 1in the
central idea was that the evaluatior space (the dif-
ferent time and different board situations during any
one game) was warped in such a way that in certain parts
of the space, a particular feature could be more impcr-
tant than it was in other rarts. The transiticn in
importance from one part of the space to another part
was made smoothly, by slowly changing the coefficients
of the move evaluation polynomial. Moreover the transi-
tion depends on the other features present. Which means
that the importance of a particular feature is a non-
linear function. The features that control the transi-
ticns are called application coefficients. They are ste-
cial slowly changing variables that replace the normal

constant coefficients in the linear polynomial
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evaluation function.

Eerlirer tried using one giant nonlinear polynomial
evalvation function that was applied to all different
strategies at different times during the game with all
the coefficients charging slowly durirg the gare. Such a
methcd depends on a master 1level ‘tackgammon player’s
knowledge in order to know when and how these coeffi-
cients should be changed, and it is not very flexible to
switch among differernt strategies. The bigegest disadvan-
tage in Perliner’s BKG €.8 was that his program could
not learn, because all the coefficients in his program
derended on the programmer’s knowledge of backgammon,

and could not be adjusted ty the rrogram itself.

What we have done in the present thesis is this:
Instead of building a single giant polynomial that ccv-
ers all different strategys, we set up £ different poly-
nomials, each wused in different toard situations and
different times during the game. In tkhis way each poly-
nomial concentrates on only one kind strategy, without
being affected ty other considerations that are very
important in other strategies ©but have nothing to do
with the current one. The program, them, will not te
confused by some contradictory factors which were used
in different strategies. In this a way, each polynomial

will be specifically suitatle for the envirorment tc
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which it arplies.

All coefficlents of these five polynomials can te
ad justed ty the program while it plays with its
opronent, which shows rudimentary learning. Fach  stra-
tegy has a lower tcund. Whenever a move’s scorirpg value
from the evaluation function is 1lower than 1its lower
bound value, the grrogram will atandon its currently
strategy and check the current board situation to find a
better strategy for the current board situation. It
then starts using the new strategy from X°s next roll.
This approach, 1is called MSIP, for Multiple Switchatle

Iipear Polynomial.

4.2. EVALUATION FUNCTION

The five different strategy rolynomials are RUNNING
GAME, HOLLING GAME, ATTACKING GAME, EEAR IN and REAR
OFF. Each of them has a different numter of terms and
different range of coefficient values. The evaluation
function is only two 1lines of “C° code ard can be
aprlied to all five polynomials. It is written in "¢
as:

for (1 =05 1 < 15 1++4)
np-d>polyval += ((*termpt([i])(b,board) * coeffs(i]);
where 1 is the length of the current strategy polyno-

mial, and np->polyval is the strategy evaluation value
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of the board after the move in question has teen made on
the toard. termpt[i] is ar array of function addresses.
When using different strategies, different function
addresses will be passed to this array. In (b,board),
“b" is the toard array after a move has teer made, and
"bcard” is the board array tefore that move was made on
the toard. (*termpt[i])(t,board) will return an integer
value that was evaluated by a term functior. coeffs(i]
is an integer array, each element of which is the weight

of a term.

The term value multiplied ty its weight will give a
scering value of one consideration factor for the toard
after a move has been made. Each strategy polypomial can

be expressed mathematically as:

1
S =5_ Wi * Ei
i=1

where S is the strategy’s scoring value of the ©board
after a move has been made. Wi is the weight of one term
in a polynorial and is always a positive integer value.

Fi is the evaluation value of a term function.

The program will pass each term function two ‘toard
arrays, the toard array before & move was made and the

board array after a move was made. Each term will return
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an 1integer value which may be rositive, zero or nega-
tive, deprending on what factor this term is considering.
If 1t is positive, this means that after X has made that
move on the board, his future board development has been
enhanced. If it 1is zero, this term has nc relation to
this move. If it is negative, then this move had a tad
effect on X°s future toard development. How important

each term is, will depend on its weight.

" 4.2. STRATEGIES AND THEIR CONSTITUENT TERMS

The five different strategies uses a total of
forty-five terms. Some terms are used only in one stra-
tegy, while others are used in more than one. At the
teginning of execution, the RUNNING GAME strategy (also
called NORMAL GAME) will automatically be chosen to make
the move selection. After a few moves, the program will
check who is ahead in the game and how good or how tad
the toard situation is. It then will choose the strategy
that it is best for the current toard situation and wuse
it for X°s future move selecticn. The newly selected
strategy may te switched during the game when it no
longer suits the toard situation, but for reasons of
consistency, the 7rrogram will not 1let the strategy

switch happen too often.
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RUNNING GAME, HOLDING GAMF and ATTACKING GAME stra-
tegies are wused in the middle game. When the end game
stage is reached, the program will switch to BEAR IN ard
FEAR. OFF strategies. When there are more thar 11 and
less than 1% of X°s checkers in his inner board, and X
needs 1less than 42 pip counts (the dice numbers needed
to mcve X“s checkers) to move all his outer toard check-
ers to his inner board, the program will automatically
chcose the EEAR IN strategy for X“s future moves selec-
tion. After all of X“s checkers have moved to his inner
toard, the rrogram will tegin using the EEAR CFF stra-

tegy for X’s future move selectios.

In this chapter, I°11 will only explain a few term
functions here, all the detail of the 45 terms that were
used the five strategies polynomials will be explalned
in AFFENDIX A : 5 STRATEGIES AND THEIR TERMS.

The RUNNING GAME strategy includes 2% terms. This
strategy will te selected wher X is far ahead in the
game. Its goal is to move X’s ckreckers around the ‘toard
as gquickly and safely &s possitle. Each of the 25
terme’ evaluation functicns will give a scoring value to

the new toard that assumes a move has been made on it.

One of the RUNNING GAME strategy’s terms that can

look 2 rolls ahead is the REENEIT term. ~BEENHIT fig-
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ures the probabilities that X’s blots will be hit by the
orronent. This term can look two moves akead. It will
check that after X makes a move, how many X’s blots will
left on the toard, and the protabilities cf all blots
that will be hit by the opponent’s direct shot (within 6
pirs 1in front of X“s blct) and indirect shot (more than
€ rirs in front of X’s tlot). It also counts how much
ground will he lose. For example, if the board position
20 has ar X checker, after having been hit, it must
return to X°“s BAR point - positicn @, and X must rolls
20 mere Fir counts to let this checker back to position
20 &fter teen hit, X lose 20 rirs. This term can te

expressed as:
n
term value = - 3" Fi * Ii
i=1

where n is X's tlot numters. Pi is the prrobability that
a given blot will be hit by the oproment. Li is the rip
ccunts lost when a blot is hit by the opponent. "BITCP-
PONENT" 1is similar to the "BEENEIT  term. It can look 3
moves ahead and calculate the probabilities that d4if-
ferent positions will hit the opponent’s blot(s). It
then finds the best position in front of the opronent’s
blot(s). If the orponent’s next move cannot cover his

tlot(s), X°s checkers will have the highest oprotabdility
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of titting his opponent’s tlot(s). REEREIT and BITCP-
POENT enatle the program to 1look a few moves ahead
without dolng the exhaustive search done by many gare

programs. This saves considerable memory and time.

"OBLOTOUT" will count that after X made a move, how
mary of the opponent’s ©blots bhad teen hit by X. Of
course, X would try to hit as many the opponent’s tlots
as rossible. This term will return a positive value, if
X has a prime (cwned & or € <contirue points) tetween
position 1€ and 24, then hitting the opponent’s btlot(s)

will return a very high rositive value.

The other two middle game (tefore X starts tear 1in
and tear off his checkers) strategies are called EOLDING
GAME (also called PRIMING GAME) and ATTACKING GAME. The
chief objective of BOLLING GAME isfor X to hold a point
or pcints in the opponent’s inner or outer board in
order to prevent him from safely coming home, and to try
to tc trap some of the oprponent’s checkers behind X’s
prime. This strategy will te used when X is behind in
the game by one or two rolls btecause he cannot keep
using the RUNNING GAME strategy, merely horing for scme
lucky doubles to bring him ahead in the game. Fe has to

do something more aggressively in order to change the

toard’s situaticn.
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The chief objective of ATTACKING GAME is: X try to
ait and attemrt to close out his opponent, usually hit-
ting in X’s inner btoard. This strategy will te wused
when X 1is horelessly behind in the game (at least 3
Prolls behind his opporent). The only hope that X has to
'win is to try to bit as many of his opponent’s tlots as
he can, even though he will leave scme blots, and to try
;to build X“s inner points in order to establish an inner
toard prime to hopefully close out the opponent’s EAR
checker(s). Those terms which were used in HOLDING GAME
and ATTACKING GAME are the same. Poth of them have 26
terms, tut the weights of the terms are very different.
Most of their terms are the same as those terms which
were used in RUNMNING GAME. These terms include "P0S2¢”,
"posis8”, "poss”, "Pos21", "Pos4”, "posic”, "PCS22",
"PCS12", "TOTAIPT", “CONTINET", "OVERLOAD", "BEENEIT",
"HITOPEONENT", “OBLOTOUT",  "XBIOTOUT",  "INNERBLOT",
"OINEAR",  "DEADCEECKER", "BUIIDERS", "DUPLICATION",
"DIVERSE", “XBLOCKED", "OBLCCEEL", "MIDDLEMEN", etc.
There are two other terms also used in HOLDING GAME and
ATTACKING GAME strategies. One is "CIOSEOUT", another
one is "HITMEN". In RUNNING GAME, those X’s checkers
that in the orronent’s inrer board are considered as
very bad factors to X. Because when they move toward X°'s
inner toard, they are very easy been hit by the

orronent. EBut in HOLDING GAME ard ATTACKING GAME, it is

TEESIS Fage 4¢ JANUARY 1¢g3



DECISION MAKING

not such case. These checkers become an asset for X,
they are 1like guns thta roint to the opporent’s head
when the opponent moves his checkers toward his inner
board, so these X“s back checkers shouldi tries to stay
at their position as long as rossitle, and ir the right
time to hit the oppoment’s blot(s).

There are two other strategies used in the end‘gaMe
(when X starts to tear in and tear off his checkers) -
These are the BEAR IN and FEAR OFF strategies. FEAR IN
strategy will ©be used when mcst ¢f X°s checkers are in
his inner toard with only a few left outside his 1irnner
toard. This strategy deals with how to bear X's checkers
into his inner toard with or without orposition. It is
also necessary to distinguish tetween wanting to save a
garmen or win a race while tearing in. There are € terms

were used in BEAR IN polynomial.

The last strategy used in the program is the BEAR
OFF strategy. There are 13 terms used in BEAR CFF stra-
tegy polynomial, four of which already have beer used in
the BFAR IN strategy,  CLEARRIGHTMOST", “OBLOTOUT ,
"INNERPTS", "XINBIOT . The other nire terms include:
"TAKEQFF ", "SPREATOUT ,  "OFFEEENHIT ,  "SPAREMEN",
"DANCERMEN", "INNERGAP", "FORCEGO", "EVENMEN",
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4.4. APPROXIMATE DECISICN MAKING TIME

- e TP e - —— - - e - - ——— - - —

The times needed for the program to select a move
will depending on the number of all the next legal
moves. Normally, rolling doub1e§ will need more time
than rolling two different dice numters ard small dice
nurbers will need more time than 1large dice numters.
Frcrm my experience, decision making never took more than
£ seconds and usually only atout 1 or 2 seconds. Compare
this with human competitors” speed which is usually
atout 28 seconds. We must admit, then, that the
machine’s thinking speed is considerably faster than the

human’s thinking speed.
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CHAPTER 5

LEARNING AND IMPROVING

£.1. GENERAL LESCRIPTION

One thing that Rerliner’s BKG €.8 program did not
do was learn. The program discussed in this thesis has
this abllity. The way it learns is similar on the sur-
face to a human’s learning behavior. However, the actual
learning mechanism in the program is probdadly not much

likxe the mechanisms in the human train.

The learning rrocedure is as follows: Wher it 1is
X’s turn to move, the program will select the highest
scering move from all the legal next move and print this
move out through the CRT. Then it will ask the teacher
to enter a move which will te considered as the ‘test
move. After the teacher has entered his move, the pro-
gram Ybegins adjusting the polynomial’s weights (as
descrited telow) until the teacher’s move tecomes the
highest scoring among all legal next moves. The program
then will make this move on the toard. If the teacher’s
move is the sare as the program’s initial selection in
the ‘teginning, then all weights of the polynomial will
not te changed. In this way, the teacher can teach the

program to play different levels of games. Ee can use
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world champion game examrles to teach the gprogram to
play expert level games. He can also use some beginner’s
gare examples to teach the program to play very poor
gares. How good the 7tprcgram rlays will depend on the
welghts in the coefficients file whick depend on wkich

kind of games the teacher was taught the program.

©.2. FAST IEARMING

Many programs described in the 1liturature were
caratle of 4imrroving their rperformance ty their past
exrerience, tut most of them learned only after a com-
plete game had teen played. Fy the result of winning or
losing the éame ad justments to the strategies are made.
This made of learning requires many games and only can
do scme general adjustments to the strategies that were
used during the games. Ctviously, with the gradualarity

of change so large, tecomes slow and inefficient.

The learning algorithm that was used in the MSLP
program 1is called the Fast Iearning Algorithm (FLA). It
learns after every move and needs only 3 to 4 garme exam-
ples from some backgammon instructional books to tecome
a "good” player. What the teacher needs to do 1is enter
all the moves according to the took’s game examrles.
After learning from the sample games, the program can

play almost as well as the player who played the samrle

THESIS rage 44 JANUARY 1¢83



LEARNING AND IMPRCVING

games., Such learning algorithms save a 1lot time of
learring and the teacher doesn’t need to have a vast
amount knowledge of the games. In fact, anyone can use
sore backgammon Ybocks’ game samples to teach this pro-
gram to rlay exrert level games. The atility of the game
playing program then will not ©be 1limited by the
teacher”s ability.

S.2. LEARNING ALGORITHM

The learning routine used in this rrogram is called

"LEARNING". 1Its algorithm is as follows:

b1, b2 are two temporary board arrays, both ini-
tialized to the current toard array. The program’s best
move will made on b1, the teacher’s move will made on

b2. TFIGURE £.1 shows the learning algorithm.
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Copy original toard array to t2
Make teacher’s move on b2

Whilel teacher”s move still not tte best move
Calculate teacher move’s evaluation value
Copy original board array to t1
Make current test move on bl
If current best move is teacher’s move
Learning finish, exit whilel loop
Else
For each term, figure difference in term values between
teachers move and currnt best move

While2 current best move’s evaluation value greater
than teacher move’s evaluation value
For each term value
If teacher move’s term value is smaller than
current best mcve’s term value
Then decrease the correspronding weights.
If teacher move’s term value is greater than
current test mecve’s term value
Then increase the correspondéding welights
Use the new weight’s polynomial to evaluate
toth teacher mcve’s total scoring value and
test move’s total scoring value
Fnd of whilez

Select the highest scoring move from all next moves
End of whilel

Copy the new polynomial’s coefficients array tc the
coefficient file

FIG Z.1.
LEARNING AIGORITHM

The idea of the learning algorithm is to keep com-
paring two moves, the teacher’s move and the current
best move. At the beginning of the 1learning procedure,

the teacher’s move may not have the higkest value among
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all legal next roves. If this is so, then the ©program
will find the current highest scoring move and compare
every one of its term’s values to the corresponding
teacher move’s term values. If the term value for the
teacher’s move is lower than that for the test move, the
correspording weight will te decreased. If the term
value for the teacher’s move is kigher than that for the

best move, the corresronding weight will be increased.

Using this weight adjust mechanism, the teacher’s
move eventually will score higher than the current test
move. The program then will use the new adjusted weight
to reevaluate the 1legal moves checking to see whether
the teacher move is now the highest scoring among all
legal moves. If it still is not, then the coefficient
ad justment cycle is repeated until the teacher’s move

firally outscores all other legel mcves.

In the 1learning algorithm, we are not always
increasing or decreasing the weights by the same value.
The ragnitute of the change will derend cn each weight’s
past bhistory of change. In the weight adjustment cycle,
if a weight usually increases, it means this weight’s
value should te much higher. The more times it is
increased, then, the higher will te the value added to
it. For exarple, the first time a weight is increased

by 3. If it should be increased again, then it will te
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increased ty €. The third time, it will be increased Tty
¢, etc. Similarly, decrementing the weights also is done
the same way, except when a weight reaches 1, it will
not te decreased any more. An integer array called =xl1is
used to stcre the terms record”. The program comfares
the teacher’s term value to the correspondinrg currert
best move’s term value. If the teacher’s term scores
higher than the current test move’s, then the correspcn-
ing x1 array’s element will te increased bty 1. If the
two terms areal, ther the correspording x1 array’s ele-
ment will not <changed. If the current test move term
value outscores the teacher’s move, the corresponding x1
array’s element will be decreased ty 1. In this way, the
x1 array will record all terms” past performance. There
are four different situations in changing the weights of
the polynorial: for every elerent in the x1 array: (1)
If the element should be decreased and its current value
is already negative, also if 1its corresponding weight
suttracts by 2 times the x1 array corresponding
elemert’s value 1is greater thern Zero, then the
cerresponding weight will be decreased by 3 times this
element’s value. (2) If this elerent should te
decreased, and 1its current value 1s positive, also if
the corresponding weight subtracts ty 2 is greater than
zero, then the corresrordirg weight will Dbe suttracted

by 2. (3) If this element should te increased, and 1its
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current value is greater than zero, then the correspond-
ing welght will ©be added ty 3 times the x1 array
corresponding element’s value. (4) If this element
shculd be increased, and its value is negative, then the

corresronding weight will be added by 2.

.4, APPROXIMATE IEARNING TIVMES

gL P T T TR A i W —

The time that the rrogram needs for 1learning 1is
much more than the move selection time. The learning
tire depends on the scoring value of the teacher’s move.
If at the beginning cf a learning cycle, the teacher’s
move scores very low comrared with all legal next moves,
then the learning time will te very lorg, sometimes more
than one minute. On the other hand, if the teacher’s
move scores scoring value is high among all legal next
moves, then the learning process takes only a few
seconds. Normally, after teaching the program a few
games, the learning time decreases dramatically for each
move, because the program’s moves and the teacher’s
moves are much closer. Cne thing tkat should te men-
tioned here is that when designing terms in the strategy
polynomials, these terms must not contradict each other,
otherwise the 1learning rrocess will become an infinite

loop.
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CHAPTER €

PRCGRAM PERFORMANCE

€.1. GENERAL DESCEIPTCN

The performance of the MSIP program will te
descrited in this chapter. After using 4 different stra-
tegy same examples (including RUNNING GAME, BHOLDING
GAME, ATTACKING GAME and a MIXING STRATEGY GAME) fromr a
backgammon instructional took to teach the program, the
program wins €@% of its games against human competitors.
Althcugh it never had chance to compete with master
level players, the players it did play admitted that the
program played a very strongly ganme. Unless the dice
numters it rolls are very bad, it should have very high

chance of winning.

At the beginning of the first game, all weights in
the coefficients file are set to 5¢. After using the
learning algorithm that was described above, all weights
are adjusted ur or dcwn depending on the importance cf
their corresponding terms. After playing 4 games that
were selected from a backgammon irstructional book, the

five strategies polynomials”™ weights were as follows:

(1) RUNNING GAME WEIGEHTS

FROGRAM FERFORMANCE
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EQ S0 50 Z€ S0 5@ 5@ 14 Z B¢ 10 8C Z & B¢ 2 £@ 5@ 5@ 12
12 2 14 20 2 30

(2) BOLTING GAME WEIGHTS

@ 2 250 207 1 5@ 827 £ 3 1227 128¢ 1 123 3 11¢¢ £ 122 50
£ 1 122 7C Z5¢8 1€24 87 111¢

(2) ATTACKING GAME WEIGHTS

€2 83 219 1E8 Z21C 45 778 2 6 2 7 & €70 3 €62 5 3 47 € 5
663 5 S87 72 ¢g§ £

(4) EEAR IN WFIGHTS

€2 86 41 2C 41 54 8 20 %0

N

(£) EEAR OFF WEIGHTS

CE 5 52 44 59 2 £ E0 5@ 238 t0C €0

From the weights that were described above, we can
see that the three middle game strategies’ weights are
very different from one another, although most of their
terms are the same. When the prcgram using the above
weights plays human competitors, the results shows that

the prcgram knows wher ard how to make reascnable moves.

In this chapter, I will use two game examples to
demonstrate the prcgram’s performance. In toth examrples,
X will stand for the program’s checker, and C will stand
for opponent’s checker. Cn the toard, each X“s checkers

will te represted bty fositive numbers while the
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orronent’s will be represted ty negative numbers.

6.2. FIRST EXAMPIE

The first game examrle is illustrated ir Appendix
B: GAME EXAMFLE ONE. It is a simple race game, and only
teck 27 rolls, compared to GAME EXAMPLE TWO s €@ rolls.
It 1s a short game. Easically, in GAME EXAMPLE CNE the
program used a RUNNING GAME strategy, running {t’'s
checkers arcund the toard as quickly and safely as pcs-

sitle.

The program got off to a good start, running a btack
checker out and safely landing on board position 12 on
the first roll. After roll €, X had built a strong
inner ©board (occuppied position 1S, 2¢ and 22), and is
22 pip counts ahead in the game. Now the program made up
his mind to use a RUNNING GAME strategy for future move
selections. On roll 7, the program ran his second back
checker out from the orponent’s inner toard, but unfor-
tunately this checker was immediately hit by the
orronent on his next roll. X lost S pip counts, but he
still was ahead in the game, so it continued to used the

RUNNING GAME STRATEGY.
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2 1 2 3 4 5 6 7 8 ¢ 10 11 12

Foll 11 for X | @
X to play {€,4} |
' 2
1

2% Z4 23 22 21 20 1¢ 18 17 1€ 15 14 13

After roll 1¢, the orponent had tuilt a strong 5
pcicts prime from position 4 to €. The single X checker
left on position & is really in danger now, and X's only
chance to run this checker out of the opronent’s €
points prime is that whenever he rolls a dice rnumber 6,
use this dice numter 6 to move his back checker out of
the crronent’s rrime immediately. On roll 11, X rolls a
{6,4}, the program correctly used the dice numter 6 to
move his tack checker from position 3 to position €.
Morecver, btecause the single X checker on position c
still was pointed bty the opponent’s checker on the tboard
position 11, the program wisely use dice number 4 to
keep moving this checker from position 9 to 13. Now he
has rot cnly run toth his checkers out, he also has made
all his blots safe and has only two indirect shots left
at €& and 11. Right now the RUNNING GAME strategy is

working very well.
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9 1 2 3 4 5 € 7 €& ¢ 10 11 12

o — e ——————— ———————— —— —— e —— — — ——— — —————

Roll 12 for X
X to play {&,Z

2% 24 2% 22 21 20 1¢ 12 17 1€ 15 14 13

After roll 12, X's two blots on position 13 and 16
present an imrediate danger. Since the opponent has
clcsed 4 points in his inner toard, if any of X’s blcts
are hit Dby the opponent, he will be in danger of being
closed out. He must, therefore, save both of his tlots
on his next roll. On roll 13, X rolls {5,3} ard smartly
moves 12-17 13-16. With a single number, 2, X safeties
both his tlots and avoids the danger of been hit. He
also uses the dice number 5 to move one extra checker
from gfposition 12 to 17, instead of wasting this dice

numbter in his inner toard.

Rcll 18 for X
X to play {4,4}

24 23 22 Z1 20 19 18 17 16 15 14 13

Roll 15 is a critical moment for X. Although X 1is
ahead in the game, the opponert still occupies the 18
point, and he has closed £ points in his irner board. If

X 1left any blot in the next few rolls, and this blot
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were hit ty the orronent, X rreobatly will lose a gammon
(he will 1lose twice the stake). So now X°s highest
priority is to try to move his outer board checkers to
his 1inner toard as safely as rossitle. He rolls a dcu-
ble 4, moves two checkers from positicn 12 to position
<0, this leaves 5 checkers outside his inner toard, tut
they are very close to his inner toard enabling him to
move his cuter toard checkers to his inner toard more
easily. Any other moves will either force him to leave a
blct in his outer board or waste a few pip counts in his
inner board, which would slow down X°s bear off pro-

cedure.

Foll 17 for X ]
X to play {&,4} i
f
|

Or this roll 17, the program correctly moves 1€-21
16-2¢, moving two checkers from X's outer board to his

inrer toard without leaving any tlot.

After roll 1€, the opponent trings his two rearmcst
checkers closer to home, which makes future contact
imrossible. For the rest of this game , the only con-

sideration will te how to move as fast as possible and

o
(8)}
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tear off as efficlently as possitle. On each roll, X
tries to tear off as many checkers &s possitle. If he
cannot bear off any more checkers, then he uses the dice
numter(s) to fill up his inner board gap(s). After roll
27, X had tcrn off his last checker and the opponent
still had 2 checkers in his inner toard. X then, wins a

ncrmal game.

€.2. SECONL EXAMEIE

-—— - - ——

The second game example is illustrated in Appendix
B: GAME EXAMPLE TWC. Thwas game is played by the program
against cne of my thesis committee members, Mr. Warren
Carithers. He 1s an experienced Packgammon player and
kncws a lot strateglies of Backgammon. This game examgle
tock €2 rolls - much longer than the first game example.
In thkis game, the rrogram uses all five strategles at
different times, so it is a good example for illustrat-

ing the capabilities of the program.

At the beginning of this game, the program uses the
RUNNING GAME strategy. After roll 7, the board situa-

ticn was as follows:
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2 1. 2 3 4 5 6 7 8 912 11 12

I

|
Roll & for X i@ 2 -2 @-2-2 ¢-2 ¢ ¢ © 3
X to play {4,5} |

2 -1 @ ¢ ¢ 2 4 2 2 @ ¢ ¢ -5

2C 24 223 22 z1 20 1S 12 17 16 15 14 13

The orronent had run cne of his back checkers out
from X°s inner %board and is S pips ahead. The program
filgures out that the FEUNNING GAME strategy is not useful
any more, so it selects another strategy - the EOLDING
GAME strategy. Now X has dice numter 4 and £, he decides
tc make the move, 12-16 12-17. Readers may ask why the
prcgram give up the 12 point and left a blot there? The
reascn is that: X’'s main objective now is to build a
strong inner toard prime to try to block the opponent’s
checker that was on the trosition 24. Be therefore,
brings as many checkers as possible close to his 1nrper
tcard. The tlot on position 1€ should be considered as a
tuilder to his inner toard point, and the tlot on posi-
ticn 12 was forced to to leave, but it only can be hit
by the dice numter 1. Compare tc all other options, this

blct was the safest one.
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Foll 1¢ for X | 2
X to rlay {z,1} !
| @
|

2f z4 22 22 Z1 20 192 1& 17 16 15 14

For roll 1¢, X moves 12-14 1S-2¢@. 12-14 saves the
tlct cn position 12, 1¢-20, diversifies the tuilders.
Now positions 1€, 17, 1S, 22 all have one builder (the
twc checkers that occupy a point do not count as build-
ers unless one wants to give up this ©point, otherwise

these two checkers carnot move any one of them).

Foll 12 for X | 2
X to play {&,1} ; .

2€ Z4 23 22 zZ1 20 1¢ 182 17 1€ 1t 14

On roll 12, all the efforts that X has made on
rclls 8 and 12 are rewarded. Because c¢f the tuilders on
position 16 and 20, he can use the dice numbers £ and 1
to hit the opponent’s tlot on position 21 and occupy
that point. X now has formed & very strong £ Trpoint

prime, a strong HCIDING GAME rosition.
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2 1 2 3 4 5 6 7 & 918 11

Roll 14 for X
X to play {2,2}

2% 24 22 22 Z1 20 19 12 17 16 15 14

In roll 14 X grats the chance to make the move, 1-4
4-% 7-1¢ 14-17, which nrot only runs one of his tack
checkers out tut also hit the orrcment’s blot or ©posi-
ticn 12. X now 1s ahead in the game, and if he can tring
all bis checkers safely to his inrer board and make a 6
points rrime, he will have a great chance to win a gam-
mon. After a few unlucky rolls, though, X“"s blots were
hit ty the orporent, and were not atle to enter the
toard. From roll 2¢ tc roll 4€, the oply thing X can do
is try to enter his EAR checkers on the board. The
orronment starts tc tear off his checkers orn roll 43,
while X still has 2 checkers in the opponent”’s inrer

toard.

Roll 4€ for X
X to play {2,2}

28 24 23 22 21 22 1¢c 18 17 1€ 1t 14

At roll 48, X is 106 rip counts tebind his

orrorent. In other words, unless he can do something
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special, he will lose the game. The program now starts
using the ATTACKING GAME strategy, hoping to hit one of
the cpponent’s blots and close it out. On reoll 47, the
orrorert was forced to leave a tlot on position 3. X is
lucky enough to roll a 2 on roll 48, so he immediately
hits this tlot, trying to build a strong inner toard

rrime.

g 1 2 3 4 5 6 7 8 910 11 12

1

1
Roll 50 for X ')

X to play {4,4} i
)]

1

28 24 23 22 21 2¢ 19 18 17 16 15 14 13

This is a critical rosition for X. If he 1lets the
opronent”s blot on position 22 gets away, it is almost
certain he will lose the game. The program correctly
makes the move. 17-21 17-21 18-22 18-22. He wisely
gives up board position 18 to hit the opponent’s blect.
Now that he occurries £ of his € inner board points, it
will very difficult for the opponent’s BAR checker to
enter the toard. After roll £4, X comrletely closes out
his inner tcard, and although the orponent has orly one
checker on the FAR, he is not able to make any move. Now

it 1s X°s turn to approach victory.
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2 1 2 3 4 5 6 7 8 910 11 12

S e e e e e e e — ———— ———— —— ——— —— —— — —— —— — — — ——

Foll 64 for X
X to play {3,6

-

€% 24 23 22 21 20 19 18 17 16 15 14 13

By roll €4 X has moved all his checkers to his
inner ©board, so the program starts using the BEAR OFF
strategy. Because the orponent still has one checker 1in
his BAR pcint, the highest jiriority for X now is to
leave no tlcts in his inrer tcard. Most players on this
roll will make the move, 1S-off 22-off, leaving the

toard situvation as follows:

¢ 1 z 2 4 £ € 7 € 910 11 12

2 24 22 22 21 2¢ 19 18 17 1€ 15 14 13

This position is very danger for X, because he has
an isolated checker on rosition 1S¢. On his next roll, if
he rclls a €, he will be forced to leave a tlot on the
toard, and if this blot is hit ty the opponent, he will
lose the game. The program smaertly make a much safer
move, 19-22 1G-off. This bears off only one checker, tut
no matter what dice numter he rolls later, all his

checkers will te safe.
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¢ 1 2 & 4 5 € 7 € ¢ 10 11 12

|
Foll 66 for X !
X to play {z,%} |
|
|

2% 24 23 22 21 2¢ 1€ 18 17 1€ 15 14 12
Cn roll €€, some readers might make the move. <2@-
off 2@-22. It looks safe, but this move will leave the

tcard position as follows:

¢ 1 z 3 4 £ 6 7 & 91011 12

(N
|
(0)]
1
-
[\

25 24 22 22 21 2¢ 19 18 17 16 15 14 12

This move tears off one checker, and doesn’t leave
any blot on X’s inner board. Cn X’s next roll, however,
if bhe rolls a {€,1} or {£,1}, he will be forced to left
a blot or position 1€ or 20. The program detects this
potential danger ard selects the safest move 19-21 19-
24. Although he didn’t tear any checkers off the board,

he makes sure that there will be no accidents happening

to him.

On roll €8, the orpronent rolls {6,3}. Eis EAR
checker 1is forced to leave, and the rest of the game is

just a simple race. The program atardons the defensive
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EEAR OFF strategy, starting to tear off as many checkers
as pcssible on every roll. On roll &2, X bears off his
last checker and the opponent still has 4 checkers on

the toard. The program wins again.
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CHAPTER 7

CONCLUSIONS AND FUTURE EXTENSIONS

7.1. CONCIUSIONS

With our MSLP program, we have tried to implement
some of the features of the latest game playing rrogram.
We also have shown that a program can have the ability
to acquire 1its own decision making process given the
Judgrent criteria. Finally, we have shown that machirnes

carp learn just as human teings.

From the rerformance of our MSLP backgammon pro-
gram, we find out that machines not only can do scme
things that people can do, but also that their rperfor-
manpce may te tetter than that of most reople. Our dream
is that in the near future, machines <can solve those
rrctlems that currently cannot be solved by human intel-
ligence. However, as with all things on this side of

raradise, a lot of difficult things remain to be done.

In the MSIF program certain extensions and enhance-
ments could greatly increase its performance. Qur hope
is that at least some of the following enharcements will

te irplemented at a future tire.

CCNCLUSICNS AND FUTURE EXTENSIONS
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7.2. WHEN T0 CFFER CR ACCEPT DCURLE

Doubling is one of the most difficult techniques of
tackgammonj correct doutling decision alone will give a
Flayer an enormcus advantage over his opponent. Toubling
cores down to deciding whether your position is too good
to dcuble, not good erough or just right. The cruciel
i1ssue 1is how the position will have changed by the next
time you have a chance to doutle. There are 441 possi-
ble situations that must be considered, and it will take

a lot machine time to evaluate all these situations.

Doubling in tackgammon derends very strongly on
timring. If one offers the double too early {(your board
situation is not strong enough for the doutle), a few
unlucky rolls will force you to lose twice the stake. On
the cther hand, if you offer the doudble too 1late (your
board situation is too strong for the double), then your
orronent may have the chance to concede the game, and
only lose a normal game instead c¢f losing a gammon or a
tackgammon. This is the reason that when to offer a dou-
ble is very difficult to decide even for expert tackgam-

mcn rlayers.

The MSLP program doesn”t have the ability to decide
when to offer a doutle or when to accept or refuse a

doutle, however, I considered tuilding two doutling
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methcds into it.

The first method is this: For each of the five dif-
ferent strategy polynomials, set up an upper bound and a
lower bound. Whenever one move 1is selected by the
current strategy polynomial, the program will compare
this move’s scoring value with the current strategy’s
higher tound and lower bound. If the program currently
owns the double cute, and this scoring value is greater
than the higher ©bound, then the program will offer a
double. If the opponent currently owns the double cute,
and he offers a doutle, the program will comrare its
last move’s scoring value with the current strategy’s
lower tound. If this move’s scoring value is lower than
the lower tound, then the grprogram will refuse the
opronent’s doutle offer and concede the game. If this
move’s scoring value is higher than the lower bound,

then the prcgram will accept the double offer.

The second method of doutlirg 1is this: Set up
another evaluation tpolyrcmial for the double strategy,
just 1like the other five strategy polynomials. This
polynomial also has a few terms, each one returing an
integer value after evalvating the current board situa-
ticn. The doutle polynomial will add all the terrs’
values together. This polynomial also will have five

pairs of higher and lower bounds for each strategy. The
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rrcgram would compare the double polyromial’s current
value with the higher and lower tourds to decide when to
offer double or when to accept or refuse the opronent’s
double offer. In toth methods, to cffering or accepting
dcutle most of the time will te done only once, because
it 1is very seldom for a player have the chance to offer
or accept double more than once during any game. When-
ever the program decides to offer or accept a double,
then each pair of those higher or lower ©bounds’® values
will be increased, in order to make sure the second dou-

tle cffer or accertance would rot be made too easily.

Ir this MSLP program, there are five strategies
including RUNNING GAME, HOLDING GAME, ATTACKING GAVME,
FFAR IN and BEAR OFF strategies, and there are also 45
terms that are used in these five strategys” polynomi-
als. However, it is never enough. Whenever new stra-
tegies are developed, or new terms found that are very
imrortant to the evaluation functions, they also should
te considered. As was mentioned in Chapter 2, the MSLP
rregram is easily extensible. Whenever new strategies
or new terms are found, they easily can be fit into this
program without changing or rewriting very much. The
more tackgammon knowledge built into this program, the

tetter its performance will te. The MSLP rrogram was
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designed for almost unlimited extensions of strategies

and terms.
7.4. COMBINE LOOK AEEAT METHOD INTO TEIS PROGRAM

A typical chess program investigates a great meany
legal next moves. The possible continuations usually
are implemented in the form of a tree structure. One
tranch of the tree is followed until the program
encounters a reason for terminating the search. The pro-
gram then applies an evaluation function to the termi-
nal rosition to arrive at a quantitative value that
exrresses which player 1is in a better position and by
how rmuch. Such a metkod is called a look-ahead approach.
In chess prcgrams the tranches are usually followed tc a
prearranged maximum depth. The average branching factor
for chess is atout 25. A fast chess program can search
to a depth of six plies in about three minutes which 1is
the time 1limit 4in most tourment games. In backgammon,
however, there are 21 possible rolls on each move arnd
from zero to over one hundred ways of playing each roll
(average are 20 ways of playing each roll). The tranch-
ing factcr, then is more than 4¢2 on each roll, so that
an exhaustive search would take a very lorg time for
even a single move. This 1is the main reason that I
didn’t use look-ahead in the MSIP program. A modified

1cok-ahead, however, could make a significant
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imrrovement in the program’s perfcrmance. The modified
lock-ahead method could te as follows: during every turn
of the program’s move selection, the program selects the
five ‘test moves from all the legal next moves, and then
rerfcrms a search on these branches cnly. The search
cculd go to a depth of 6 or so plies in the game tree.
For each of the € plies, the rrcgram would select only
the best five moves, so the total number of the
evaluated moves for any given toard position would te
12€. This numter of moves is solvable by the current

system.

Such look-ahead method certainly will cut down the
tire reeded fcr the conventional brute force searching
algorithm, but it also has a trade-off in that it will
over-look many good moves. The modified look-ahead
methcd will slow dcwr the program’s move selection pro-
cedure dramatically (right now it only takes a few
seconds to select a move), but the 1look ahead method
will make the program behavior much more like a master
tackgammon player - always looking ahead more moves than

the c¢ther rlayers.

7.5, GENERATING STRATEGIES ANL TERMS BY PROGRAM

_———— = —-— -—— ——— — ———— -——— - —— —— — - ——

-————— -
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So far computer game programs’ consideration fac-
tors are built in by the programmers who wrote the pro-
gram. If we can figure out a learning method so that the
program can generates strategies and terms by itself
while it is rlaying against some ccmpetitors, then the
caratility of the program will become greatly enhanced.
It would te atle to find out all the possitle ways for
imprcvements and enhancements, and the games it played,
the rore stronger it would become, I wonder, if such a
day comes, hcw many human toard game chamrpions could

retair their positions.

More pages could te written, and more extensions
could ©be done on the MSLP tackgamrmon prrogram to enhance
its rerformance. Eowever, it comes down to time and
resources. we hcpe that all the arproaches cf Artificial
Intelligence that had discussed in this thesis will grow
and thrive. We also hope that the decision making and
learning techniques used in the MSIP backgammon Eprogram
sore day can be applied to the real world (like plant
control, rotots, ...). We believe that machine intelli-
gence will Ybecome the most valuable resource for the

future.

The five different strategies wuses a total of
forty-five terrs. Some terms are used only in one stra-

tegy, while others are used in more than one.
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The RUNNING GAME strategy includes 25 terms. There
are "P0S2¢”, "Fosie", "pcsz", "pcsz1”, "Pos4”, 'PosSic”,
"PCSzz", "P0s12”, "TOTAIPT", “CONTINPT", “OVERLOAT",
"BEENBIT", "EACKMEN", "EITOFPONT", "OBLOTCUT", "XBIO-
TCUT", "INNERBLCT", "OINFAR", "DEADCEFCKER, "BUILDERS,
"DUPITICATICN™, "TIVERSE", "XRLOCKED", "OBIOCKED", "MID-
DLEMEN". This strategy will be selected when X 1is far
ahead 1in the game. 1Its goal is to move X's checkers
around the toard as gquickly and safely as possibtle.
Each of the 2% terms’” evaluation functions will give a
sccring value to the new toard that assumes a move has
been made on it. These 25 terms include: 'P0S20",
"rcsie”, "ross”, "posz1”, "Pos4”, "PoS1e”, "POS22",
"p0S12”, which are some important positions on the
toard. Whoever occupies (has two or more checkers on)
these positions first will have advantages in his future
toard development. Some of these positlons have defen-
sive rpurposes and some, offensive. The positional terms
will return a positive value if the position 1s occupled

by X and a zero otherwise.

"TOTALET " counts the numter cf points that X had
occupied, and returns that number. "CONTINPT" will count
frcm toard position 1€ to 24 contiguous how many con-
tigucus points. For example, if X occuples board posi-

ticn 17, 1&, 1S, <Z@, then he occupies 4 contiguous
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points. If X also occupied the 22 point, X still would
have 4 contiguous points tecause the 22 roint 4is not
conticous with the other pocints. The more contiguous
poirts X owned, the more difficult for opponent’s to

rass ty.

"OVERLCAD", checks the board to see how many use-
less checkers X has (more than 2 checkers on one rosi-
tion). This term will return a negative value. "BACK-
MEN", will count how many of X“s checkers still remain
tetween positions 2 and 7. These tack checkers are far
away from X°s inner ‘toard and they need high dice
numters to move them around the bcard. During the nmove-
ment, they are very easily hit ty the opponent, so this

term will return a negative value.

"BEENHIT" figures the probabilities that X’s tlots
will ©be hit ty the opponent. This term can look two
moves ahead. It will check that after X makes a move,
how many X°s tlots will left on the board, and the pro-
batilities of all Dblots that will be hit ty the
orronent’s direct shot (within € pips in front of X’s
blct) and indirect shot (more than € pips in front of
X“s tlot). It also counts how much ground will he 1lose.
For example, if the toard position 22 has an X checker,
after having been hit, it must return to X’s BAR point -

position &, and X must rclls z¢ more pip counts to let
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this checker back tc position Z2¢ after been hit, X lose

20 pirs. This terr can te expressed as:
n
term value = - 3 F{ * Ii
i=1

where n is X°s tlot numters. Pi is the protability that
@ gilven tlot will be hit by the opronent. Ii is the rip
counts lost when a blot is hit ty the opponent. “HITOP-
PONEAT" is similar to the "BY¥ENHIT" term. It can look 3
moves ahead and calculate the prctabilities that dif-
ferent [rpositions will hit the opponent’s blot(s). It
then finds the best position in front of the opponent’s
tlot(s). If the opponent’s next move cannot cover his
blct(s), X°s checkers will have the highest oprobability
of hitting his opponent”s blot(s). BEEREIT and HITOP-
PCENT enatle the rrogram to 1look a few moves ahead
withcut doing the exhaustive search done by many game

programs. This saves considerable memory and time.

"0OBLOTOUT" will count that after X made a move, how
many of the opponent’s blots had been hit by X. Cf
couvrse, X would try to hit as many the opponent’s blots
as tpossible. This term will return a positive value, if
X has a prime (cwned 5 or € continue points) tetween

position 1€ and 24, then hitting the opponent’s blot(s)
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will return a very high rositive value. "XRILOTOUT" will
count that after X made a move, how many X“s blots will
te ccvered or entered some save area of the board. Less
tlcts means fewer chance will X te hit by the opponent.
"INNERPIOT" will count how many of the opponent”s
tlct(s) in bhis irner toard (board position 1 to 6). If
the cpponent has blot(s) in his inner board, X is wil-
ling to left some blot(s) between rosition 12 to 18. The
reason is, if X°s blot(s) were hit by opponent, on X’s
rext roll, X°s BAR checker(s) will bhave chance to hit
the crronent’s tlot(s) in his inner ‘toard (this 1is
called return shot), and the opponent will lest more
ground than X. So the orronent will more hesitantly to
hit X’s tlot(s), and X has more chance to use his outer
toard blots to build some important points in his inner
toard. This term consider some factors involve psychcl-
ogy. 'CINBEAR", if the orrcnent’s EAR point has mcre than
one of his checkers, then the opponent must enter his
RAR checkers tefore he can move any checker around the
bcard, so X’s tlot(s) (except tetween position 1S and
24) will be safe tefore the orponent enters all his EAR
checkers. In such situatior, X should try to set up some
bujilders {(even tlots) in his outer toafﬂ, hoping ©before
the cprorent enters all his BAR checkers, X could occury
sore important points in his inner board. TFALCERCKER',

durirg the early stage of the game, any checker on toard
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pocition 23 or 24 is comrletely useless, and they are
out of the game. One important Frinciple in backgammon
is instead of viewing checkers as liabilities to be got-
ten around the toard, it is more useful to consider them
a8s positive assets to used constructively. So the more
checkers in rposition 22 or Z4, the more negative value
this term will return to the Folynomial evaluation func-
tion. "BUIIDERS", 1is a term that consider takirg some
risks but will good for the future toard development. In
order to occupy some important points of offensive or
defensive purposes, X should not wait rassively hoping
for a lucky rurbters. Irstead, X must use his checkers
actively as buildirg tlocks, positioning them to bear on
roints he wish to make so that the greatest number of
dice rolls will te useful. (ty tearing on a rpoint, we
mean positioning a checker so that it is 6 pips or less
away from the rcint you wish to make, so that one numter
on one dice can bring the builder to the point). Those
imrortant points include toard position 21, 2¢, 18, 5,
4, or the hole(s) in X’s prime. "DUPLICATION", the idea
of this term is to restrict the numter of good rolls the
orronent has. For instance, duplicating the numbers your
opronent need to hit. The principle is that 1if X must
leave more than one checkers exposed, try to leave them
exrosed to the same rumber, thus minimizirg the numter

of ways to be hit. In other words, let the dice numbers
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that your orronent needs as few as possible. Some other
dice numbers that the orponent needs include: The dice
nurbers that the orronent reeds to enter his FAR
checker(s). The dice numbers that the opporent needs to
move his trapped checker(s) close to X’s 4 or & tpoints”
prime. The dice nurters that the opronent needs to cover
his tlct(s). The dice numters that the opponent needs to
complete his rrime. The dice rurbers that the opponent
needs to enter his EAR checkers. DIVERSE", diversifi-
caticn and durplication are corplementary techniques.
The opporent wants to durlicate the favorite numbers
that X may rolls, and X want to diversify his good
numbers, or avoid having them duplicated. X tries to
create positions where as many different numbers as pos-
sitle will be advantageous for X. Those dice numbers
that X needs include: The dice rumbers that X needs to
hit the opronent’s blot(s). The dice numbers that X
reeds tc escape from the orrcment’s troker prime. The
dice numbers that X needs to cover his ©blot(s). the
dice numters that X needs to close to opponent’s 4 or §
points’ prime. The dice number that X needs to enter
his EAR checkers(s). "XPLOCKED , will check whether the
orycrent had fcrmeds a rrime tetween toard position 1
ard 6 7 if the opponert had formed a prime, then all
X°s checker’s that were trarped tehind bhis prime will be

very difficult to escape. The more X's checkers were
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trapred, the bigher negative value this term will
return. OBLOCKEL", on the contrarily, will check
vhetber X forms a prime tetween board position 18 to 24
? 1f X has a prime, then the mcre cpponent’s checker(s)
trapred tehind this prime, the bigher positive value
this term will retvrn. "MIDILEMEN", or the later stage
of the game, X’s middle point (the ©board position 12)
will te no longer a imrortant landing point feor X“s back
checkers. Those checkers on this point should move as
fast and safety as possible to X“s inner board points,
else they will te very easy been hit by the opponent
wvhen they are forced to leave the middle point.

The other two middle game (before X starts bear in
and tear off his checkers) strategies are called EOLDING
GAMEF (also called PRIMING GAME) and ATTACKING GAME. The
chief objective of BHEOLDING GAME isfor X to hold a roint
or rcints in the oprponent’s inner or outer toard in
order to prevent him from safely comirg home, and to try
to tc trap some of the opponent’s checkers behird X’s

Frime.

The chief otjective of ATTACKING GAME is: X try to
hit &nd attempt to close out his opponent, usually hit-
ting in X’s inner toard. This strategy will be wused
when X is hopelessly behind in the game (at least 3
rolls tehind his opponent). The only hope that X has to
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win 1s to try to hit as many of his opponent’s tlots as
he can, even though he will leave some blots, and to try
to build X“s inner points in order to estatlish an imner
toard rrime to horefully close out the opponent’s FAR
checker(s). Those terms which were used in EOIDING GAME
and ATTACKING GAME are the same. Foth of them have 26
terms, ©but the weights cf the terms are very different.
There are F0S2@¢”, "P0OSie”, "P0ss”, "P0s21”, "P0S4”,
"PCs1¢”, "PCS22", "P0S12”, "TOTAIFT , "CONTINPT , "OVER-
L0AD", "CLOSEOUT", "PEENBIT", "HITCPPCNT , "ORLOTOUT",
"XELCTCUT ", "INNERBLOT", "OINEAR",  "DFADCHECKER",
"BUIIDERS", "DUPLICATION", "DIVERSE', "CBLOCKETL ",
"XELCCKED", "MILLLEMEN .

Most of their terms are the same as those terms
which were wused in RUNNING GAME. These terms include
"pcsze”, “Posie”, "poss”, "P0sz1”, "POS4”, TPOS1S”,
"pesz2”, "POS1z”, "TOTALPT", “CONTINPT", "OVERLOAT",
"PEENEIT",  “BITOFPCNENT",  "OBIOTOUT", "XBIOTOUT",
"INNERRLOT", "OINBAR",  "DEADCHECKFR",  "BUILDERS",
“DUFIICATION", "DIVERSE", "XFIOCKED", "OBLOCKEL", "MID-
CLEMEN", etc. There are two other terms also used in
HOIDING GAME and ATTACKING GAME strategies. One 1is
"CIOSEQOUT", 1t is a term to set ur builders on X's outer
toard in order to establish a prime in X’°s inner ‘toard.

It will find out the unoccupied rosition(s) in X’s inner
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toard, and how many X’s tuilders within € pips range in
front of these positions. The more builders that X
have, the higher rositive value this term will return.
"HITMEN", 1in RUNNING GAME, those X’s checkers that in
the crronent”s irnner toard are cocsidered as very tad
factors to X. Because when they move toward X's inner
toard, they are very easy been hit bty the opponment. But
in HCLDING GAME and ATTACKING GAME, it is not such case.
These checkers tecome an asset for X, they are like guns
thta point to the orronent’s head when the Opronent
moves his checkers toward his inner board, so these X’s
tack checkers should tries to stay at their position as
long as possible, and in the right time to hit the

orronent’s tlot(s).

There are two other strategies used in the end game
(when X starts tc bear in and bear off his checkers) -
These are the BEAR IN and EEAR CFF strategies. EEAR 1IN
strategy will ©be used when rost of X’“s checkers are in
his inner toard with only a few left outside his inner
board. This strategy deals with how to bear X’s checkers
into his inner toard with or without opposition. It 1is
also necessary to distinguish between warntirg to save a
garmcn or win a race while bearing in. There are € terms
were used in FEAR IN polynomial, they include: "MOVEIN-
SITE", "CROSSOVER", "INNERBOARD", "OUTERDIV", "LASTTWC,
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"OFLCTOUT",  "INNERPTS™, "XINRICT", “CLEARRIGHETMOST".
The "MOVEINSIDE", is consider if X has the danger of
been gammoned, then X should not waste any pips in his
inner board, but move them all in the outer board. In
any single rolls, the more individual outer board move-
ment, the more bigher ©positive value this term will
return. "CROSSOVER", this term corsiders to maximize the
number of cross-overs (checkers moves from one gquadrant
to another). Fach cross-over should be made as effi-
clently as possible, in other words, move 1 or 2 pips
into the next quadrant, not €. "INNFRBOARD", if X have
the danger of been gammored, X shculd try to bring all
of Iis checkers to the 1S point in order to use his fip
numbers as efficlient as rossitle. If it 1is a simrle
race, X should evenly spread his checkers between posi-
ticn 1€ and 22. "CUTERLIV', this term considers that
trying to diverse X“s outer toard checkers, in crder to
tear in different positions in X’s inner board that will
enable X to tear off his checkers more -easily.
"LASTTWO", when X has only one roll left to bear in all
of his checkers, 1t 1is not necessary correct to play
every plp outside. using dice pumber to fill up X's
inner board gaps will be more important. ~OBLOTOUT" 1is
the same term that used in the RUNNING GAME strategy.
"INNERPTS", will count how many roints that X had occu-

pied in his inner toard. The more points that X had
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occuried, the higher vrpositive value this term will
return. "XINBIOT", will ccunting how many X’s blot(s)
are in his dinner Yoard, if there is possible contact
tetween these tlot(s) and the orponent’s checkers, this
term will return a very high negative value. "CILEAR-
RIGHETMOST", if there is rossitle contact between X and
the orporent”s checkers, and X must break one of his

point, then <clear the rightmost point 1is the ©best

choice.

The last strategy used in the program is the BFEAR
OFF strategy. There are 12 terms used in BEAR OFF stra-
tegy rolynomial. They are 'TAKEOFF",  “FILLGAP",
"SPREALOUT"”,  "OFFBEFENHIT", "SFAREMEN", “DANTCERMEN",
"CIEARRIGETMOST", “INNERGAP", "FCECEGO",  "OBIOTOUT",
"INNERPTS", "“EVENMEN", 'XINRBLCT . TFour of them already
have teen used in the EFEAR IN strategy, CIEARRIGHT-
MOST", "OBLCICUT", "INNERPTS", "XINBLCT . The other nine
terms include: "TAKECFF', this term will counting the
total checkers numters that X had born c¢ff in one roll.
Of ccurse, the more checkers that X had born off, the
more chance X will win. "FILLGAP", if there is no possi-
ble contact between X and the opponent’s checkers, and X
capnct use all his dice numters tc tear off his check-
ers, then fills in his inrer toard gap(s) will also con-
sider a good move. SFFEADOUT , this term will consider
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to distribute X“s inner board checkers. If there is no
rossible ccntact, X should try to distribute his inner
toard checkers evenly on his inner board, in order that
any dice number he rolls can tear some of his checkers
off. "OFFREENHIT", when the opporent still have some
checker(s) in X’s inner board, then X’s inner board
blct(s) are very dangerous, especially when opfponent has
a rrime in his inner board. In such case, this term will
return a very high negative value. "SPAREMEN", this term
will try to avoid having too many X“s checkers landirg
on any one roint that from toard position 19 to 22. If
any one of these positions has 4 or more X’s checkers,
or from position 23 to Z4, any one of these positions
kas more than 2 X’s checkers, then this term will return
a negative value. "DANGERMEN", if there is possitle con-
tact between X and the opponent, and the rightmost X’s
inrer toard point has an odd rnumter of X°s checker(s),
then the checkers on this point will be considered very
dargerous. Because in the next few rolls, X would have
tc leave a tlot c¢n this point. Fut one situation can
save this disaster, that is if X°s second rightmost or
third rightmost inner board pcint also has an odd numter
of checker(s) on it, then the rightmost single 1solated
or spare checker will te saved. ~INNERGAP™, if there is
rcssitle contact, then if X have some gap(s) in his

inner board will te very dangerous tetween X’s inner
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tcard checkers and his orponent. Because X will be
forced to leave some blot(s) in the next few rolls. The
large a gap is, the more danger it will be, the lower a
gar (near 24 point) 1is, the more danger it will be.
"FCRCEGO™, if the opponent have only one checker left
deerly 1in X"s inner toard (on position 23 or 24), and X
is ahead in the game, X should try to hit this blot and
on the orrcnent’s next roll, if he rolls a big number,
he will be forced to move this checker to scme positions
not so deer in X’s inner board. X will bte much safer to
bear off the rest of his checkers. "EVENMEN', when X
needs less than 2% pip numbers to bear off his remaining
checkers, X should try to keer even checker number on
the toard. By this way, X can save an extra move to bear
off @ single last checker off the toard and waste half
roll of the last roll.

7.€. APPRCXIMATE LECISION MAKING TIME

—e m S a e amen mEmeem- e - - - - - - - —

The times needed for the program to select a move
will deperding on the number of all the next legal
moves. Nermally, rolling doutles will need more time
than rolling two different dice numbers and small dice
nurbers will need more time than 1large dice numters.
Frcm my experience, decision making never took more than
£ seconds and usually only atout 1 or 2 seconds. Compare

this with human competitors’ speed which is usually
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atcut 2@ seconds. We rmust admit, then, that the
machine”s thinking speed is considerably faster than the

huran”s thinking speed.
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Opronent rolls 5, X rolls 6, X moves first.

ROLIL TERM  DICE NUMPERS MOVE

1 X {6,5} 1-7 7-12

2 0 {€e,1} 12-7 8-%

3 X {z,1} 17-20 1¢<20

4 0 £.4} 12-8 13-9

£ X E,E 12-17 12-17 17-22 17-22
6 0 {e,2} 9-4 6-4

7 X {€,2 1-3 2-9

2] 0 {4,2 12-¢ 13-11

S X {4,3} -2 12-16

10 0 {4,1} g-% €-5

11 X {€,4} 3-¢ ¢-12
12 0 {6,6} 24-18 24-18 8-2 8-2
12 X {g,z 12-17 12-16

14 0 £,4} 8-3 7-3

1% X {4,4} 12-16 12-16 16-22 16-20
1€ 0 {z,1} 11-& 7-€

17 X £.,4} 1€-21 1€-2¢

18 0 (6,4} 18-12 18-14

1¢ X £.4} 17-22 17-21

20 0 {4,2} 14-19 g-&

21 X {4,1} 17-21 22-22

22 0 £,3} 19-% 12-9

22 X c.4} 20-off Z1-off

24 0 6,21 9-3 2-off

25 X E5,5 20-of f Z@-off 20-off 2¢-off
2€ 0 {e,=} 6-off 5-off

27 X {e,1} 19-off 19-20

28 0 {z,2} 2-off 3-off Z-off 6-3
26 X {4,232} 21-of f Z2-off

30 0 {&,4} S-0ff 4-0ff
21 X {€,3} 1S€-off ZZ2-off

32 0 {s,2} 5-0ff 2-off
33 X {€,2} 19-0off £3-off
24 0 {5,4} 5-0ff 4-o0ff

& X {6,1} 20-off 21-22
36 0 {5,4} 6-1 6-2
37 X {z,2} 22-off

FROGRAM WINS THE GAME
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Crroment rolls 2, X rolls 1, orponent moves first.

roll turn dice nurbers move
1 0 {z,1} 8-€ 6-5
2 X {z,3} 12-14 12-1%¢
3 0 {6,5 24-18 18-17
4 X {€,1} 14-29 1¢-29
g 0 {6,1} 12-7 €-F
& X {1.1} 15-16 1€-17 17-18 17-18
7 0 {4,2 7-2 €-3
g X {a,5 12-16 12-17
g 0 {z2,3} 13-19 12-190 12-19 6-3
19 X {z,1} 12-14 1¢-29
11 0 2,4} 24-21 19-6
12 X {5,1} 16-21 2¢-21
13 0 {z,2} 25-22 12-11 12-11 1@-8
14 X {3,3} 1-4 4-7 7-10 14-17
18 0 £,6} opponent concedes this move
1€ X {4,1} 16-23 22-24
17 0 {6,3} 25-22
18 X {1,2} 21-22 22-24
1¢ 0 {z,4} 25-22 25-21
@ X {3,6} X concedes this move
21 0 2,4} g-5 5-1
22 X {3,5} X concedes this move
23 0 {1,6} 8-7 7-1
24 X {1,5{ X concedes this move
28 0 £,4 21-16 1€-12
26 X {z,5} g-2
27 0 {z,6} 11-8 11-5
28 X {€,€} X concedes this move
2¢ 0 {1,1} E-4 4-2 3-2 2-2
30 X }1,4} 2-4
21 0 2,3} 12-9 S-€ 8-5 g-5
22 X {2,858} X concedes this move
32 0 {1,3} 5-4 4-1
24 X {4,686} g-4
28 0 {1,6} 22-1€ 1€-1¢%
26 X {z,2} X concedes this move
an 0 {1,3} 5-4 4-1
38 X {1,6} X concedes this move
39 0 {4,1} 18-11 11-10
49 X {4,1} P-4
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:1 0 {e,2} 1¢-5 £-2
4; g {:,6} X concedes this move
{¢,2} E-off £-3

ig g %1,31 X concedes this move

~ <,1 3-1 1-off
46 X {z,4} 2-4
47 0 {2,2} 2-¢ 2-¢ 23-1 2-1
48 X {z,2} 2-2 3-5
29 0 {2,858} 25-22 6-1
;g X {4,4} 17-21 17-21 18-22 18-22
£ 0 {2,4} 25-23 6-2
23 xh {z,6} 5-7 17-23
';; g {¢,€} opponent concedes this move
54 {6,6} 4-1¢ 4-1¢ 10-16 17-23
5S 0 opponent concedes this move
26 X {1,2} 1€-17 17-1¢
e 0 opponent concedes this move
o] X {1,8 7-8 8-12
5¢ 0 opponent concedes this move
€9 X {4,5} 19-14 14-1¢
61 0 opponent concedes this move
€2 X {€,2} 13-19 16-22
63 0 opponent concedes this move
64 X {6,3} 19-22 1¢-off
€E 0 opponent concedes this move
6€ X {2,= 1¢-21 1c-24
67 0 2,4} opponent concedes this move
€8 X {1,5} 20-21 2¢-off
6¢ 0 {€,2 25-19 1¢-16
72 X {1,4} 24-off 21-off
71 0 {1,5 1€-15 15-19
7 X 2,4} 22-off 21-off
73 0 £,6} 190-5 6-0off
74 X {2,4} 22-off 21-off
7s 0 {€,4} 6-off 5-1
76 X {8,c} 21-off z2-off 22-off Z23-off
77 0 {z,8} 2-0ff 1-off
78 X {z,5} 22-off 24-off
7S 0 {5,6} 1-off 1-off
e X {2,4} 24-off

Program wins the game
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