The chess program that we have presented
in parts 2 and 3 of this series (November
1978 and December 1978 BYTE, pages 162
and 140, respectively) represents a modern
implementation of the basic type A strategy
described by Shannon in 1950 (see refer-
ences). If run on a powerful computer, this
type of program can play a reasonably good
game of chess. Its major weakness lies in its
inability to engage in long-range planning.
In many middle and end game positions, it
will make seemingly aimless moves. Once it
attains a position which optimizes the

if we have a clear idea of what we are look-
ing for. To know what we are looking for,
however, we must have more knowledge
about chess.

So where do we go from here? The highly
skilled players who are familiar with the
chess programming literature (notably, Ber-
liner, Botvinnik and Levy) are unanimous in
their enthusiasm for a selective search strat-
egy. Berliner (see references), for example,
advocates a procedure in which very small
(for a computer) look-ahead trees are gen-
erated, eg: 200 to 500 nodes. His idea is that
the program should make an intensive analy-
sis at each node “in order to ascertain the
truth about each issue dealt with.” Chess
knowledge should play a primary role in
directing the tree search. The search itself
would discover additional relevant informa-
tion and this would provide an even more
knowledgeable focus for the search. This
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general heuristic goals of its evaluation
function, it is faced with the prospect of
finding a move which alters the position
as little as possible. If the opponent is
skillful in developing a long-range attack
while not providing any immediate targets,
the machine may simply shuffle its pieces
back and forth until its position becomes
hopeless. The absence of reasonable goal
directed behavior is a common limitation
of problem solving techniques which are
based solely on forward search. The solution
of this problem would have important
implications for a wide variety of artificial
intelligence tasks.

To play a strong game of chess, it is nec-
essary to have a plan. To have a plan, how-
ever, the program must recognize specific
patterns and relate them to appropriate
goals. This, in turn, requires that the pro-
gram have access to the detailed kind of
chess knowledge which is characteristic of
the skilled human player. Thus, we seem to
have come round in a circle. In order to
avoid selective searching, we have adopted a
strategy which does not require very much
chess knowledge. In examining the weak-
nesses of this approach, we discover that the
forward search can only be truly successful

procedure is analogous to the progressive
deepening technique which de Groot dis-
covered in the human grandmaster and is
the exact antithesis of the brute force (type
A) strategy (see October 1978 BYTE,
“Creating a Chess Player, An Essay on
Human and Computer Chess Skill,” page
182).

The efforts of the last decade have
demonstrated that the selective search strat-
egy is harder to implement than the full-
width approach. In addition, full-width
searching has consistently produced superior
chess. Despite this, there is hardly anyone
familiar with chess programming who does
not believe that further progress depends on
increasing the amount of chess knowledge
in the program. The key guestion is not
whether this should be done but how to do
it. Since the selective search approach has
not led to notable progress, perhaps it is
time to consider a different approach.

We believe that a viable alternative exists
which combines the proven virtues of the
full-width procedure with the potential ad-
vantage of a goal-directed search. The central
idea is the development of a unique evalua-
tion function for each position. In addition
to the general heuristics which are presently



employed, evaluations should consider fea-
tures which are germane to appropriate
goals.

According to this plan, move selection
would involve two separate stages. In the
first phase, a static analysis of the position
would be made in an attempt to discover
key patterns. This process would involve a
hierarchical analysis in which the features
of the position would be compared with a
general set of library patterns. Highly spe-
cific features would be identified and rele-
vant chess-specific knowledge would be
accessed. This information, including appro-
priate short term and long term goals, would
be used to construct a conditional evaluation
function which would assess the usual gen-
eral features (eg: material, mobility, King
safety, etc) and also other features which
are meaningful only in specific situations.
Once the conditional evaluation function has
been constructed, the second phase of analy-
sis would begin, a conventional full-width
tree search employing the special evaluation
function.

The first phase of this process would rely
heavily on domain specific knowledge (je:
information about chess). It would require
a pattern recognition facility and an organi-
zational plan for storing a vast amount of
chess knowledge in a manner conducive to
rapid retrieval. When this first phase was suc-
cessful in identifying appropriate goals and
producing relevant modifications in the eval-
uation function, the full-width search which
followed would select a move which was
thematic with the appropriate goal. If the
first phase were unable to identify a key fea-
ture, the evaluation function would employ
the same general heuristics which it pres-
ently uses. For this reason, the pattern
recognition and information retrieval
modules can be gradually implemented
without a lengthy period in which serious
blunders are frequent occurrences. This is a
major advantage that the conditional evalua-
tion function has in comparison to a selec-
tive search strategy.

Chess Structure

To implement a conditional evaluation
function, it is necessary to develop a hier-
archical descriptive structure for chess. At
the top level, one can make the conventional
distinctions between the opening, the middle
game, and the end game. Within each of
these three major divisions, there would be
many specific subdivisions, Within each
subdivision, there would be many specific
variations.

The opening has three major themes: to
develop a pawn structure which is favorable
for you but unfavorable for your opponent;
to increase the mobility of your minor
pieces and limit the mobility of your oppo-
nent’s minor pieces; and to castle as soon as
possible and delay your opponent’s oppor-
tunity to castle, These general goals provide
a framework for evaluating specific varia-
tions. They do not provide a specific pre-
scription for selecting a move because a
sequence of moves which is thematic with
these goals may have a tactical refutation.
An apparently good move may not work
because it loses material. For this reason,
general principles are best applied at the
terminal points of a look-ahead search rather
than being used as a checklist for selecting
the most thematic move as advocated by
Church and Church in Chess Skill in Man
and Machine (see references).

Part 4

Strategy in Computer Chess

The tournament player who knows open-
ing theory as well as many specific move
variations will have a clear advantage over an
opponent who knows the general principles
but is not familiar -with the specific varia-
tions. For this reason, tournament players
and good chess programs rely on a library
of memorized opening variations. The
contestant who has carefully planned his
opening variations can often gain an im-
portant advantage early in the game. To
maximize the benefit of a well-prepared
opening library, it is also necessary to
continue the general theme of the opening
once the predigested move sequences have
been exhausted. At this stage it is neces-
sary to have a conditional evaluation func-
tion. When the machine leaves the library
and starts to use a look-ahead procedure to
calculate its move, it should use an evalu-
ation function that augments general open-
ing principles with special goals which are
thematic with that type of opening.

A portion of the work required to
implement this proposal has already been
started. Chess specialists have prepared
highly detailed analyses of specific opening
variations and have developed well-defined
rules for categorizing different move
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sequences into specific subdivisions. For
example, a game which starts (1) P-K4,
P-K3 is labeled as the French defense. If
the game continues (2) P-Q4, P-Q4;
(3) N-QB3, B-NS5, it is called the Nimzovich
(or Winawer) variation of the French defense.
If it continues (2) P-Q4, P-Q4; (3) N-QB3,
N-KB3, the game is labeled as the classical
variation. A continuation of (2} P-Q4,
P-Q4; (3) N-QB3, PxP is called either the
Rubinstein variation or the Burn variation
depending upon subsequent moves. A
different approach develops from (2) P-Q4,
P-Q4; (3) N-Q2, which is labeled as the
Tarrasch variation. And there are many
more. The important point, however, is
that each of these variations can be object-
ively identified, and that for each there
are well-developed strategical ideas and
specific immediate goals. These ideas can be
stored in the opening library and can be
retrieved when the machine leaves the
library, In addition to general opening
heuristics, the evaluation function would
reflect the specific theoretical ideas which
are appropriate to the particular opening
at hand. In principle, this idea can be
implemented without difficulty. In practice,
however, a tremendous amount of chess
knowledge is needed and hours and hours of
effort are required. To our knowledge no
serious attempt has yet been made to imple-
ment this strategy. The information on
opening theory is needed only once during a
game and thus could be stored on disk,
since rapid access is not critical.

Pattern Recognition and the Middle Game

From a conceptual point of view, the
application of chess knowledge to the eval-
uation function in the middle game is much
more challenging. In this case, pattern
recognition becomes an important ingredient.
In implementing a goal oriented move
selection strategy, Church and Church
limited their middle game strategy to either
a Kingside attack, a Queenside attack, or
concentration on a weak point (je: a target).
The Kingside or Queenside attack is trig-
gered when the machine determines that it
has superior forces on one side or the other.
This determination can be based on who
controls key squares. In calculating the
power relationship of different pieces over
given squares, it is important to note that
less valuable pieces exert more control than

valuable pieces. A pawn has greater control
over territory than a Queen because it is

harder to dislodge. If an attack on one side
or the other is deemed appropriate, the
evaluation function can be modified to give
an extra bonus for moves which augment

the attack on that side and for moves which
increase the pressure on critical squares.

Pattern analysis is also important in
detecting an appropriate target. There are
several well-known chess relations which
provide obvious targets for attack. One is
the backward pawn which is prevented
from advancing by a pawn or a minor
piece. Another natural target is the minor
piece which is pinned to the King or Queen.
The third is the overworked piece, a key
element in the defense against two or more
different attacks. If the latter is removed
in an exchange, the pieces it is defending
will be open for attack. A fourth natural
target is a square which would permit a
Knight to fork two major pieces (ie: Rook,
Queen, King) or a Bishop to skewer two
major pieces. If the machine threatens to
control that square and to locate an appro-
priate piece there, the opponent will be
forced to devise a defense. Once one of these
targets has been detected, the evaluation
function can be modified to give a bonus
for moves directed at the target. In addition,
a plan might be devised to encourage the use
of a decoy (a pawn or minor piece which is
sacrificed to bring an important piece to a
particular square) or to capture a piece
which is serving an important defensive
function.

A Chess ““Snapshot”

In the past, programmers have attempted
to implement such plans by using a selective
search (eg: Berliner, Zobrist and Carlson) or
by using no search at all (eg: Church and
Church). Zobrist and Carlson (see references)
have developed an innovative technique in
which “computer snapshots’” are devised
which summarize important piece relation-
ships such as attacks, pins, skewers, forks,
etc, which presently exist in the given posi-
tion, or which could occur after one or two
moves. Each snapshot is given a weight based
on the relative values of the pieces involved
and the location of the pieces in respect to
the opposing King and the center of the
board. The weighted snapshots are then used
to select moves for inclusion in a Shannon
type B tree search, This procedure provides
considerable goal direction to the move
selection process.

Although the Zobrist-Carlson snapshot
procedure has much to offer (including a
highly efficient bit map implementation
strategy), it incorporates a common problem
shared by all selective search techniques.
Occasionally an important continuation is
overlooked and this results in the selection
of an inappropriate move which may be a
gross blunder. By implementing the plans
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derived from the computer snapshots in the
form of a conditional evaluation function,
instead, the program can benefit from goal
directedness without risking the oversights
which are characteristic of selective search-
ing. In this way, the machine can retain
the benefits of the full-width search and at
the same time engage in strategic planning.

There is a special class of positions for
which this approach is especially appropriate.
In his thesis at Carnegie-Mellon University
Berliner described a special problem, the
horizon effect, which plagues the con-
ventional look-ahead approach (see Chess
Skill in Man and Machine, pages 73 thru
77). One version of this problem involves
a piece which is trapped and cannot be
saved. Forward searching programs often
engage in a bit of foolishness by making
forcing but poor moves (such as attack-
ing pieces with pawns or sacrificing
pawns for no advantage) which delay the
capture of the trapped piece and push its
eventual loss beyond the horizon of the
tree search., By doing this, the program
erroneously concludes that the piece is safe,
when in reality the planned move sequence
weakens a reasonable position and is still
insufficient to save the piece. In this type
of situation, the trapped piece should be
given up for lost and the program should
do its best to take advantage of the tempo
required by the opponent to capture the
piece. A piece whose time has come is some-
times referred to as a desperado. The only
option available is to make the opponent
pay as dearly as possible for the capture.
If the desperado can be traded for a pawn
or a piece of lesser value, this is preferable
to being given up for nothing.

This strategy can be implemented with a
conditional evaluation function by simply
assuming that the trapped piece has a
material value of zero. This change would
cause the search process to trade the piece
for the highest valued candidate that can be
found. This is obviously better than having
the program engage in useless sacrifices of
position and material in a hopeless attempt
to resurrect a lost piece, The key element to
this implementation is the ability to deter-
mine when a piece is truly lost and can be
labeled as a desperado. This is a very diffi-
cult problem even for a very sophisticated
pattern analysis facility.

End Game Considerations

The most interesting application of the
conditional evaluation function is in the end
game. Because end game strategy is highly
dependent on the specific characteristics of
the position, a general purpose evaluation

function is not very effective. It is necessary
to understand what is required in a given
position and then select moves which are
clearly directed at an appropriate goal.
Church and Church list three common goals
in the end game: to mate the opponent’s
King, capture a weak pawn, or promote a
pawn. In this case, pattern analysis is im-
portant. First the machine must be able to
identify the position as one belonging to the
end game. Then it has to determine whether
a mate attempt is reasonable or whether a
pawn can be captured or promoted. Church
and Church (see Chess Skill in Man and
Machine, pages 151 thru 154) describe
a general strategy for identifying and cap-
turing a weak pawn. Although their
approach does not involve a forward tree
search, the specific techniques which they
describe can be adapted to the full-width
search strategy. Let us consider several
specific end game positions involving either
a mate, a pawn capture, or a pawn
promotion.

For a number of mating situations, a
specific algorithm (step-by-step instructions)
or a complete lookup table can be developed
to produce mate in a minimum number of
moves. [ypical applications would be King
and Queen versus King; King and Rook ver-
sus King; and King, Bishop, and Knight ver-
sus King. The mating algorithm for each case
would include rules for assigning the poten-
tial piece relationships into a few general
categories, and a prescription for an appro-
priate type of move for each category. This
approach requires no search. A second
approach involving a lookup table is even
more explicit. An appropriate move is stored
in a table for every possible piece configura-
tion. To play the mate perfectly, the ma-
chine uses the position to determine an
address in the table and then simply reads
the correct move.

Both of these procedures are perfectly
feasible and avoid many problems which can
be encountered in the end game. The limita-
tion of this approach is that there are a very
large number of mating situations and a tre-
mendous amount of work would be required
to make a detailed analysis of each one. In
addition, this strategy requires the storage of
a great deal of information which would be
used only infrequently.

A third approach, and one which is
thematic with the idea of conditional evalua-
tions, is to make a small modification in the
evaluation function for each specific mating
situation. The notion is that a shallow search
combined with a few key ideas should suf-
fice to produce a mate in a reasonable num-
ber of moves. With King and Queen or King
and Rook versus King, it is sufficient for the



program to “know’ that the defending King
must be forced to the edge. To do this, the
program simply needs to add bonus points
to the evaluation function when the defend-
ing King is near the edge. The size of the
bonus should be alinear function of closeness
to the edge. This modification of the evalua-
tion function causes the minimax search to
select a pathway in the look-ahead tree
which forces the defending King to the edge.

With King, Bishop, and Knight against
King, the job is slightly more complicated.
In this case it is important to know that the
defending King must be forced to one of the
two corners having the same color as the
Bishop’s squares. The trick is to add a large
bonus when the defending King is on the
appropriate corner squares and a smaller
credit when it is near these corners. This
modification will cause the minimax proce-
dure to find a sequence of moves which
forces the defending King into one of the
appropriate corners. The general theme is
that the full-width search is a powerful
device by itself and that the addition of a
small amount of chess knowledge is suffi-
cient to produce the desired outcome.

Kings and Pawns in the End Game

Some of the most challenging positions
in the end game involve only Kings and
pawns. Many of these require an approach
which is more sophisticated than those
described previously. Consider, for example,
the position diagrammed in figure 1. This is
a modification of a position presented in
Berliner's thesis which demonstrates one of
the major weaknesses of a full-width forward
search. White has a pawn on f6 which could
advance and be promoted if the Black King
were out of the way. [Algebraic notation is
used throughout this article to designate
chessboard squares. The horizontal rows
(ranks) are numbered from 1 to 8, starting
at the bottom (White). The files are labeled
a through h from left to right . ... CM/ To
win, White must do an end run with his King
and bring it to the aid of the pawn. Since
Black cannot attack White's pawns on ¢3 or
g5 without leaving the passed pawn, he is
helpless to stop White's maneuver. Although
this analysis is obvious at a glance to an
experienced player, a program that discovers
truth by doing a full-width search is faced
with a difficult problem. In order to deter-
mine that the King can force promotion of
the pawn, White must complete a look-ahead
search of approximately 35 plies. This is
beyond the scope of even the most powerful
computer. If the machine employs a general
purpose algorithm which encourages the
King to centralize its position during the end

game, it will search for a pathway which
eventually places it on its present square (f4)
or one of the neighboring squares (e3 or f3).
Because of this, the correct sequence of
moves would never be discovered.

In order for a full-width search to make
progress in this type of position, the evalu-
ation function must produce goal direction,
One way to do this is to provide a bonus for
moves which reduce the distance between
the White King and the passed pawn. A sec-
ondary goal is to reduce the distance be-
tween the White King and any Black pawns
which are not defended by another pawn.
A tertiary goal is to centralize the White
King. The first step in developing a specific
implementation of this plan is to identify
the territory which is denied to the White
King. For this purpose, we wish to deter-
mine which squares are controlled by the
pawns, The White King cannot move to a
square occupied by one of its own pawns,
nor can it move to a square attacked by an
opposing pawn. Figure 2 presents a map of
the position with each of the forbidden
squares darkened. The location of these

Figure 1. Chess position which demonstrates
a weakness of the full-width forward search.
In this example, White has a pawn on square
f6 which could advance and be promoted if
the Black King were out of the way. To win,
the White King must come to the aid of the
pawn, Since Black cannot attack White’s
pawns on ¢3 or g5 without leaving the
passed pawn, he is helpless to stop White’s
maneuver. Although this analysis is obvious
to an experienced player, a program using a
full-width search would have to search its
decision tree to a depth of 35 plies (ie: 35
half moves, a ply is defined as a move by one
side) in order to come to the same con-
clusion.
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the figure, This diggram is wied i imple-
menting the goal directed technigue de-
seribed By Chavch and Charch (see fiqure
3}
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menting this plan is 1o use a technigue
described by Church and Church, Starting
at mach H“-"I |::-|!|in1.'|’.."l:I wark backveard 1oward
the attacking picce(s). In our case, we are
Interested  In creating 2 reward  gradient
which encourages the White King to ap-
proach its own passed pawn and the target
pawns, To do this, we consider one goal
ohject ar a time, Al passed pawns are identi-
fied. In our example, only the White pawn at
fé qualifies, The two squares diagomally in
front of it {e7 and g7} are cach credited with
8 "points” each, All squares immediately
adiacent to thete squares [but nat insluding
squargs inzccessible to the White King) are
credited with 7 points. Mext all sguares acd-
jcent I s SCUEres I:L-.xn;;lul,ling nagees-
sibbe squarces) are credited with 6 points.
This process is continued until we rum out of
squares or until we have assigned all credits
down to and Ineluding 1.

The next step in the process is to identify
Black pawns which are not defended by
ather pawns (ie: targets). In this case, the
pawns at ob and gh gualify. Credit these two
siueares and the adjacent ones with 5 paints
gach, excluding darkened  squares.  Mext,

credit squares adjacent 1o these with 4
points. Continue this process until all avail
able squares have been exhausted or until
the value of 1 has been assigned. This pro.
cess is executed independently for each
tarpet pawn. The LSt step involves credit for
gentralization, The four most central squares
(d4, d5, ed, e5) are credited with 3 poinks.
The squares which surround these squares
are credited with 2 points. The squargs
which surround those squares are credited
with 1 point. Points are then removed
from amy  square  which 5 inaccessible
to the White King. When this process has
been completed, the credits are totaled
for each sguare 1o provide a bonus map lor
the White King. This map is presented i
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FPoints are also owarded’ or sulitracred for
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zatlan of sguares, etc. A vpe of flow
algerithriy assigns fower and lovwer valies to
squares  in direct  praportion  to thelr
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the right pathway by comstantly searching
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Figure 4: Another end game position,
analyzed by the method of Church and
Church in figures 5 and 6.

figure 3. By applying this bonus map to the
terminal positions of the look-ahead search,
the evaluation process will select a move
sequence which causes the White King to
gravitate in the proper direction. In fact,
the correct sequence of moves will be selec-
ted even if White is restricted to a 5 ply
search each time a move is selected. The
bonus map, though simple In concept,
has a tremendously beneficial effect.

There is an additional point which needs
consideration. In our exposition, we have
assumed that the pawns remained stationary.
If a pawn were to move, the bonus map
would have to be changed. This is not a
major problem, however, since there are
only a small number of positions that can
result from pawn moves, and once the bonus
map has been computed for a given configu-
ration, it can be stored and used each time
that configuration is encountered in the look-
ahead tree. For this reason, the calculations
which are required will not be particularly
time consuming.

Another example of this strategy is based
on the position presented in figure 4. This
is a slight modification of figure 6.7 from
the chapter of Chess Skill in Man and
Machine by Church and Church. To apply
our technique with respect to the bonus
map for the White King it is necessary to
determine which squares are not accessible
to the White King by virtue of pawn control.
As before, these include squares occupied by
White pawns and squares attacked by Black
pawns, The relevant squares are darkened in
figure 5.

The next step is to locate passed pawns

for White. There is only one and it is located
at c6. The two squares diagonally in front
of this pawn (b7 and d7) are credited with
8 points. Squares adjacent to these squares
which are not among the darkened squares
in figure 5 are credited with 7 points.
Squares adjacent to these receive 6 points.
This process is continued until there are
no more available squares or until the credit
value of 1 has been assigned. The next step is
to determine whether any Black pawns are
potential targets. As before, a target pawn is
defined as one which is not defended by a
friendly pawn. In the present example, there
are three candidates: the pawns at a6, d6
and h7. For each pawn, the value of 5 is
credited to the pawn’s square and the ad)a-
cent squares. Then the value of 4 is credited
to each adjacent square. This process of
establishing a gradient of decreasing values
from 5 down to 1 as distance increases
from the target is continued until the last
values have been assigned. This is done for
each target pawn and in each case, squares
darkened in figure 5 are always excluded
from the process. The last assignment pro-
cess is conducted for centralization, with
center squares (d4, d5, e4 and e5) receiving
3 credits each and neighboring squares re-
ceiving 2 credits. The squares one move in
from the edge are assigned the value of 1T and
then credits are removed from any square
which has been darkened. The final step in
developing a bonus map for the White King
is to total the credits for each square.

The composite map is presented in
figure 6. This set of bonus points will en-
courage the White King to move in the
appropriate direction. Without this strategy

Figure 5: Forbidden squares for the position
in figure 4.
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Figure 7: A chess position which can be analyzed efficient-
ly by means of the coordinate square concept proposed by
Ken Church (see references). In this approach, the Black
King must coordinate precisely with the White King in
order to successfully defend its pawns. The technigue is
illustrated in table 1.
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an 11 ply search would be required for
White to discover that the pawn at a6 can be
captured. With the implementation of these
attack gradients for the White King, how-
ever, the correct move can be selected with
only a 3 ply search. As was the case in the
previous example, the establishment of a
plan within the evaluation function produces
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a goal directed search without requiring an
enormous look-ahead tree. This increase in
efficiency is highly desirable.

Because the process is directed by the
location of the pawns, changes in the map
will occur infrequently and therefore only a
relatively small number of bonus maps will
be required for any one search. Once a map
has been calculated for a particular pawn
configuration, it can be stored and used later
whenever it is needed. Although this strategy
seems to work well in the examples we have
presented, it is reasonable to ask whether
this procedure will work in all end game
situations. Unfortunately, the answer is no.

Consider the position presented in
figure 7. This is a famous end game problem
which appears as diagram 70 in Reuben
Fine's classic chess book, Basic Chess
Endings (see references). It was analyzed
in 1975 by Monroe Newborn to deter-
mine if his special end game program,
Peasant, could solve it, After several unsuc-
cessful efforts, Newborn concluded that
the problem would require about 25,000
hours of processor time before a solution
could be found (see Chess Skill in Man and
Machine, page 129). The problem is diffi-
cult, but not as impossible as Newborn
suggests. Because Peasant does not have a
transposition table, the program did not take
advantage of the tremendous number of
identical terminal positions which are
encountered when an exhaustive search is
made of this position. Because the pawns
are locked, the only moves which are pos-
sible are King moves, and this greatly in-
creases the  potential number  of
transpositions.

The position was submitted to North-
western’s chess program Chess 4.5 running
on the CYBER 176 system at Control Data
headquarters in Minneapolis. David Cah-
lander discovered that Chess 4.5 could solve
the problem after a 26 ply search! This re-
quired ten minutes of processor time on the
powerful CYBER 176. Although it is inter-
esting to know that the problem can be
solved by a brute force search, this type of
solution is not particularly elegant and it
requires a level of hardware sophistication
that is not likely to be available in the small
system for a few years yet.

The Coordinate Squares Approach

What can be done to make this problem
more manageable? Interestingly enough,
there is a rather neat approach to problems
of this type which has been examined in
some detail by Ken Church in his under-
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for, we urge you to call COLLECT or send your resume
including salary history to:
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your choice of city, country, mountain or water living,
close to the Nation's Capital and five major universities.

=N " J
Amecom Division

LITTON
SYSTEMS, INC.

5115 Calvert Rd., College Park, Md. 20740
an Equal Opportunity Employar M/F/H
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graduate thesis at MIT. Working with Richard
Greenblatt as his advisor, Church applied
the chess concept of coordinate squares to
this position. The basic notion is that the
Black King must coordinate precisely with
the moves of the White King in order to
successfully defend its pawns. For any
particular square which the White King
occupies, there are only a limited number of
squares which the Black King can occupy
and still hold his act together,

In his thesis, Ken Church presents a fairly
extensive analysis of King and pawn end
games. For our present purpose, we will
limit our analysis to King and pawn end
games in which the pawns are locked and we
will modify Church’s approach to suit our
conditional evaluation strategy. The major
difference is that Church attempts to dis-
cover a complete solution to the problem
using the coordinate squares idea. We pro-
pose, instead, to use the coordinate sguares
approach to provide the evaluation function
with additional chess knowledge. With this
modification, a full-width search of reason-
able depth can find the correct move.

Using figure 7 as an example, the first
step in this process is to determine which
squares are denied to each of the Kings by
the existing pawn configuration. By noting
that each King cannot move to a square that
is occupied by its own pawn or that is at-
tacked by an opponent's pawn, one can
easily determine that squares a4, b4, c5, d4,
d5, e4, e5, f4 and g4 are denied to the White
King. Likewise, squares a5, b5, c5, ¢6, d6,
e5, eb, f6 and g6 are denied to the Black
King. Neither side has a passed pawn, but
there are multiple targets, since none of the
pawns are defended by friendly pawns.

By applying the strategy described earlier,
it 1s possible to calculate a composite attack
map for the White King on the basis of the
target pawns at a5, d6, and 5 and taking
into account the centralization subgoal. The
resulting map for Fine’s position is presented
in figure 8. The squares without a number
are the squares which are denied to the
White King because of the pawn structure.
Given the position of the White King (a1), a
shallow search using this attack map as part
of the evaluation function would encourage
the White King to approach the target pawn
at a5 (eg: b2, c3, ¢4, b5, a53). If the Black
King were more than five moves from a5,
this sequence of moves would lead to suc-
cess. Given that the Black King is at a7,
however, this plan is doomed to failure. In
fact, the first move in the sequence, b2, is
fatal and transforms a winning position into
a draw. There are two important conclusions
that follow from this discovery. The first is
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Figure 8: Bonus map for the position of
figure 7, @ composite attack map for Whijte
based on the target pawns at a5, d6 and 5,
and taking into account the centralization
subgoal.

that our simple goal-gradient approach does
not always work. The second is that chess
end games are much more difficult than a
novice player might suppose.

Let us extend Ken Church’s ideas and
apply the concept of coordinate squares to
this position. First, we wish to assign each of
the squares to one of three categories: under
the influence of the Black King, under the
influence of the White King, or contested.
To do this we compute the distance from
each King to each square, given the con-
straints imposed by the existing pawn struc-
ture. This creates two distance maps, one for
the White King and one for the Black King.
For squares which are not accessible to one
or both of the Kings, we assign a distance
score based on the number of King moves re-
quired to reach that square by traveling
across accessible squares. Next, each square
which is closer in moves to the Black King
than to the White King and is not denied to
the Black King is assigned to Black. Each
square which is closer to the White King
than to the Black King and is not denied to
the White King is assigned to White. The re-
maining squares are assigned to the con-
tested category. The results of this proce-
dure are summarized in figure 9. The squares
assigned to Black are indicated by the letter
B and the squares assigned to White are in-
dicated by a W. The blank squares belong in
the contested category.

If the territory under the influence of
either King is adjacent to an opponent’s
pawn, the contest is essentially settled since
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Figure 9: The square control concept applied to the position of figure 7.
Each of the squares is assigned to one of three categories: under the influence
of the Black King, under the influence of the White King, or contested. To
do this, the distance from each King to each square is computed, given the
constraints imposed by the existing pawn structure. Each square closer in
moves to the Black King and not denied to the Black King is assigned to
Black, and vice-versa. The remaining squares are labelled as contested.
Through a complex series of manipulations and the use of so-called frontier
squares (see text), White is actively directed to attack Black's pawns using the
strategy of trying to prevent Black from moving onto strategic coordinate
squares which are vital to Blacks defense.
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that pawn would be open for capture. Since
this is not the case for the present position,
we wish to define a special category of
squares called frontier squares. A frontier
square is any square under your influence
that is adjacent to an accessible contested
square or is adjacent to an accessible square
under the influence of the opponent.

For the position diagramed in figure 7,
the frontier squares for White are c4 and h4.
The next step is to determine, for each of
these frontier squares, the set of squares
under Black’s influence which, if the Black
King were located on that square, would
prevent the White King from moving from
the frontier square to any of the contested
squares or to any of Black's squares. For the
frontier square at c4, the Black King would
have to be at either a6 or b6 to prevent the
White King from penetrating to b5. For the
frontier square at h4, the Black King would
have to be at gb or h6 to prevent penetration
by the White King. (Note that the Black
King could not legally be at h5 if the White
King were at h4.) These defense squares for
Black can be determined by the machine by
placing the White King on the frontier
square and conducting a shallow tree search
with White to move first and determining

g
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empirically which locations for the Black
King successfully repel the invader,

The next step in this process is to deter-
mine the shortest distance between each pair
of frontier squares. For the present position,
there are only two frontier squares and thus
one minimal distance. Five King moves are
required to travel between the two frontier
squares. If Black is to be successful in de-
fending, the Black King must be able to
move from a defense square for h4 to a
defense square for ¢4 in the same number or
in fewer moves than it takes the White King
to travel between the two frontier squares.

For this reason, each squarc in Black's
defense set for ¢4 must be five or fewer
moves from one of the defense squares for
h4. Also, each square in the defense set for
h4 must be five or fewer moves from one of
the defense squares for c¢4. This requirement
places a further restriction on those squares
which satisfy the necessary defense condi-
tions. One will note that a6 is six moves
from the nearest square in the defense set
for h4. Also, h6 is six moves from the nearest
square in the defense set for c4. Therefore,
the true defense set for ¢4 contains only b6
(a6 will not suffice). The true defense set
for h4 contains only g6 (h6 will not suffice).
Thus, we have determined that when the
White King is on c4 and has the move, there
is one, and only one, coordinate square for
the Black King (b6). If the White King is
on h4 and has the move, there is one, and
only one, coordinate square for the Black
King (gb).

The next step is to generalize this analysis
to squares in White's territory which are
immediately adjacent to the frontier squares.
In this case, squares b3, c3, d3, g3 and h3.
The square at b3 is one King move from the
frontier square at ¢4 and six moves from the
frontier square at h4. If the White King is at
b3, therefore, the Black King must be on a
square which is simultaneously one move
from b6 and six or fewer moves from g6.
The squares which satisfy this condition (ie:
the coordinate squares for b3) are a6, a7, b7,
and c7. This same set of calculations can be
made for the other adjacent squares. The
coordinate squares for ¢3 are b7 and c7. For
d3, there is only one coordinate square,
namely c7. Since the White King can move
directly from c3 to d3 and Black must move
to ¢7, and only c7, to maintain his defense,
it is not possible for him to be on ¢7 when
the White King is on c3. If he were, he
would not be able to move when White
moved from ¢3 to d3 and still satisfy the de-
fense requirements. For this reason, only
square b7 is sufficient for Black when White
is on ¢3. In addition, since b3 is adjacent to
c3, the coordinate square for c¢3 is not avail-
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able for b3. Thus the set for b3 is further re-
stricted to a6, a7 and c7.

If we examine g3, we will discover that
it is one move from the frontier square at h4
and four moves from the frontier square at
cd. This implies that the Black King must be
on a square which is one move from b6 and
four or fewer moves from g6. There are only
two squares which satisfy this requirement,
namely, f6 and f7. Therefore we can con-
clude that no square other than f6 or f7 will
serve as a coordinate for g3. When we ex-
amine h3, we will find that there are three
potential coordinate squares: f6, f7 and g7.
Since this set shares f6 and f7 with the
defense squares for g3, further restrictions
are implied. It is not possible for the same
square to serve as a coordinate square for
two adjacent squares since it is not possible
for Black to pass when it is his turn to move.
Therefore if f6 is assigned to h3, then f7
must be assigned to g3. If 7 is assigned to
h3, then f6 must be assigned to g3.

The next step in this process is to deter-
mine the set of coordinate squares for each
square on the minimum pathway(s) between
the two frontier squares for which the coor-
dinate squares have not yet been deter-
mined. The new squares are e2, e3, f2 and
f3. By following the same analysis as before,
we can determine that the coordinate
squares for e2 and e3 are d7 and d8. The
coordinate squares for f2 and f3 are e7 and
e8. Because of the adjacency restrictions, the
assignment of one of these values automati-
cally restricts the other square to the remain-
ing value.

The results of our coordinate square
analysis are summarized in table 1. When it
is Black's turn to move and White has moved
to one of the squares listed in the table,
Black must be able to move to a coordinate
square. For this reason, the evaluation func-
tion for the machine can be modified to give

Square of the Coordinate Squares for the
White King Black King
b3 a6, a7, c7
c3 b7
c4 b6
d3 c/
e2 d7, d8
el d7, d8
2 e7, ed
f3 e/, e8
g3 f6, 17
h3 f6, f7, a7
h s3]

Table 1: Results of the coordinate square
analysis for the position of figure 7. Shown
are the potential squares for the Black King
which cdefend against the White King's
threats when it is White's turn to move.



a bonus of 20 paints to White for any termi
nal position in the look-ahead tree where it
is Black’s turn to move and the Black King
is more than one move from a NEGES5Ary
coordinate square. If it is White's turn to
move, a 20 polnt bonus will be awarded to
any terminal position in the look-ahead tree
where Black 15 not located on a necessiary
coardinate square.

Let us consider how this in combination
with the White King attack map (figure &)
will affeet the outcome af the look-ahead
search, The machine will try o find a path-
way tosquares ¢3 or d3 because their attack
walue of 7 s higher than any of the sur-
rounding squares, Even batier would be
pathway to c4, since its attack value of 10 is
larger than 7. In each of these cases, the
machine will also try to satisfy the condition
that Black cannot be on a proper coordinate
square whean the White Kin_l,' reaches c3, d3,
of ¢4 so that the additional 20 point bonus
is also earmed. In attempting 1o do this, it
will find that If the White King mowves from
al to either a2 or b2 on his first move, the
20 point bonus will be lost forever. The rea-
som is 1hat cither of these moves allows the
Black King to coordimate and, because of
the minimax strategy, the tree search will
always assume replies for Black which main-
tain this coordination. (T the White King's
first move is (o sguare b1, the Black King
canmob coordinate and the 20 point bonus
will sl be available at some of the terminal
p('-s_':tinn-q in the tres I not 'iI.II';:-I'i‘ui!".g,.
therefare, to find Reuben Fine advising thal
E:-RN1 s the oply pwose foor Whire which pEe-
serves the win.,

In order for the machine to find this
miowe, assuming thal both the attack map
and 1he coordinate sfjuares information arc
incorporated in the evaluation function, a
search of nine plies is reguired. This is a tre-
mendous improvement over the 26 ply
sgirch required by the unmodified program.
In order to actually win a Black pawn, the
White King must move o c3 or od with
Black not in coordination and make a 13 ply
look-ahead search, IT the White King moves
1o 3 with Black not in coordination, an
1T ply search will suffice. In order 1o pre-
vent a draw, White will avoid repeating
iddentical positicond and thies will evenmually
travel to ed. From this vantage |min:. the
win of a pawn can be visualized with 2 9 ply
search, Therefore, the problem could be
aplved by the machine if it searched o a
depth of nine plies for each move calcula-
lion, With a program such as Chess 4.5, a
9 ply scarch for this position can be con-
ducted in less than two minutes on even a
madium power compuier.

The procedures which we have described
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are applicable to a wide range of end game
positions. The coordinate squares analysis
demonstrates that even highly complex end
game positions are manageable when the
full-width search employs a sufliciently
knowledgeable evaluation fupction. Al-
though the examples we have discussed cn-
compass only & few types of chess positions,
we hope that the reader will envision the
power which |8 potentially available when
the evaluation function is modified 1o incor-
porate relevant chess knowledge, The imple-
tlon of this approach on a broad scale
should eventually produce chess programs
which can be run on medium poWer ma-
chines and s1ill compete on equal terms with
strong human players.

ment

Cuiescence

Another important area for the applica-
tian of chess knowledge is the problem of
n:,l._.'.u:.:n:'.r.ln:r 11 is essential that the static eval-
uation function not be applied to a turbu-
lEni |\|:-.|-.|||n. If the next move has the
polential W produce a major periurbation
af the situation, the evaluation which is ren-
dered will not be accurate, For example, i
makes litthe sense to apply a static evaluation
function in the meddie of a piece exchange
or when one of the Kings is in check, | :h
cise, the judgment which is rendered will
mot be reliable, Far this reason Chess 4.5
presently  poes beyond the predetermined
sparch -::L'-|:l‘.|'. At ermimal™ positions where a
capture might be profitable for the side
whiose purm i1 is o move, where certain Lypis
of |.'|||.'|.'Li|'|g manses are passible or where 2
pawn is on the seventh rank. This extended
search  factliey Is called  ihe [uiBsceEnce

and ‘its major objective is to produce
y static positions for which the
cvaluation function can provide accurate
assesEments,
eakness of this present implementa:
tion is thal the definition of a turbulent
pasition 15 much oo parrow. There are
many situations in addition Lo capture
threits, checks on the King, and pawn pro-
metion threats which are clearly terbulont,
Larry Harris has characterized some of these
in chapter 7 of Chess Skill e Mo o
Machine. Harris includes in this category
positions which involve a pawn lever, a back
rank mate threat, or sacrifice potential, The
interested reader can consult Hareis' chapler

FEason

Aw

fear aperational definitions of these patiems,
It 15 egsential o note that these and other
important patterns are nol easily detected
In each case, a fairly sophisticated pattern
analysls capability B required. A reasanable




goal for improvieg lhe present forward
scarch chess programs would be the develop-
ment of an cfficient procedure for detecting
potential sources of turbulence. The central
objective would be to use this information
as ame of the deciddon erteria for lerminat-
ing search at a node. If the position i not
quigseence in respect 10 a potential perturba-
tion which has been detected, the look-
anesd process should be continued.

For example, during the opening when
the machine leaves its library with informa-
tion that the control of a particular suiIre is
an important objective, the decisions sbouwt
scarch lermination can consider whether the
position is gquiescenl in respect to periurba-
tions which mi_qht influece contial of the
key sguare. Another cxample of this idea
involves the end game, If the preliminary
analysis indicates that a particular pawn
should be an attack target, the decision for
search termination should consider whether
each position is quiescent with respect 1o
this poal. Positions at the predotermined
depth level will be evaluated only if all po-
tential attackers are more than two maoves
away from the target. When one or more
attackers are close 10 the goal, the search
process will be continued 1o determine if
capture is feasible. This modification of the
search process introduces a goal direcled
selective search at the terminal positions of
the full-width tree. The addition of several
extra pligs of search at relevant nodes in the
tree can mean the difference between find-
ing and just missing an important continua
tion, This wpe of facility is difficult o
implement and difficult o control properly,
but the potential gains are such thal the
effort is worthwhile.

Esiablishing Appropriate Goals

In arder to implement this goal direction
feature in the evaluation function and qui-
escence sgarch, it is necessary Lo recognize
that a goal which may be of paramount
importance at the base node of the look-
ahezd tree may mo longer be relevant at
some of the terminal nodes. Intervening
Mavés  mady ._l-::l'.l::-|1||"|ii.:.|'| the meLessary !'.',G.'||
or miy alter the situation such that it B no
longer possible. In these cases, the condi-
tional evaluation function would be direcied
at an inappropriate goal. One way o deal
with this problerm would be to select goals
which were both genaral ang |-::|ng range. In
this case, they should continue to be rele-
want a1 the terminal nodes of the look-ahead
tree. Unfortunately, this is a Tairly severe
limitation on the goal directed scarch and is
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therefore not desirable. A second approach
would be to apply pattern analysis at each
terminal node instead of at the base node
only. In this case, the goals which were
selected would always be relevant to the
position. This procedure would be very time-
consuming, since feature analysis is a com-
plex process. The essential aspect of the
problem is a time relevance trade-off in
which a guarantee that relevant goals are
being pursued requires a heavy investment in
additional computing time. The third and
most reasonable approach would be to desig-
nate which features of the position are
crucial to each particular goal and to incre-
mentally update our goals (and thus the
evaluation function and the decision rules
for the quiescence search) whenever these
features change. This is a highly sophisti-
cated approach which would be difficult to
implement.

Conclusion

Let us summarize our conclusions and
relate them to the world of personal com-
puting. We have attempted to argue that a
full-width search strategy is feasible with a
small computer, and that ultimately this
approach will produce better chess than a
selective search strategy. For this plan to be
successful, it is necessary to employ software
and hardware suited to the task. The soft-
ware must incorporate recent improvements
in tree searching strategy (ie: a-f pruning,
the capture and Killer heuristics, iterative
searching, staged move generation, incre-
mental updating, serial evaluation and trans-
position analysis) as well as other refine-
ments such as conditional evaluations which
provide goal direction fo the search process.

On the hardware side, it is necessary to
have a reasonably powerful system. Al-
though there have been a number of recent
efforts to program microprocessor systems
to play chess, the games which have resulted
have not been comparable to those played
by established large system programs. Al-
though it is quite an accomplishment to pro-
duce even rudimentary chess from a micro-
processor system, the level of play to date is
not very encouraging. An example of this
type of game appeared recently in March
1978 BYTE, “Microchess 1.5 versus Dark
Horse,”" page 166.

The type of chess program described in
this article requires reasonably powerful
hardware in order to provide an interesting
game. Because of the many operations re-
quiring bit map manipulation, a 16 bit pro-
cessor is much more desirable than an 8 bit
processor. It Is more efficient to represent



a sef of 64 sguares with four 16 hit words
than with eight 8 bit words. With i need for
computing power in mind, one might select
A microprocessor system based on one ol the
mew high-speed 16 kit processors such as the
Lilog £-8000 or the Intel BO8E, In addition,
this type ol program will require quite a bit
of memary. The program jtsell will require
about W K bytes and & Lranspos lsn
table, i implemented, will need al least
another 20 K bytes, If the pro plins
1o add chess knowledge for conditional eval-
vatkons, a 1olal of 64 K byles is desirable.
An apening library which is sufficient 1o
keep a skilled opponent on 305 Tequires
disk stora
These considerations may dampen the
enthusiism of many would-be chess pro-
gramnees On other hand, 3 realistic
:l'iu:l".ll.'-m at the start could save a great
deal of griel along the way., Wk |mr|r
dlid ;I on fairly sophistic: .I-.'|| hardware, ou

(2]
demonstration chess program will -..-il.l.J|-‘=.
pravede a reasonable chess move after two
ar three mimites of computation, If more
lime is available (eg: selecting
postal chess game by letting the o
“think™ Tor scweral howrs),
able level of play can be anticipated. With
lture hardware improvements, this 1y of
program may soon becoma rl."1|512l|1.||.'l|'5.- COIm-
petitive at tournament time limits, cven on
sl compuling sysiem, =

achine

i Tairly respect
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