Alpha-Beta Pruning

Get vour shears out, and
get ready to cut back your
game trees, thereby saving
both space and time

Sooner or later, almost everyone
with a small system gets the idea of
programming it to  play chess,
checkers, or some other two-person
board game. Most of us give up
before we start because we have no
idea how to delermine the best move
in any given situation. The other
aspects of playing a game are gen-
erally no prablem.

We can see how o represent b4
squares on & board by 64 bytes in
memory, each of which contains a
code number which might be 3 for
Bishop, & for King, or 0 for a blank
square, and so on. We can see how to
write a program bor sach piv:l:#_. deter-
mining where it can move in a given
situation depending upon the rules of
the game. For example, a Bishop can
move as Far as possible in any of Four
directions, so we have to write a pro-
aram Lo search in one direction until
it finds a square that is nol blank lie:
the corresponding byte does not con-
tain 0, the code For & blank square). [F
this sguare is n sguares away Irom
where the Bishop is currently pasi-
tioned, then there are n — 1 passible
moves that the Bishop can make in
that direction. This locp is then
repeated, once for each of the four
directions.

Finally, we can see how o write a
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program that would find all of the
pieces on the board, would determine
the type of each pivce, and would find
all possible moves for each piece, ac-
cording to its type. In this way we
could get a list of all of the moves that
could be made by one player in any
given situation. But to find the best of
these defies the low-evel intuition
thal most of us rely upon.

In this article, 1 will describe a
general procedure for programming
board games, relying heavily on chess
in my examples, but utilizing pro-
cedures that can be applied in any
board game where you have to "look
ahead.” The logic is roughly as
Follows: if | make move X, then my
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Figure 1: Chesshaard layout just prior ta
tire conclusian af a ﬁrmn.-:s dlrarpatic
erding do g chess govee.

opponent will make move Y, if [
make move 2, then my opponent can
make move U, which is better for him
than move ¥, so | shouldn make
move £; but if | make move W._and
HEY I,

The fiest illustration will be from a
famous dramatic finish to a chess
game, This is illustrated o figure 1,
White is already far ahead, having a
CQueen and a Knight, whereas Black
has only a Kook and two pawns. To
finish the game quickly, White lets
Black capture his Queen, then gives
checkmate with his Knight. For those
who have forgatten their chess {and
also to illustrate what the computer
does when it sees this position), the
entire finish of the game is illustrated
in Figure 2 (see page 58]

It is clear that the computer has to
perform a complete analysis of the
given position in a game; much more
complete than that given in either
Figure 1 or figure 2. For example, look
at White's first move: N-Ré double
check, [n chess terminclogy, as soon
as White makes this mowe, Black's
next move i Cforoed.” There is
nothing that Black can do except
move K-Ri. But what does this
mean? Black actuwally has several
mioves, bul all of the others are illegal
because White would be able to cap-
ture his King. Specificall y:

® |t Black plays E-B2 linterposing
the Rook), then White plays Nxk
{capturing the King with his
Enight}.

# [f Black plays PxN lcapturing the
Knight), then White plays OxE

Tt cowtisnmed on page 50
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Figure 2: The sequence af moves that White makes ta copture Black s King CHECKMATE!
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Teat continued:
(capturing
Queen).

® [f Black plays anything else, then
White can play either NxK or
QxK.

the King with his

You might argue that the computer
does not need to perform all of this
analysis, because there is an old rule
that states when you are in double
check, you have to move vyour
King—there is no other way out. This
is perfectly true, but how do you
know that you are in double check in
the first place, without a similar
analysis? [t is easier to run through all
of the moves, as described above, and
verify that, in every case but one,
Black’s King would be captured.
Additionally, look at the next posi-
tion. Black does play K-R1, and now
White plays Q-N8 check. This time
Black is not in double check, but his
next move is still forced, and Black's
King can be captured in two different
ways if he does not make the move he
is forced to make, Specifically:

® If Black plays KxQ (capturing with

the King instead of with the Rook),
then White plays NxK.

® [f Black plays P-N3 (or any other
move than RxQ or KxQ), then
White plays QxK.

When Black plays RxQ, White
plays N-B7, which is checkmate. But
the computer’s job is still not finished.
How can you tell that this is check-
mate? The only way to tell is to look
at all of Black's possible moves and
make sure that White can capture
Black's King in each case. From the
computer's point of view, the game is
never over until the King is actually
captured.

A diagram of the analyses that
have been carried out so far would
look like figure 3. Each point (dot) in
this figure denotes a position of the
board. The lines between board posi-
tions denote moves. The actual
moves that have been made are at the
left, but there are other moves which
were not taken. [n Black's case, each
of these led to Black's King being cap-
tured. In White's case, they were
simply other possible moves that
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were not made because White has a
way, as shown, of winning the game.
This diagram is called a game tree.

Figure 3: An illustration of the ganie tree
diagram. A complete game tree diagram
would emumerate all possible nioves so
that the optimium move could be chosen.
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The game tree of figure 3 is a bit
hard to visualize because there are so
many possible moves. Therefore, in
order to illustrate the processing of
game trees by computer, [ have
drawn a simplified game tree in
figure 4. In this game tree there are
only two possible moves for White at
each point, and only two possible
moves for Black. This will almost
never be the case in a real game situa-
tion: here it allows the tree to fit easi-
ly on one piece of paper, so that it can
be readily visualized. Like any tree,
this tree has leaves, branches, and a
root; in this case A, B, C...through P
are the leaves, 5 is the root, and all of
the other nodes are branches,



In any game tree, the first question
you must ask is whether or not it is
complete. A game tree is complete if
every one of its leaves corresponds to
the end of the game. In figure 3, all
leaves that are shown correspond to
the end of the game (the King is cap-
tured), but there are some other
leaves, not shown, that do not have
this property. If a game tree is com-
plete, it should be obvious that we
can tell who ought to win, and the
winning strategies. Suppose that the
leaves B, L, A, C, and K represent a
win for Black, and all other leaves
represent a win for White. White
(moving first) can win by moving to
branch 4. Black will move to branch
1, and White now moves to branch
U, winning regardless of Black's
move (moving to leaf | or J).

Furthermore, this is the only win-
ning strategy for White. If White's
first move is to branch 3, then Black
moves to branch Y, and Black now
wins, no matter what White does
(moving to branch Q or R). It White
moves to branch V on his second
move, then Black wins by moving to
either K or L. This state of affairs will
not always hold. There are positions
in which White can win no matter
what his first move is (suppose, for
example, Black's winning positions
were B, L, A, E, K...figure it out for
yourself). There are also positions in
which White cannot win, no matter
what his tirst move is. If Black's win-
ning positions are B, L, [, C, and K,
and White starts by moving to 3, then
Black moves to Y, whereas if White
starts by moving to 4, Black moves to
1. In either case, Black can eventually
win.

Now suppose that the game tree is
not complete. This is presumably
because it is so large that you would
run out of memory if you tried to
store the complete tree, so you would
only store part of it. In this case it is
still quite possible that there is a win-
ning strategy for one player or the
other. Suppose that Black's winning
positions are B, L, I, C, and K, as in
the last of the three examples above,
but the other leaves of the tree are not
winning positions for either White or
Black. (In fact, these are not really
leaves; if | had room to keep more of
this game tree, | could consider fur-
ther moves beyond each of these
points.) It is clear that Black can still
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win, no matter what White does, and
for exactly the same reason as before

In most cases, however, the game
tree will be far from complete.
chess, for example, you might be in
the middle of the game, and neither
White nar Black can win the Eame in
the next bwenty-FHve moves, You can
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still use game trees, but in a slightly
ditferent way, The First thing ta do is
code your knowledge as to when one
position better than anather in
terms of material gained and lost. For
example, If White captures a pawn
and loses a Bishop, or captures a
Knight and loses a Kook, then Black
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is obviously ahead. But what if White
captures the Queen and loses both
Rooks? Is that good or bad? What i
White captures two pawns, but loses
a Knight?

The wsual pawn and picce values
are: Queen = nine pawns, Rook =
five pawns, Bishop and Knight are
three apiece. Greatly im-
"."-dlllk'.‘h J'Iu!"l'l.‘ |||.‘|-'r|

pil'.l':l'l‘-'
":lrll'r'l‘l.a aIIIII o \.'I
mnslrutled; table 1 is a reprint of
values {in abridged form}) from B M
Hyatt, the author of a chess program
called BLITZ. Through the wse of
such a table, you can derive, bor any
position, a lotal numerical score that
represents the value of that position,
The Iunction which computes Lhis
score is called the evaluation function
corresponding to the given table.
You might think that with such an
evaluation function there would be
no [urther need for game trees. You
could simply try all of the possible
mowves, and then choose the one with
the largest value of the evaluation
function, This, howewver, would lead
to a very bad chess-playing program,
rather like someone who had been
playing for only a few months. The
risason, of course, is that the evalo
ation function is only an approxima-
tion. It is very easy to lose & plece
after vou have made what seems to be
the move according to your
evaluation Function, because wou
have not looked far enough ahead,
The best game programs wse a com-
bination of game trees and an evalua-
tion funclion, together with the
special technique of alplha-beta pru
nig, the subject of this article.
Onece mare [ will set up an artifi-
cially small and simple game tree, in
order to illustrate how  this works.
Consider the game tree ol Hgure 5,
which is exactly the same as the game
tree of Higure 4 excepl that a value of
the evaluation function al each of the
leaves of the tree has been specified.
The ewvaluation function at the
branches has no! been specified,
because this will be computed in a dif-
ferent wav. Specifically, look at the
leaves A and B, Since the value of the
function is 26 at A, and 37 at B. you
since it 1% Black's

Bt

can ':'IIII':'IIII:jI.‘ ”‘Iu'.l_
turn to play, at the branch @ Black
will play to branch A. [This move
assumes that the higher the value of
the evaluation function, the better the
|'".:l!ij| 1N iE'\- |-:1r II-".-‘J'IIIE'. .|r||| ‘.h!' wiorse



the position is for Black. Black will
make the move that gives the lower
evaluation function value. Again,
this is only an approximation, but it
becomes a better one as the tree gets
larger.)

In the same way you may conclude
that, since it is Black's turn to move,
at branch R Black will move to
branch D, since 28 is less than 29. Let
us go back to branch Y. Here it is
White's turn to play, and White
wants to make the move that results
in the highest value of the evaluation
function. Does this mean 37, the
largest of the four values at A, B, C,
and D7 No, it does not. If White plays

Capluring the Queen
Capturing a Rook

Capturing a Knight or Bishop
Capturing a pawn

Doubled pawns

Tripled pawns

Isolated pawns

Two pawns next lo each other
One pawn guarding another
Knight on opponent's side of the board
Same, with pawn guarding it
Bishop on strong diagonal
Rook on open file

Doubled Rooks on open file
Rook behind passed pawn

Rook on seventh rank, two unmoved opposing pawns
Rook on seventh rank, three unmoved opposing pawns
Rook on seventh rank, four unmoved opposing pawns

Rook moved before cast!ing has occurred
King moved before castling has occurred

Castled King

Piece or pawn moved twice in the opening

Taking twomoves instead of one to get to a square

Knight never moved

Knight in front of King's pawn or Queen's pawn

Bishop never moved

Bishop in front of King's pawn or Queen's pawn

Table 1: An abbreviated table of the approximate numerical values assigned to a variety

of possible moves.

to Q, Black will play to A. If White
plays to R, Black will play to D.
Therefore, you should compare only
A and D. Since 28 is larger than 26,
White should play from Y to R.
This potential source of confusion
suggests that you should mark the
nodes Q, R, S, T, and so on, with the

expected evaluation function values
(ie: the values that would ensue if
Black makes the best play, in a highly
approximate sense, on the next
move). In this case Q would receive
the value 26, R would receive the
value 28, and in general each node
would receive the lowest of the values
of the nodes below it. This, of course,
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Figure 5: Same game tree as that shown in figure 4, along with a specification of the
evaluation function at each leaf of the tree.
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is only because it is Black’s turn to
move. On the next level up, it is
White's turn to play, and you can
mark each of thenodes Y, Z, 1, and 2
with the highest of the values of the
nodes below it, because White now
wants to make the ultimate value of
the evaluation function as large as
possible, Continuing this all the way
to the top of the tree, you get the
situation illustrated in figure 6. The
expected value for White at the top of
the tree is 25. By following the figure
25 down through the tree, you will
see that, at this point in the game,
White is expected to move to node 4,
Black to reply by moving to node 1,
White to then move to U, and Black
to play to J.

This does not, of course, have to be
what actually happens in the game.
Black might be a poor player, and
play to node 2 instead of node 1, or
Black might discover, upon looking
more moves ahead, that node 2 is
actually a better play than node 1.
This tends to happen in actual games.
As you look further ahead (ie: as you
consider trees with greater and
greater numbers of levels), expected
moves at all levels, even the top level,
can change.

At this point a wvery important
question is raised: is it really neces-
sary to generate this whole tree? It
would be nice to find certain nodes
that do not have to be constructed.

Consider the situation at node Z.
White has two possible moves: one to
node S and one to node T. At node S,
White gets a score of at least twenty-
two on the next move. [s this a better
move for White than the move to
node T? To determine the answer,
look at node T. The first thing you
will see is that if White moves to node
T, then Black can move to node G. [f
Black does that, White ends up with a
score of only thirteen, By this point
you already know what White should
not move to node T because he can
do better by moving to node S.

Now look at node H. If White
moves to node T, then Black could
also move to node H, leaving White
with a score of eleven. This is a better
move for Black than the move to
node G. The point is that this does
not matter. As soon as you look at
node G, you know that White should
not move to node T. When you are
aware of this it does not matter what
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Figure 6: A more informative version of the game tree shown in figures 4 and 5. Here the
expected evaluation function values are shown at each of the nodes.

score node H has—in fact, you do not
have to generate node H at all. This
kind of logic can be applied to either

WA X

A AAA

=
A

[}
A

%
A

A

AAIAIA] |AIAIA

BNa@dal K

Figure 7: A simple example to illustrate
the principle of alpha-beta pruning. It is
now White's turn to move. An obvious
bad move would be NxP. Black's reply

would be NxN, and White would have
captured a pawn but lost a Knight.

player; it is called alpha cutoff in a
case like this, where it is White's
original move that is being considered
(as at node Z here). It is called beta
cutoff when it is Black's original
move that is being considered. Alpha-
beta pruning is the combination of
alpha cutoff and beta cutoff within
the general framework described
here.

For an example of beta cutoff, look
at node 4, [t is Black's turn to move,
By considering node 1 and all the
nodes beneath it (that is, nodes U, V,
I, ], K, and L), you will note that
Black can eventually expect a score of
twenty-five if he moves to node 1.
The next question is whether or not a
move to node 2 would be any better
for Black. Suppose Black moves to
node 2, and that White moves to
node W. By analyzing the nodes (M
and N) beneath node W, you will find
that Black can achieve a score of
either fifty-one or thirty-seven. Black
would naturally choose thirty-seven,
that is, node N. But if that is the best

that Black can do, then the answer to
the original question must be no; that
is, a move from node 4 to node 2
would not be any better for Black
than a move to node 1. Once you
know this, it is not necessary to con-
sider node X at all and, more impor-
tant, you do not have to consider
nodes O or P either. In other words,
you have pruned not just a single leaf,
but a branch with leaves below it.

An informal example of alpha-beta
pruning is given in figure 7. Here it is
White's turn to move. White has
many possible moves, but an obvious
bad move for White is NxP. In order
to determine that this move is bad, it
is not necessary to figure out Black's
best move; it is only necessary to note
that Black can move NxN. Any other
possible moves need not be con-
sidered as long as White has any
move that does not result in the loss
of a piece, and as long as NxP is not
really a viable sacrifice. ®

Glossary

alpha-beta pruning: In order to
guarantee a winning strategy an
entire tree search of a complete
game tree would be necessary.
Alpha-beta pruning is an algo-
rithm devised to optimize the use
of game trees by reducing the
number of branches needed to be
searched.

game tree: A graphic representa-
tion of the decision making process
involved in a sequence of moves
between two opponents. A com-
plete game tree is a representation
in which all the terminal nodes
correspond to the end of the game.
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