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Introduction

Mancala is an African board game of prehistoric origin with innumerable
variants known by several names, including pallanguli (Sri Lanka and southern
India), wari (Ghana), awari (Antilles), chisolo (Zimbabwe), ba-awa (Ghana), lontu-
holo (Surinam), and more [1]. Another article linked at [1] on the game states that
two researchers at the Free University in Amsterdam, Netherlands solved the game
entirely by brute force search methods in May of 2002, but no further material on this
recent development could be found.

Previous efforts notwithstanding, the game of mancala provides arewarding
exercise in game theory and artificial intelligence. The goal of this project was to
program a satisfactory opponent for mancala, requiring understanding of the
techniques of evaluating two-person, perfect information, zero-sum game strategies,
necessitating research and careful consideration (game theory terms shall be clarified
later, in the section “Move Evaluation Logic and Theory”). Additionally, the project
offered flexibility, as creating a novice-level opponent is relatively easy for a game of
such simple rules and computational complexity — for perspective, tic-tac-toe requires
at most 9! move evaluations, whereas checkers requires some 10° evaluations[2] .
Given arate of 680,000 gamestates per second (see “Analysis of Performance’
below), tic-tac-toe will require 0.53 seconds at the beginning of the game to find the
best move, while checkers will require 4,663,204 years. Mancala, with a possibility
of at most 6 moves (and quite often less) at every turn and having an average game

lasting approximately 30 moves, will take at most 3.25e17 seconds, or 1.03e10 years



to evaluate every possible game state resulting from the first move. To see why it
might be possible to evaluate the game fully in a more reasonable time, consider that
the evaluation rate can be improved by many means (by implementing the program
for specific hardware, or by parallelization of the search across several processors),
and that the number of possible movesis usually three or less near the end of the
game — meaning that the first half of the game might require less than 6' evaluations
while the second half might require 3*°, meaning 6™ + 3™ or 4.7e11 evaluations,
about 192 hours worth. Other techniques can be used to reduce this further,
including pruning, parallelization, and depth cutoff with a good evaluation function,

explained below.

Rules of Mancala

Play takes place on a board with alarge pit at either end and two rows of six
smaller pits or bins between them, lengthwise. Each large pit is called amancala or
kalaha and “belongs’ to the player for whom it is on the right. The row of smaller
pits on each player’s side belongs to that player. Each of the small pitsinitially
contains four (or some other small number, but four is the most common) stones. The
object of the game is for each player to attempt to move as many stones as possible
into his or her own mancala: at each turn, the player selects a small pit from her row.
All stones from that pit are distributed, one by one and counter-clockwise, into the
smaller pits and that player’s mancala (but skipping the other player’s mancala). If

the last stone “lands’ in the player’s own mancala, that player immediately receives



another turn. If the last stone lands in an empty pit on the player’ s side, al the stones
from the opposite pit plus the “capturing” stone are moved to the player’s mancala.
The game is over when one player has no stones left in any pit. All of the other
player’s stones are moved to her mancala, and the player with the most sones in their
mancala wins. These rules are written in accordance with the most frequently

occurring variation [3].

Design of the Program

Following Object-Oriented design principles, the program is divided into four
logical modules, each assigned a representation of an aspect of the game and with
relevant functionality: the board itself, representing a state of the game, a node
holding a board with links for building a tree of game states, the user interface, and a
server, in this case the class holding the main method of the program and the function
for finding the best move.

The design process consisted of breaking the simulation problem up into these
four parts, then assigning responsibilities to each part for maintaining data and
functionality, with the bulk of the work in designing the findBestMove() method of

the MancalaServer class. A listing of the code appearsin Appendix I.



Move Evaluation Logic and Theory
Game Theory

“ About forty years ago, a mathematician, John von Neumann, and an
economist, Oskar Morgenstern, tried to find a more effective way of solving
certain kinds of economic problems. They noticed that “the typical problems
of economic behavior become strictly identical with the mathematical
notions of suitable games of strategy” and so they devised a“ Theory of
Games.” Oddly enough, this new tool turned out to be invaluable in attacking

problemsin many other areas aswel [4].”

“The theory of games is a theory of decision making [4].” Game theory now has
applications far beyond the initial focus of economics, and is an active field of study
in sociology, military strategy, artificial intelligence, and financial planning.
However, these are areas of application, with much difference between practice and
theory: to the player, chessis highly complicated, deep and profound. To the
mathematical game theorist, chess is simple — there are afinite number of positions
(and thus outcomes), with an easily assigned value for each player at the outcome:
win, lose, or draw [4]. Mathematical game theory is additionally restricted by
refusing to consider specific aspects of applications, or how to evaluate moves or
game states. “Generally speaking, criterion-trouble is the problem of what to
measure and how to base behavior on the measurements. Game Theory has nothing
to say on the first topic, but it advocates avery explicit and definite behavior-pattern
based on the measurements [5].”

Games such as chess — and mancala— are classified clearly by game theorists.



We are concerned with mancala: it istwo-player — note that in one player, or indeed
in n-player games, an element of chance might be considered as a player, often called
“Nature”. Mancalais agame of perfect information, wherein both players can
observe the full state of the game at all times. Mancala is a zero-sum game; at the
end of the game, whatever iswon by one player (positive) islost by the other
(negative), and the sum of points (or utility, in economic theory) never changes from
zero. Also, it isfinite —there is a well-defined end for the game, and it is always
reached (a mathematical proof of thiswill not be offered here, but the reader should
be able to satisfy herself of this by considering that once a stone enters amancala, it
never leaves, and there are a finite number of stones).

Additionally, assumptions exist about the expected behavior of each player of
the game — specifically, that both players are rational, and will always choose the best
move. Indeed, “...the sensible object of the player isto gain as much from the game
as he can, safely, in the face of a skillful opponent who is pursuing an antithetical
goal [5].” Given a set of strategies for player B, player A will assume in making a
choice between strategies that B will choose the optimum strategy for herself. Or, in
other words, “... we have computed strategies for the personal player as if he were
playing against an opponent who shared his valuation of the payoff matrix and who
was capable of making intelligent countermoves. This led the personal player to
overconservative strategies; he failed to win as much as was available when playing
against ironclad stupidity [5].”

A lay person's description of concerns over this apparent shortcoming of game



theory is available [6], wherein it is mentioned that many theorems of game theory
are based upon the rational participant in the second party (even more implicit is the
assumption that the first party isrational, which one hopes is never in doubt).

The mathematics of n-person game theory stems largely from this
construction: for each ply (aply is one move by one player, or half aturn, however,
here the words ply and turn shall be used interchangeably), we may form a game
matrix, wherein each row represents a move for one player, and each column, the
response. The value located at the intersection is the payoff for that move [5]. This
can be further complicated: for most game matrices considered in game theory, the
value at the intersection of row and strategy columns is the average expected payoff
for the combination. This average may be weighted in several ways, for example,
according to the probability of its appearance [5]. This complication results from
non-recursion, and as such does not affect this implementation of a mancala
opponent.

The problem of choosing a strategy using these matrices can, of course, be
represented as a set of linear functions, and techniques of linear algebra then become
available to the problem-solver. Thisisreferred to as linear programming, and
carries adifferent sense than its counterpart term in computer science. In
mathematical game theory, linear programming is defined as follows: “The problem
of maximizing (or minimizing) alinear function (called the objective function)
subject to linear constraints. Inthe most common case, the constraints are loose

inequalities, and the variables are restricted to nonnegative values [7].” Further, “...to



each linear-programming problem there is associated a two-person zero-sum game,
and conversely, such that whenever the linear-programming problem is soluble the
solution to one problem can always be interpreted as providing the solution to the
other; second, the proofs of the principal results of both theories use the same formal
mathematical tools... [7]” The problem of choosing an optimal strategy — one with the
highest possible payoff — in either form always has a solution; this is aresult of the
proof of the minimax theorem, of which there are several. Among the most famous
are Nash's [8] and von Neumann's, which was the first, and the theory is given
historical treatment in Kuhn's 1952 survey of the literature on the topic. Worth
mentioning here is the simplex method of strategy choice, a slight variation on
minimax proposed by Dantzig in 1951 [8].

Formal exploration of mathematical game theory can be found in [9]

(considered a foundational work in the theory), and [10].

Al

The practical application of these ideas to an actua game is, on the surface,
quite different from the offerings of theory. The foregoing serves as an historical
overview of the development of game theory, and hopefully a small explanation for
the origins of practical techniques in artificial intelligence for finite two-person
games.

The technique relevant to the implementation of mancala for this project is

minimax tree search. For amathematical explanation, one can again go to [4], but for



apractical explanation [11] is much more helpful. Essentially and in brief, for the
reader can refer to the sources cited or to the implementation in Appendix | below for
insight, an inverted tree representing the game is built in which the nodes represent
game states, and the arcs (or links between nodes) represent moves, or the transitions
between states. Notethat in this project, the tree is represented in computer memory
by a structure built of instances of the MancalaNode class object. Each nodeis
expanded until an endgame is reached, at which point the state is evaluated for a
value — in this case, the difference between the number of stones in each mancala.
Thisvalue is consistently positive if one player wins, negative if the other. At each
level of the tree or turn, we can expect that one player wants to maximize the value,
while at the next level, the other player wishesto minimize it (i.e. maximize it for
herself). Thus, the values are promoted up the tree until the root node is reached, at
which point the arc with the maximum value is chosen.

It is possible to refine this minimax method considerably. Upon observation,
many paths through the tree do not need to be taken. If, for example, onthe
maximizing player's turn move 2 will result in avalue of 4, and it is found that move
3 can result in aforce to avalue of less than or equal to 4 by the minimizing player, it
is no longer necessary to evaluate any branches or subtrees descending from move 3.
Thisis known as alpha-beta pruning for traditional elements of the algorithm, and
again for example please examine findBestMove() in Appendix I, or [11].

The mathematical literature notes a phenomenon which appears to correlate to

alpha-beta pruning — “domination [4].” If arow or column's values in a strategy



matrix are strictly higher than any other row or column, respectively, then that
strategy is said to dominate the other, and the lesser strategy need be considered no
further.

These methods suffice when there are infinite resources, and in fact would
result in perfect play, but what if there is not time or space in memory to build the
entire tree? Thisissue is addressed by evaluation functions at depth cutoff (i.e. at a
certain depth, endgame or not, avalue is assigned to the game state —thisisthe
solution chosen by this implementation), by iterative degpening of the tree search, by
distributed or parallel computing, and by creating books of opening and closing
moves referred to in a fast database lookup, or a mixture of the above. For an
example of projects which use all of these see [12], and for documentation and theory
see[13], [14], [15], and [16].

Finally, the issue of the optimality of minimax when playing against an
opponent who does not choose the minimum-valued move at each level — an
“imperfect” player — must be addressed:

“...Rapoport's conclusion that any deviation from the minimax “can
only be of disadvantage” leads to a curious paradox. To see why, observe
two basic facts.

Notefirst that if either player selects the minimax strategy, the
outcome will be the same: an average gain of five sevenths for player I.
Thereis only one way to obtain another outcome: both players must deviate
from their minimax strategies.

The second point is that the gameis zero-sum. A player cannot win
unless he or she wins from the opponent; a player cannot lose unless thereis

a corresponding gain for the opponent.



Putting these two facts together, we have the contradiction. If a
player deviates from the minimax, it cannot possibly be “of disadvantage”
unless his or her opponent deviates aswell. And, by the same argument, the
opponent's deviation must also be of disadvantage. But the gameis zero-
sum: both players cannot lose simultaneously. Obviously, something is
wrong.

Hereistheanswer. Thereisastrategy for player | that guarantees
him or her five-sevenths, and the player can be stopped from getting any
more; moreover, player 11 is motivated to stop player | from getting more. If
player | chooses another strategy, he or sheis gambling. If player 11 also
gambles, thereis no telling what will happen. The minimax strategies are
attractive in that they offer security; but the appeal of security is a matter of
personal taste[4].”

Therefore, it is entirely possible, if the human can exploit the shortsightedness of the
computer (effectively, to make it ‘gamble’), to force the computer into alosing line of
play. The strongest bulwark against this is the evaluation function, considering the

exponential futility of fully evaluating most games.
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Analysis of Performance

What follows is abrief examination of the performance of this project, and a
consideration of aspects of tree-based game evaluation asthey relate here. All
evaluations were conducted on Mandrake Linux 9.1 running Sun JRE 1.4.1 on an

AMD 2200+ (1.8 GHz) with 1 GB DDR SDRAM and a 266 MHz FSB.

Time (in seconds) Nodes Created Nodes per Second
14.7 10000000 680272.1088
30.2 20000000 662251.6556
43.6 30000000 688073.3945
58.1 4000000d0 688468.1583
72.6 50000000 688705.2342
97.7 60000000 614124.8721

102.1 70000000 685602.3506
116.6 80000000 686106.3465
131.2 90000000 685975.6098
145.6 100000000 686813.1868
Average:
676639.3

Figure 1. Nodes per Second

. boboi@bobo.andrson.

Llpha-heta cutoffs: 150771302

Nodes created: 350000000

Nodes at each depth level:

0:1, 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 11:2, 12:1, 13:%, 14:3, 15:7, 16:25, 17:61, 18:217, 19:498, 20:1736
;, 21:4728, 22:11500, 23:24923, 24:49719, 25:94345, 26:174175, 27:316929, 28:565503, 29:1007716, 30:1748009, 31:2986178, 32:
4916881, 33:7867973, 34:11954822, 35:17584879, 36:2Z4339135, 37:31786720, 38:380043897, 39:44173581, 40:46993180, 41:464550538
, 42:43337670, 43:3083591148, 44:33053075, 45:20494354, 46:24531939, 47:21425727, 45:19005228, 49:17447037, 50:16500208, 51:1
6337435, 52:17300107, 53:19124508, 54:21706366, 55:24430217, S6:27141855, 57:29738894, 55:31871877, 59:33086156, 60:32594475
4, 61:31874780, 62:295949243, 63:27425606, 64:23921255, 65:20505976, 66:17446808, 67:15025808, 68:13140724, 69:10930129, 70:
8598962, 71:5841886, 72:3776115, 73:1946567, 74:994434, 75:436977, T6:155285, 77:41405, 785:5453, 79:1485, 80:246, 81l:36, B2
:0, B3:0, §4:0, 85:0, &6:0, §7:0, &8:0, 89:0, 90:0, 91:0, 92:0, 93:0, 94:0, 95:0, 96:0, 97:0, 28:0, 99:0,

Alpha-beta cutoffs: 152574601

Nodes created: 1000000000

|Wodes at each depth level:

0:1, 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 11:2, 1z:1, 13:Z, 14:3, 15:7, 16:25, 17:61, 18:217, 19:495, 20:1736
, 21:4728, 22:11500, 23:24923, 24:49719, 25:94345, 26:174175, 27:310929, 28:565903, 29:1007716, 30:1746009, 31:2986178, 32:
4916881, 33:7867973, 34:11954823, 35:17584881, 36:24339141, 37:317386749, 38:38004462, 39:44174064, 40:46993635, 41:464559211
., 42:43340010, 43:383595923, 44:33062121, 45:28511367, 46:24563045, 47:21479236, 45:19154786, 49:175859536, 50:167268459, 51:1
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8621567, 71:5850894, 72:3781241, 73:1943047, 74:995158, 75:437085, 76:155319, 77:41405, 78:5453, 79:1485, 80:246, 81:36, 82
10, §3:0, §4:0, 85:0, 86:0, 57:0, S8:0, 89:0, 90:0, 91:0, 92:0, 93:0, 94:0, 95:0, 96:0, 97:0, 28:0, 99:0,

Alpha-heta cutoffs: 154314275

Figure 2: Nodes Created at Each Ply, or Depth Level
In Figure 2, note that after 1,000,000,000 nodes have been created in 24.5
minutes, only one of the possible moves at the 13" level has been evaluated. Only at

the 15" level has an entire game state possibly been evaluated — and there are billions
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left. Therefore, it can be seen why depth cutoff is necessary. Through trial and error,
it was determined that the optimal cutoff was at a depth of 12 —this allows the

program to return a move within ten seconds.

Time in Seconds

Depth Cutoff Move 0 Move 1 Move 3 Move 4 Move 5
7 0.102 0.155 0.106 0.081 0.083

8 0.318 0.334 0.256 0.201 0.213

9 0.898 0.986 0.695 0.586 0.744

10 2.656 2.889 2.22 1.663 2.221

11 6.302 9.706 6.297 5.06 6.81

12 21.648 25.547 21.169 16.018 20.76

13 53.788 77.302 58.592 49.894 67.528

Figure 3: Time Required for Evaluation as a Function of Depth Cutoff
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Figure 4: Line Chart of Data in Figure 3
Figures 3 and 4 illustrate what intuition and mathematics will tell us when
considering the temporal effect of the depth cutoff parameter (and why 11 was chosen
as the depth cutoff for this project, given the acceptable waiting period for a human
player). Thetime required for evaluation increases exponentially as a function of

depth.
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4 4 4 4 4 4
[ 010 11[ =21C 31 41 =]
FPlayer 0 enter a mowve or type 'dgquit' to exit:
4
Evaluating moves...

NodesCreated: 44045300 in 49.594 secunds
Moving from pit 9.
Evaluating moves...

NDdESCreated 23297460 in 26 422 seconds.
Moving from pit S.
Evaluating moves...

NodesCreated: 32449916 in 36. 839 secnnds
Moving from pit 10.

[12][11][10]C 2910 81[ 7]
7 7 ] 1 ] 3

S S 3 4 ] 3
[ OIC 11C 21C 31C 41[ 3]

Player 0 enter a mwowve or type 'quit' to exit:

|

Figure 5: Output from Evaluation

In this screen capture, we can observe the effects of apha-beta pruning on the
performance of the algorithm. Each ‘- represents a fully evaluated move at the first
depth level — all of the moves available to the computer on thisturn. Each*.’
represents the creation of 1,000,000 nodes in memory. Notice that the last two
evaluated moves result in the creation of far fewer nodes; thisis aresult of pruning as
evaluation proceeds from left to right in the tree. For further analysis of the benefits
of alpha-beta pruning, see [17].

Finally, the memory requirements for producing the tree are relatively small, if
subtrees that have already been evaluated are discarded (their object references are set

to null). The total memory used never exceeds 15 MB.

13



Areasfor Improvement Addressed

Of course, many of the techniques mentioned as refinements to minimax are
not included in this implementation of a mancala opponent. Further research into the
possibilities of parallelizing search, of compiling the code natively to a specific
architecture to remove the overhead of interpretation, of rewriting the code in a
language with faster execution time, of increasing hardware resources, and especially
of improving the evaluation function at depth cutoff would likely prove rewarding if
work on the project is extended. The evaluation function used here, while
satisfactory in tests to date, returns merely the advantage in stones at the pruned node.
Thus, early in the game, the computer will try for immediate gain over long-term
strategy. This would become more debilitating in a game of greater depth, but it does
not cause too much trouble here, as the game quickly advances such that the depth
cutoff israrely employed. Including the value of the stones still in a player’ s pits,
weighted below the value of stones in the mancala, might offset this shortsightedness,
as stones in pits are an asset in the endgame. Additionally, as computing power is
increased, the evaluation function is used less often, and the efficiency becomes less
relevant. In the absence of extensive literature on mancala strategy such as exists for
chess and checkers, an opening book would prove difficult, but Schaeffer notes
substantial rewards from the use of this technique in Chinook. Finally, quiescence
search for extending lines of play is not recommended, asthe horizon problemin
mancalais particularly knotty — at any cutoff point, it is entirely possible that the next

move may result in endgame, at which the balance might shift dramatically, or in

capture.
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Conclusion

The results of the implementation are satisfactory and useful — the program is
invariably able to best its author, often by margins greater than ten stones. The
implemented techniques — minimax search with alpha-beta pruning and evaluation at
depth cutoff — are adequate for mancala. Stated another way, mancala is of sufficient
simplicity such that these techniques are adequate — greater complexity would
necessitate greater invention. Progressis still being made on refinements to these
techniques, and developments in artificial intelligence can have unforeseeable
ramifications in the long term. Extension of the project along the lines mentioned
above could be valuable as experiential resources. Suggestions of future refinement

and offers of collaboration are welcome.
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Appendix |: Source code
/*

* MancalaBoard.java
* @author Adam Cofer
* Created on December 1, 2002, 3:52 PM

*

* * Copyright 2002,2003 Adam Cofer
Thisfileis part of Mancala

Mancalais free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY:; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. Seethe
GNU Genera Public License for more detail s.

Y ou should have received a copy of the GNU General Public License
aong with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

*

*/
package Mancalg;

public class MancalaBoard extends java.lang.Object {

private int[] pits= new int[14];

int turn; /*Players 0 and 1.
*Thisisnot boolean so
*we can do math with it.
*/

int gameState; /*-1:Draw
*0: Player O won
*1: Player 1 won
*2: Playing
*/

/* Createsa new instance of MancalaBoard */
public MancalaBoard() throws java.lang.OutOfMemoryError {
for(int i=0; i<pitslength; i++) pitqi] = 4;
pitg6] =0;
pitd13] = 0;
gameState = 2;
}

/* Copy congtructor */

public MancalaBoard(MancalaBoard Board) throws java.lang.OutOfMemoryError {

for(int i=0; i<pitslength; i++) pitqi] = Board.getPitValue(i);
turn = Board.whoseT urn();
gameState = Board.getGameState();

}

publicint getPitValue(int i) {
return pitgi];

publicint whoseT urn() {
return turn;

}

publicint getGameState() {
return gameState;

18



}

public void setGameState() {
if (isEndGame() ) {
/* collect stonesfirst */
for(inti=0; i<=5; i++){
pits[6] += pitdi];
pitsi] = O;
}

for(inti=7; i<=12; i++) {
pitg13] += pitdi];
pitsfi] = 0;

if (pitg6] > pitg13] ) gameState = 0;
dseif (pitg13] > pitg6] ) gameState = 1;
dseif (pitg13] == pits[6] ) gameState = 3;
else gameState = -1;
} dsegameState = 2;
}

public boolean isLegalMove(int i) {
if(i==6|i==13){
return false;

}
if(i>13){
return false;

}
if(turn==0|turn==1) {
if( (pitdi] >0) && ((7*turn) <=i) && (i <=5+(7*turn)) ) {
return true;
}ese{
return false;

}
}dse{
System.out.printIn("isLegalMove() Error: cannot tell whoseturnitis.");
return false;
}
}

public boolean isEndGame() {
boolean temp = true; /|Assumeit'sthe end
inti =0;
for(i=0; i <=5; i++) if (pitdi] > 0) temp = falsg;
if(false==temp) {
temp = true;
for(i=7;i <=12; i++) if ( pitdi] >0) temp = false;
}

return temp;

public void move(int i) {
if(lisLegalMove(i) ) {
System.out.printin("Warning! " +1i +" isnot alegal move." );
return;

}
if (getGameState() 1=2) {
System.out.printIn( "move() Error: trying to play after gameisover." );

return;
}dse{
int temp = pitdi]; /I"pick up" the stones
pitgi] =0; n
while(temp > 0) { //deposit the stones
i++;

if(i>=14)i=i-14; /*keep array index in bounds,
*while 'wrapping around'
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*Mancala board.
*/
if((turn==0&& i!=13) || (turn==1&& i !'=6) ) {
pitgi]++; /*deposit a stone*/
temp--;
}
}

if(i>08&&i<=58&& turn==0) {
if (pitdi] ==1){
int opposite0 = (i+((6-i)*2));
pitg6] = pitg6] + pitdi];
pitg 6] = pitg6] + pitg opposited];
pitdi] =0;
pitg opposited] = 0;
}
} eseif (i>=7&8&i1<=128&& turn==1){
if (pitdi]==1){
int oppositel = (i-((i-6)*2));
pitg13] = pitg13] + pitdi];
if ( oppositel < pitslength) {
pitg13] = pitg13] + pitg oppositel];
}ese{

System.out.printIn("Error: ArraylndexOutOfBounds Exception, oppositel =" + oppositel);

pitdi] = 0;
pitg oppositel] = 0;
}
}

/* if not a double move, toggle turn */
if (M(tun==0&& i==6) && !(turn==1&& i == 13)) {
switch( turn) {
case 0:
turn=1;
break;
case 1:
turn=0;
break;
default:
System.out.printIn("Error in move(), turn indeterminate.");
break;

* MancalaNodejava

* @author Adam Cofer

* Created on February 20, 2003

* Copyright 2002,2003 Adam Cofer

Thisfileis part of Mancala

Mancalais free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY:; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. Seethe
GNU Genera Public License for more details.
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Y ou should have received a copy of the GNU General Public License

aong with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/

package Mancalg;

public class MancalaNode extends java.lang.Object {
public MancalaBoard thisBoard;
private int depth;
privateint value;  /* thisiswhere well storethe minimax value */
private boolean visited;
private MancalaN ode parent;
private MancalaNode children[] = new MancalaN ode[14];

/* empty constructor, | don't expect thisto be used, but it can't hurt. */
public MancalaNode() throws java.lang.OutOfMemoryError {
thisBoard = new MancalaBoard();
depth =0;
visited = falsg;
parent = null;
for (inti =0; i <= 13; i++) children[i] = null;
value = -999;
}

/* the congtructor that I'll actually be using, where

* we pass aBoard in for the Node to hold and a depth */

public MancalaNode(MancalaBoard nodeBoard, int nodeDepth) throws java.lang.OutOfMemoryError {
thisBoard = nodeBoard,;
depth = nodeDepth;

visited = falsg;

/* well set parents, children, to useful values with methods later */
parent = null;

for (inti =0; i <= 13; i++) children[i] = null;

value = -999;

}

public MancalaBoard getBoard() {
return thisBoard;

}

publicint getDepth() {
return depth;
}

public void setDepth(int newDepth) {
depth = newDepth;
}

publicint getValue() {
return value;

}

public void setValue(int newValue) {
value = newValue;

}

public boolean getVisited() {
return visited;

}

public void setVisted(boolean newVisted) {
visited = newVisted;

/* setting parents, children, and sihlings*/
public MancalaNode getParent() {



return parent;

}

public void setParent(MancalaNode parentNode) {
parent = parentNode;
}

/* alittle more complicated to get and set the children */
public MancalaNode getChild(int whichChild) {
if ( (whichChild < 0) || (whichChild > 13) ) {
System.out.printIn("MancalaNode.getChild(): prevented ArraylndexOutOfBounds exception.");
returnthis,

}
return children[whichChild];
}

public void setChild(MancalaNode childNode, int whichChild) {
if ( (whichChild < 0) || (whichChild > 13) ) {
System.out.printIn("MancalaNode.setChild(): prevented ArraylndexOutOfBounds exception.");
return;

}
children[whichChild] = childNode;
}
}

/*

* MancalaServer.java

* Author: Adam Cofer

* Department of Computer Science, University of Tennessee at Chattanooga
*

* A computer opponent and interface for Mancala
*

* Copyright 2002,2003 Adam Cofer
Thisfileis part of Mancala

Mancalais free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY:; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. Seethe
GNU Genera Public License for more details.

Y ou should have received a copy of the GNU General Public License
aong with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

*

*

* Developed using the Sun JDK 1.4.1, www.sun.com

* This program is best run on the Sun JRE 1.4.1,

* from the command line enter "java Mancala/Mancal aServer"
* or, if you received thisprogram as a jar file, enter

* "java-jar Mancalajar"

*

*/
package Mancalg,;

import java.io.*;
import java.util.*;

public class MancalaServer extends java.lang.Object {
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/* MAXIMUM s used to set the depth of our search, see findBestMove() */
public gtatic final int MAXIMUM = javalang.Integer. MAX_VALUE;
public static final int DEPTH_CUTOFF = 11;

private static MancalaBoard Boardl nPlay = new MancalaBoard();
private static MancalaUl UlInPlay = new MancalaUl();

private static int maxDepthFound = 0;

private static long nodesCreated = 0;

private static long[] nodesAtEachDepth = new long[100];

private static Date start;

private static long startL ong;

private static long cutoffs=0;

/* Creates a new instance of MancalaServer */
public MancalaServer() {
}

public static void main(String[] args) {
for(int i=0; i<=99; i++ ) nodesAtEachDepth[i] = 0;

/* thisisthe main program loop */
while( ! (BoardlnPlay.isEndGame()) ) {

if (BoardlnPlay.whoseTurn() == 0){
UlInPlay.draw(Boardi nPlay);
int i = UllnPlay.requestM ove(BoardinPlay);
if (i == -1) break;
if ((i<0) || (i>12) ¥

System.out.printIn("");
} else BoardInPlay.move(i);

}eseif (BoardlnPlay.whoseTurn() == 1){
MancalaNode evalN ode = new MancalaNode(BoardI nPlay, 0);
nodesAtEachDepth[0] = 1;
for(int g=1; q <= 99; g++) nodesAtEachDepth[q] = 0;
nodesCreated = 0;
cutoffs=0;
start = new Date();
startL ong = start.getTime();

System.out.printIn(" Evaluating moves...");
int i = findBestM ove(evalNode);
System.out.printin("");

System.out.printin(*Moving from pit " +i +".");
Boardl nPlay.move(i);

Jelse{
System.out.printIn(*main() error: turn isindeterminate.");
return;
}
}
Boardl nPlay.setGameState(); /* Finish up by determining who won*/

System.out.println("Game over, man. Game over.");
UlInPlay.draw(BoardInPlay);
switch(Boardl nPlay.getGameState()) {
case 0:
System.out.printIn(" Player won!");
break;
case 1:
System.out.printIn(" Computer won!");
break;
case 2:
System.out.printIn("Quitter.");
break;
case 3:
System.out.println("We have atie!");
break;
case-1:
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System.out.printIn("This should never happen.");
break;
default:
System.out.printn(*main() Error: value returned from getGameState() serioudy weird.");
break;

}

private gtatic int findBestM ove(MancalaN ode currentN ode){
int bestMoveFound = -1,

int turn = currentNode.thisBoard.whoseTurn();

int offset = turn * 7,

/* value should be -999 if turnis1 (i.e. computer's M AX/al pha)

* 999 if turnisO (i.e. player'sMIN/beta) */

if(1==turn) { currentNode.setValue(-999);

} dseif(0==turn) { currentNode.setValue(999);

} ese System.out.printin("error in findBestM ove(): turn indeterminate.");

for( int i=(0+offset); i<=(5+offset); i++) {
if( currentNode.thisBoard.isLegalMove(i)) {
if((currentN ode.getDepth()==0)& & (currentN ode.thisBoard.whoseTurn()==1)) {
System.out.print(".");

try {
MancalaBoard newBoard = new MancalaBoard(currentN ode.thisBoard);

newBoard.move(i);
/* create a new node with this board and set its depth to current depth + 1 */
MancalaNode newNode = new MancalaNode(newBoard, currentNode.getDepth()+1);

nodesCreated++;
if( newNode.getDepth() <= 99 ) nodesAtEachD epth[ newN ode.getDepth()]++;
if(0 == nodesCreated % 1000000) {
System.out.print(".");
}

newN ode.setParent(currentNode);
currentNode.setChild(newNode, i);
/* check for endgame, if true set a valuein the node*/
if( newNode.thisBoard.isEndGame() ) {

newNode.thisBoard.setGameState();

newNode.setValue(newN ode.thisBoard.getPitValug(13) - newNode.thisBoard.getPitVaue(6));
} eseif( newNode.getDepth() > DEPTH_CUTOFF ) {

/* Depth cutoff evaluation function */

newNode.setValue(newN ode.thisBoard.getPitValug(13) - newNode.thisBoard.getPitVaue(6));
} dse{ /* if not endgame, we need to expand the node */

findBestMove(newNode);

if(currentNode.thisBoard.whoseTurn() == 1) { /* 1/computer/MAX/alpha can never decrese */
if( currentNode.getChild(i) !=null ) {
if( currentNode.getChild(i).getValue() > currentNode.getValue() ) {
currentNode.setValue(currentNode.getChil d(i).getValue());
bestMoveFound = i;

}

currentNode.setChild(null, i); /* memory management */
/* ALPHA CUTOFF */
/* cutoff if 1/computer/MAX/alphavalueis greater than ANY
* O/player/MIN/beta parent value */
MancalaNode nodePtr = currentNode;
while( nodePtr.getParent() !=null ) {
nodePtr = nodePtr.getParent();
if((nodePtr.thisBoard.whoseTurn()==0) && (currentNode.getValue() > nodePtr.getVaue())){
nodePtr = null;
cutoffst+;
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return bestM oveFound,;

}

nodePtr = null; /* cleanup both here and above to account for cutoff/no cutoff cases*/
/* END ALPHA CUTOFF */

if(currentNode.thisBoard.whoseTurn() == 0) { /* O/player/MIN/beta can never increase */
if( currentNode.getChild(i) != null ) {
if( currentNode.getChild(i).getValug() < currentNode.getValue() ) {
currentNode.setValue(currentNode.getChil d(i).getValue());
bestMoveFound = i;
}

}
currentNode.setChild(null, i);

/* BETA CUTOFF */
/* cutoff if O/player/MIN/beta value islessthan ANY
* 1/computer/M AX/al pha parent value */
MancalaNode nodePtr = currentNode;
while( nodePtr.getParent() !=null ) {
nodePtr = nodePtr.getParent();
if((nodePtr.thisBoard.whoseTurn()==1) && (currentNode.getValue() < nodePtr.getValue())){
nodePtr = null;
cutoffst+;
return bestM oveFound;

}

}
nodePtr = null;
/* END BETA CUTOFF */

} catch (javalang.OutOfMemoryError €) {
System.out.print(",");
return -1;
}
}
}
return bestM oveFound;
}
}
/*
* MancalaUl java
*

* Created on December 2, 2002, 7:02 PM

* Modified February 6, 2003

* Modified March 17, 2003 (reversed board presentation in draw())
* Copyright 2002,2003 Adam Cofer

Thisfileis part of Mancala

Mancalais free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY:; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. Seethe
GNU Genera Public License for more detail s.

Y ou should have received a copy of the GNU General Public License

aong with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/
package Mancalg;

import java.io.*;



public class MancalaUl extends java.lang.Object {

private StringBuffer[] buffer = new StringBuffer[14];
private char[][] pitHolder = new char[14][4];

[* Createsanew instance of Mancalaul */
public Mancalaul() {
for (inti=0; i < buffer.length; i++) {
buffer[i] = new StringBuffer("");
pitHolder[i] =" ".toCharArray();

}
public void draw(MancalaBoard Board) {

for (int j=0; j < buffer.length; j++) {
buffer[j].delete(0, buffer[j].length());
pitHolder[j] =" ".toCharArray();
buffer[j].append(Board.getPitValue(j));
if(buffer[j].length() == 1) {
pitHolder[j][3] = buffer[j].charAt(0);
}eseif(bufferfj].length() >=2) {
pitHolder[j][3] = buffer[j].charAt(1);
pitHolder[j][2] = buffer[j].charAt(0);
} else System.out.printIn("draw() error: empty StringBuffer");

}

inti =0,

System.out.printIn("");

System.out.printin(*  [12][11][20][ 9I[ 8I[ 71");

System.out.print(" ");
for (i =12;i>=7;i--) System.out.print( pitHolder[i] );
System.out.printIn("");

System.out.print(pitHolder[13]);
System.out.print(" ---------=-==-=mnmmnman ");
System.out.print(pitHolder[6]);
System.out.printin();

System.out.print(" ");
for (i =0;i<=5; i++) System.out.print( pitHolder[i] );
System.out.printIn("");

System.out.printin(* [ O][ ][ 2][ 3][ 41[ 5]");
}

public int requestM ove(MancalaBoard Board){
BufferedReader in = new BufferedReader(new | nputStreamReader(System.in));
String line="";

System.out.printin("Player " + Board.whoseTurn() + " enter a move or type 'quit' to exit:");
try {

line=in.readLing();

if (lineequag("") || line.equal §("quit"))

return -1;

StringBuffer buf = new StringBuffer(line);

String buff = new String(buf);

int i =javalang.Integer.parsel nt(buff);

if((i<0)[I(i>12) ¥

System.out.printIn(i + " isnot avalid move. Please enter a number in therange[0,5]");

return -4,

}
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}

}

returni;

catch (javaio.lOException €) {
System.out.printIn("Y ou must enter something, preferably a number.");
return -2;

catch (java.lang.NumberFormatException €) {
System.out.printIn("Please enter avalid number.");
return -3;

}
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