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ABSTRACT

Game-playing programs in artificial intelligence have largely
dealt with two-player games with sequential moves. Many other classes
of games have not been examined closely. The present study develops
solution methods for two-player games with simultaneous moves.

The first portion of the thesis is aimed at the artificial
intelligence researcher interested in game playing and reviews some
results from game theory which are important for extending the
artificial intelligence perspective to classes of games other than
two-person zero-sum games. The concept of a player's rationality is
discussed and is used to justify a best-reply algorithm which extends
the minimax solution for perfect information zero-sum games from
two-person to n-person games. Then, classification criteria for games
are reviewed and solution methods for the different classes are
described.

The main result of this thesis is a simultaneous move algorithm
(ASMA), which was developed from game theoretic concepts as a basic
method for so]Ving games of simultaneous moves. In a modular way,
heuristics can‘be used with ASMA to increase its efficiency in game-
playing programs.

A two-p]a&er version of a DIPLOMACY-Tike game called REDIPT is
described, and a game-playing program of the same name is developed.
ASMA, the main subroutine of the program REDIPT, is used to calculate

a solution for the game.

i



TABLE OF CONTENTS

CHAPTER PAGE
1. THE RELATIONSHIP BETWEEN GAME-PLAYING IN ARTIFICIAL
INTELLIGENCE AND GAME THEORY . . . .+ . . v v v v v v o o« o & 1
Introduction . . & & v v vt e e e e e e e e e e e e e e 1
Introduction to Games . . . . . . 4 . v e e 4 e e e e e 2
How Artificial Intelligence Approaches Game-Playing . . . 5
Extending Concepts to New Game Classes . . . . « « . « . . 13
The Usefulness of Game Theory to Artificial
Intelligence . . v & ¢ v v v v v v vt e e e e e e e e 22
2. INTRODUCTION TO GAME THEORETIC CONCEPTS . . . . . . . . . . 24
A Player's Motivation: Rationmality . . . . . . . . . .. 24
The Definition of a Solution as an Equilibrium
STtuation . v v v v e e e e e e e e e e e e e e e e e 26
Classifications of Games . . .« . + v « « v v v & v ¢« o + 30
3. SOLUTIONS TO VARIOUS CLASSES OF GAMES . . . . . . . . . . . 36
Two-Person Zero-Sum Games . . . v v ¢ o o ¢ o e 0 e e e 36
Two-Person Nonzero-Sum Games . . . « « « « + « « o o o o 43
New Considerations for N-Person Games . . . . . . . . .. 45
Solutions for N-Person Games . . . . « « « « « o v « o o & 49
4. SIMULTANEOUS MOVEMENT GAMES . . . . . « v v v v v v v v o 53
Description of Simultaneous Movement Games . . . . . . . . 53
Algorithm for Solving Simultaneous Movement Games . . . . 55
A Description of the Game REDIPT . . . . . . . . . .« . . . 61
The Implementation of REDIPT . . . . . . . « . o o ¢ o o 65
Experience with REDIPT . . . . . .« . v v 0o v o v v v o 70
5. CONCLUSIPNS ........................ 77
LIST OF REFERENCES ©» « v v v v v e v e e e e e e e e e e e e e 80
APPENDICES & vl v v v v e e e e e v et e e e e e e e e e e e e e 83
A. EXAMPLE OF THE SIMPLEX METHOD . . . . . . « « « v v ¢ « « . 84
B. A LISTING OF THE PROGRAM REDIPT . . v v v v v v v v v v v 90
VITA . ot st e e e e e e e e e e e e e e e e e e e e e e 120



FIGURE
1.

£ W N

10.
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.

LIST OF FIGURES

A Sample Game Tree . . . . « v ¢ v ¢« ¢ ¢ o s o o o o s

Minimax Algorithm . . . . . . « ¢ v v v v o v v o o v W

Game Tree for Minimax Example . . . . « ¢« ¢ v « ¢ ¢ ¢« « &

Comparison of Minimax Choice versus Best-Reply Choice

Comparison of Minimax Solution and Best-Reply Solution . . .

Best-Reply Algorithm . . . . . . « « . ¢ ¢« v v o 0 o o
A Self-Policing Prison System . . . . . . . . . . . ..
Imperfect Information Game . . . . . . . . . + ¢ ¢ v v o
Imperfect Information without Simultaneous Moves . . . . .
Game Represented in Extensive and Normal Form . . . . ..
Game with One Saddle Point . . . . . . . « . « ¢ v o o o
Game with Two Saddle Points . . . . . . . « « ¢ o ¢ o
Game Reduced through Domination of Strategies . . . . . .
Game without a Saddle Point . . . . . . . . . o o oo o
Two-Person Nonzero-Sum Game . . . . « « « « o ¢ ¢ o« o« o
Bargaining Set Solution of a Game . . . . . . . . . . ..
Game in Fharacteristic Function Form . . . . . « . « « « .
Divide fhe Money Game . . « « v ¢ v v v o o 0 0 0 e e e s
Two-Level Sequential Movement Game . . . . . . . .« . « . .
Two-Level Simultaneous Movement Game . . . . . . . . . . .
Normal Form of Figure 20 . . . « « v v v v o v o v o v o &
2K-Level Simultaneous Movement Game . . . . . . . . . . .

jv

12
14
17
18
27
34
34
35
37
38
39
40
a4
46
46
49
54
54
54
56



FIGURE PAGE
23. ASMA & L L e e e e e e e e e e e e e e e e e e e e e e 57
24. Game to Demonstrate ASMA . . . . . . . .« v oo 0w e 60
25. Sample Game Board for REDIPT . . . . . . . . « . o v o v o 67
26. Representations of aMove . . . . . . . .. ... 69
27. Possible First Moves with and without Heuristic . . . . . . 73
28. REDIPT OQutput without Heuristic . . . . . . . .« . ¢« .. 75
29. REDIPT Output with Heuristic . . . . . . . .« . o o o o . 76
30. Simplex Game Matrix . . . . . « ¢« ¢ o o v oo 0w e e 86
31, Step 1 & & v e e e e e e e e e e e e e e e e e e e e e 86
Y - o 86
3 R =Y o T 87
38, Step 6 . . . . e e e e e e e e e e e e e e e e e e e e e 87
35, Step 7 v v i i e e e e e e e e e e e e e e e e e e e e e e 87
36, SEEP B v v e e e e e e e e e e e e e e e e e e 88
37. Step 9 F%rst ........................ 88

38, Step 9 Last . . . . . 0t e e e e e e e e e e e e e e e e 88



CHAPTER 1

THE RELATIONSHIP BETWEEN GAME-PLAYING IN ARTIFICIAL
INTELLIGENCE AND GAME THEORY

Introduction

Perhaps one of the most entertaining aspects of artificial
intelligence is the development of game-playing programs. Techniques
used in these programs are important for artificial intelligence, yet
are also valuable in modelling real world social situations. Social
situations involve a number of persons who must make decisions until
a given coné]usion is reached, and the field of game theory provides a
mathematical description of how to deal with such situations. The goal
of artificial intelligence can be described as that of modelling
intelligent behavior, including intelligent human behavior, and we will
be concerned with intelligent behavior that deals with social situations.
Traditionally, game-playing programs in artificial intelligence have
involved heurigtic search techniques for finding a (possibly nonoptimal)
solution path in a solution space that is typically too large to

search exhaustjvely.

Artificial intelligence game-playing programs typically deal with

2-person zero-@um sequential games such as checkers and chess. Little

theory exists in artificial intelligence to generalize the results of
these programs to other classes of games. Consequently, this work

\
draws upon game theory for the necessary theory to extend game-playing




results to a different class of games: two-player zero-sum simultaneous
movement games. Because this work is directed toward the field of
artificial intelligence, solution methods are developed only after the
necessary basic game theory background is presented. Hereafter, all
references to artificial intelligence will refer to the subarea of

artificial intelligence concerned with game-playing.

Introduction to Games

A game can be thought of as a series of moves, either simultaneous
or sequential, which occur until the game comes to an end. The end of
the game usually takes place when at least one player meets certain
game termination conditions or a turn limit is reached.

Generally, games can be defined by five descriptors (10):

1. The players involved in the game.

2. The choices available to each player when it is his/her move.

3. The amount of information available to each player about the
moves, made previously.

4, A method to determine the end of the game.

5. A funLtion specifying the amount of reward or payoff (positive
or negative) given to each player at a given termination of
the game.

Many gamés are models or simulations of real events, although other

games represeﬁt very abstract situations with Tittle resemblance to

reality. The players of a game may represent individuals, groups of



individuals, or organizations. A move is a particular choice from
the set of actions available to a player on his/her turn. In making
a move, a player may need to know which moves have already been made.
This is known as the information available in the game. Players make
their moves each turn until the game ends, which is specified by game
termination conditions. At each termination of the game, there is a
particular payoff given to each player. Generally, players who receive
positive payoffs are winners, and the other players are losers.

Most games can be described mathematically. From the previously
given descriptors, a game can be reduced mathematically to a three-

tuple

6 =<1, {5, liel} , (P ]iel}),

where
I = the set of players = {1, 2, ..., n},
21 = the strategy space for player i, and
P. = the payoff function for player i (5, 17).

The set of players I includes n players.
In a game, each player i possesses Ki pure strategy choices (a}, a?,
ves a?i), which are the possible actions player i may make. If this
player is certain that he wants to use strategy choice ag for the game,

we can represent this as a vector oF of the form



where c? is the probability that a? will be chosen, and

.i

o‘% =1,
j=1
We can indicate that ag is the only strategy choice used by giving oF
the value
1 2 j-1 j j+1 K4
o, = (oi, Ois wees o% , og, og s eees 011)

= (O’Oi LA 031309 s 00y 0) .

If, however, a player is not certain which strategy choice should be
employed, he may decide to assign probabilities to his strategy choices
to help him decide. This situation can also be represented by the
vector»oi. If, for instance, player i had two strategy choices a} and
a? and wanted to assign equal probabilities to them, the vector op would

have the value

-2y
o, = (01, 01) = (0.5, 0.5) .

By using a vector of probabilities to decide which strategy choice to
use, a player may use different strategy choices in repeated plays of
the same game. A player's strategy for a game, then, is not the scalar
strategy choice ag which is used for the game, but the probability
vector 05 used for picking the strategy choice ag for player i. If a

player's strategy



Ki)

12
0. = (O-, 0-’ ev ey g.

1 1 1 1

possesses only one nonzero probability og = 1, then the strategy oF is
said to be a pure strategy. A strategy 05 which possesses more than one
probability og such that
J

0 < a5 < 1
js said to be a mixed strategy. A player may possess a finite number
of pure strategies for a game, but he may possess infinitely many mixed
strategies.

The preceding mathematical description of games has been useful in

game theory to find solutions to games. A discussion of how artificial

intelligence approaches game-playing follows.

How Artificial Intelligence Approaches Game-Playing

Most game-playing programs are heuristic in nature. Instead of
solving a problem by exhaustively searching for a solution, a heuristic
program uses short-cuts or guesses to find a solution. Typically, game-
playing programs solve games by generating game trees which represent
the alternatives available to each player at each turn. The tree in
Figure 1 is an example of a game tree. A node represents a unique
occurrence of the player's moves in reaching that point in the game.

The branches emanating from each node are the choices or moves which
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a player can make from a particular occurrence of moves in the game.
When a node has no branches coming from it, the game has come to an end,
and a reward or payoff is given to each player at that leaf node.

Since many game trees are very large, heuristic programs try to
limit the size of the tree with heuristics to reduce the time and space
spent searching the tree for a solution. Frequently used heuristics
include:

1. Limiting the depth of the search and estimating the cost of

a path from a leaf node to a goal node.
2. Limiting the breadth of the game tree by only considering
"some options.

3. Abandoning the direction of a search when a player has

reached irreversible disaster.

4. Excluding choices which are trivially different from a

current choice (14, 19).

Heuristic programs do not always give optimal solutions because
they do not explore all possibilities, but they often provide quicker
answers than programs doing an exhaustive search. Some heuristic game-
playing programs can only be used for a specific game, although others
are of a more general nature. Also, potentially inaccurate heuristics
are used to estimate payoffs for intermediate states in the game.

Traditionally, these heuristic game-playing programs have dealt
with two-player zero-sum sequential games. In a zero-sum game, the
addition of the players' payoffs in any situation totals zero. This

characteristic causes these games to be strictly competitive between



8

the players. For a two-player zero-sum game involving players X and Y,
a payoff of p given to playef X means player Y will receive a payoff of
-p.

Because player X is playing against player Y, he wants to know the
value of the Towest payoff he can obtain because this is Y's highest
payoff, which is Y's objective. Using a strategy Oys this lowest payoff
is given by

(0.) = min P_(o_, oy) ,

oyezy

.where Pi is the payoff given to player i and Zi is the set of all

strategies of player i (5). The value 5&(0 ) is designated the security

X
level of player X. Player X's objective is to maximize his security

level, and the highest payoff X can obtain is given by

v
P = max P_(o.) = max wmin Px(ox, og.) .

Yy
xEZx oerx oyezy

The value PX is X's maximin payoff for a game. Similarly, Y's maximin

payoff is given by

v
P = max P (0 ) = max min P (g., 0 ) »

y 'y X"y
oyezy oyezy oerX

and

max min P (ox, o) =-min max P_(o., o) .

XX Ty
cyezy cxezx oyezy oxszx



From this, we notice that

v
P = max P (o) = max min P (0., o)
Y y vy y x 'y
oyezy oyezy oxezx
_ v
= -m1; ma; Px(ox, o) = ;ma; Px(ox) = -P, (7) ,
o €L, OELy «EZy

due to the definition of zero-sum payoffs. Maximin and minimax will be
used interchangeably because of the above.

In relation to a game tree, minimax implies that a player can
choose his move based on the expectation that the player who will move
after him will try to maximize the second player's payoff (or minimize
the first player's payoff). At each level, either player X will try to
maximize his own payoff, or player Y will try to minimize X's payoff.
To use these payoffs, we must go to the Teaf nodes of the tree to
determine which payoffs are chosen and send these values up the tree
at each level.

A minimax algorithm for two-player zero-sum sequential game trees
js described in Figure 2 using the PL/C programming language. To
demonstrate this algorithm, Figure 3 shows the path taken by the
algorithm through the example game tree. From this, we see that
player 1 can ensure for himself a payoff of 1, meaning player 2 will
receive a payoff of -1.

The alpha-beta heuristic can be used with minimax to improve the
efficiency of the latter (19). This heuristic eliminates the

consideration of strategies which cannot be better than the strategies



MAIN:

PROCEDURE OPTIONS(MAIN);
DECLARE (LEVEL,I,RO0T,PAYOFF) FIXED;
LEVEL=1; /* LEVEL=1 IF THIS IS X'S LEVEL */
/* =-1 IF THIS IS Y'S LEVEL */

CALL READTRE (ROOT); /* READTRE INPUTS THE GAME TREE */
I=0; /* I WILL BE THE BEST NEXT MOVE. */
CALL MINIMAX(ROOT,LEVEL,I,PAYOFF);

/* BEGIN AT THE ROOT OF THE TREE. */
PUT SKIP LIST ('BEST MOVE IS ',I);
PUT SKIP LIST ('PAYOFF IS',PAYOFF);

/* PRINT QUT BEST NEXT MOVE. */
STOP;
END MAIN;

(a) Main program.

Figure 2. Minimax algorithm.



MINIMAX:
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PROCEDURE (NODE ,LEVEL ,1,PAYOFF) RECURSIVE;

DECLARE (NODE,LEVEL,I,PAYOFF,J,BEST) FIXED;

/* LEAF RETURNS “TRUE" IF CURRENT NODE IS A LEAF NODE */

/* AND "FALSE" OTHERWISE. */

DECLARE LEAF ENTRY (FIXED) RETURNS(BIT(1));

/* VALUE RETURNS THE PAYOFF OF A LEAF NODE. */

DECLARE VALUE ENTRY (FIXED,FIXED) RETURNS(FIXED);

/* NCHILD RETURNS THE NUMBER OF CHILDREN OF THE CURRENT NODE. */

DECLARE NCHILD ENTRY(FIXED) RETURNS(FIXED);

/* CHILD RETURNS THE JTH CHILD OF A GIVEN NODE. */

DECLARE CHILD ENTRY(FIXED,FIXED) RETURNS(FIXED);

IF (LEAF(NODE))

THEN DO; /* IF THIS IS A LEAF NODE, THE END OF THE GAME, */
/* RETURN THE VALUE OF THE NODE FOR THE CURRENT */

/* PLAYER. */
PAYOFF=VALUE(NODE,LEVEL);
- END;
ELSE DO; /* OTHERWISE, GET THE BEST PAYOFF FOR */
/* THE GAME BELOW THIS NODE. */

BEST=-10000;
DO J=1 TO NCHILD(NODE);
K=J;
CALL MINIMAX(CHILD(NODE,J),-LEVEL,K,PAYOFF);
IF (-PAYOFF>BEST)
THEN DO;
BEST=-PAYOFF;
I=K;
END;
END;
PAYOFF=BEST;
END;
RETURN;
END MINIMAX;

(b) Subroutine.

Figure 2 (continued)
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Path through tree: A,B,C,D,E,F,E,D,G,D; Player 2
sees he should choose the -1 payoff, which is a
payoff of 1 for him.

C,H,I,H,C; Player 1 can get a payoff of -1,
B,J,K,L,K,J,M,J; Player 1 can get a payoff of 1.
B; Player 2 can get a payoff of -1.
A,N,0,P,Q,P,0,R,0; Player 1 can get a payoff of 1.

N,S,T,S,N; Player 2 can do no better than to choose
a payoff of 1.

A; Player 1's best choice is a payoff of 1.

Figure 3. Game tree for minimax example.
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already considered. Both alpha-beta and minimax will give the optimal
solutions.

Minimax is a technique used by artificial intelligence to solve
two-person zero-sum sequential games for which an entire game tree can
be generated. Other heuristics can be used in conjunction with this
technique to 1imit the size of the game tree searched. Alpha-beta or
minimax can be used to level k if a heuristic evaluation function is

used to estimate the payoffs at the leaves of the game tree.

Extending Concepts to New Game Classes

If we try to extend this result to an n-person zero-sum sequential
game where n > 2, problems arise. Attempting to generalize the minimax
technique will not always lead to a correct solution, because, with n
players, attempting to minimize one player's payoff is not necessarily
" the same as maximizing another player's payoff.

For a general n-person zero-sum game, a minimax strategy can be
defined, although this may not be an optimal strategy. A minimax ‘
strategy for player i expects the worst from every other player. In
other words, every other player chooses strategies which will minimize
the payoff of player i, while player i attempts to maximize his own

payoff (5). Player i's payoff can be stated as

max P.(o0.) = max min Pi(oi’ 01) ,

i1 . .
€%, 8. 1 i
O1821 01621 o €k

U<
n

where

o = (o], Ops wens Oy ys Tipqs woes on)



o

and

| gl =T

‘ KBy wee XEg_ Xy ool X2 (5)

As an example, consider the trivial game in Figure 4, which involves

three players. The payoffs at the leaf nodes in the form (V], V2, V3)

represent the payoffs of each player, where Vi is the payoff for player i.
From this example, if player 1 was trying to minimize player 2's payoff,
|
|

he would choose node C, yet, if player 1's motive was to maximize his

own payoff, he would choose node B. The reason minimax works in a two-

payoff and maximizing the payoff of player i, are equal. Thus, a

"minimax" solution for an n-person game is not always the best.

Player's Move

player game is that the two concepts, minimizing the other player's

Figure 4. Comparison of minimax choice
versus best-reply choice.

To find a useful generalization of the two-person minimax solution
concept, the motivation for a player's actions in a game must be cate-
gorized. In game theory, this motivation is known as rationality and

will be discussed later in detail. But, briefly, a player is said to
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be acting rationally if he is acting to maximize his payoff in a game.
With this definition, we can now develop a player's best-reply strategy
as a strategy which, for a given set of alternatives or choices, will
always choose an alternative which maximizes the player's payoff. It
is possible that more than one of these payoffs exists in a game, but
each of these "best" alternatives have the same payoff for the player.
Formally, given a set of alternatives for player i, he will

choose his strategy Giezi yielding a payoff of

L
0" = (Oys Ops wees Ty ps Tgyqs ceo o) >

or the strategies of every player excluding player i. This strategy op

is a best-reply strategy which can be used to rewrite p; as

1 ] *
pi(ol) = max Pi(oi’ G') = Pi(oi, ')
g.€L,
i7

where o: is the optimal strategy of player i against the other players'
strategies s'. A situation o, which contains a strategy 0 for every
player i which is a best-reply strategy for the strategies o' of the
other players, is a best-reply solution. A best-reply solution is |
equivalent to an equilibrium point, which will be discussed later. One

might also describe a best-reply solution as
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—_— *
pi - Pi(o ) s
where
* * * *
o = (0], Ops wees on) .

As a further demonstration of the difference between minimax

sotutions and best-reply solutions, Figure 5 shows the minimax and best-

reply payoffs for each player in a given three-player game.
A best-reply algorithm for sequential games is shown in Figure 6.
In a two-player game, then, the minimax solution can be expressed

as

v
P = i
S o Pl )
XX 'y y
We can also express this as
b X
(= max min Px(ox, o),

o oXerX
xezx

because the set of strategies 1* of all players except player X is
equivalent to the set of strategies Zy of player Y. Simple inspection
proves this, for there is only one player other than player X. Also,
we are sure that Y wants to minimize X's payoff, since

min P_ (o) = -max P (o) ,

oyezy oyezy
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Player's
Move

1

2

3 Payoff for
Leaf Node at
This Level

1 (-1,0,1)

2 (1,-1,0)

3 (0,1,-1)

('] ,O,])

Payoff Using Payoff Using

Player Minimax Best-Reply
1 0 1
2 -1 -1
3 -1 0

Figure 5. Comparison of minimax solution and best-reply solution.




MAIN:

PROCEDURE OPTIONS(MAIN);
DECLARE N FIXED EXTERNAL STATIC;
GET LIST(N);

DECLARE (LEVEL,I,RO0T,PAYOFF(N)) FIXED;
LEVEL=1; /* LEVEL=1,2,... OR N ACCORDING TO WHICH */
/* PLAYER IS MOVING. */
CALL READTRE(ROOT);
I=0; /* I WILL BE THE BEST NEXT MOVE. */
CALL BEST REPLY(ROOT,LEVEL,I,PAYOFF,N);
) /* BEGIN AT THE ROOT OF THE TREE. */
PUT SKIP LIST('BEST MOVE IS ',I);
PUT SKIP LIST('PAYOFFS ARE ' PAYOFF);
ST%P
EN

END MAIN

‘ (a) Main program.

Figure 6. Best-reply algorithm,



19

BEST REPLY: PROCEDURE(NODE,LEVEL,I,PAYOFF,N) RECURSIVE;
/* BEST_REPLY FINDS THE BEST MOVE FOR PLAYER I AT THE GIVEN NODE AND */
/* THE CORRESPONDING PAYOFF VECTOR FOR THE MOVE. */
DECLARE (NODE,LEVEL,I,PAYOFF(*),J,BEST(N),K) FIXED;
/* LEAF RETURNS 1 IF CURRENT NODE IS A LEAF NODE AND O */
/* OTHERWISE. */
DECLARE LEAF ENTRY(FIXED) RETURNS(BIT(1));
DECLARE N FIXED EXTERNAL STATIC;
/* NCHILD RETURNS THE NUMBER OF CHILDREN OF THE CURRENT */

/* NODE. */
DECLARE NCHILD ENTRY(FIXED) RETURNS(FIXED);
/* CHILD RETURNS THE JTH CHILD OF A GIVEN NODE. */

DECLARE CHILD ENTRY(FIXED,FIXED) RETURNS(FIXED);

/* NEXT_LEVEL RETURNS THE NEXT PLAYER TO MOVE. */

DECLARE NEXT LEVEL ENTRY(FIXED) RETURNS(FIXED);

IF (LEAF(NODE))

THEN DO; /* IF THIS IS A LEAF NODE, RETURN THE PAYOFF */

/* VECTOR OF THE MOVING PLAYER. */
CALL VALUE(NODE,LEVEL,PAYOFF);

/* PAYOFF IS AN OUTPUT PARAMETER. */

END;

ELSE DO; /* OTHERWISE, GET THE MOVING PLAYER'S BEST CHOICE */
/* BY EVALUATING THE GAMES BELOW THE CURRENT NODE.*/
BEST=-10000; /* ARRAY ASSIGNMENT. */

DO J=1 TO NCHILD(NODE);
CALL BEST_REPLY(CHILD(NODE,J),NEXT_LEVEL(LEVEL),

K,PAYOFF);

IF (PAYOFF(LEVEL)>BEST(LEVEL))

THEN DO;
I=K;
BEST=PAYOFF; /* ARRAY ASSIGNMENT */
END;

END;

PAYOFF=BEST;

END;
RETURN;
END BEST_REPLY;

(b) Subroutine.

Figure 6 (continued)
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or Y's payoff in a situation is the negative of X's payoff in the same
situation.

In a game Targer than two players, the minimax payoff for X is
given as

v

p, = max min p (ox, o

X
o.er. oXegX X
X 7x

Let us consider a three-player game. In finding a minimax strategy for
player X, we must consider that, because of the minimax payoffs for more
than two players, as defined above, player X may assume that the other

two players will want to choose a o~ such that

= min Px(ox, )
oXeZX

This would mean that

—X —Xy _
P (ox, o) + Pz(ox, g)=¢C,

where C is a constant. In other words, the payoff vector

could be in one of the following forms:
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Player Y would prefer to choose 6yezy such that

and

P (0,5 &) = -C, P (0,, &) =C, P (0, 5)=0.

and
v

v v
Xy _ Xy _ Xy -
P (o, o) = -C, Py(ox, ¢") =0, and Pz(ox, o) =¢C.

X' X

Hence, the ideal situation for Y and the ideal situation for Z may not

be the same, since, if C is nonzero,

v

~X X
Py(ox, 37) # Py(ox, o)
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and

v

PZ(OX,BX) # Pz(ox, ) .

Thus, the minimax strategies will not necessarily yield suitable
solutions for every player, but best-reply strategies will do so in the
class of n-player zero-sum sequential games in which no agreements can
be made between players (5). We will later briefly discuss agreements.

The Usefulness of Game Theory
to Artificial Intelligence

The above discussion has shown that it is naive to extend the
minimax solution to n-person games without first understanding the notion
of a player's motivation in a game. Rather, it is necessary to first
understand why the minimax strategy is an optimal strategy for two-
person zero-sum sequential games and not for n-person zero-sum sequential
games before considering possible optimal strategies for other classes
of games. Otherwise, an optimal solution to a particular class of games
can lead to a suboptimal solution for a different class of games.

In the development of game-playing programs, some programs have
proven to be useful for only specific games. Such programs depend upon
rules-of-thumb developed by good human game-players. Whereas these
techniques may be useful for programs of a specific game, they may not
be of value for programs of a different game. A general framework and
rationale for game-playing would be valuable for programs dealing with
various types of games, and each program could build upon this framework

with its own particular set of heuristics for a game.
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There has been a continuing effort toward the creation of general
game-playing programs. One of these programs which models the human
ability to learn good techniques for playing a game could develop its
own rules-of-thumb and become a game-player which was as good as a
program written for a particular game. At this time, however, these
general game-playing programs typically require too much computer time
and memory to be of much use for playing a specific game.

Nevertheless, a general game-playing rationale is necessary, as
has been noted by Uhr:
We want to be developing general principles and theories,

moving toward more and more powerful, rather than more and
more specific, mechanisms. (16)

If game-specific principles are developed without regard to this general
rationale, it is possible that every new game to be modelled will require
new methods (16). ’

The concept of rationality developed by game theory can provide a
useful general framework for artificial intelligence game-playing. As
will be seen, game theory has classified various types of games and

developed not only solutions to these games, but an underlying motivation

or rationale for game-playing.




CHAPTER 2

INTRODUCTION TO GAME THEORETIC CONCEPTS

A Player's Motivation: Rationality

Having discussed the need to examine game theory, we need to look
at its basic concepts. The task of game theory is to understand and
describe the process of rational behavior in any social situation.

According to game theory, a player is acting rationally if he is
attempting to ensure for himself the highest possible payoff. All of
a player's moves are oriented in this direction. This does not
necessarily mean that he will make the move which has an expected payoff
at least as great as that of any other payoff. Even if a player acts
in cooperation with other players, he will never act irrationally,
meaning that he will never cooperate to the point that he could achieve
a better payoff if he acted individually.

We have already seen how this concept of rationality causes us to
choose minimax strategies for two-person zero-sum sequential games,
because minimax strategies are the "best" strategies for both players,
and this same concept causeS us to choose best-reply strategies for
n-person zero-sum sequential games.

Philosophers have long debated whether any explanation of rational
behavior can be valid. Shubik (12) and Harsanyi (5) point out that it
is difficult to say human behavior can be adequately defined by a

rationalistic theory. Many human tendencies seem to prevent this

24
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behavior from being rational in a game theoretic sense. Error and what
can be termed our "limited information-processing ability" often account
for suboptimal actions. Additionally, insanity can cause very erratic

|
behavior.

Although te may not be able to completely define all social behavior

by a single rationalistic theory, we can try to understand irrational

behavior as so¢e deviation from rational behavior. For a reasonably
acceptable the‘ry of rationality, many observed behaviors will conform
to normative rational behavior in at least some aspects. From this,
one can obtainia heuristic measure with which to explain and predict
some nonrational behavior (5).

For insta&ce, in Figure 5 (page 17), if player 1 always chose his
first (]eftmos*) move and the other players chose their second moves,
they would be éwarded their best possible payoffs of (1,-1,0). MWith
the payoffs sh&wn for each leaf node of the tree, we know that each
player would b% acting rationally in obtaining such a result. If
player 3, howe*er, felt that the payoffs at the leaf nodes were actually
different from‘the given payoffs, he might choose a different strategy,
yielding different payoff results, which would surprise players 1 and 2
because they expected player 3 to act differently. The first two
players might feel player 3 acted irrationally, but, because of the

context in which player 3 viewed the game, it can be argued that

player 3 acted|rationally in his context.

This theoﬁy of rational behavior, then, does not state how a

person will ac#, but how a person should act, in a social situation.
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However, in some fields, such as economics, political science,

international relations, and some areas of sociology, game theory

accurately desgribes and predicts desirable human behavior (5).

Originally, gaﬁe theory was organized as an attempt by John von Neumann

and Oscar Morgénstern to describe economic behavior in Theory of Games

and Economic Behavior.

Having def

rationally, we

behavior.

i
t

From the ¢

a situation o w

ined rationality and assumed that every player will act

now have a basis for predicting the outcome of rational

The Definition of a Solution as an
Equilibrium Situation

oncept of rationality, it is clear that a player i wants

hich will give him a payoff that is at least as large as

the payoff foriany other situation in the game, or

Pi(o) > Pi

. i
(01,0),

where o; is any strategy other than the one used in o. This situation

o is said to be
A situation whi
as an equilibri

involved in thi

admissible for player i because of the above condition.
ch is admissible for every player in the game is known
um situation or equilibrium point, and the strategies

s situation are equilibrium strategies (17).

A game may possess many equilibrium situations, and it is at

equilibria that solutions to games may be found, for, at an equilibrium

point, no playe

r can achieve a greater reward by deviating from his
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equilibrium strategy. This self-enforcing characteristic of equilibrium
situations tends to stabilize actions in a game toward an equilibrium
point (12).

Shubik presents an intuitive view of equilibrium situations (12).
His example 1s§a self-policing system for a prison, shown in Figure 7.
In this prison, there are no guards. Instead, there is a single
blockhouse B i; the middle of the prison which can open the only exit
from the prison, a gate G. The blockhouse is surrounded by a barrier W
which can on]y‘be opened by n buttons for the n prisoners. These n

buttons are on [the barrier, and each button can only be activated by

one specific prisoner. When each prisoner pushes his specific button,

the barrier 1sjopened, and every prisoner is able to reach the blockhouse.

However, only dne prisoner is able to be in the blockhouse at a time.

A prisoner in dhe blockhouse can press only one of two buttons inside.
|

|
The first buttqn opens the gate for ten seconds, allowing the rest of

Gate
| A |

XXX ... prisoners

|

{ Barrier

Blockhouse

2
%,

Figure 7. A self-policing prison system.
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the prisoners to go free, but not the single prisoner, who is too far
from the main gate to reach it in time. The second button activates
gyros under the blockhouse, 1ifting it over the prison walls, but
leaving the ga#e closed. If every prisoner is acting rationally, and

his only goal js to escape from prison, then it will never be the case
that all the p%isoners will act together to allow one prisoner to escape,
and no one priéoner will remain in prison while allowing the other
prisoners to escape. The first button provides the prisoners with a

motivation for |allowing one prisoner to enter the blockhouse, while the

second button motivates the single prisoner to enter the blockhouse.
i
Thus, we have #n equilibrium situation, at least in theory.

A few proﬁerties of equilibrium points must be given. These
properties are%true for all games. First, the payoff to a player at
an equi]ibrium}situation is at lTeast as great as the payoff he would
receive using % best-reply strategy, or
I
|
P.(3) >P(0;, o),
for any oiezi, ﬁnd o being an equilibrium situation, and o: being a
best-reply stra&egy. A best-reply strategy for a player yields the
best payoff thaL a player can achieve for himself without the help of
another p]ayer.i However, if in choosing his strategy, a player employs
a strategy yielping payoffs for the other players which are as good or
better than theﬁr best-reply payoffs (the admissibility condition), and
every player chposes such a strategy, then an equilibrium situation

occurs.
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Next, there may be more than one equilibrium point in a game.

This is easy to see by symmetry in some unbiased three-person game,

where players 1 and 2 play against player 3, or players 2 and 3 compete

against playeri

The use o

1, etc.

an equilibrium strategy does not guarantee the occurrence

of an equilibrium situation (10). Consider the equilibrium situation

g = (o],

|
{
In another sity

G = (3. 3
|

it happens thad

5. =3, .

i i?
although

' #75

then it would a

This last

ﬁzg s ey

-O_O s o
1’

ation

2’ * 00y ai, c ey

|
\

1so be true that

characteristic i

equilibrium strategy involves a

Before pro

types of games,

ceeding to discu

we will observe

1
|

g,
n

) .

5,) s

Nlustrates the fact that using an

risk.

ss equilibrium situations for different

various ways of classifying games.
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Classifications of Games

N-person and two-person games. There are a number of different ways

to classify games. One of the most important distinctions is between
two-person gamés and n-person games, where n = 2, although we usually
consider n > 2. In general, two-person games are competitive, in that
each player 1sicompeting against the other. However, n-person games can

involve coalitions and the coordination of separate player's moves.

Also, n-person |game theory tends to be more complex, as will be seen

when we discusi players' interests.
|

Constant-%um and nonconstant-sum games. Games can also be classified
|

according to tﬁe nature of payoffs, or, more specifically, between

constant-sum gjmes and nonconstant-sum games. The addition of every
player's payof‘ for a situation is equal to that of every other situation
|

in a constant-sum game, which can be written as
|

P](o) + P%(o) + ... Pn(o) =C

where ¢ is some constant, and the condition is true for every ceS. An
jmportant special case of constant-sum games is the set of zero-sum games,
which is the agove condition, where ¢ = 0. Any constant-sum game can be
converted intoia zero-sum game by subtracting ¢/n from each player's
payoff for eveﬁy situation (1). In a nonconstant-sum game, the addition
of every p1ayeJ;s payoff for a situation is not the same for every

situation. Nonconstant-sum games can be transformed into zero-sum

games by the addition of a fictitious and nonparticipating player
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Pn+1(°) )
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r a situation is equal to the negative of the sum of the

payoffs, or

e and noncooperative games. Games can be classified as

either cooperat

1obk at the int

interests that i
strictly identﬂ
increasing with
move beneficial
games include t
this condition
the players in
good for one pl
for every playe
this characteri
Tikes will be d
the first perso
third person we
players may exp
player may be i

Games of s

Should the inte

jve or noncooperative. To define cooperation, one must
erests of the players because it is the similarity of
causes cooperation. Games in which the players have
cal interests occur when each player's payoff is strictly
any other player's payoff, or, in other words, when a

to one player is beneficial to the rest. Cooperative
hose with strictly identical interests. The converse of
is the condition of strictly opposite interests. If all
a game have strict]y opposite interests, then what is
ayer is bad for the rest of the players, and this is true
r. Notice that only two-person zero-sum games can have
‘stic. In a two-person game, whatever payoff one person
isliked by the other person, since a higher payoff for
n will be a lower payoff for the second person. If a
re added to the zero-sum game, even though the first two
ress an opposite ordering of two preferences, the third
ndifferent to the two preferences already given.
frict]y opposite interests are noncooperative games.

rests of all the players in a game be neither strictly
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identical nor strictly opposing, the interests are said to be mixed.
With mixed interests, there is still the chance of agreements between
players, and players who make such agreements can form coalitions. When
agreements can‘be enforced, either through the rules of the game or the
nature of the éayoffs, then agreements can continue, and cooperation is
~encouraged. Héwever, when agreements are not enforceable, then
agreements are|made only as long as they are profitable to the players
invo1ved, The nature of these games tends to be noncooperative. Thus,
cooperative games include:

1. Gamesiwith strictly identical interests.

2. Games |having mixed interests and enforceable agreements.
Noncooperative games include:

1. Games |with strictly opposite interests.

2. Games |having mixed interests and nonenforceable agreements (5).

i
Complete and incomplete information. If all the rules of a game

are comp]ete]y‘known by every player, the game is a game of complete
information. qtherwise, the game is one of incomplete information.
This latter characteristic is difficult to find solutions for, and most
games dealt with by game theory are games of complete information. For
our purposes, all the games we will discuss will be games of complete

information.

Perfect add jmperfect information. We have already observed that

1
games can be represented by game trees. At a given node in the game

tree, a particular player must choose his move. If, at every node in
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the game tree a player can make his choice based on full information of
all players' prior moves, or he can precisely trace the path from the
root to the cufrent node, then this is a perfect information game. The
above is not tﬁue in an imperfect information game, such as the example
game in Figure 8.

The nodeséin level 2 are in an information set, meaning that, at
that turn, the%nodes are not distinguishable and player 2 cannot tell
at which node We is located. Because of this, player 2 cannot make his
move based on ﬁhe knowledge of player 1's move. Player 1 and player 2
can be viewed qs moving simultaneously. A simultaneous move is one in
which all the {mmediate child nodes are in the same information set.
A simultaneous movement game has only simultaneous moves. Perfect
information games, however, have sequential moves and are all sequential
games.

Not all imperfect information games are games of simultaneous

movement. An example of this is Figure 9. Notice that not all the

nodes on the second level are in the same information set. Thus, this
is not a simultaneous move.
Perfect igformation games are generally represented as a sequence
of moves over the entire length of the game, such as a game tree. A
game in this form is said to be in extensive form (10).
In a game jof imperfect information, a player cannot always make
his move based on the last move of the last player. Instead of depicting
this game in extensive form, it can be represented in normal form, where

each player's strategies are listed, and, for each situation in the game,
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Player's Move Level
1 1

5 -2 3 4

Figure 8. Imperfect information game.

Player's Move

|
|
Figure 9.} Imperfect information without simultaneous moves.
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a resulting payoff vector is given. In Figure 10, a game is shown in
extensive form and normal form. This is a two-person zero-sum imperfect

information game.

We can number the levels in a game tree as lst, 2nd, ..., rth,

which are the r levels at which a particular player can make a move.

The numbers x]J Xos +ees X, are the serial numbers of the branch chosen

by this player |at each of the r levels. The sequence X], X2, cens Xr
is, then, a unique strategy for the player.
It is necessary to classify games in these various ways to be able

i
to investigate ;solution concepts for different game classifications.

Often, we can dnly understand solution concepts for one class at a time,
i
considering solutions in a case-by-case basis. Following is an intro-

duction to so]Jtions of games.
|

Player 2's
strategies
1 2
] 3 -1
Player 1's
strategies
Tl 0 | 2
Extensive |form Normal form

Figure ]r. Game represented in extensive and normal form.
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CHAPTER 3
SOLUTIONS TO VARIQUS CLASSES OF GAMES

fferent game classes, game theory has developed solutions,
e based upon the rationality assumption previously

way of fully describing rationality is by listing the

e various game classes. Because game theory is concerned

ing decision-making, finding optimal solutions is not its

R but optimal solutions are often a byproduct.

Two-Person Zero-Sum Games

ng solutions to various classes of games, the simpler
be considered first. The simplest class of games is the

on zero-sum games, which are games of strictly opposite

ready seen that the minimax technique is sufficient for
ions to two-person zero-sum perfect information games,
Chapter 1. For two-person zero-sum imperfect information
max technique is still necessary, but will be applied in
-person zero-sum imperfect information games must be
normal form. In normal form, it may be clear to one of
ch strategy he should choose. For example, consider the
11.

Player 2 sees that he should always choose strategy 2.

se strategy 1, player 2 would get his best payoff with

36
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Player 2's strategies
1 2 3

11 3 -1 0

Player 1's
strategies 4 0 1

Figure 11. Game with one saddle point.

strategy 2. This is also true if player 1 chose strategy 2 or 3.
Knowing that player 2 will always want to choose strategy 2, player 1
has a choice of choosing his strategy 1, 2, or 3 with payoffs of -1, 0,
-3, respectively. Obviously, strategy 2, with a payoff of 0 is 1's best
choice. Thus, we know that both players will choose their second
strategies, and the expected payoff, or game value is 0. The value of

a game, or the game value, is the expected payoff of a player in the
diven game.

This is a saddle point solution, meaning that it can be rationally
assumed which pure strategies will be chosen. A quick way to determine
whether an entry in a game matrix is a saddle point is to check whether
it is the smallest entry in the row and the largest entry in the column.
A game may have more than one saddle point. Each of these saddle points
will have the same payoff. In Figure 12, there are two saddle points,

.both with a value of -1.
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Y's strategies

1 2 3
11 -2 1 -3
21 -1 2 -1
|
| Game with two saddle points.

Figure 12.

which possesses a saddle point solution, it is obvious
which strategy should be chosen. If a game possesses
addle point solution, the players may have a choice as
gy each should choose. According to game theory, it will
fference which of these strategies are chosen.

do not possess saddle point solutions. In these games,

not be clear to each player which strategies they want

to choose, it ﬁay be that some strategies will never be chosen because

of. their relati

vely low payoffs. These unwanted strategies are referred

to as dominateq strategies, because other strategies are preferred over

them. A stratapy c; is dominated by a strategy o;

player i using

‘situation using

Pi(Oi s O

for any 01521.

If a strat

dominated strat

-

if the payoff for
c;’ is at least as much as he would receive in any
0;9 or

> - i
) Pi("i’ o)

{
|
|
\
|

t

gy is dominated by at least one other strategy, the

gy can be excluded from the set of strategies. The
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search for dominated strategies can then continue. When this process
is completed, only undominated strategies should exist in the player's
strategy set.

Strategies 1 and 3 are dominated by strategy 2 for player X in
Figure 13. Similarly, player Y's second and fourth strategies are
dominated by h{s third strategy. The resultant game involves a choice

of two strategies for both players.

Y's strategies

1 2 3 4
1 21 2{-1}1 1 2 3 4
X's strategies 2 | 4] 2[ 0] 3 > 2| 4 2f 0of 3
3 [1]-2[-3] 2 s [ 4[] 2
4 1-11 4] 1} 2
‘ 1
/
21410
4 -1

Figure 13. Game reduced through domination of strategies.

Removing qpminated strategies from a game reduces the number of
potential situdtions which may be equilibrium solutions. It is often
possible that a!saddle point exists for this reduced game. Artificial
intelligence may be able to reduce the number of considered strategies
even further by using heuristics which can recognize certain strategies

that will "probably" not be included in an equilibrium situation.
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After it is determined that a game does not have a saddle point
and after all unwanted strategies have been eliminated through domination,
then we have a game in which each player wants to implement each strategy
only when his opponents are using other particular strategies.

Consider the game in Figure 14. Player X wants to use strategy 1
when player Y is using his second strategy. However, when X uses
strategy 1, Y wants to use strategy 1. Alternately, player X wants to
dse his first strategy when player Y is using his first strategy, but,

when X is using his first strategy, Y wants to use his second strategy.

Y's strategies

1 2
1111 2

X's strategies
21211

Figure 14. Game without a saddle point.

Thus, there is no particular strategy that either X or Y always
wants to play. Instead, X wants to play strategy 1 with probability Q
and strategy 2 with probability 1 - Q.

Earlier, it was discussed that a strategy oF for player i is a

probability vector of the form

where og is the percentage of the time that player i wants to play pure
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strategy a%. The saddle point solution for Figure 11, page 34, can -

then be represented as

meaning that player 1 always will play his second strategy, and player 2
always will play his second strategy.

For the game in Figure 14, X will choose a strategy given by

g, = (Q, 1 - Q) » where 0<Q<1.

Mixed strategies, such as this, are also known as randomized strategies
because a random number generator distributed according to the probability
for each pure strategy can be used to choose which pure strategy should
be used.

When a game does not possess a solution in pure strategies, the
solution in mixed strategies can be obtained from the simplex method of

Tinear programming. Given a game matrix with the following entries

A1 42 n
a1 2 42n
am] am2 amn

we can express player Y's expectations of winning by
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<
a]]Y] + a]zY2 + ... a]nYn v
aZ]Y] + a22Y2 + ... aZnYn <V
Y. +a Y, +...a Y <V

' T 2’2 mn'n

where V is the value of the game and Y], Y2, cees Yn is the probability
of using strategy 1, strategy 2, ..., strategy n, respectively (1).

Dividing each equation by V, we get

Ay, Y a,,Y a, Y
11°1 12 2 Inn o
vtV ! v
N, %222, Ca'n
v v v
a.yY a .Y a_yY
ml 1 me 2 mn n
vty v S
or
apVy Fagg¥ e gt S
Y Y Y <
agYy gl o 3y S
Y \7 Y <
am ' * Am2' 2 ¥ %n'n !
where Yi = Yi/V.
Since Y], Y2, cees Yn are all probabilities which must add up to 1,

we can express this as
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or

n
-
<|—

Because we arbitrarily chose to express V, the game value, as the average
payoff given to player X, player Y's goal is to minimize V, or maximize

1/V. The result is a linear programming problem, stated (1):

maximize Y, + Y2 + ... Y

1 n
subject to a]]VH + a]zY2 + ... a]nYn + S] + OS2 + ... OSn =]
az]Y] + a22Y2 + aann + OS1 + 52 + 0S =1
am]Y] + am2Y2 + ... amnYn + OS] + 052 + ... Sn =]

This problem can be solved by the simplex method of Tinear
programming, which is demonstrated in Appendix A. Through this method,
a probability vector for each strategy is calculated for both players.

It should be noted that, in 1979, an alternative method, faster
than the simplex method, was developed by L. G. Khachian, a Russian
mathematician. This method utilizes Euclidean geometry in n-dimensional

space to converge upon a solution (6).

Two-Person Nonzero-Sum Games

Thus far, we have considered only two-person zero-sum games, which
we know are noncooperative games. Next, let us consider two-person

nonzero-sum games.



44

Consider the game in Figure 15. Each entry in the game matrix is
a vector (a, b), where a is X's payoff and b is Y's payoff. X prefers
situation (3, 1), giving him a payoff of 9, while Y prefers situation
(1, 3), giving him a payoff of 9. However, if both players chose the
strategies which gave them their highest payoffs, the resulting situation

(3, 3) would pay each player 0 (11).

Y's strategies
1 2 3

110,0{0,0(1,9

X's strategies 2 {0,0/5,510,0

319,1(0,040,0

Figure 15. Two-person nonzero-sum game.

If‘both players were to communicate, they could both bargain back
and forth until they finally settled on the mutually acceptable
situation (2, 2), with a payoff of 5 for each player. Many different
methods of dealing with bargaining have been presented. However, there
does not appear to be a dominant one. Threats are a large part of the
bargaining process.

Each bargaining solution method graphs the payoffs of each entry
as a point in n-dimensional space and forms a convex hull of these
points. Among these points is a status quo point, as specified by the

method, from which the players can begin negotiations (1).
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The set of points on the perimeter of this convex hull is
designated the negotiation set in which all rational players will be
able to find a negotiable solution. Obtaining a solution is then the
process of moving along a line, determined by the bargaining method,
from the status quo point to a point in the negotiation set, and the
point arrived at is the solution. One solution of the game in Figure 15
is shown in Figure 16.

If a game of this class does not have communication among the
players, it is often the case that the negotiation set will be smaller,
because the number of believed threats is reduced. From this reduced

negotiation set, players may or may not reach the same solution.

New Considerations for N-Person Games

Before continuing into the class of n-person games, some concepts
must be explained. Cooperative games are usually represented in
characteristic function form, which represents each possible coalition
and the corresponding payoff paid to the entire coalition. A division
of the payoff among the players in the coalition is termed an imputation
and there may be an infinite number of imputations for a coalition. It
is assumed that the payoff is the total of the payoffs of each
individual, and this collective payoff is shared.

Figure 17 represents a three-person game in characteristic function
form, where V(a], CPYRRRRY ak) = U]2 ek is the payoff U]2 R given
to the players 815 8y «-.y 3 who are members of a coalition. Notice

k
that no player can receive any payoff gain without player 2.
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Figure 16. Bargaining set solution of a game.
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Figure 17. Game in characteristic function form.
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We must also introduce the concept of group rationality, for, when
players form a coalition that coalition tends to act as one player,
having its own goal, until it breaks up. A coalition has group ration-
ality when it exhibits rational behavior similar to an individual player.

The characteristic function form has two properties (5). First,
the empty coalition receives no payoff, and, second, if two groups of
players form a coalition, then the players in each group will receive
at least as much as they would if they did not form the coalition. The
second property ensures individual rationa]ity, because it would not be
individually rational for a player to join a coalition if it put him in

a worse position. These two properties can be expressed as

V(Q) =0,
and

V(i,3) = V(i) + V() ,
where iNn j = 0.

Because group rationality must preserve individual rationality, an
individual will remain in a coalition only as long as it is profitable
for him to do so. A player outside of a coalition may bargain with a
member of the coalition to entice him to leave the coalition and form
a new coalition between these two players. Rational players are aware
of their most profitable action, whether it is joining a coalition or
leaving one (1).

A two-person nonzero-sum game, as well as a nonzero-sum game with

more players, can be converted to a zero-sum game by adding a fictitious
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nonparticipating player who, for every situation, receives the negative
of the summation of the other player's payoffs in that situation (11).
This transformation eliminates the problem of finding a solution using
the convex hull of payoffs. Coalitions are possible, however, and the
addition of another player brings the added difficulty of determining
whether a coalition could form including the fictitious player. Of
course, the fictitious player cannot actually join a coalition, but the
real players in the coalition must share the payoffs in such a way that
the fictitious player would want to join.

The two important questions in n-person game theory are (11):

1. Which are the most likely coalitions to form?

2. How will coalition formation affect the outcome of a game?

Players can form coalitions if they can agree upon an imputation.
Although there is the possibility of an infinite number of imputations,
many imputations will not be considered becausé they are dominated by
another imputation. An imputation dominates another if the majority of
players prefer the first imputation over the second. As an example, the
imputation (50, 10, -60) dominates the imputation (-10, -20, 30) because
both player 1 and player 2 prefer the first imputation. Agreements are
enforceable if threats are strong enough to force an agreement. A threat
is the possibility that a play will receive an undesirable payoff due to
the actions of another player or group of players. In the above example,
player 1 may threaten player 2 by saying that player 1 will form a
coa]ition with player 3 using the imputation (-10, -20, 30), unless

player 2 joins him in a coalition using the imputation (50, 10, -60).
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Only if players make concessions to each other can agreements be
made. Concessions are made if the refusal to accept a concession is a
risk that the involved players are unwilling to take. If one of these
players wanted to forego such a concession in hope that he could achieve
better terms, the risk of encountering a conflict from such a refusal is

even greater.

Solutions for N-Person Games

Von Neumann and Morgenstern defined a solution of an n-person game
as a set of imputations with internal and external stability. The set
has internal stability if no imputation in this set dominates another
imputation in the set, and has external stability if every imputation
not included in the solution set is dominated by at least one imputation
in the set (10).

This solution concept has some problems, however. Consider the
game of dividing one hundred and twenty dollars by a majority vote of
three players. Dollars cannot be divided further. If a majority of the
three players can agree on how to divide the money, they can keep the

money (1). The characteristic function form is given in Figure 18.
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0 v(c) =0

V(AB) = 120 V(BC) = 120 V(AC) = 120

V(ABC)

120

Figure 18. Divide the money game.
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One solution for this game is the set of imputations (60, 60, 0),
(60, 0, 60), and (0, 60, 60). In each of these imputations, two players
agree to divide the money equally among themselves and exclude the
remaining player (11). One of these imputations will be chosen for the
game. According to von Neumann and Morgenstern, the imputation chosen
will reflect some social norm. However, it is not known how to find
this norm. Thus, this solution concept does not necessarily choose a
unique imputation for a game.

There may also be a number of other solutions for a game, as is

the case for the last game (1). Such a solution is the set of

imputations
(32, 0, 88)
(32, 1, 87)
(32, 2, 86)
(32 86 2)
(32 1)
(32, 88 0)

Hence, it is also not possible to choose one solution from the others
with the present concepts.

Further attempts have been made to define solution concepts which
will improve the selection of a game solution. Luce's theory of
stability is a solution concept which determines all stable imputations.
The imputations which can be considered, termed permissible imputations,
are those which involve only a slight change from another imputation,
reflecting Luce's assertion fhat changes of coalition patterns occur
only in small steps because alliances tend to continue. Out of these

permissible imputations, stable imputations are determined. An
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imputation is stable if no other permissible imputation is preferred by
the majority of players. There may be many stable imputations in a game,
and, frequently, thfs set of imputations is more restricted than the

von Neumann and Morgenstern solution sets.

The strong solution, described by Vickrey, restricts the number of
imputations which could be included in a von Neumann and Morgenstern
solution, with the added restriction that a player who attempts to
divert from a sélution and then attempts to return to that solution will
be penalized in his payoff. For m%ny games, this has proved to greatly
restrict the possible set of solutions.

Shapley's concept of power is another approach toward minimizing
the number of acceptable solutions in a game. Shapley's observation was
that some players are more sought after than others in coalition
formation. The measure of this is known as a player's power. A group
of players could form a coalition if the sum of their power indexes is
not less than a given coalition formation power level. However, if
their sum is less than this power level, there exists some motivation
for the coalition not to form. Various methods exist for the determi-
nation of power indices and the coalition formation level.

One of the most recent solutions was developed by Harsanyi and
Selten (4), who claim that their solution is for any cooperative or
noncooperative game, whether it is a game of complete or incomplete
information. To find a solution to a given game, this method divides
the game into a number of component games, each, of which, is also

divided into a number of component games, etc. There is a limited
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number of these component games, however, which are created by the agent
normal form, & form of the game between extensive form and normal form.
Each game or component game reaches a solution in two steps. First,
for each player i, all other players express their initial expectations
about the pure strategies of player i in a probability vector Ei' Using
these vectors Ei’ a tracing procedure converges upon one specific
equilibrium point, tracing the solution from a best-reply solution to
the unique solution. This solution method not only solves the problem
of finding a determinate solution, but also helps to explain one behavior
(rational) as a deviation of another behavior (best-reply).
In summation, here is a listing of solution concepts for various
classes of games.
1. Two-person zero-sum games: saddle point, domination, or
simplex solution.
2. Two-person nonzero-sum games: bargaining method on a convex
hull.
3. N-person games: the von Neumann and Morgenstern solution,
Luce's stable solution, Vickrey's strong solution, Shapley's

power index solution, or Harsanyi and Selten's solution.



CHAPTER 4

SIMULTANEOUS MOVEMENT GAMES

Description of Simultaneous Movement Games

Games of perfect information, including the two-person zero-sum
games used in artificial intelligence, can best be thought of as games
in which each player moves sequentially and each player's move is based
on all moves prior to his. Such is the case with the trivial game
represented as a tree in Figure 19. Using the minimax concept, we know
that both player 1 and 2 will use their first strategies, resulting in
a zero-sum payoff of 1.

If the above game was a game of imperfect information, player 2
could not base his moves on what the other player did and, in effect,
would be moving simultaneously with player 1. This game could be
shown with all of the nodes at level 2 in an information set, which is
illustrated in Figure 20. However, this type of game is best depicted
as a game matrix which helps to eliminate the suggestion of sequential
movement (Figure 21). Here, a player's strategy represents an individual
move because of the short length of the game. In actuality, a strategy
represents a method for selecting a player's move. From the game in
Figure 3, page 12, we can obtain a single value representing the
expected zero-sum payoff, as discussed earlier.

There are games which contain a combination of perfect and

imperfect information. An important subset of these games are those
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Player's Move
1

1 3 2 0

Figure 19. Two-level sequential movement game.

Player's Move

Figure 20. Two-level simultaneous movement game.

Player 2's strategies

113
210

Player 1's strategies

Figure 21. Normal form of Figure 20.
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games in which there is imperfect information during each turn, but
perfect information between turns, a turn being the event of each
player making one move. In these games, the players move simultaneously
each turn, but, after each turn, every player knows the outcome of the
moves. A game tree for this type of game is depicted in Figure 22.
Notice that every two levels represent a turn up to k turns, and between
each turn, all the nodes are in the same information set.

The first two levels represent a game of the type shown in
Figure 21. However, there are no payoffs at the nodes in level 2
because these are not leaf nodes. Instead, we obtain a payoff at one
of these nodes by evaluating the two-level games below its second level
nodes, etc. This process continues until the second level nodes are
leaf nodes, at which we have payoff values to evaluate the games at the
last levels. When a game value is obtained for one of these games,
this game value is used as the payoff value of one of the second order
nodes in the game above it. Thus, the game values are sent back up the
tree until we can evaluate the original two-level game, and we have a

value for the entire game.

Algorithm for Solving Simultaneous Movement Games

We can describe this process with an algorithm, named ASMA (A
Simultaneous Movement Algorithm) shown in Figure 23. Minimax for perfect
information cannot be applied after a turn because the players are moving
simultaneously each turn, and there is no single player who can choose
the best move. However, we can apply minimax for imperfect information

and other techniques during the simultaneous moves.
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PROCEDURE OPTIONS(MAIN);

DECLARE K FIXED STATIC EXTERNAL; /* Number of board regions.

GET LIST(K);
BEGIN;
DECLARE BOARD(K) FIXED;
CALL CREATE(BOARD);
PUT SKIP LIST('GAME VALUE IS ',ASMA(BOARD));
/* SOLVE THE GAME. */
STOP;
END;
END MAIN;

(a) Main program.

Figure 23. ASMA.

*/
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/* A SIMULTANEQUS MOVEMENT ALGORITHM, */

/* ASMA EVALUATES A GAME BY */

/*  1.DETERMINING ALL OF A PLAYER'S POSSIBLE NEXT MOVES. */

/*  2.CREATING A GAME MATRIX FROM THESE MOVES */

/*  3.FILLING IN THE MATRIX BY EVALUATING THE SUBGAMES */

/* REPRESENTED BY EACH PAIR OF MOVES */

/* 4,0BTAINING A GAME VALUE FROM THE GAME MATRIX */

ASMA: PROCEDURE(BOARD) RECURSIVE RETURNS(PAYOFF);
/* FUNCTIONS USED: */
/* ESTIMATE - RETURNS AN OVERESTIMATE OF THE NUMBER OF */

/* POSSIBLE MOVES FOR A PLAYER FROM A GIVEN BOARD SITUATION. */
/* EVALUATE - RETURNS THE GAME VALUE FOR THE GIVEN MATRIX, */

/* GAME_END - RETURNS 'TRUE' IF NEW_BOARD IS AN END */
/* OF THE GAME. */
/* GENERATE - RETURNS A VECTOR OF MOVES FOR THE */
/* GIVEN PLAYER. */
/* PAYOFF - RETURNS THE ZERO-SUM PAYOFFS FOR A BOARD */
/* REPRESENTING A GAME ENDING. */

DECLARE ESTIMATE ENTRY(FIXED,CHAR) RETURNS{FIXED);
DECLARE EVALUATE ENTRY ((*)FIXED,FIXED,FIXED) RETURNS(FLOAT);
DECLARE GAME END ENTRY (FIXED) RETURNS(BIT(1));
DECLARE GENERATE ENTRY ((*)FIXED,CHAR, (*)FIXED,FIXED) RETURNS(FIXED);
DECLARE PAYOFF ENTRY((*)FIXED) RETURNS(FIXED);
DECLARE GVALUE FLOAT; /* THE GAME VALUE. */
DECLARE K FIXED STATIC EXTERNAL;
DECLARE (BOARD(*),I,J,
N1,N2, /* THE ESTIMATED NO. OF POSSIBLE MOVES FOR X AND Y */
NY,NY) /* THE ACTUAL NO. OF POSSIBLE MOVES FOR X AND Y */
FIXED;
N1=ESTIMATE(BOARD, 'X'); /* APPROX. NO. OF X'S MOVES */
N2=ESTIMATE(BOARD, 'Y'); /* APPROX. NO. OF Y'S MOVES */
BEGIN; /* ) .DETERMINE ALL OF X & Y'S POSSIBLE NEXT MOVES. */
DECLARE (XMOVES(N1), YMOVES(N2))CHAR(20) VARYING:
CALL GENERATE(BOARD, 'X',XMOVES,NX); /* GENERATE X'S MOVES */
CALL GENERATE(BOARD,'Y',YMOVES,NY); /* GENERATE Y'S MOVES */
BEGIN;
DECLARE NEW_BOARD(K) FIXED;
/*_2.CREATE A GAME MATRIX FROM THESE MOVES. */
DECLARE GMATRIX{NX,NY) FLOAT;
/*_3.FILL IN THE GAME MATRIX BY EVALUATING THE */

/* SUBGAMES REPRESENTED BY EACH PAIR OF */
/* MOVES. */
DO I=1 TO NX;

DO J=1 TO NY;

CALL MAKE_MOVE(XMOVES(I),YMOVES(J),
BOARD,NEW_BOARD) ;
IF (GAME_END(NEW_BOARD))
THEN DO; /* IF THIS IS A LEAF NODE, */
/* THEN RETURN THE VALUE */
/* OF THIS BOARD SITUATION, */
GMATRIX(I,J)=PAYOFF (NEW_BOARD};

END:

ELSE DO; /* OTHERWISE, EVALUATE THE */
/* SUBGAME BELOW THIS */
/* NODE. *
GMATRIX(I,J)=ASMA(NEW_BOARD)
END;

END;

END;

/* 4 .0BTAIN A GAME VALUE FROM THE */
/* GAME MATRIX. *
GVALUE=EVALUATE (GMATRIX,NX,NY);
END;
END;
RETURN(GVALUE); /* RETURN THE VALUE OF THIS GAME. */
END ASMA;

(b) Subroutine.

Figure 23 (continued)
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ASMA can be used with either an implicit or explicit game tree.
For an implicit game tree, the main program reads in a description of
the game board. Then ASMA generates both player's moves each turn and
evaluates the game matrix at that point in the game tree. The procedure
is almost the same for an explicit game tree, except that Create reads
in the game tree, and Generate only retrieves the proper nodes from the
existing game tree.

As an example, consider the game given by the game tree in
Figure 24(a). The game ends after two turns. After inputting the game
tree in the main program, we call ASMA for the first time, telling the
algorithm to evaluate the game below the root of the tree, node A. This
gives us the game matrix in Figure 24(b). To obtain values for each
entry in this matrix, ASMA is recursively called for each subgame
represented by an entry, yielding the separate game matrices in
Figure 24(c). Again, ASMA is called for each entry in these matrices,
but, because the entries all represent leaf nodes, the algorithm returns
the zero-sum payoff of each leaf. When the games in each of these four
matrices have been evaluated, the game value for each matrix is returned
to the initial oécurrence of ASMA. Each of the returned game values
fil1ls in an entry in Figure 24(b). Lastly, the original game matrix is
evaluated, and its game value is returned to the main program, yielding
the game value of the entire game tree.

Each of the games in Figure 24(c) have saddle points yielding game
values which can be used to fill in the original game matrix in

Figure 24(b), which gives us Figure 24(d). We have now returned to
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the first call of step 2. Having filled in the original game matrix,
the game in part a can be evaluated to yield a game value of 1, and,
thus, we return from the original call of the algorithm providing the
entire game with a value of 1.

The agent normal form of a game, developed by Harsanyi and Selten,
is also useful in describing ASMA's solution procedure (4). In this
form, each two-level subgame is thought of as being played by agents
of the two players, each having payoffs and rationalities in common with
the players they represent. As each pair of agents plays the subgame
they are concerned with, they send the game value up the tree to the
next subgame, so that two more agents can play their subgame. Each
subgame can be played when all the subgames under this subgame are
played. When there is only one two-level subgame left, this is the
last game evaluated.

Now that we have defined an algorithm for the solution of
two-person zero-sum simultaneous movement games, we can consider an

application.

A Description of the Game REDIPT

The application of simultaneous movement games with which we will
be concerned is a variant of the game DIPLOMACY (2), which we will call
REDIPT (Revision of DIPLOMACY for Two-Persons). The simultaneous
movement algorithm ASMA is incorporated in the game.

Basically, REDIPT involves two players, X and Y, in control of

two respective countries, which are each divided up.into a number of
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Some of these regions contain economic centers, which are

large cities with economic resources of significant importance. Also

controlled by each player are a number of armies, no more than one per

region, which allow a player to control a region. By moving armies from

region to region, each player tries to control as many economic centers

as possible.

The game board environment is as follows:

1.

The game board is divided into a number of regions, each
labeled with a number, some of which make up one country,
with the remainder constituting the other country.

Some regions are designated as possessing economic centers
which remain for the length of the game.

A region belongs to a player until an enemy army occupies

the region, at which time the region now belongs to the other
player. Because of this, the collection of regions owned by
a player may be constantly changing.

Both players begin the game with a specific number of armies.
This number cannot increase, although it may decrease as a
result of a conflict. All, some, or none of these armies may
be moved by the owning player each turn. There can be no

more than one army per region.

The player who has a net gain in the number of economic centers

owned at the end of the game is the winner. Since there is never an

unowned economic center, REDIPT is a zero-sum game.
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REDIPT is played in turns, and the game ends after a specific
number of turns, which is known at the start of the game. A turn is
described in the following way.

1. Both players record their moves secretly, and then reveal

their move orders to each other when both are finished.
These orders are executed simultaneously.

2. A player's move consists of moving all, some, or none of his
armies.

3. An army which is moved can be moved to any one region which
is adjacent to the region it occupies and cannot move any
more that turn.

4. A conflict involves more than one army trying to occupy a
region. Any conflict encountered after the execution of
both move orders, must be resolved according to the conflict
order, to be described later.

5. An army which does not move out of the region it occupies is
holding in its region. A hold must also be recorded.

6. Instead of holding or moving, an army may support another
army which is holding or moving into another region. Supports
must be recorded. An army may support another army if the
supporting army is adjacent to the region that is being moved
into by the other army, or if the supporting army is adjacent
to the region in which the other army is holding. An army

cannot support another army doing a support.
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When an army is moving from one region to another, the move
is recorded in the form ry - oo where f] and r, are the
regions the army is moving from and to, respectively. A hold
is recorded as ry- A support is recorded as r]SmS,
where ?] is the region which is occupied by the supporting
army, and mg is the move being supported. Examples include:
(a) 2-3; an army moves from region 2 to 3.

(b) 4-4; an army holds in region 4.

(c) 7S1-5; an army in region 7 is supporting the army in

region 1 moving to region 5.

Conflicts are resolved according to the following rules.

1.

An army moves or holds with the strength of itself and all
uncut supports. For example, an army which is moving and has
two supporting armies has a strength of three.

A support is cut if it is attacked from a region other than
the one it is supporting a move or hold into.

If two or more armies of equal strength move into the same
region, each of these moves fails.

If two armies of equal strength attempt to move into each
other's regions, both moves fail. This is a "mirror move."
If one of the armies in the two preceding rules is, instead,
greater‘in strength than all opposing armies moving into the
same region, then the stronger army succeeds in its move, and

all other armies fail in their moves.



o

10.

1.

12.

65

An army remaining in its own region through a hold or a
failed move, if opposed by a stronger army, is dislodged
from this region and must retreat.

If an army is ordered to move into a region in which an army
is holding or has failed in its move, the former army fails
in its move unless it has greater strength than the latter
army, causing the latter army to be dislodged.

An army can never succeed in dislodging another friendly
army.

Two or more armies of the same strength moving into the same
region from other regions will all fail in their moves, and
an army inside this target region is not affected.

If two armies are moving into a region and one is dislodged
by a move from that region.

After all moves have been executed, all dislodged armies

are retreated into an adjacent region chosen by the owning
player. Armies may not retreat into occupied regions,
regions into which a move failed, or the region from which
the atfack came.

An army which cannot retreat is, instead, eliminated from

the game.

The Implementation of REDIPT

The game REDIPT has been modeled by a game-playing program of the

same name.

Both players are automated, or controlled by the program,
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and are rational, in a game theoretic sense. The inputs to the program
are a game board, including initial positions, and the number of turns
in the game, and the game is analyzed according to ASMA, yielding a
solution.

The adjacent regions in the game board are represented as an
édjacency graph in the two-dimensional array BORDERS. Economic centers,
armies, and region oWnership are information stored in the arrays
ECON_CENTR, OLD_BORD, and COUNTRY. Figure 25 represents a sample game
board in array representation.

After the creation of the game board environment, the program enters
ASMA which explores every movement possibility. For each possibility,
ASMA has three distinct stages:

1. Generation of all possible next moves for both players.

2. Generation of a game matrix from the lists of moves. For each

combination of a move for X and a move for Y:

(a) Resolve any conflicts.

(b) Find the expected zero-sum payoff for this pair of moves.
If we have reached the turn limit, this is done by finding
the net gain in regions owned by X. Otherwise, we call
ASMA for the game below this pair of moves.

3. Evaluation of the game matrix, resulting in a game value.
First, dominated strategies are eliminated. Then, a saddle
point is found, if it exists. Should none exist, the simplex

method is used to find a solution in mixed strategies.
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1T11]1]0]0 1 110 1
INRERERRR 1 011 0
1111 (14o 0 010 1
o1 (11 ]1 1 110 1
of(vry|of1 |1 1 011 0
Sample game board BORDERS ECON_CENTR OLD_BORD COUNTRY
KEY: 3 = region number
A = army
e = economic center
~—— = region border
o~ = country border

Figure 25. Sample game board for REDIPT.
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Given a list of the board positions of a player's armies, the
subroutine STRATS will generate all the possible next moves for that
player. The principal routine for this is to generate all combinations
of move, holds, and supports for every army into any region, subject
to the fo110w1n§ restrictions.

1. An army can only move into an adjacent region.

2. No more than one army will be moved into a region, and no

"mirror moves" are allowed among a player's own armies.
This restriction assumes that a player will not want to
move against himself, although a player in an actual game
could attempt such a move.

3. I]]egaT supports are prohibited.

A player's moves are stored in the array MOVMAKER, a two-dimensional
array, with the rows representing the regions from which an order is
being made and the columns representing the regions into which an order
is being made. Player X's move in Figure 26(a) is shown in MOVMAKER in
Figure 26(b). A player's move stored in MOVMAKER is then translated
into a character string representation of the ordered moves and stored
in an array of ai] possible moves.

MOVMAKER is also used in resolving conflicts, which is done in
subroutine CNFLCT. Each possible pair of moves for player X and player Y
are stored in the array, although Y's move is stored using negative
numbers to distinguish from X's move.

An army ordered to move ry - rpcan check for opposing armies by
searching column rs of MOVMAKER. In the same column we also can find

both friendly and enemy supports.
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011]0(0]0

01]0]0]0]0

0{oj]1{0f{o0

02101010

1-2, 3-3, 4S1-2 ololololo
X's move MOVMAKER

(a) (b)

Figure 26. Representations of a move.

A "mirror move" would be an occurrence of one player's army moving
ry-r and the other player's army moving rp = ry Such moves, for
example, could be stored as MOVMAKER (r], ro = 1 and MOVMAKER (rz, r])
= -1, Thus, we could detect a "mirror move" if MOVMAKER (r], rz) =
-MOVMAKER (rz, r]) and |MOVMAKER (r], r2)| = 1.

The array MTYPE records the type of move each army is attempting.
If MTYPE (r]) = 1, then the army in r is attempting movement or a hold.
If MTYPE (r]) = 2, then it is a support. Should a movement, a hold, or
a support fail, then its corresponding MTYPE is set to 3.

During the resolution of a conflict, if an army is dislodged, it
is recorded in the array DISLDG. After all conflicts have been resolved,
dislodged armies are retreated into the first available region using

subroutine RETREAT. In this respect, the program does not accurately
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model the game REDIPT, because the time spent in using ASMA to find the
best retreat move was felt unjustified at this point. Thus, the
programmed version of ASMA presently needs improvement in its retreat
routine, which may best be done with heuristics.

One of the most difficult cases to deal with are "circle moves."
In a "circle move," there are several movements of the form LA
dependent on a movement rs - rj. The last movement in the circle is a
movement into ry- Thus, each movement is dependent on every other move.
The series of movements 2-3, 3-5, 5-2 is an example of a "circle move."
Circle moves are resolved by using an array DEPEND. When trying to
resolve a move r, - " dependent on a move Py My DEPEND (ri) is set
equal to 1, and when DEPEND (rk) = 1, then we execute the move rj - T
ignoring the original move. Then, each dependent move is made in turn.

The function EVALUATE used in the algorithm ASMA corresponds to
the use of subroutines DOMINAT, SADDLE, and SIMPLEX in finding the game
value of a game matrix. First, DOMINAT eliminates all dominated moves
for the current game. Then, SADDLE finds a saddle point, if one or more
exists. Should there be no saddle point, SIMPLEX finds the mixed strategy

solution to the game, using the simplex method.

Experience with REDIPT

The program REDIPT was implemented in the PL/C programming language
on an IBM 360/65. A program listing is given in Appendix B. The program
output includes: (1) the original game board, (2) for each player, a
list of possible first turn moves and their probabilities, and (3) the

game value.
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At present, only very simple games can be run because of the huge
branching factor involved. To explain this, let Z = the regions in
which player Z has an army = {Z], Loy oo Zk} and Legal(Z) = the number
of legal moves that can be made from Z. Then we can estimate the number

of leaf nodes, L, as

L ~@O[(Legal(X))(Legal(¥))1" ,

where n = the number of turns in the game, and X and Y are the two

players. The value Legal(Z) can be estimated as

Legal(Z) *’Adj(Z]) + Adj(Zz) + ... Adj(Zk) s

where
Adj(Zi) = the number of regions adjacent to region i, including

region i.

Thus, for the game board given earlier, in Figure 25 (page 67), L

can be estimated as

L ~0[(Legal (X))(Legal(Y))1"

~ 0[(3 + 4)(5)]" ~@[35]"

Clearly, L grows logarithmically, and, even for this simple game, the
branching factor is large.

To help reduce L, a heuristic was introduced which eliminated moves
which did not seem promising. When moves are being generated from a

given board position using STRATS, every region into which a friendly
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army can move is given a point value based on the following point
distribution criteria:

1. +1 point for every adjacent region.

2. +1 point if it contains an economic center.

3. +1 point if the region which contains an economic center

is unoccupied.

4. -1 point if it is occupied by a friendly army.

5. +1 point if the economic center is unfriendly.

The points added are cumulative. Then, an average, REGNORM, is calculated
from all regions considered and is rounded to the nearest integer. As
each move is generated, the sum of every region being moved into, held

in, or supported is found. If this sum is less than (REGNORM) (the

number of friendly armies), then the current move is not considered.

In almost every game of interest, this heuristic reduces the game
tree. To see why, notice that the above point distribution criteria
tends to make enemy-owned regions more valuable and friendly regions
less valuable. An average of these values will frequently exclude moves
in a player's own regions. For instance, the number of moves X can
make on the first move is 14, whereas the heuristic reduces this to
8 possible first moves, as shown by Figure 27.

In several test runs, the algorithm with and without the heuristic
has returned identical results indicating that the heuristic may be
pruning dominated strategies from consideration without pruning

potential solution strategies.
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To demonstrate the program, Figure 28 shows the program output for
the given game without the heuristic, and Figure 29 shows the output
using the heuristic.

We have seen how game theoretic concepts concerning imperfect
information have been used to create and implement an algorithm to solve
two-person zero-sum simultaneous movement games, a class of games that

has not been studied in detail in artificial intelligence.
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|
|
|
|
REGIGN AUVJACENT REGIUNS
1 Z 3
2 i 3 4 5
3 i 2 4
4 Z 3 5
5 2 4
ORIGINAL BUARU UISPUDITIGNS
REGIGN CUUNTKY ECCNCMIC CENTER
1 X 1
2 Y 1
3 X
4 X 1
5 Y i
| PLAYER X"5 MUVt PRUbABILITY
| 1 -1 44 -2 Q.0
L -1 44 -3 v.0
L -1 ,4 -4 ' Ue0
L -1 44 - 0.0
1 -2 +4 -3 0.0
1 =2 44 -4 1. OUUUOE+CL
1 =2 44 -5 0.0
L =2 ,4 51 -2 Je U
1 =3 44 =2 (VY]
L =3 4,4 -4 U.0
1 -3 ,4 -5 0.0
1L -3 4,4 51 -3 (VY]
1l S4 -2 44 -4 Ve 0
L S4& -3 ,4 -3 Ue0
PLAYER Y"S MUVe PrUbABILITY
2 -1 l.OVUuVUE+UU
2 =2 JeU
2 -3 0.0
2 —4 0.0
2 -5 Va0
LAME VALUE IS L. OUOVOE+QOU

Figure 28. REDIPT output without heuristic.

ARNY
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ADJACENT REGIONS

SN WW
&

NRIGINAL BOARD DISPOSITIONS

REGION
1
2
3
4
5
TURN LIMIT
PLAYER X"S
1 -1 & -2
1 -2 44 -3
1 =2 +4 -4
1 -2 44 -5
1 -2 ,4 S1
1 -3 ,4 -2
1 -3 44 -5
1 S4 -2 ,4
PLAYER Y"S
2 -1
2 -2
2 -4
2 -5

GAME VALUE IS

Figure 29.

COUNTRY ECONOMIC CENTER
1
1

1
1

-« > X <€ X

2

PROBABILITY

0.0

0.0
1.00000€+00

QCOoO0OQ
CoOO0OCo

.
-
-
-
-

PROBABILITY
1.00000€+00
.0

[eR=Ne]

-0
«0
1.00000E+00

REDIPT output with heuristic.

ARMY



CHAPTER 5
CONCLUSIONS

The original goal of this thesis was to write a program to play
DIPLOMACY based on artificial intelligence techniques. These technigues
were found to be unequal to the task, and a search for better tools led
to studying game theoretic solutions to classes of games. REDIPT was
developed as a two-player simplification of DIPLOMACY, a seven-player
game.

There are a number of problems with extending the REDIPT solution
to DIPLOMACY besides the number of players. First, some economic centers
are neutral in DIPLOMACY. Because DIPLOMACY is nonzero-sum and n-person,
it is possible for coalitions to form. The most important part of the
game is negotiation and coalition formation, although, ultimately, only
one player can win. Finally, DIPLOMACY also has different conditions
than REDIPT has for winning the game. In DIPLOMACY, the winning player
must own 18 economic centers on a board of 34 economic centers. There
are a number of different methods for determining a player's payoff in
DIPLOMACY, as noted by WALKER (18). Some of these methods yield zero-sum
payoffs. One of these, the Calhamer method, gives a payoff of 1 to the

winner, and 0 to the other players. This could be expressed as

77
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if o = any situation in which player i owns at least 18 economic centers,

and

for all i # j. In this analysis, DIPLOMACY is a nonzero-sum game.
As discussed earlier, we could change to a zero-sum game by adding

an eighth player. First, we must note that
P.(0) + P'(0) + Pglo) = 0

assuming that P1(o) does not include the payoff to the eighth player.

Next, we know that Pi(c) = -1 and P'(0) = O. Finally, we know that

Pilo) + pi(o) + Pg(c) = 0

1 + 0 +P

=)
o
—
Q
~—
]
'
—

Note that the only effect the eighth player will have on the game is that
an undominated imputation must be preferred by five players, rather than

four players in the original seven-player game.
Another example of a zero-sum method for determining payoffs includes
the BROBDINGNAG method (18), giving a payoff of 6, 4, 2, 0, -2, -4, or
-6 to a player according to the player's order of finish in the game.
The order of finish is determined by the number of economic centers owned

by a player.
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The most important feature of DIPLOMACY modeled by REDIPT dre the
simultaneous moves. Other simultaneous movement games can also be
modelled with the aid of ASMA. In accordance with Uhr's request for
general principles to produce game-playing programs (16), ASMA is a
general algorithm for simultaneous movement two-person games. By using
concepts which have been developed by game theory, ASMA allows us to
take advantage of this "common language" for solving games.

More general mechanisms are necessary to deal with more difficult
games. N-person sequential games, such as NIM, have already received
some treatment (6). Similarly, n-person cooperative games are not yet
well understood although some programs have been used to test solution
concepts for this class of games (3).

Artificial intelligence has been concerned mainly with a narrow
class of games, and, to be able to solve other classes of games,
artificial intelligence can profitably look to game fheory for approaches
to solutions. The ASMA algorithm was developed in this way. Whereas
time and space lTimitations may prevent many game theoretic solutions
from being directly implemented in game-playing programs, artificial
intelligence heuristics can be used to increase the efficiency of these

solutions.
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APPENDIX A

EXAMPLE OF THE SIMPLEX METHOD



EXAMPLE OF THE SIMPLEX METHOD

Given a game matrix (Figure 30), find a solution in mixed strategies.

Step 1.

Step 2.

w

Step

FS

Step

Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Step 10.

Add three to each entry in the game matrix to make all
entries > 0 (Figure 31).

Put the game matrix into linear programming form
(Figure 32). ‘

Put the equations into the Simplex tableau (Figure 33).
In the C - Z row, find the Y column which is the_largest
nonnegative and nonzero value. Since Y] =Y, =VYy= 1,
we will arbitrarily choose Y1.

For_each Basis row, divide P0 by the corresponding value
in Y.

first row: @ = 1/4
second row: @ =1
third row: @ = 1/5

Choose the two with the smallest nonnegative value &.
Choose the third row.

Divide the chosen row by the value in the chosen row and
column. This is the pivot value. Put a 1 in the C column
of this row and enter the basis variable (Figure 34).

For the rows not chosen, subtract a multiple of the chosen
row from every other row, so that the other values in the
chosen column will be zero. This is similar to pivoting
(Figure 35).

Calculate the Z and C - Z rows. Add every basis row
which has been chosen and place the result in the corre-
sponding columns of the Z row. The C - Z row is the
subtraction of the new Z row from the C row (Figure 36).

Continue steps 4-8 until all values in the C - Z row are
< 0. Choose second column and first row in Figure 37.
Choose third column and second row in Figure 38.

The game value is given by

1/(the first entry in the Z row)
1/.2742 = .647058
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Y's strategies

Y1 Y2 Y3

? Y
Xi1 1] 21-1
1
0

X2 -2 1
1

3] 2

Figure 30. Simplex game matrix.

Y's strategies

Y] Y2 Y3
X.I 41 5] 2
X5 1| 41 4
X3 51 3| 4

Figure 31. Step 1.

Maximize: Y, + Y, +Y

Subject to: 4Y1 + 5Y2 + 2Y3 + S, + OS2 + OS3 =]

1

Y] + 4Y2 + 4Y3 + OS] + 52 + 053 =]

5Y] + 3Y2 + 4Y3 + OS] + 052 + 53 =1

Figure 32. Step 2.
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S3

S?

S

Po

Basis

31

Step 3.

Figure 33.

Po

Basis

S2

Step 6.

Figure 34.

S3

S2

31

.2

-1

3.2

2.6
3.4

0

Po

Basis

Step 7.

Figure 35.
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1 1 1 0 0 0
Basis| Pg Y; Yo Y3 $1 So S3
S1 | .2 0 2.6 |-1.2 1 0 -.8
So | .8 0 3.4 | 3.2 0 1 -.2
Vj 2 1 .6 .8 0 0 .2
Z .2 1 .6 .8 0 0 .2
c-1 0 4 .2 0 0 -.2
Figure 36. Step 8.
1 1 1 0 0 0
Basis| Pgp | M Yo | Y3 S1 Y S3
Vé .0769( O 1 ~4615|.3846f 0 {~3077
Sp 1.5384| O 0 (47692|-1307 1 1.8461
7] 15384 1 0 |.0769}-2307] 0O {.3846
Z .2308| 1 1 |.6154]|.1538) 0 [.0769
C -1 0 0 |.3846[-.1538] 0 |-0769
Figure 37. Step 9 first.
1 1 1 0 0 0
Basis| Po| 1| Y2 V3| & S2 1 S3
Vé 12901 O ] 0 |.2580(.0968(-.2258:
Y3 [.1129] O 0 1 12742).2097}.1774
Yy |.0323] 1 0 0 |.0645-.2258|.1935
Z 27421 1 1 1 |.0484].0806].1452
C-1 0 0 0 [~0484[-.0806(.1452
Figure 38. Step 9 last.
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The probabilities of Y's strategies are
multiplying the game value by the first
in the Y column. Notice their order in
of Figure 38.

probability of Y, .647058 x .129032

.647058 x ,112903

probability of Y3

probability of Y.| .647058 x .032258

The probabilities of X's strategies are

three entries
the basis column

multiplying the last three columns of the Z row by the
game value. The probabilities are already in order.

probability of X]

probability of X2 .647058 x .0806451

probability of X5 = .647058 x .145161 =

.647058 x ,048387 = .17647
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/tt#!#t#tt‘#t‘tt##t###tt##t*t‘t*tt'ttt#‘ttO##*##tt‘*###*##ti#*#*#/
/#‘#“Q‘*##*“#’##it#"O##‘tﬁt‘#“0#‘#####‘#Oii‘##**#*t‘t"t#.*“/
/%3 RECIPT 23/
/‘0‘##0‘O#‘##*tt‘#‘t##Otttttitt#**#tttttttt#*t#t#tt#######‘####‘#/
/t‘t‘t‘t#ti‘tt*t.t#*‘t‘*‘*'tltO#‘t#t#t‘###t#t*#‘*t######*"*ttt##/

/%% AUTHCR: JCHMN LCAG 3/
/%% THESIS PRCJECT **/
/%% COMPUTER SCIENCE 50C0 **/

/#t#‘#‘t###tt#tt#t#’*#tt###t‘##t#tt‘##t#.t.#t*##*#t#**##ﬁ#t###‘#t/
/*##t#t.#*‘it*#*l#"t‘t'*t‘#’#iit##t#t##‘t.t0####*‘####**#0*##'0‘/

VAL s/
/%% TABLE CF CONTENTS %2/
/%% 0000 e e——— **/
/%% INTRODUCTICN TG REDIPTeceaccocccecscccncccccas | **/
/“ RULES ® 9 0 GO VOO PP OGO D VS NI IO RSO DE O NSO Oe NS Il ‘./
/“ LEGAL MGVES ® 00 SO OA 0 OO0 50000 O8O0 SSSRNISIEBIS III **/
/%% GLCSSARY OF IMPCRTANT VARIABLE NAMES eecceccees IV %/
/%2 GLCSSARY OF SUBROUTINES USEL eeecevecsceccccene V L ¥/
/** EXPECTED INPU‘ T0 6P 0GOS BODOBO OSSOSO ESSEeS VS VI *‘,
/*. PRCGRAM GUTPUT O S 00 60 00 BSOSO S OO BTT OIS PSS GO Vll “,
/%% ’ *3/

JERRRARARFRERRARBASBA DR CO AR IR LR RRIADIIRIFRRRRERBR R RS ERER R/

JESERBABBEI B RE AR AERR SR AIINAS AR DDA DR IRRRABARARAIS RN R KSR S/

VAL PART 1. %/
/%% ¥/
/%% %/
/%% REDIPT EVALUATES AN INPLTTEL GAME AND FINDS THE GAME %/
/%% VALLE FCR IT. %/
/%% THE INPUTTEC GAME PITS TWC PLAYERS AGAIANST EACH *+/
/%% OTHER., EACH PLAYER PUOSSESSES A CCUNTRY CONSISTING CF A #3*/
/%% NUMBER OF REGIOANS. WITHIN A REGICN, THERE MAY EXIST AN *%/
/%% ARMY UNIT AND/OR AN ECOMCMIC CENTER. THESE ARMIES ARE #*%/
AL MCVEC, ACROSS THE BCARLC TRYING TC GAIN CCNTRCL CF ECCNG- *%/
/%» MIC CENTERS. TFE PLAYER WITH A NET GAIN CF ECCACMIC 2/
/%% CENTERS AFTER THE FIRST TURN IS ThE wWINNER. *%/
/%% BOTH PLAYERS ARE AUTCGMATYED. ThAT IS, BOTH ARE CON-*x%/
/%% TROLLED BY THE PRCGRAM. BOTH PLAYERS ACT RATICMALLY, *2/
/%% IN A GAME THEGRETIC SENSE, AND THE GAME IS ANALYZED FCR #*3%/
/7%» BGTH PLAYERS ACCGRDING 10 GAME THECREYIC CONCEPTS. THE *3/
/%% RESULT IS A GAME THECRETIC SOLUTICN FCR BOTH PLAYERS, %/
/%% PRCVIODING PROBABILITIES FOR SUCCESSFUL FIRST MUVES AND %%/
/%% AND EXPECTEC ZERC-SUM PAYCFF FCR THE GAME, KNCWN AS THE *%/
/%2 GAME VALUE. *%/
/%% %/

ARI IR R R TR RS R SRR RS R 2 R R R 2222 RSt E SRS R RS2SR R 222 2 2 W)
JEEBASBADR AR LSRN AL AR AN BRI AP RDXHFI AR B RNT IR 2k B IR AR NkR NS/

/%% 2/
/%% PART Il. *%/
/4% 'Yy
AL, RULES: %/
/%% THE GAME BUOARD REPRESENTS A HYPOTHETICAL GECGRAPHI- %%/
/%% CAL AREA WhHICH IS DIVIDED UP INTUG NUMBERED RECICNS. */
/%9 A SUBSET CF THESE REGIONS MAKES UP CCLNTRY X, ANC THE **/
/%% REMAINDER MAKE LP CCUNTRY Y. COUNTRIES X ANU Y ARE *%/
/%% CwWNEC BY PLAYEKS X ANC Y, RESPECTIVELY. EACH REGICN AND®#/
/%% THFE REGIGNS ADJACENT 10 EACH REGICN ARE STOREC IN AN *%/
/%% ADJACENCY GRAPH. ¥/
/%% A REGICGN MAY [R MAY NCT PISSESS AN ECCNCMIC CENTER, #*2/
VAL WHICH IS A LOCATION GF ECCNCMIC IMPCRTANCE. ECCNCMIC %/

/%% CENTERS ARE INMPCRTANT TC WIN ThHE CGANE (SEE BELCHW)a *2/
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/%%
s
/4%
V21
/49
/%%
/%%
/%%
/%%
/%%
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A REGICN ALSC MAY CGR MAY NOT HAVE AN ARMY UNIT RE-
SIDING IN IT. ARMY UNITS ARE OWNEC 8BY EACH PLAYER, AND
CAN NEVER ChHANGE CWNERSHIP DURING THE GAME, ALTHGUGH
ARMY UNITS MAY BE ELIMIMATED. THERE CAN GNLY BE CNE
ARMY UNIT PER REGION. ARNIES CAN BE MCVED FRCVM REGICN

%)
2%/
%/
4/
%4/

TO REGICN BY LEGAL MCVES. A REGICN WHICH IS CCCUPIED BY*s%/

A PLAYER®S ARMY UNIT BECOMES THE PCSSESSICN CF THAT
PLAYER UNTIL AN ARMY UNIT CF THE CTHER PLAYER OCCUPIES
THAT REGICAh.

Y
%%/
3/
%/

A2 R 2 RS R 2 R SRR 2R R R 22 2 R R R R R R SR R R R R R SRR R R RS 222 2 I
VASI 2222 E 222 SRR R 22 R R SR R R RS2SR 2R R R R 2R RR R 2 R 2 V)

/9%
/e
/%%
/e
/%%
/%
/%%
/%%
/&%
7%%

PART II1.
LEGAL MCOVES

A. BCTH PLAYERS MOVE SIMULTANECUSLY.

8. A PLAYER'S MCVE CCNSISTS GF MCVINC ALL, SCME,
CGR NGNE OF HIS ARMIES.

Ce. AN ARMY wHICH IS MGVED CAN BE MCVED TGO ANY CNE
REGION WHICH IS ADJACENT 10 THE REGICAN IT CCCUPIES
AND CANNGOT MOVE ANY MORE THAT TURNA.

e/
*¥/
%/
3/
s/
vy
%/
LY
%/
*%/



/¥
V2t
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%t
/%%
/%%
/%%
Zy
/%%
/%%
/%8
/%%
/%%
Z1
/%%
/%%
/%%
/%%
/%
/%
/%%
VZY )
/%2
/%%
/%%
/%%
/%%
/%%
/%4
/%%
J%%
/e
/%%
/%%
2y
/%%
V23
/%%
/%%
/%%
J**
/6%
'ZY
/%%
Z1
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D. A CCNFLICT [INVOLVES MORE THAN ONE ARMY TRYING
TC CCCUPY A REGICA. ANY CCMNFLICT ENCCUNTEREC AFTER
MCVEMENT MUST BE RESOLVED ACCCRDING TC THE CCAFLICT
ORDER, TO BE CESCRIBEC LATER.
E. AN ARMY WHICH DCES NCT MCVE CUT CF THE REGICA
OCCUPIES IS HCLCING IN ITS REGICA.
F. INSTEAD CF FGLDING CR MCVINGy AN BRFY MAY SUP-
PGRT ANGTHER ARMY WhICH IS HOLDING CR MCVING INTC
ANOTHER REGIUN. AN ARMY MAY SUPPGRT ANCTHER ARMY
IF THE SUPPCRTING ARMY IS ACJACENT TO THE REGICN
THAT IS BEING MCVED INTC BY THE CTHER ARMY, CR IF
THE SUPPORTING ARMY IS ADJACENT TC THE REGICAN IN
WHICH, THE OTHER ARMY IS HCLOIG. A ARMY CANNCT SuP-
PORT ANCTHER ARMY DCING A SUPPORT.
G. CCNFLICTS ARE RESCLVED ACCCRDING 1O THE FCL-
LCWING RULES:
1. AN ARMY MCVES GR HOLUS wITH THE STRENGTH CF
ITSELF AND ALL UNCLT SUPPRT.
2. A SUPPORT IS CUT IF IT IS ATTACKED FRCVM A
REGICN CTHER THAN THE CNE IT IS SUPPCRTING A
MOVE INTC.
3. IF TWO GR MURE ARMIES OF EQUAL STRENGTH MGVE
INTO EACh CTHER'S REGICNS, BCTh MOVES FAIL.
THIS IS A MIRRCR MCVE.
4. [IF ONE OF THE ARMIES IN THE ThC PRECEDING
RULES IS, INSTEAD, GREATER IN STRENGTH THAN ALL
CPPOSING ARMIES MOVING INTC THE SAME REGION,
THEN THE STRCNGER ARMY SUCCEEGS IN ITS MCVE, AND
ALL CTHER ARMIES FAIL IN THEIR MCVES.
5. AN ARMY REMAINING IN ITS Cwh REGIUN THRCUGH
A HCLD CR A FAILEC MCVE,, IF UPPCSED BY A S

STRONGER ARMY, IS CISLCOGED FRCM THIS REGICN AND"

MUST RETREAT.

6. IF AN ARMY IS CRCEREC TO MQOVE INTC A REGICN
IN WHICH AN ARMY IS FOLDING OR KFAS FAILED IN ITS
MCVE, THE FCRMER ARMY FAILS IN [TS MCVE UNLESS
IT HAS GREATER SIRENGTH THAN THE LATTER ARPMY,
CAUSING THE LATTER ARMY TC BE OISLCDGED.

7. AN ARMY CAN NEVER SUCCEED IN DISLODGING AN-
CTHER FRIENDLY ARMY.

8. TWC CR MCRE ARMIES CF THt SAME STRENGTH
MCVING INTC THE SAME REGICN FRCM CTHER REGICAS
WwILL ALL FAIL IN THEIR MCVES, ANC AN ARMY INSIDE
THIS TARGET REGICAN IS NCT AFFECTED.

S. IF ThC ARMIES ARE NMCVING INTC A REGICN ANC
CNE IS DISLCLCGED BY A MOVE FRCM THAT REGICN, THE
CTHER ARNMY MAY MCVE INTO VYHAT REGICN.

10. AFTER ALL MCVES HAVE BEEN EXECUTED, ALL
DISLCDGED ARNMIES ARE RETREATED INIC THE FIRST
11. AVAILABLE ADJACENT REGICN. ARMIES MAY NCT
RETREAT INTG GCCUPIEL REGIGONS, REGICNS INTC
WHICh A FCVE HAS FALLEL, CR THE REGICN FRCM THE
ATTACK CAME.

12. AN ARMY wHICH CANNGT RETREAT [S, INSTEAD,
ELIMINATED FRCM THE CANME.

£%/
%)
%/
%/
*%/
%%/
4/
2%/
%/
*4/
*%/
$x/
*%/
%/
Yy
s/
*%/
¥/
*3/
%/
2/
%/
%/
3/
%/
*t/
'Y
¥/
2/
*%/
%/
2/
4/
Y'Y
*%/
'Yy
%4/
2/
%/
/)
**/
*%/
%/
*%/
x%/
*%/
x3/
#%/
%/
24/
%/
3/
3/
Y
'Y

VA3 22 R E R SRR R S 22 R R R R R R R R R R RS R R R R R R R S L )
VARARRER RS R 2 AR R R RS R R R R R R R RS R Rl sl

/%%
/%0
/%%

PART 1v.
GLCSSARY CF IMPCRTANT VARIABLE MNANES:

4/
%/
%/



/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
Vit
/%%
/%%
/¥
/%%
J%e
/%%
/x%
/e
yZ1)
/%%
/%%
'zt
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
Zy
/%%
Je%
/%0
/%¢
/%%
/%%
/%%
/%%
/0%
/%%
/%%
/%%
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ARMLOC - AN ARRAY CF ARNY LCCATICANS.
BADNGY — A FLAG TELLING IF A PROPCSED MCVE IS ILLE-
GAL CR NCT.
BCRODERS - AN ARRAY TELLING wWHICH REGICNS ARE ADJA-
CETN TG EACr CTHER.
CCUNTRY - AN ARRAY CF REGICN CWNERSHIP.
_DOMCOLS — ThE NUMBER CF Y'S DCMINATED MCVES.
DOMROWS - THE NUMBEK CF X'S DOMINATEC MCVES.
ECON._CENTR - AN ARRAY ShCWING WHICH REGIGNS HAVE
ECCNCMIC CENTERS.
GAM_MAT - AN ARRAY LSED AS A GAME MATRIX.
GVALUE - THE GAME VALLE.
MOVCNTIR - THE MCVE COLNTER, USED 1GC GENERATE ALL CF
A PLAYER"S NUVES.
MOVMAKER - AN ARRAY USEC [Q OETERMINE THE EFFECTS
‘ X'S MGVE ANC Y'S MCVE.
MTYPE - AN ARRAY CF MCVE TYPES (1 FCR MCVE GR HCLD,
2 FCR SUPPORT).
NARMS1 - THE AUMBER CF x'S ARMIES.
NARMS2 - THE NUVBER CF Y'*S ARMIES.
NESUPS - THE NUMBER CF ENEMY SUPPCRTS FCR OR
AGAINST A MCVE.
NEW_RCRD - THE GAME BCARD AFTER A MCVE.
NREGICN — ThHE NUMBER CF REGICNS.
NSUPS - THE NUMBER CF FRIENGLY SUPPORTS FCR CR
‘ AGAINST A MOVE.
AX - THE NUMBER CF FCVES FCR X.
NY - THE NUMBER CF MCVES FCR Y.
OLD_BORD - THE CGAME BCARDIREGICNS AND ARMIES) AT
THE BEGINNING OF A PMGVE.
PRES_TURN - THE PRESENT TURN,.
RED_BORD - THE REDUCED GAME MATRIX AFTER THE EF-
FECTS CF DCMINATIN.
REGNGRM - AN INCEX GF A STANUARD VALUE CF A REGICN
SIMP - THE MATRIX USEC FOR ThE SIMPLEX METHCC.
TURN_LIMIT - THE AUMBER CF TURNS 1C BE EVALUATEC.
XMOV - THE MCVE MADE BY CANE GF X'S ARMIES.
XMOVES - THE MOVES CF ALL CF X*S ARMIES.
XSTRAT - AN ARRAY OF ALL POTENTIAL MCVES GF X.
YFMGV - THE FOVE MADE BY CAE CF Y*X ARNIES.
YMOVES — THE MGVES CF ALL CF Y'X ARMIES.
YSTRAT - AN ARRAY OF ALL POTENTiAL MGVES OF Y.

*#/

¥/
4/
x4/
*/
%/
¥/
'Y,
¥/
¥/
s/
*b/
*2/
#9/
2/
e/
4/
¥/
9/
ce/
*%/
x4/
*%/
*%/
*3/
*%/
*%/
*9/
*%/
x5/
%/
%/
24/
8/
%/
%/
%/
s/
*%/
%/
*2/
*0/
*%/

/#‘**#‘#’####ii*##*'##‘#‘###*#'#’#l**##*0".ﬂ#“i‘**i##“#‘###“'/
JHASRAR SRR ASRRAEARRAL IR AR IR RIS H SRR A IRNLADARSR RSk SRFARERERS/

/9%
/%%
/%%
izZy
/9
/%%
121
/%%
/%%
V21
21
V21,
/%
1ZY)
/%%

PART V.
SUBRUUTINES USEC BY REDIPT (IN ALPHABEVICAL CRDER):

ARMYCT - CCUNTS THE TCTAL NUMEBER CF ARMIES (N BGTH

SIDES AND DETERMINES WHICH REGICNS ARE CwWNED BY
WHICH PLAYERS.

CNFLCT - EXECUTES TwWO INPUTTED MOVES GF THE TwC
CPPGSING PLAYERS ANC RESOLVES AMNY CONFLICTS.

CCMINAT -~ ELIMINATES ALL CF A PLAYEP'S CCMINATEC
STRATEGIES.

LCCATR - SEARCHES Trt ARRAY NCVMAKER FUR A CERTAIN

'Yy
e/
%%/
e/
*2/
%/
0/
*2/
'/
'Y
2/
%/
*%/
'Ly
an/




/%%
/%%
%%
/4%
/%%
/%3
/%%
/%%
/%%
Je%
iz
J%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%
/%%

/%%
/%%
'ZX)
J%%
/%%
/%
/%%
/%9
/%9
/%
21
/%%
/%9
/%%
/e¢
/%%
/%%
/%%
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TYPE CF MOVE. *x/
*%/

FOVIT — MCVES ONE ARNMY UNIT FRCM CNE REGICM TC 3/
ANCTHER. 9/
3/

SADDLE - FINDS THE SADDLE PCINT (IF ONE EXISTS) OF ##/
A GIVEN GAME MATRIX. %/
*a/

ASMA - EVALUATES ALL THE PUSSIBLE MOVES OF A GIVEN *#%/
TURN ANC BGARD SITUATICA. 3/
! tt/
SIMPLEX - FINDS THE MIXED STRATEGY SOLUTICN GF A xx/
GIVEN GAME MATRIX. 3/
*%/

SNDHOM - SEND ALL THE SUPPORTS GF A GIVEN MOVE %/
WHOME™. THAT IS, ThE SUPPORTS MOVES ARE CISCARDED *%/
FOR THE REMAINDER OF THE TURN. *s/
%/

STRATS - CALCULATES ALL POSSIBLE LEGAL MOVES FRCM A *#/
GIVEN BGARD PGSITION FOR A GIVEN PLAYER. %/
. *%/

SUPCNT — COUNTS THE NUMBER CF SUPPCRTS FCR A GIVEN 3%/
MOVEMENT. 2/
e/

WHOWINS - DETERMINES THE WINNER OF A GIVEN CONFLICT.#*3%/

e/

WIN — DETERMINES THE ZERC-SUM PAYCFF FOR THE GIVEN %%/
BOARD PCSITICN ACCORDING TO CONDITICNS FCR A "wIN". *#/
/tttttattttttttttttattotttttt:ttt*t*t#tv:ttotttttt*tntttttttttoot/

/..#t#‘0““t*#####t###*#*‘#iti##‘t##tt##t“t‘###t#t**t'*t‘##t‘#t/

%/

PART VI. e/
EXPECTED INPUT: )/
L. THE NUMBER CF REGIONS IN THE GAME BCARD ENVIRCNMENT ##/
2. THE NUMBER CF TURNS IN THE GAME. 4/
3. A LIST CF REGION NUMBERS UF THE REGIONS IN THE GAME %/
BOARD ENVIRCAMENT. EACh REGICN NUMBER IS FCLLCWED ##/

BY: *2/

A. THE REGIGN NUMBERS OF ADJACENT REGICNS. */

8. A 2ERG SENTINEL VALUE TG SIGMAL END CF A. a4/

C. A NUMBER REPRESENTING ThE CWNER CF THE *4/
REGICN. A *1' CR '2' MEANS PLAYER X CR Y, %%/
RESPECTIVELY. x4/

D. A *1* TO INDICATE THAT ThE CURRENT REGIGN 1S #%/

AN ECCNOMIC CENTER, QR A "0° TC REPRESENT THE*#/

ABSENCE CF AN ECCACMIC CENTER. *+/

E. A *1' TO INOICATE THE PRESENCE GF AN ARNY IN #%/

THE REGICN AND A *0°* CVHERWISE. *e/

/tt#t#t##**t@#*#**"#####0#**‘###0###*'*‘*O#t##*tt*###t#*#tt###t#/
/“‘t‘l“#"*#####ttt#O#####‘##**t“##tt##i#tt##tﬁt#####’#t#tt't‘/

/%
/%98
/%%
/4%
/%%
/4%
/%%
/%8
/%t
/%4

*¥/

PARY VII. %/
PROGRAM CUTPUT: 3/
‘ *3/

l. ORIGINAL BOARC CISPCSITION INCLUDING: **/

A. CWNER OF EACH REGICN */

B. PRESENCE CF AN ECCNCMIC CENTER IN A REGION *%/

C. LCCATICN CF EACH ARMY %/

2. RESULTS CF THE EVALUATICN, IMCLUDING: **/

A. ALL GF Xx'S ANC Y'S PCTENTIAL FIRST %/
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/%3 MCVES. *%/
/%% B. PRCBABILITY VECTORS FCR X*S AND Y'S *%/
/%% PCTENTIAL FIRST MCVES. %/

/##00##‘##’#“###*##**O#tt##t#t’###‘tt#**###t*##t###*#‘t#t##t*#t#/



//ASNA
// EXEC
//SYSIN
*PL/C 1
REDIPT
CCL
oCL
GET
GET
/%
CRE
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JOB (##s4%, 43544 ,BINS, T-30,R-256K ) 4 *ZLCNG*
PLC+GCREG=256K
oc *
D=9ZLONG® ,FAGES=€0,TIME= (44555) yNCSCURCE
: PRGCEDURE CPTICNS (NAIN);
(TURN_LIMIT,PRES_TURN) FIXED DECIMAL;
NREGICN FIXED DECIMAL EXTERNAL STATIC;
LISTINREGION) ;
LIST(TURN_LIMIT);
CREATE THE GAME BOARD ANC ENVIRONMENT FROM DATA READ IN.#/
ATE_ECRD: BEGIN;
DCL BCRDERS(NREGIGN,AREGICN) FIXED GECIMAL;
DCL MCVMAKER(NREGICN,NREGICN) FIXED CECIMAL;
CCL (CNTRY,ECENT,ARM) CHAR(2) VARYING;
DCL (CLD_BCRD(NREGICN,2) yCCUNTRY(NREGICN)) FIXED DECIMAL;
DCL (ADJREG,CWNER,CENTER JARNMY) FIXED DECIMAL;
DCL GVALUE FLGAT DECIMAL;
DCL (XCRIG,YORIG) FIXED CECIMAL;
OCL TBCRO(NREGION) CHAR(10) VARYING;
CCL ECON_CENTR(NREGICN) FIXED DECIMAL;
OCL FLAG FIXED DECIMAL;
ECRDERS = Cj; :
CLO_BCRD = 0}

XCRIG = C3
PRES_TURN = C;
YCRIC = C;

CCUNTRY = C;

ECCN_CENTR = Cj
JEERERRREEI IR AREE AT IR RARR AR SRR AR RERER RN EAEAF R RN RIS EXS %/

/* INPUT GAME BCARO EANVIRCNMENT. */
/% STYGRE GAME BCARD AS ADJACENCY GRAPH. */
/% ALSO STORE INFCRMATICN GN REGICN CwWNER, ECCAGMIC */
/% CENTERS, AND ARMIES. */

/“*““'*“t““‘*““’*"**““‘*"““0#****.“.“.““‘/
DO I = 1 TC NREGICN;

BCRDERS(I,1) = 13
GET LIST{ADJREG);
DC WHILEC(ADJREG>Q);

BCRDERS(I,ADJREG) = 1}

GET LISTUACJRECG) ;

ENC;
GET LISTICWNER,CENTER,ARNY);
IF (CwWhNER=1)
THEN CCUNTRY(I) = 1,
IF (CENTER = 1)
THEN DOC3;

ECON_CENTRA(I) = 13

IF (CWAER=1)

THEN XGRIG = XCRIG + 13

ELSE YORIG = YCRIG + 13

ENDS
IF (ARMY=1)
THEN CLD_BORC(I,CwAER) = 13
ENC
PUT SKIP ECIT(*REGICN®*y"ADJACENT REGICNS'}

(X(5)sAyx(5),A);

pcr=1 1C NREGICNMN;

"TBCRC=' ',

PUT LIST(I) STRING(TBORDI(L))};

12=1;
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DO J=1 TG NREGICN;
IF (1-=J & BCROERS(I,.J)=1)

THEN OC;
[2=12+13
PUT LIST(J) STRINGI(TBORD(12)):
ENC;
END;
PUT SKIP ECIT(IBGRC) (A,XI5),(50)(A));
ENCS
/% PRINT QUT CRIGINAL GAME BCARC EMNVIRCNMENT. */
PUT SKIF3
PLT SKIP3
PUT SKIP LIST{'GRIGINAL BCARD DISPOSITICNS');
PLY SKIP3
PUT SKIP LIST{(*REGICN®*,*'CCUNTRY®*,'ECCAONMIC CENTER?,
YARMY ')

DC I = 1 TC NREGICM;
IF (CCUNTRY{I)=1)
"THEN CNTRY=?0X"*;
ELSE CATRY='Y';
,1F (ECCN_CENTR{1)=1)
THEN ECENT=*1';
ELSE ECENT=' '3
"1F (OLD_BCRD{I,1)=1 | GLD_BURD{I,2)=1)
THEN ARM=zV]10;
ELSE ARM=¢ 1
PUT SKIP LISTUIoCNIRY,ECENT,ARNM);
END;
PUT SKIP; PUT SKIP;
PLT SKIP LIST(*TURN LIMIT IS ¢, TURN_LIMIT);
/% START RECURSIVE PRCCEDURE TC CETERMINE GAME VALUE.*/
CALL ASMA(OLC_BCRC,PRES_TURN,COUNTRY,GVALUE);
PLT SKIP LIST(* GAME VALUE IS *,GVALUE);
P

JEBESRBAARBREEEE IR RR G SRR AA R LA RLABCARBEIXD LR B RRR RN RL DR RRERERS/
JEBRBEBBARAN B RN R R R IR DA RS A AR B R R AI IR SRRk RRNRBG SRR b NE/

/%%
J%%
/%%
/%%
FEITIY.
VAXIEL
ASMA:
DCL
DCL
cCL
CCL
CCL
/%
/*
PRE
CAL

ASMA */
SEQUENTIAL ANC SIMULTANECUS MCVE INTERPRETER. *e/
ASMA INTERPRETS THE "BEST™ MOVE FCR EACH PLAYER AT THE #%/

CURRENTY MCVE, GIVEN TtE NUMBER OF MCVES WE HAVE LEFT. %/
BESREXBEAGRIRRABS IR RSN PRI RS SR A AN AR A SR BR AL RGNS A E$2/

T2 R R R R R R RS R R R R R R SRR R AR RS2SRSS 222222 2 L 0)
PROCEDURE(CLOU_BCRD,PRES_TURN,CCUNTRY,GVALUE) RECURSIVE;
(CLC_BCRD{*,#%),PRES_TURN) FIXED CECINVAL;
(ARMLCCU(NREGION )y NARNMSL yNARNS2,NLN2yNX,NY) FIXED DECIMAL;
(1,J)PCSS(NREGICN) CCUNTRY (%)) FIXEC CECINMAL;
{FLAGoDOMRGWS yDCMCOLS) FIXED DECIMAL;

GVALUE FLCAJT DECIMAL;S
INCREMENT TURN CCUNTER, CCUNT THE NUMEER CF ARMIES, */
AND ESTIMATE ThHE TCTAL MUMBER CF PCSSIBLE MOVES. ./

S_TURN = PRES_TUFRN + 13
L ARMYCT(NARMSL,NARMS2,CLO_BCRDyPCSS+CCUNTRY);

N1 = NREGICN #* NARMSI1 + NREGION * NARMSL;

NZ
/%
/%
ARM

= NREGICN ** NARMSZ2 + NREGICN * NARNSZ;
CALCULATE ALL PCSSIBLE STRATEGIES FCR BCTH PLAYERS FCR ¥/
THE GIVEN BCARC PCSITICA. */

_RCCFM:  BEGIN;

DCL (XMOVES(NL)o»YMCVES(NZ2}) CHAR{3Q) VARYING;
CCL (XMCV,YMCV) CHAR(3G) VARYING;
CCL TEMP_TURN FIXED CECINAL;
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I=13 J=2;
CALL STRATS{OLC_RORD,BCRCERS¢ECCN_CENTR, I, XMCVESsNX,

CCUNTRY «NARMS1) 3

CALL STRATS(OLC_EORD,BCRCERSECON_CENTRy Jy YMGVESNY,

CCUNTRY,NARPNMS2) 3

/t‘#tt#tp#***###t#**'###t#tt########O##t#tttt#ti#’#‘##*#tt/

/%
/%
/%
/%
/%
/%

CREATE THE GAME MATRIX FCR THE PRESENT BCARD PCSI- */
TICNS. IF WE ARE AT THE TURN LIMIT, THEN EVALUATE */
RIN CCADITIONS FCR EACh ENTRY IN ThHE GANE MATRIX. */
GTHERWISE, EVALUATE THE GANE BELCW EACH ENTRY ANC */
RETURN ITS GAME VALUE, WHICH IS OONE BY CALLING ASMA*/

RECURSIVELY. */

/##*#.t####ttt*#tt*t‘*0‘**‘O#t####‘####tt#tt‘#t*tt*ttttttt/
NEW_CAME: BEGIN;

DCL (ELIMLINX)oELIMZ(NY)) FIXED CECIMAL;
DCL (XSTRAT(NX},YSTRAT(NY)) FLOAT DECIMAL;
DCL GAM_MAT(NX,AY) FIXED CECINAL;
DCL NEW_BORD(NREGICN,2z) FIXED DECIMAL;
DG 1 = 1 TC NX;
00'J = 1 TC NY;
TEMP_TURN = PRES_TURN;
"NEW_BCRL = C;

PCSS = CCUNTRY;

 XMOV = XMOVES(I);

YNCV = YNCVES(J);

CALL CNFLCT(MCVNMAKER,XNCV,YNMCV,ECRDERS,

NEW_BCRD) §
IF (PRES_TURK = TURN_LINMIT)
THEN CALL WININEW_BCRD,ECCN_CENTR.CCUNTRY,
XCRIG,YCRIGGVALUE) ;
ELSE CALL ASMA(NEW_BCRD,TEMP_TURN,POSS,GVALUE)
GAM_NMAT(1,J) = GVALUE;
.ENDS
END

/*##‘?#Q'#.“‘#*#O"“#######*#tt"0*##‘*0#*#*#“#*‘*‘*/
/% NCw THAT THE CAME MATRIX IS FILLEC IN, FINC TFHE */
/% SCLUTION FOR THE CAME. FIRST, GEV RIC CF ALL DCM-¥/
/% INATEC STRATEGIES BY CALLING DONMINAT. THEN, SEE %/
/* 1F YHE RECUCED GAME HAS A SACDLE POINT. IF SC, */
/* THE GAME VALUE IS THE PAYCFF AT THE SADCLE PGINT. #/
/% CYHERWISE, IF THERE IS NO SADCLE PCINT, FIND THE #/
/* SCLUTION IN MIXED STRATEGIES BY CALLING SIMPLEX. */

/* IF THIS IS THE FIRST TURN, PRINT CUT THE PROBA- */
/% BILITIES CF ALL MCVES FGR BCTh PLAYERS CN THE */
/*+ FIRST TURNA, */

/#*###t#*##t####t#‘##**##*t#$#$##*##*##t*##tttt#‘t##t*#/
ELIML=C; ELIN2=0;
CALL CCMINAT(GAM_MAT,NX,NY,COMROWS,00MCOLS,ELIML,ELIM2);
CALL SACDLE(GAM_MAT oF LAG,CCNRCWS »DCKCCLS s 1y JsGVALUED;
IF (FLAG=1 & FRES_TURA=1)
THEN CG:
12=0; 13=0;
0C WRILE(I2<I);
13213413
[F (ELINL(12)=0)
THEN [2=12+13
END;
J2=03 J3=C;
0C WhILE(J2<J);
J3=43413




E
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IF (ELIM2(J3)=0)
THEN J2=J2+1;
ENC; )
ELIM1=1; ELIN2=1;
ELIMIC(I3)=C;
| ELIM2(J3)=C;
XSTRATI1)=13;
YSTRAT(L)=13;
"END;
ELSE IF (FLAG=0)
THEN CALL SIMPLEX(GAM_MAT,DCMRCWS,DOMCCLS,YSTRAT,
XSTRAT,GVALLE);
/tttt##ttttt#4#tt‘#t#ttttttt#tt#t*tt#t#tt#tt#ttttttttt#/
/* PRINT QUT ALL PCSSIBLE MCVES FOR BOTH PLAYERS AND */
/% THE PROBABILITY FCR EACH NCVE. +/
/Ottttttt####8*##Ott#ttt‘tttttttﬁttttt‘tttttt#ttt#t#ttt/
If (PRES_TURN=1)
THEN DC;
PUT SKIP;
PUT SKIP LISTU'PLAYER X"S MCVE?',*PRCBABILITY*);
J=1;
D0 I =1 TC NXx;
IF (ELINMI(D)=1)
THEN PUT SKIP LIST{XMOVES(I),'0.0°%);
ELSE CO;
PUT SKIP LISTUXMCVESUI)XSTRAT(J));
J=J+1;
ENC;
END;
PUT SKIP;
,PUT SKIP LIST(*PLAYER Y"S MOVE',*PROBABILITY®);
J=1;
CG 1 = 1 TC NY;
IF (eL1IMp2{1)=1)
THEN PUT SKIP LISTUYMCVES{1),'0.0%);
ELSE CO;
PUT SKIP LIST(YMCVES(I),YSTRAT(J));
J=J+1;
ENC;
END
END;
RETURN;
END NEW_GAMNE;
NC ARM_ROCM;
NC ASMA;
NC CREATE_BCRO:

END REDIPI;

*PRCCESS

/t‘ti'###*i**##*#t##t#ﬁ#####t#‘#t#*##tt#ttt##t#*###t#‘*#‘tt#t#*t/

JEbeARS
/%%
/%%
/%
/%%
Y
/%
/9%
/%t
/%%
/%

FERBRRBRERRIEIS L DB IR ORAR A KR RRABAXBERRFRR RSBV E R4/

STRATS 4/
STRATS FINDS ALL THE PCSSIBLE MCVES A PLAYER CCULD MAKE **/
FHOM A GIVEN BUARC PCSITICN AND STORES THE MOVES IN A *2/

LIST. %/
4/

INTERNAL SUBRCUTINES TC STRATS: 2o/
INCR %/
NOVCEKL *%/
NOVCHK2 3/

TRANSLATE *%/
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/‘t#‘.’#‘#*###t‘0*1t###*#t't#*tt#‘##‘t**“*t*t##t#‘*##t“**tt#‘t/
/0.‘3“‘0‘Ut't#“####t‘#t#‘tt‘0‘0*“’.#‘#“#.*tt.t‘##t‘#t*t###‘#/

STRATS: PROCEDURE{CLO_BGRD,ECROERS,ECON_CENTR¢J¢MCVESsNMGVES,

CCUNTRY ¢NARNIES) S
CCL NREGION FIXED DECIMAL EXTERNAL STATICS
OCL tCLU_BORD(#*,%),ECRDERS(*,*)) FIXED OECINAL;
OCL CCUNTRY(*) FIXEC DECIFALS
DCL (ARMLCC(NREGION)yNARMIES,J) FIXED DECIMAL;
DCL (N,NMOVES,ECON_CENTR(#)) FIXED DECIFAL;
DCL MOVMAKER(NREGION,NREGICMN) FIXED DECIMAL;
DCL REGMCD FIXED ODECIMAL;
DCL (REGPTS(NREGICN),REGANCRN¥) FIXED DECINMAL;
OCL MCVES(*) CHAR({#*) VARYING;

N= 03

NMOVES = 05
JHERRREBXBRAEEFRRBRIREESRDIIREEIRE ARSI LSRR IRREXS 00004208502/
/* STCRE THE STARTING LCCATIONS CF EACH ARMY. */

JARNRRESSES RN EREIFRIRRRRN AL IRNNBRA SRS AR IR DX SRR RERRNRB 2400822/
DG 1 = 1 TC NREGICA;
IF (CLO_BCRDII,J) = 1)
THEN OG;
N=N+1;
ARMLOCIN) = I3
END:
END:
REGMCD = 2 * ANREGIONM;
JERBEFEERSARSERRR RS BRRRIRSRFEEIFSARSRFSIFHRHABR RN KIS 2230384/
/¢ BEGIN GENERATING MOVES. */
JARSBSRBBARES RS ERSARR NS RRBBIRED R SR ENSRR B KRR ARBEI BN 402428/
MAKE_MOVS: BEGIA;
DCL MGVCNTR{NARMIES) FIXED INITL(O);
CCL IFLAG FIXED INIT(O);
DCL BAOMCV FIXED ODECIMALG
MOVCANTR = 13
CALL REGEVAL; /* EVALUATE EACH REGICN.*/
DG WHILE(IFLAG = 0);/#IFLAG=1 MEANS THERE CAN */
/% BE NC MCRE MCVES. */
MCVMAKER = 03
I = 0; BADMCV = C;
/% THIS DC LOCP CCNSICERS ONLY MOVEMENT MOVES.#*/
DC WHILE ({IKMNARMIES) & (BADMCV=0});

BADMCV=03;

I =1+ 1;

1F (MCVCNTRUI) <= NREGION)

THEN OC3
IF (BCRDERS{ARMLCC(I) MOVCNTR(1})=1)
THEN COs

MOVMAKER (ARMLOC( 1} MOVCNIR(IL)) = 13
CALL MCVCHKL{BADNOV);
ENC 3
ELSE BADNGOV=1;
END;
ELSE DC;
K = MOVCNTR(I) - NREGION;
IF (BCRDERS(ARMLCC(I)K)=1 & ARMLOC(I)~=K)
THEN MCVNMAKERU{ZRFLCC(ID, K)=2;
ELSE BADMCV=1;
END;
END;
V22323312 R TR SRR R SRERE RS RSS SRR 2222 22 R R 222 2 V4
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/% IF THERE IS NO REDUNDANT MOVEMENT, THEN CHECK TO*/
/9 MAKE SURE THERE ARE NO I[LLEGAL SUPPCRT CRDERS. */
/% THENy USE THE HEURISTIC IN MOVCHK3 T1C ELIMINATE */
/% ALL UNPROMISING MOVES. */

VAR A2 RSS2 22 2SR RS2SRRSR RS 2222 222 RR2 2 2 2 2 V4
IF {BACMOV=C)
THEM DC;
CALL MCVCHKZ2(BADN;CV)
IF (BACMCV=0)
THEN DC;
© CALL MCVCHKZ(BALMCV);
IF (BADMOV=C)
THEN CALL TRANSLATE(NMOVES);
END;
END
MCVCNTR(NARMIES)=MCVCATR(NARMIES)+1;
CALL INCRUNARFMIESIFLAG);

ENC

RETURN;
VA2 2 i IR IR R 2R R SRR R RS R R R R RS RS E R R 222 R RS2 R RS RS2 IS
/% ' REGEVAL */
/* REGEVAL EVALUATES EACH REGICN FCR ITS VALUE IN CHCGSING #*/
/* A MOVE. CONSIDER OMNLY THE REGIONS OCCUPIED BY QOR ADJA- */
/% CENT TO A FRIENCLY ARPY. ASSIGN PCINTS TC EACH OF THESE®/
/% REGIONS AS FOLLCWS: &/
/% 1. 1 PCINT FCR AN ECONOMIC CENTER. */
/% 2. 1 ACODITICNAL POINT 1F THE ECONOMIC CENTER *x/
/% IS UNCCCUPIED. : */
/% . 3. =1 PCINT IFf THE REGION IS OCCUPIED BY A */
/% FRIENDLY ARNY. */
/* 4. 1 PCEINT FOR EACH ADJACENT REGION. x/
/% Se¢ 1 PUINT [F THE ECONCMIC CENTER BELONGS TO */
/% THE CTHER PLAYER. */
/* AN AVERAGE (REGNORM) IS CALCULATED FRCM ALL THE REGIGONS */
/% CCNSIDEREC. */

JEBHEEIRERERRERRIRERRR NGRS RRRERRBRE A NS SEIERERRSSRER AR 4028/
REGEVAL: FRCCEDLRE;
OCL (I+KyNFLUNKyCANCREGyNCANDJZ)FIXED DECIMALS
REGPTS=C; REGNORN=C; NCANC=0;
D0 I = 1 TG NREGICN; /* CCMSIODER EACH REGICN. */
CANDREG=0C;
IF (CLD_BGROI(I,Ji=1)
THEN CANDREG=13;

ELSE CC;
K=C3
DC WHILE(KSNREGIONM)
K=K+1]l3;
IF (EORDERS(I,K)=1 & CLD_BCRD(K,J)}=1)
THEN OC;
CANCREG=13
K=NREGICN;
END;
END;
ENC;
/¢ A REGION IS A CANDICATE FGR EVALUATIOMN [F IT IS »/
/7% ACJACENT TO OR QCCUPIED B8Y A FRIENDLY ARMY. */
IF (CANDREG=1)
THEN DC3

NCAND=NCAND+1 ;
IF (ECON_CENTR(I)=1)
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THEN DC;

REGPTS(I)=REGPTS{1)41; /% 1 PCINT FCR AN ECCNCMIC CENTER*/

/% 1 PCINT IF IT IS AN ENEMY ECCNCMIC CENTER. %/

IF (J=1)

THEN JZ=13

ELSE JI=0;

IF (CCUNTRY(I)~=J2)

THEN REGPTS(I)=REGPTS(I)+13

IF (OLD_BORD(1,1)=C & OLD_BORD(1,2)=0)

THEN REGPTS(I)=REGPTS(I)¢+1;

/% 1 POINT FOR AN UNCCCUPIED ECCACMIC CENTER.#/

END;

IF (OLD_BCRO(I,J)=1)

THEN REGPTS(I)=REGP1S(1)-1;

/% -1 PCINT IF REGICN IS GCCUPIED BY CWN ARMY. ¢/
DO K = 1 TC NREGICN;

IF (BCROERS(1,K)=1 & I-=K)

THEN REGPTS(I)=REGPTS(I)¢l;

/% 1 POINT FGR EACH ACJACENT REGICN.#*/

ENCiS
REGNCRM=REGNCRN4+REGPTISI(I);
ENC
ENC:

REGRCRH=ROUNO(REGNURH/NCAND'0,‘NARM[ES;

RETURN;

END
/“*“.“*“W““‘*“**‘t"#““#“***‘#**““‘*t“‘*"."‘*.*t‘/
/* . MOVCHK3 */
/% MCVCHK3 1S A HEURISTIC CESIGNED TU RECUCE THE NUFBER OF #*/
/% MCVES GENERATED BY STRATS. THIS SUBRGUTINE IS TC BE */
/% USEC WITH REGEVAL. BASICALLY, MOVCHK3 CHECKS TC SEE IF */
/* A MCVE'S VALUE FAS REACHED A CERTALIN THRESHCLD. FIRST, #*/
/% REGNUBM IS PULTIPLIEC BY THE NUMBER CF ARNIES CwWNED BY #/
/% THE CURRENT PLAYER. THIS GIVES US THE THRESHCLD. THEN,*/
/% FCR EACE REGICN BEING MCVED INTC BY TEHE CURRENT MCVE, */
/% THE VALUE OF EACH REGIGN IS TOTALLEC, ACCORDING TC THE &/
/% ASSIGNED VALUES GIVEN BY REGEVAL. ANY MOVE wWHCSE VALUE ¢/
/% DOES NOT EQUAL CR EXCEEC THIS THRESHOLD IS ELIMINATED. */

/#‘OtttttttO*ttttttttttttt#t*tl#t##t##tt#tttttt*#tt#tttt*tt#t###/
MCVCHK3: PRGCEDURE(BALMCVI;
CCL (EACMCV,I,REGTOT,REG) FIXED DECIVAL;
REGTICT=C3
DO I = 1 TC NARMIES;
IF (MOVCNTR{II>NREGICN)
THEN REG=MCVCNTR(I)-AREGICRA;
ELSE REG=MCVCAIRI(I);
REGTOT=REGTOT+REGPTS(REG);
ENC;
IF (REGTCYKREGNCRY)
THEN EACNMCY=1i
RETURMS
ENDS
/t’tttttt#tttttt#*ttt#t##t*#ttt*tttt#tttt#ttttttt###tttttt#ttt*t/
/#‘0#0‘4‘ttttttt**tttttt#*t#ittittt###t#t#tt##‘tottttt#t#tt#tt#t/

/%% MOVCHK1 %/
/%% MCVCHK1 CHECKS TC MAKE SURE TWC GF 2 PLAYER'S ARMIES 2%/
VAL ARE NCI CCING ANYTHING RECUNDANT. s/

/0"#“###“*##‘#*####t*t#*###‘***###t#*t#‘t#t#tt##t###t#t##tt#t[
/***#t#*i##f‘#t#ttttt#i####i“tttt##*t##t.‘t0‘####“0‘*"“##‘#‘/

MCVCHK1: PROCEDULRE(BACNMCVI;
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DCL BADMCV FIXED DECIMALS
OCL (J1,d2) FIXED DECIMAL;
J1 = ARMLCC(I); J2 = MGVCNTR(I);
IF ((MGVMAKER(JL,yJ2)=MCVMAKERIJ2yJ1))ENJL-=U2))
THEN CG;
BACMCY = 1;
RETURN;
ENC3
DC K = 1 T0O NREGICA;
IF ( (MOVMAKER(K,J2))=1 & K-=J1l)
THEN ©C;
BADMOV = 13
RETURM;
ENC;
END;
RETURN;
END MCVCHKI;
/ttttit*t#t#*#ttt##t*t#*ttt#ttttttttt#ttttlttttt#tttt##tt’tt#ttt/
/5834548 ‘ttttt*t’ttttt#Ottt#:Nrtttttt##ttt‘#ttt‘tt#t#ttt*‘l*ttt‘t/

/%% ' ¥CVCHK2 st/
/%% MCVCHK2 CHECKS TO MAKE SURE THAT THERE ARE NC ILLEGAL **/
/%% SUPPORT MCVES IN THE CURRENT PROPCSED MCVE. %/

JEBRBEABIRAERARBAERRARAERBIERRIRRBRRIFERNS DR IRAAARARRIRRRE 0404/
/tttttttottqttt#ttttttatttttttatttttttttttttttt#tttttttttttttttt/
MOVCHK2: FRCCEDURE(BACNMOVI;
DCL BADNCV FIXED CECIMAL;
CCL I FIXEC CECIMAL;
BADMGV = Cj
OC I = 1iTC NARMIES;
12 = ARMLCCUID;
IF (MCVCNTROLIDNREGICN)
THEN J2=MOVCNTRUI)-NREGICN;
ELSE J2=FGVCATIR(1);
IF (MOCVMAKER(I2,42} = 2)

THEN DO3
13'= C;
0C WHILE (I3<NARMIES);
113=12+1;
IF (FOVCANTR(13)=12)
THEN DC3
BADMCV=13
RETURN;
END 3
ENC;
13=0;
DC WHILEUI3CKNARNIES);
13=13+1;

IF (FOVCANTR(13)=J2}
THEN 13=2#NARMIES;

ENCS
IF (I3=NARMIES)
THEN DC3
BADMCV=1;
RETURN;
ENDS
ENC3
ENC;
RETURNA;

END MCVCHKZ;
JESERERESERRS RN NEAS SR FRER DRI ARIRRBRABRAA AR SRR R AR RS RN A28 0/
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/##t#*‘##t.#*###t*t###tt*tt#tt##t#t*###*##*####t#*#t##**t##t*##t/,

/%% ! TRANSLATE e/
/%% TRANSLATE CCNVERTS A MOVE STCRED AS A GRAPH IN MCVMAKER %%/
/%% INTC, A COCEC STRING TC BE PLACED IN THE LIST CF MCVES. *¥%/
/%% THE SUBSCRIPTS CF VTHE MCVE IN MOVMAKER ARE CCANVERTEC *3/
/%% INTO CHARACTER STRINGS ANC CONCATENATED IN A LEGAL SE-  *%/
/%% QUENCE UNTIL ThE WHCLE MCVE GRDER IS TRANSLATED. THEN, **/
/%% THE MCVE 1S STCRED IN MGVES(L). */

/tt#ttt#t#twtttttttttt#t*tttitttt#t#t#tt###’t#tt##t*ttt###t‘tt#t/
/"0Ottlttitt#ttttttttttttttOtttttt#tttttttttt##ttttttttttttttttl
TRANSLATE:  PRCCEDURE(L);
DCL (I4J,KsN) FIXED DECINMAL;
DCL L FIXED CECIMAL;
DCL (Z1422423,24) ChAR(30) VARYING;
DCL P1 FIXEC BIMNARY;
L=1L + 1;
DC I = 1 TC NARNMIES:
J = ARMLCCUI);
PUT LIST(J) STRINGI(Z1);
IF (MCVCATRETIIDNREGICAN)
THEN K=MGVCNTR{I}-NREGIONM;
ELSE K=MCVCNTRI(I1);
PUT LISTIK) STRINGI(22);
Pl = VERIFY(Z1,* *);
21 = SUBSTRIZL,P1);
Pl = VERIFY(22,* ');
712 = SUBSTR{Z2.,P1);
IF (MCVMAKER(JsK) = 1)
THEN MOVES(L) = MCVES(L) 1} Z1 | "= || 223
ELSE BC;
b =13
DO WHILE (MOVCNIRIM)~=K);
M=V +1;
"END;
PUT LISTCARNLCC(M)) STRINGIZ3);
PLl=VERIFYLZ3,' ');
23=SUBSTR{Z3,Fl)};
IF, (MOVCNTR(M)>NREGIGN)
THEN N=MCVCNTR(FM)-NRECICA;
ELSE N=NOVCNIR(M);
PUT LISTIN) STRINGIZ4);
P2=VERIFY(Z4,' *);
Z4:SUBSTR{Z4,P2);

MCVES(L) = MGVES(L)Y |1 Zb F1 *S* 11 23 || *-* || 24;
ENC;
IF (I .< NARMIES) THEN NMCVES(L) = MOVESIL) ] *y*;
ENC;
RETURN;

END TRANSLATE;
/#tt*‘##‘##*#*tt##t#tt.**##*'#it‘#“t‘t‘0#Q###t*#*#‘t‘i*‘##ﬁ##"/

/t“‘#t"#Qt*###‘tt’ttlt##’#.*#t#t‘##‘t#t#0#*#‘#‘#“#‘*0'0*“#*0/

/%% INCF **/
/%% INCR INCREMENTS THE VALUES GF MOVCNTR UNTIL IT IS NCT %/
/%0 PCSSIBLE TO CREATE AANY MGRE MCVES. ¥/

JEPEREIRREBELR AR B IS AEIRINIRIRARNRBR A BRI RN SR EFRXDIER R 0NN NN 24/
JASXARB BB ABARDAREISRAREID RN AREASRBAREALIRNXAERER ARG IREO S/
INCR: PRCCEDURE(I,IFLAG) RECURSIVES

DCL (I,JoIFLAG) FIXED DECINMAL;

IfF t1=1)"

THEN CO;



IF (MOVCNTR(I)DREGNFOL)
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THEN IFLAG=13;

ENCS

ELSE CC;
IF (NOVCNTRUT)DREGNMCC)
THEN OC;

MCVCNTRI(I)=13

J=1-1;
MCVCNTR(J)I=NCVCATREJ) 413
CALL INCRUJ,IFLAG);

ENC;
ENC;
RETULRA;
END INCR;
END MAKE_MOVS;
END STRATS;

*PRCCESS ‘
JHBRBRAREEBRERARAR RS SR SR ER IR DR SRR R R RRRIRB RIS AR SB2 4000032028/
/% ‘ CAFLCT */
/% CAFLCT EXECUTES TWO INPLTTED MOVES: XMGV ANC YMCV */
/* REPRESENTING X'S MOVE AND Y*S MOVE, RESPECTIVELY. ANY x/
/* CCNFLICTS IN THE MOVES ARE RESCLVED. */
/* %/
/% INTERNAL SUBRCUTINES TQ CNFLCT: */
/* PLACE */
/3 PLTMOV %/
/* RETREAT */
/% SUCCESS */
JHRRBEBEEDAEERERAIN SRR DR BA AR AR E R SRS SR PSR RS AF AR RRAIRB Q0 R0/
CNFLCT: PRCC(MCVMAKER ,XMNOV,yYMCV,BCRDERS,NEW_BCRD);

CCL NREGICN FIXED ODECIMAL EXTERNAL STATIC;

oCcL

(MOVMAKER (#,%), ECROERS(#,%),
NEW_BCRO(*,%)) FIXEC DECINAL;

/* LCCAL VARIABLES*/

CCL {MTYPE(NREGION)CISLCG(MREGICN)) FIXEC CECIMAL;
CCL DEPEND(NREGICN) FIXED CECIMAL;

OCL (XMGV,YMCV) CFAR(*} VARYING;

DCL (1+JeENTYPE K ,NSUPS NESUPS) FIXED CECIMAL;
MTIYPE=Q; /% STEP 1: PLACE THE NMCVE®/
MOVMAKER=Q; [CISLCG=0;

I=13 J=2;

CALL PLACE(XMCV4s14d);

I=-13 J=-J3;

CALL PLACELYMCV,yI,+4)3

/* STEP 2: GET RIC CF ALL CUT SUPPCRTS.*/

CC I=1 T1C ANREGICA;

I
T

F (MTYPE([)=2)
HEN CC;
J=2;
CALL LCCATRIMCVMAKER,I,KsJ};
J=C;
ENTYPE=-(MCVMAKER (I ,K)/2);
DC WHILE (JCANREGICNID;
d=del;
IF
THEN ©OC;

MCVMAKER( T, I)=NMLVMAKER([+K) /23

MCVMAKER(I,K)=C3
MIYPE(I )=3;
J=NREGICN;
END3

ENC S

(MOVMAKER(JH1)=ENTYPE & J~=K)

/7% 1S THIS A SUPPCRT?%/

/¢LCCATE THE MCVES/

/*1S THE SUPPCRT BEING CUT?2%/

/#CUT THE SUPPGRT=®/



/%
Do

/¢
)] 9]

/%
oC
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ChD3
ENCs
STEP 3: CHECK FCR ALL FMIRRCR NOVES.¥/
I = 1 TG NREGICN;
IF (NTYPELI)=1)
THEN DC3
K=13
,CALL LCCATR(MCVMAKER,yI9JsK) 3
IF (MOVMAKER(I4J)=~FCVNMAKER{J,I1))
THFEN DO; /#* MIRRCR MCVE#*/
CALL SUPCNT{MOVMAKER,I,JosNSUPS);
CALL SUPCNT{MOVMAKER,J I NESUPS);
NSUPS=NSUPS+NESUPS;
CALL WHCWINS(MCVMAKER MTYPE Iyd9doly
DISLDGyNSUPS)
IF (MTYPE(I)=1)
THEN CALL MCVITUNCVMAKER MTYPE,I,J,DISLDC);
ELSE IF (MIYPE(J)=1)
THEN CALL MCVIT(MCVMAKER,MTYPE,J,1,0ISLDGI};
MOVMAKER(I 4J)=3;
MOVMAKER(J,10=33
‘ END;
END;
ENC
RESOLVE ALL CONFLICYS FRCW CUTSICE AN AREA.X/
{ = 1 TO NREGICN;
IF (FTYPE(I)=1)
THEN 0C3
K=13
CALL LCCATRIMCVMAKERy IvyJsK) 3
K=C;
0C 12=1 TC NREGION:
IF (MOVMAKER(12,J)=-NCVMAKER{I+J) & [12-~=J)
THEN K=123
ENC;
I[F {(K>C & I-=J)
"THEN OC3;
CALL SUPCNT{MUVMAKER+1,J4NSUPS);
CALL SUPCANT(NMCVFMAKER,K4J,NESUPS) 3
NSUPS=NSUPS+NESUPS;
CALL WHOWINS(MOVMAKER yMTYPE,1yJeKeJ»DISLODG,
NSUPS) S
END;
END;
ENC:
CHECK ALL REMAINENG MCVENENT., ¢/
I =170 NREGICN ;
IF (MTYPE(I)=1)
T+EN CC;
DEPENC=C;
K=13
CALL LCCATRIMCVMAKER I sJVK)3;
IF (I-~=J) ThEN CALL SULCCESS(I.J);
END
ENC

NEW_BCRC=C;

DG

I=1 1C NREGICN;

DC J= 1 TC NREGICN;
IF (MUVMAKER(I,J1>C & MOCVMAKER(I,J1<3)
THEN NEW_BCRD(I,1)=1;
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ELSE IF (MOVMAKER(I,J)<0)
THEN NEW_BCRC(1,2)=1;
ENC;
ENC;
/% PUT RETREAT ROUTIANE IN HERE#*/
CALL RETREAT;
RETURN;
A2 22222222 2 R R R R R R SRR RS LR SR R RS2SRRSR RS L )
/% ‘ SUCCESS s/
/% SUCCESS IS A RECURSIVE ROUTINE THAT IS USED TC EXECUTE =%/
/* MCVES IN WHICH AT LEAST ONE ARMY'S MOVE IS PENDING UPON %/
/% THE SUCCESS OF ANCTHER ARMY'S MCVE. 2/
12222222 ER R R R 2 2R 2 R R R RE R RS R R R SRR R R RSS2 2 V)
SUCCESS: PROCEDURE(FRCM,DEST) RECURSIVE;
OCL (FRCM,DEST,CEST2,1,NSUPS,NESUPS) FIXED CECINMAL;
IF {FRCOFM=DEST) THEN RETLRNMN;
If (DEPEAND(DEST)=1)
THEN 0C3
CALL SNDHOM(MOVMAKER,MTYFE,FROM,DEST);
CALL MCVIT(MCVMAKERyMTYPE,FRCNDESTLCISLLG);
MOVMAKER(FROM,DEST)=3;
MCVMAKERIDEST,FRCM)=3;
RETURN;
ENC3
IF (MIYPE(DEST)=1)
THEN CG3
I=1;:
CALL LCCATR{MOVMAKER ,CEST,0EST2,1)3
DEPEND(FRON)I=13
CALL SUCCESS(CEST,CEST2);
DEFEND(FRCM)=0;
ENC;
IF (MTYPEIDEST)=2)
THEN CC3
I1=1;
DO WHILE(MGVMAKER(1,FRCM)~=-MGCVMAKER(FRON,DEST));
[=1+1;
END;
CALL SUPCNT(MOVMAKER,FROM,DEST NSUPS);
CALL SUPCNT{MOVMAKER I ,FRCVM4NESUPS);
NSUPS=NSUPS+NESUFS;
CALL WHGWINS(MOVMAKER,FTYPEFRCM,DESTo1,FRCM,
DISLCG,ASUPS)
IF (MIYPE(FRCMI=1)
THEN CALL MOVIT(MCVNMAKER ,MTYFE,FRCN,CEST ,OISLDG);
RETURNM;
ENC;
IF (MTYPE(DEST)=C)
THEN CO;
CALL SNDHOM(MGCVMAKER MIYFE,FROM,0EST);
CALL MGVIT{MGVMAKER,MIYPE,FRCM,DEST,CISLEG);
MCVMAKER(FROM,CEST)=2;
MCVMAKER{DEST,FRCM)=13;
ENC;
ELSE CC;
1IF { (MUVMAKER(FRCM,DEST)#MOVMAKERIDEST,DEST))>=0)
THEN OC;
NSUPS=0;
END;
ELSE DC;
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CALL SUPCAT(MCVMAKER,FRCM,DEST,ASUPS);
CALL SUPCNT(MCVMAKER,CEST,DEST,NESUPS);
NSUPS=NSUPS+NESUPS;
END;
CALL WHOWINS (MOVMAKER,NTYPE,FRCM,DEST,CEST,DEST,
‘ DISLCGyASUPS);
IF (MTYPE(FRCM)=1)
THEN CALL SUCCESS{FRCM,DEST);
ENC;
IF (MTYPE(FRCM)=C)
THEN CG;
DO I = 1 TC NREGICA;
IF (ABS(MOVMAKER(FRCNM,1))=1)
THEN MIYPE(I)=1;
END;
END;
RETURN;

END SLCCESS;S
A3 I R I ZE RSS2 RI 2RSS RS SRR R R RS RS A2 22 RS 2222222 a2 R 22 V)

/% PLACE */
/% PLACE TAKES A CGCED STRING CF MOVES AND PLACES ThE */
/% MCVES CORRECTLY INSIDE MCVMAKER, ACCOROING TC THE */
/% - VALLES OF ATK ANC SLP. */

/tttt*tt##?ttt#t‘#t#ttt#t*#tt####t*#t*####tt‘ttt####t#t‘t#ttt###l
PLACE: PRCCEDURE(NCV,ATK, SUF);
DCL (ATK,SUP) FIXED DECINAL;
DCL MCV CHAR{#*) VARYING;
DCL (ENDSTR,PCS,POSZ,CURPGS) FIXEC BIMNARY;
DCL SUB CHAR(30) VARYING;
CCL SUBZ CHAR(3C) VARYING;
DCL (Z1,22) CHAR{30) VARYINC;
pDCL (N1,N2) FIXED DECIMAL;
CURPGS = 1;
SUB = MCV;
ENDSTR = LENGTH(SUB) - 1;
PCS = INDEX(SUBy*y? )3
OC WHILE(PCS > C);
SLB2 = SuB;
SUB2 = SUBSTR{SUB,CURPCS,.PCS};
POS2 = INCEX(SUB2,'S');
IF (FCS2 = 0)
THEN CALL PUTMCV(ATK);
ELSE CALL PUTMCVISUP);
CURPCS = PCS + 13
. SUB = SUBSTR(SUB,CURPCS);

CURPCS = 13
POS = INDEXISUBy'y*');
ENC3

SLUB2 = SUH;

PCS2 = INCEX(SUB,*'S');
IF (PCSZ = 0)

THEN CALL PUTNMOV(ATK);
ELSE CALL PUTMOVISUF);

RETLRM;
R T R Ty R P Y P T PR T PR Y
/* | PUTHMCV &/
/% PLUTMOV IS AN INTERNAL PRCCEDURE TC PLACE. IT ACTUALLY #/
/% PLACES THE ATTACK CR SUFPCRT MOVE INTC MOVMAKER. THE ®/
/* KEY IS +1 OR -1 FOR AN ATTACK, ANC +2 OR -2 FCR A */

/% SLPPGCRT, 4/
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/*'*t##t##t#*tt#t*t#*#t*##’ttt*t#*“##*t*##.‘#*#0#"‘###.#*##*‘#/
PUTMCV: PRGCEDURE (KEY);

OCL KEY FIXED DECIMAL;

CLRPOS = 1;

PCS2 = VERIFY(SUB2,°'C123456785 '} - 13

21 = SUBSTR(SUB2,CURPOS,PCS2);

GET LIST(NL) STRING(ZL);

CURPOS = INDEX(SUB2,'-') + 1;

SUB2= SUBSTR{SUB2,CLRPOS);

PCS2 = VERIFY(SUB2,'0123456789 *);

If (PCSZ>0)

THEN 22 = SUBSTRUSUE2+1,PCSz-1);

ELSE 22 = SUB2;

GET LIST(N2) STRING(Z2);

NCVMAKER(N1,N2) = KEY;

MIYPEINI)=ABS(KEY);

RETURM;

END PLTNCV;

END PLACE;
/t##ﬂt##'*!##***“*#ttO##*##t‘t#####t*ttt‘###.##ﬁ*#*t###*t#*###t/

/% RETREAT */
/% RETREAT IS USED TO EXECUTE ALL RETREATS WHICH MUST BE */
/% PERFCRMED AS THE RESULT CF MCVEMENT COCNFLICTS, WhICH */
/% ARE CGNE IN ThHE RCUTIMNE CAFLCT. %/

JEERBRRRFRSRR AR REABARE RIS R R R RS E KRR RS ER R R AR R RSB0 E bR ARk kR %/
RETREAT: FRCCEOLRE;
OCL (1,J,TRUE,NCPLACE) FIXEC DECINAL;
D0 I = 1 T0 NREGIGN;
IF (ABS(DISLDG(I))I=1)
THEN CO;
J=1; TRUE=0; NCPLACE=0;
DC WHILE (NCPLACE=TRUE};
IF (BCRDERS(I,J)=1 & NEW_BORC(J,1)=0 & NEW_BORD(J,2)=0
€ I~=J & MUVNMAKER(J,I)=0)
THEN DC3
IF (DISLECG(I)KO)
THEN NEW_BCRO(J,2)=13
.ELSE NEW_BGCORD(Js1l)=13
NCPLACE=1;

END;
IF (J=NREGICN) THEN NCPLACE=1;
ELSE J=J+l;
END3
ENCS
ENC;
RETURN;

ENC RETREAT;
END CNFLCT;



M
*PRCCESS
/#"#"O#*0#‘.0*0#####‘##00‘##t**““"ttitt#*’*####‘t###*###t##/
/% SNORC W */
/* SADHCM ASSUMES ALL CF TFE UNITS SUPPORTING THE MCVEMENT #/
/* FROM REGICN I TC REGICN J HAVE BEEN CCUNTED. RESULT- */
/% INGLY, EACH UNIT IS CHANGED TC A HCLD MCVE IN ITS OWN %/
/* REGIGON. IN CTHER WORDS, EACH SUPPCRT MGVE IS SEND +OMD.*/

/'#ttt'#‘*#tt#t*tt#t#tt‘##‘t#tti###t#tt#‘t#t‘#‘tt###ttt.##tt#ttt/
SNDHCM: PROCEDURE(MCVMAKER,MTYPE,1,J)3
DCL NREGION FIXED DECIMAL EXTERNAL STATIC;
DCL (I,JeKeMCVMAKER (*,%),NTYPE(#),SUP) FIXEC CECIMAL;
SUP=Z#MCVNAKER{I,J);
DC K = 1 TO NREGICN;
IF (K~=1 & MGVMAKER{K,J)=SUP)
THEN 0G;
MIYPELK)=3;
MOVMAKER (K oK) =MOVMAKERIKyJ) 5
MCVYMAKER{K,J)=03

ENDS
ENG;
RETURM;
END SMNOHCW;

*PRCCESS
JEARARIRIRNSAERERRRELTIRRACR IR ARRDIFRHARRIXNE AR ERREARERIRRB A DR ARR/
/% OCMINATY +/
/% DCMINAT TAKES AN INPUTTED GAME MATRIX (GAM_MAT) ANC +/
/% ELIMINATES DONMINATELC STRATEGIES FCR BCTH PLAYERS, 8LT s/
/% WILL NCT REDUCE TO LESS THAN TWC STRATEGIES FCR EITHER */
/% PLAYER. ¥/

JERERRBRREBASERRIRERRBFARAD RIS IR AR RARASIA IR ABR RSB R A IR0 20/
DOMINAT: PROCEDURE{GAN_MAT,NX,NY,CCMRCHSyCCNCCLSyELIML,ELIMZ)S

OCL (DUMROWS,DOMCCLS) FIXEDS

DCL GAM_MAT(#*,*) FIXED CECINMAL;

OCL (NXsNY ELIML(*),ELINFZ(*)) FIXED;

DCL (1¢J2¢J9J2,CHANGE) FIXEL;

ELIML=03 ELIM2=C;

DCMROWS=NX; DCMCOLS=NY;

REDC:;
CHANGE=C;
I = 03
DG WHILE (DCMRCWS>2 & I<KhX);
1 =1+ 13
12=03
DC WHILE ((I2<NX) € {DCMROWS>2} € ELINMLI(I)=0);
12=12+1;
IF (1-=12 & ELLINMLLIZ2)=0Q)
THEN CC3
J = C;
DG wHILE (J<AY);
Jd = J + 13

IF (GAM_MAT(I,J)<GAM_MAT(12,J) & ELINM2(J)=0)
THEN J = 2%MY;
END;
IF (J=NAY)
THEN DC;
ELIMLITZ2)=1;
ODCMRCWS = DCFMRCRS - 13
CHANGE =13
ENC;
END;



END;

END;
Jd = C;
DO WHILE; (DOMCOLS>2 & J<NY);
J = J + 1;
J2=0;
DO WHILE [(J2<NY) & (DCMCCLS>2) & ELIM2(J)=0);
Jé=J2+1;
IF (J~=J2 & ELIM2{J2)=0)
THEN CC3
I = C;
DO WHILE (I<KNX);
1 =1+ 13
IF (ELINLUI)=C & GANM_MAT{1,J)>GAM_NAT(1,J2))
THEN I = 2#MNX;
END;
IF (I=AX)
THEN OC;
ELIN2(JZ2)=1;
DCMCOLS=00MCCLS-1;
CHANGE=1;
‘ END;
END;
ENC;
ENC:

IF (CHANGE=1)
THEN GO TC RECC;
IF (DCMROWS<ANX | DCMCCLSKNY)
THEN CO3 .
RECUCE: BEGIN;
CCL RED_BORD(DOMROWS,OCNMCGLS) FIXEC:
12=13
CG I =1 TC NX3
IF (ELINMICLIN=C)
THEN CC3
'J2=13
Ca 4 =1 TC NY;
IF (ELIN2(J)=C)
THEN OC;
RED_EORD(12yJ2)=GAM_MAT(I,J);
J2=Jé+l3
END;
END;
[2=12+1;
ENC;
ENC S
GAM_NMAT=C; .
CO I = 1 TC OGMRCWS;
DG J = 1 TC DCKMCCLS;
GAM_MATUI,J)=RED_BCRD(1,J);

ENC;
END;
END REOUCE;
RETURN;
END DCMIMNAT;

*PRCCESS
JEAFRXAIBERBREBRRRERRANR RN RR DI IR RRB R RN IR IR AR AR SRR N IR SRk b &/
/* SIMPLEX */
/* SIMPLEX WILL FIAND THE GAME VALUE CF A GIVEN PAYCFF */

/% MATRIX (PAYCFF) BY THE SIMPLEX METhCD GF LINEAR FRCGRAM-#/


https://GAM_HAT(I.Ji

113
/% MINGe IT IS ASSUMED IHAT THE MATRIX KAS CNLY UNDCw- */
/% INATED STRATEGIES (XSTRAT ANG YSTRAT) AND THE NUMBER CF %/
/% UNDOMINATED STRATEGIES 1S GIVEN (CCMRCWS,DCMCCLS). s/

/tt##t#Ottpt#t*tttttttttttttttt#ttttttttth‘ttt 123X RER 222222 W)
SIMPLEX: PKOCEDURE(GAN_MAT,CCPRCWS,DCMCCLSyYSTRAT,XSTRAT,CVALUE);
CCL GAM_MAT(*,*) FIXED CECIMAL;
CCL (LEAST,MAXVAL) FIXED CECIMAL;
DCL (DOMROWS,D0MCCLS) FIXED DECIMAL;
DCL (XSTRAT(*),YSTRAT(#),YTEMP{OOMRGWS)) FLGAT DECINAL;
DCL  (IoJdsKel oILoIRJIXoNSINFS,MAXRCW,¥AXCCL) FIXEC CECIMAL;
CCL (MAXRAT MLT,GVALUE) FLOAY CECIMAL;
Il=2; IR=DGMCGLS+1; IX=COMROWS+DOMCCOLS+]1;
N1=CCFRCWS+2;
N2=2*COFCOLS+13:
LEAST=0;
DC I = 1 TO OCMROWS;
CO J = 1 TC CONMCCLS;
IF (GAM_MAT(I ,J)<LEAST)
THEN LEAST = GAM_MAT(I,J);
ENC;
END; .
IF (LEASTCO) THEN LEAST = AES(LEAST)+1;
SIMP_1AB: BEGIN;
DCL SIMP{NL,IX) FLCAT DECIMAL;
XSTRAT=C; YSTRAT=0;
SIMP=C;
YTENP=03;
£0 I = 1 TO CCMRCNWS:
0C J = 1 TC COMCCLS;
K=J+1;
SIMP(L,K)=GAM_MAT(1,J) + LEAST;
L=IR+J;
IF (I=J) THEN SIMP(I,L)=1;
ENC;
SIFP(Is1)=1;
END3
IC=CCMRCRS*+1;
K=1C+13
BC J =1 TC Ix;
IF (J4>=IL & J<=IR) THEN SIVF(K,J)=13;
ENC;
NSIMPS=C;
AFLAG=03
DC WHILE (NFLAG=0);
MAXCCOL=0; MAXVAL=0;
DO J = IL 1C IR;
IF (SIMP{K,J)>MAXVAL)
THEN DC3
MAXCCL=J
" MAXVAL=SIMF(K,MAXCCL)
END;
END;
IF (MAXCGL=0)
THEN DC;
GVALUE=(1/SIMPLIC,1))~-LEAST;
RETURN;
END;
VAXRAT=100C0.;
€O 1 = 1 TC COMRCWS;
IF (SIMP{I4MAXCCL)~=0)



ThEN CCs

RATIC = SIMPUL,1)/SIMPLIMAXCCL) S
I[F (RATIO>C & RATIOKMAXRAT)

THEN DC3
MAXRAT=RATIC;
MAXRGw=13;
END:

END3

ENC;
YTEMP(MAXRCW)=MAXCCL-1;

PIVDIV=SIMP{MAXRCW MAXCCLY;

po J =1 1C Ix3

SIMPIMAXROW,J)=SIMP(FAXRCW,J)/PIVEIVS

END

DO I = ) TG DCMRCWS;
IF (I~=MAXRCW)
THEN CC;

MLT=SIMP LI MAXCCL);

00 J =1 TC IX3

SIMP(I,J)=SIMP(1,4J)~{SIMP(MAXROW,J)*NMLT )}

END;
END;
END3

0C J=1 TC IX;
SIMP(IC+J)=C;
ENC;

DC 1'= 1 TC CCMRCWSS
IF (YTEMPLIL)DC)
THEN CC;

. BC J=1 TC IX3

SIMPLIC yJ}=SINMPUIC,J)+SINPLI4J)3

END;
 END;
END;

pC J = IL 10 1X;
IF (J<=IR)

THEN SIMPIK,J)=1-SINPUIC,J)3
ELSE SIMP(K,J)=-SIMP(IC,yJ);

ENCS
NSIMFS=NSIMPS+1;
1END=13
DC WHILE(IENC < IX);

IEND = IEND + 13

IF (SIMF{K,1END}DC)

THEN LEND=2%1X;

ENC;
IF (IEND=IX)
THEN 0C;
CALL ANCMCRE;
RETURN;
ENC;
END;
RETURN;

NOMCRE: PROCEDURE;

GVALUE=1/SIMPLIC,1);

DO I = 1 TO DCMRCWS;
NCRDER=YTENP(I);
IF (NCRDER=0)}
THEN DC3

GVALUE=GVALUE-LEAST;
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RETURN;

ENC;
YSTRAT(NCROER)=GVALUESSINMP(I,y1)3
Jx=14IR;

XSTRAT(I)=-SIMP{KeJX) * CVALUE;
ENCs |

GVALUE=GVALUE-LEAST;

RETURN;

€ND NCMCRE;

END SIMP_TAB;

END SIMPLEX;

$PRCCESS
JEARBERERERIRERRIERRREARRA LI AEIFRRSARAREIEIR AR IR IRIRIRATR 024522/
/* ARMYCT */
/* ARMYCT CCUNTS ThE NUMBERS CF BOTH PLAYERS {NARMS1 AND */
/* NARNS2) WFICH ARE IN CLC_BCROD. ®/

/00.##"#"###‘#0#‘.#"#tt‘t##l'##‘ﬁ.#‘*“O“#*‘t##“##‘#"‘t#it/
ARMYCT: PROCEDURE(NARNS1,NARMS2,CLD_BORO,PCSS+CCUNTRY);
OCL NREGICN FIXED DECIMAL EXTERNAL STATIC;
DCL (POSS(#*),COUNTRY(#)) FIXED DECIMAL;
CCL GLD_BORD(#,%) FIXED CECIMAL;
_DCL (NARMS1,NARNS2) FIXED DECIMAL;
OCL I FIXED DECIMAL;
NARMS1 = O;
NARMS2 = Cj
DG I = 1 1G NREGICN;
IF (CLO_BCRD(I,1)=1)
THEN 0C;
NARMSI=NARMSL +1;
PCSSUII=13

END;

ELSE IF (OLD_BCRC(142)=1)
THEN CC;
 NARMS2=NARNSZ+1;

POSS(1)=C;
ENC;
ELSE IF (CCUNTRY(I)=1)
THEN FCSS(I)=13
ELSE PCSS(I)=C;
ENC;
RETLRA;
END ARMYCT;

#PRCCESS
/‘t‘t‘ttt“t*##tt#“‘#t#‘t’t0*‘t###t‘#t#ttt#“tttt‘##‘#'t#‘#“t#/
/+ WIN */
/* WIN EVALUATES THE WINNING “SCGRE" CF THE TWG PLAYERS BY #/
/% DETERMINING THE NET TCTAL GF REGIGNS GAINED BY BCTH */
/* PLAYERS SINCE THE INITIAL TURN. */
/* THE VALUE (GVALLE) RETURNED IS A ZERG-SUM PAYCFF REPRE- */
/* SENTING THE NET TGTAL CF REGICNS GAINED BY PLAYER X. */

JERREESRRERRRBEXARSLR R A SR IR AL A AR AR REARS A AR AR RRRE R AR 0202484/
WIN: PRCCEDURE(NEW_BORD,ECCN_CENTR,CCUNTRY ¢ XORIGy YCRIG
CVALLEI S

OCL NREGICN F1XED DECIMAL EXTERMAL STATIC;

OCL {(XORIG,YCRIG) FIXED CECIMALS

CCL (ECON_CENTR(*),CCUNTRY(#)) FIXED CECINMAL;

DCL (NEW_BORD(*,*)) FIXED CECIMAL;

OCL (XREGIONS,YREGICNS) FIXED DECIMAL;

CCL GVALUE FLCAT CECIMAL;

XREGICNS = C;
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YREGICNS = 0;
DC I = 1 10 NREGICN;
IF (ECCN_CENTR(I) = 1)
THEN DC;
IF (NEW_BCRO(I,1) = 1)
THEN XREGIONS = XREGICNS + 1;
ELSE IF (CCUNTRY{I)=1 & NEW_BCRC(I,2)-=1)
THEN XREGIONS=XREGICNS#1;
END;
ENC;
XREGICNS = XREGIONS - XCRIG;
GVALUE=XREGICAS;

RETURMN;G
RETURN
END WIN;
*PRCCESS
JHERAR AR FERRRESERREARRARAR RIS IEEERRE SRR IR RIRRRE RS E R R0 0H 02/
/% SADCLE */
/% SADDLE FINDS A SADDLE PCINT, IF ANY, CF A GIVEN GAME */
/% MATRIX (GAM_MAT). */

/ttt#tt*tttttttttt#tt#ttt#t##t SEFRERRER NSRS AR XA XN PR XDRRE 2422222/
SADDLE: PRCGCEDURE(GAM_MAT ,FLAG,DCMRCWS,CCPCCLSRCH,CCL,GVALUE);
OCL (GAM_MAT(#,%),FLAG) FIXED DECIMAL;
DCL GVALUE FLCAT CECIMAL;
CCL (IsJeKeLyPCTPT,RCW,CCL) FIXED DECINMALS
CCL (CCMROWS,DOMCCLS) FIXED DECIMAL;
O I = 1 TO DCMROWS:
CoO J = 1 TC COMCCLS:
POTPT = GAM_NATII,J);
RCw=I; CCL=J;
K. = 13
FLAG=13;
OC WHILE (K<=CCMCLLS € FLAG=1);
IF (GAF_MAT(1,K)<PCTIPT)
THEN FLAG=C3
K=K+13:
END;
IF (FLAG=1)
THEN DC3
L=13
00 WHILE(L<=DCMRCWS € FLAG=1);
IF (GAM_MAT(L,JI>PCTPT)
THEN FLAG=03;

L=L+1;
ENC 3
IF (FLAG=1)
THEN DC3
GVALUE=POTPT;
RETURN;
END;
ENG;
END;
END3
FLAG = 03
RETURA;
END SADDLE;
*PRCCESS
JAREEEAIRERRCRARRERARAREEEFIREDIARN RS SRR TRSERRRRRERR ARG R L AR R R/
/* MOVIT */

/% HCV{T ASSUMES THAT THE MCVE FRCM REGICN I TC REGICN J */
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/% HAS NC MORE CCNFLICTS TO RESOLVE, AND THE UNIT IS MOVED */
/% INTC THE REGICN, STCRING THIS ACTIVITY AS A HCLO MCVE */
/* BY THE UNIT IN REGICN J. */

/t#*##t‘#tO**#*##*$##*‘#‘#0##‘####8#*‘t*#*#*#*#*t#*t##‘#**#*##*#/
MCVIT: PRCCEDURE(NCVMAKER M TYPE14J,0ISLLG)S
OCL NREGICN FIXEC CECIMAL EXTERNAL STATIC;
CCL (MCVMAKER(%,%),MTYPE(#),01SLOG(*)) FIXEC OECINAL;
DCL (1,J) FIXED DECIMAL;
IF (ABS(MOVNAKER(I,J))=1]
THEN DG}
IF (ABSINOVMAKER(J,J))=1)
THEN DISLDG(J)=MLVMAKER(J 1 J) 3
NCVMAKER (JyJ)=MCVVAKER (T 4d) 3
NGVMAKER (1,J)=C3
MTYPE(I)=C;
MIYPELJI=3;

ENC;
RETLRN; .
END MCVIT:

*PRCCESS
/#O‘t#t#t#ittt**t*t#t#t*##‘##tt#ttt###ttttittttt##tt#tt###'tittt/
/% ‘ WHCWINS 4/
/% WHOWINS FINDS CULT THE RESLLT CF A CULNFLICT BETWEEN TWwC */
/% UNITS. THE FIRST UNIT IS MCVING FRCM REGICN 'FRCM' TC &/
/% REGICN 'CEST'. THE SECCNC UNIT IS MCVING FRCM REGICN  #/
/% VENEMY' TC REGICN 'CEST2'. THERE IS A CCNFLICT IF CNE ¥/
/% OF THE FGLLCWINGC CGNFLICTS TAKES PLACE: 5/
/% 1.CEST=CEST2 %/
/% 2.FRCM=CEST3 ANC CEST=ENENY */

/Q‘###“##ﬂ#####'###‘t#*‘#####ii#**0#####ii***‘*#####*"###**ﬁ‘*/
WHOWINS: PROCEDURE(MOVMAKER MTYPE,FKCN ,CESTENEMY,CEST3,
CISLCGyNSUPS)
CCL NREGICN FIXED CECIMAL EXTERNAL STATIC;
CCL (MCVMPAKER(%,%),MTYPE(*),DISLCG(#)) FIXEL DECINMAL;
DCL (FRCMoDEST,ENENY,DEST2,NSUPS) FIXED CECIMAL;
IF (MGVMAKER(FRGM,DEST)=C | MOVMAKER{ENEMY,CEST3)=0)
THEN RETURN; /% FALSE MCVE.®/
IF (ASUPS=Q)
THEN ©O;
FCVMAKER (FRCM, FKCM)=NCVMAKER (FRCM,CEST)
MOVMAKER (ENEMY ENENY ) =NCVMAKER(ENENY ,CEST3);
MIYPE(FRCNM)=3;
FTIYPE(ENENY)=3;
IF (FROM=DEST3 & DEST=ENEMY)
THEN OC3
CALL SNDHCM(MCVNAKER,MTYPE,ENENY,CEST3);
CALL SNDHCM(MCVMAKER,MTYPE,FRCM,CEST);
ENC;
ELSE CC;
CALL SNCHCM({MCVMAKER,MTYPE,FRCM,CEST)
CALL SNDHCMIMCVMAKER,MTYPE,ENEMY,CEST2);
ENC;
LF (FRCM~=DEST) THEN MCVNAKER(FRCM,LEST)=0;
IF (ENEMY~=DEST3) THEN MCVNAKER(ENEMY,CEST3)=C;
{F (CEST=DESTI3 & FROM~=DEST & ENEMY-~=CEST3
& MOVMAKER(FRCM,CEST2)=C)
THEN MOVMAKER(FRCVM,CESTI=3;
ENC;
ELSE CC;
IF ((NSUPS#MOVMAKER{FRCM,CEST)I>C)
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ThEN CC;

IF (ENENY-=CEST3)

THEN DG;

‘ HOVPAKER(EAEMY.EhEﬁY)—PCVMAKER(EAEFY.DESTB).
MTIYPE(ENENY)=3;
END;

ELSE DC;

) DISLCG(DEST3)=FCVMAKER(ENENY,CEST3);
MIYPE{ENEMY)=C;
 END;

CALL SNDHCM{MCVMAKER,MTYPE,ENEMY,CEST3);

MCVMAKER(ENENMY,DEST2)=0;

ENC

ELSE 'DC;

IF (FRGM~=DEST)

TFEN CC3
MOVMAKER{FROM, FRCM )=MCVMAKER {FRCN,LCEST);
MIYPE(FRCM}=3;

i END;
ELSE DC3
| CISLLCG(DEST)I=MCVNAKER(FRCVM,BEST);
MTYPE(FRCM)=0;
ENC;
CALL SNOHCMIMCVMAKER,MTYPE,FRGVM,DEST);
MCVMAKER(FRCNM,CEST)=0:

*/
+/

END;
ENCS

RETURNM;

END WECGHWINSS
*PRCCESS
/t#tottttt##ttt#ttt#t*t#t#t###t#*ttt#*tt*tt#ttt*##tt##t#ttt#t##t/
/3 SUPCNT
/* SUPCNT COULNTS The NLFEBER CF UNITS SUPPCRTING THE MCVE-
/* MENT FRCM REGIOM L1 TC REGICAN L2.

*/

/’####i#t#*#*##tt##t#t##**#tt##tt‘*#t####t‘##t#*t#######t##ittt*/

SUPCAT: PRCCEDURE(MCVMAKER,L1 L 2+FRIENDS)
DCL NREGION FIXEC CECIMAL EXTERMAL STAYICS
CCL MCVNMAKER({*,%*) FIXED CECINMALS
DCL (FRIENDS,L1yL2sSUP,1) FIXED DECINVAL;S
FRIENCS=0;

SLP=MCVMAKER(LL+L2) 223
CC 1=1 IC NREGICN;
IF (MCVMAKER(1,L2)=SLP)
THEN FRIENGS=FRIENCS+MCVNAKER(1,L2)3

*/
&/
*/
*/

ENCS

RETURN;

END SUPCNTS
*PRCCESS
/*ttttt‘t*#'t#ttt#*ttt#*tt##t#*tt#t#t#t#ttttttttt#t#tttt##tt‘ttt/
/% LCCATR
/% LCCATR SEARCHES A RGW I CF MOVMAKER UNTIL A MCVE CF
/* CLASS TYPE IS FCUND. IF TYPE=1l, WE ARE LCCKING FCR A
/% MOVEMENT MOVE. [IF 1YPE=2, WE ARE LCOKING FCR A SUFPORT
/* MCVE.

%/

/t’#‘*"t#'b#t#tt##‘##t#t##t##tt*ttt#t#ttt‘#‘*####t##*t#######t#/

LCCAIR: PRQCECURE(NCVPAKERvlstTYPE)3
OCL MCVMAKER(*,%*) FIXED LECINMAL;
DCL (14J9TYPE) FIXED DECIMALS
J=13
DC WHILE(ABS(NMOVMAKER(T,J))-=TYFE)]



J+l;
END3
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RETURN;

J
END LCCATR;

*DATA

o

(=) o

— — (o] (&
—— O O™~ QO mO~—~NO
~_N O O — et OOt O e O =t
oy (D ol wd - et D md - O NN
- U0 QN ooV oOoOoOoOxoOoOm™~™O
O TWHO NTTDOM~NCOO
MmO NM T MmN M N © T o
N ot ==t O N N+l ol ) = ) D O =

VN =NMINPN=NOTN O~ R



VITA

John Owen Franklin Long was born in Owensboro, Kentucky, on
August 25, 1957l After moving to Pensacola, Florida, he attended
elementary, junior high, and high schools, and graduated from Pensacola
Private School pf Liberal Arts in May 1975. From that summer until
August 1976, he attended Pensacola Junior College and received a General
Associate of Arts degree. In September 1976, he transferred to The
University of Tennessee, Knoxville, where he completed requirements for
a Bachelor of Arts degree in computer science in December 1978.

Entering the Graduate School of The University of Tennessee,
Knoxville, in January 1979, Mr. Long worked toward a Master of Science
degree in computer science. During the 1979-1980 school year, he worked
part-time as a graduate téaching assistant.

While attehding The University of Tennessee, Knoxville, Mr. Long
was an active member of the Full Gospel Student Fe]lowship; serving as
an officer in the 1977-1978 school year, and as president during the
1979-1980 sch001 year.

After completing his course work in the summer of 1980, Mr. Long
moved to Falls ?hurch, Virginia, to work for the BDM Corporation and to

complete work on his thesis. His degree was completed in March 1981.

120




