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Abstract

This document describes Multigame, a language for exprggbie rules of one-person and
two-person board games, suchchesscheckersand thel5-puzzle The programmer writes the
rules of a game in a Multigame program. From this descriptioa Multigame compiler generates
a (parallel) program that can play the game. The documeesdioth an informal introduction
to the language and a formal definition of the grammar. Theudwnt also describes how a
Multigame playing program communicates moves in a neangeyindependent way.

To improve the quality of the game-playing program, the paogmer can provide an evalua-
tion function with game-dependent heuristics. The evauadunction should be written in C; we
describe the interface in this document as well.

1 Introduction

Multigame is an application-domain-oriented, high-ldeslguage for describing one-person and two-
person board games. A Multigame program describes the tegaés of a game in a formal way.
The Multigame front-end compiler uses this description ¢meyate a (parallel) program that can
play the game. The language offers the programmer a simplgrgamming model. Moreover, the
language hides parallel programming issues such as coroatiam, synchronization, work and data
distribution, and deadlock prevention from the programmer

The class of problems that can be expressed in Multigamesigated. The restrictions are the fol-
lowing:

e The language is designed for board games only. Conceptbdiieds pieces fields players
andmovesare embedded in the language. Card games [iidge) and computer games (like
Quakg cannot be expressed, since they are not based on thesgtonce



e The game must be either a one-player game (e.g.15hpuzzle or a two-player game (e.g.,
chess checkers Othellg, tic-tac-tod.! The rules for both players in a two-person game need
not be the same.

e The board consists of a rectangular, two-dimensional dricttals. Each field holds at most one
piece. Not all fields have to be used (this is useful for gankescheckersnine men’s morris
and Peggedl. The programmer can unfold a three-dimensional “board” sed withRubik’s
cubg to a two-dimensional representation.

e Perfect information is required. This excludes games 8keitegowhere one cannot see the
identity of the opponent’s pieces.

¢ Finally, games that depend on chance or probability areuelecl. Therefore, it is not possible
to playbackgammomandRisk because they require dice.

The Multigame compiler accepts a Multigame program and iggeg an ANSI-C program, that can
play the game against a human opponent or against anothg@utemThe generated program consists
of four major parts:

A move generatqmwhich accepts a valid board and generates all boards thdtecabtained by
valid moves from that board, according to the rules of thegam

¢ A static evaluation functigrwhich accepts a board and computes a value that indicatdsich
extent the board is good for the player who is to make a move.

e A search enginavhich selects a board and decides whether it should use thie gemerator
to expand the tree, or the evaluation function to assign @evia leaf nodes. The programmer
decides which search algorithm to use, for exanghbda-betaor IDA* search.

e Search enhancemernitsat improve the quality of the search, such as a transpasiéible and
the history heuristic.

The move generator is created by the Multigame compiler fadvtultigame program. The evaluation
function is also provided by programmer; this is a functianitten in C. The other parts are contained
in the Multigame runtime system.

Automatic parallelism could be exploited in all three paftshe program, but only the search engine
is suitable for coarse grained parallel architectureshismdocument, however, we will further ignore
the different aspects of parallelism, because all parsitteis implicit, thus the Multigame programmer
need not worry about it. Design issues of the language andrtpiementation of the compiler and
runtime system are discussed in [2].

The remainder of this document is structured as follows.ti8e@ gives an informal introduction
of the language. Section 3 describes the entire languaget&il.dSection 4 describes how a Multi-
game playing program reads and writes boards and how it coniwaies moves. The interface of the
evaluation function is described in Section 5. Appendix ®egiexample programs faic-tac-toe
Connect-4the 15-puzzleOthellg, checkersandchess

1The game ofife can be expressed, although strictly speaking it is a zeapeplgame, since the sequence of moves
from the starting position is fixed. It can be implemented as@ or two-player game, for which a player always has the
“choice” of a single move.



2 The language principles

A Multigame program consists of a number of declarationipfeed by a number of functions. The
declarations are used to specify the number of players, iteedf the board, etc. The functions
contain statements that describe the legal moves. Eaemstat accepts a set of input boards, applies
an operation to each of the boards in the set and puts theingsbbards into the output board set.
The output board set of a statement is the input board seeafekt statement.

A Multigame program requires a definition of the functiamdir?’. It accepts a (singleton) board set
and produces the set of boards that can be reached by doingea mo

The language hasleogolike paradigm [1]: there is a cursor that can be moved overfigglds of a
board. We call this cursor thienger. The finger points at one of the fields of the current board. Man
statements implicitly use or modify the finger.

To describe the legal moves, Multigame uses several imphciables:

e There is aurrent board statewhich contains a matrix dfelds Fields are ordered irowsand
columns Each field can hold at most opégce Whether white or black is to make a move (in
two-person games) is part of the board state.

e There is a cursor which we call thimger, pointing at one of the fields.

e Thecurrent directioncan be set to north, northeast, east, and so ostef statement moves
the finger one field in the current direction.

¢ Finally, there is éand which can temporarily hold a piece. gick up statement removes the
piece from the field currently pointed at by the finger. Thecpiés held in the hand while the
finger can be moved across the board, unpguadown statement is performed.

2.1 Some examples

The rules of a certain game describe the legal moves fromiigrosT he following artificial examples
illustrate how the language works.

di mensi ons (5, 5)

pi eces
{
rook 'R 'r’
}
main = find rook,
pi ck up,
nort h,
st ep,
put down.

This example shows that the game is played on-a®board, that there is one piece called “rook”,
and how to move a rook forward. THR’ and’r’ are used for displaying the board on an ASCII
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terminal.

Now look at an example input board for this game. Assume tlétiais the player to move. The first
statementind rook searches for all white rooks. In this case, there are threewdoks, so it creates
three copies of the boafdEach copy has its finger initialized to a different rook. Froow on, we
continue with three different, independent boards.

The second statemepick up continues with each of these boards and takes the currektfirom
the board. This piece is kept in the hand, and will be put dater lusingout down.

Before stepping, we need to set the current direction of dmelrd. This is done usingorth; it
initializes the current direction to “north”. The actuaéptis done at the fourth statement by moving
the finger one field in the current direction. The examplestiates the following cases.

e The board with the finger pointing a2 now has the finger pointing a8.

e The finger pointing ah3 now points at the black rook a#. A finger can point at aryfield,
regardless whether it holds a black or white piece, or nogo@all. This does not (yet) cause
the black rook to disappear from the board.

e The finger pointing a#l5 falls of the board. We do not allow pieces to fall off the bqatuis
the command fails and the board does not appear in the owgput s

Now we proceed with two boards and execptd down. In the case of the board with the finger
pointing ata4, the black rook is replaced by the white rook, which we s@thn our hand. This is
the normal way to implement capturing.

So we see that with the rules of this game, the above examgligsytiwo boards:

We assumed that white was to move, but now consider what hagpelack is to move, using the
same example.

Black is supposed to be on the other side of the table (beazHube absence of sidesdeclaration,
see Section 3.4.3). From black’s point of view, “north” igle opposite direction, so black will move
one of its rooks in the downward direction. Note that blac&l& allowed to make a capture move.

The result set for black is:

2The copying is conceptual; the Multigame compiler generatele that does backtracking.
3Except for unused fields, see Section 3.4.4.



2.2 The real rook move

We saw how to specify the rules that allow a rook to move ond fi@iward, but inchess the rook
may move in all the four orthogonal directions and it is alfoveed to move more than one field.
However, it may not jump over other pieces (we do not considstling in this example) and it may
capture opponent’s pieces only. Now we are going to modifyppagram so that the rook behaves
the same as iohess

First, we have to change the line which specifies the direatiorth. This can be done using the
either construct:

main = find rook,
pi ck up,
ei ther north or west or south or east
st ep,
put down.

but because of its common use, there exists an abbreviation:

main = find rook,
pi ck up,
ort hogonal,
st ep,
put down.

The effect of theorthogonal statement is that each input board is copied four times, lzaidfor each
board the copies have their current directions initializedorth, west, east, or south, respectively.

The second modification is harder, because the rook may move ttman one field, but not jump over
other pieces, although it may capture an opponent’s pieeghéfefore use thepeatstatement. The
repeat statement allows a block of statements to be repeated arcaneunt of times. In its simplest
form, this number is fixed, as in

repeat 3 times step.
which is equivalent to
step, step, step.

The power of the repeat statement comes from the fact thatce @f code can be repeated over a
range of timesThe statement

repeat 2 .. 4 tinmes step

could have been written otherwise using #ither construction (Thdg and] brackets are used for
grouping) :



either [ step, step ]
or [ step, step, step ]
or [ step, step, step, step].

So we see that in this example the number of output boardsrsoat three times the number of
input boards At most because thetepcommand might fail. Suppose that the finger could be moved
two fields, but when it does a third step, it would point outsile board. Then a fourth step is also
impossible, so the iteration stops after applying two stdp® this particular input board, only one
output board would be generated.

To express that thetep command should be repeated one or more times, the keyinbraty is
specified as upper bound. This does not mean that the stepevkecuted infinitely, because the
finger will eventually step off the board and fail. The exaenpl

repeat 1 .. infinity tines step

is still not what we want, because now we are able to jump omgmpéece and we can even capture
our own pieces. To solve these problems, we reformulatedbk move: a rook must make a step,
slide zero or more times over an empty field, and must finaliptpat an empty field (non-capture
move) or an enemy piece (capture move). The following exarfgrimalizes this rule:

mai n = find rook,
pi ck up,
ort hogonal,
st ep,
repeat 0 .. infinity times[ points at enpty field step],
either points at enmpty field or points at opponent’s piege
put down.

Thepoints at empty field statement fails if the finger points at a field that is not empust like the
stepstatement, it cuts off the iteration of tinepeat statement if it fails.

Note that we can reformulate “points at an empty field or anmgnpiece” as “does not point at an
own piece”. Thenot statement serves for this purpose, so we can make our codegoompact and
get this:

mai n = find rook,
pi ck up,
ort hogonal,
st ep,
repeat 0 .. infinity times[ points at enpty field step],
not points at own piece
put down.

To structure a Multigame program, the rules can be split iresd functions. The example shows
only how to move a rook, but there could have been other pietese moving rules are preferably
defined in other functions. It does not matter in which ortherdifferent functions are defined.



mai n = either rook_nove or king nove.

find rook,

pi ck up,

or t hogonal,

step,

repeat 0 .. infinity tinmes|[ points at enpty field step ],
not points at own piece

put down.

r ook_nove

ki ng_nove = ..

We saw that many statements (eaither ... or ... ,not... ) have arguments that are statements (or
statement sequences) itself. Grammatically, a sequerstatefments, surrounded by square brackets,
is a statement. Statements are always type compatibléathsents implicitly accept an input board
set and implicitly produce an output board set. Thus evatestent can be argument of a statement
like either or not, and arbitrary complex rules can be built.

2.3 Winning, drawing, and losing a game

The rules of a game describe how a game is won, lost, or drawtw@-player games). In general,
there are two (not necessarily disjunct) ways to end a game:

e The player who is to make a move cannot make any legal move.gd@ime ends with a win,
draw or loss, depending on the rules.

e A certain pattern appears on the board, such as “four in a.row”

Before we know how to deal with a won, drawn or lost game, wedrteedetect such a situation.
Therefore, we are going to look at some more commands thatfene used for that purpose.

Let us begin with thdry statement. Many games have rules like “if you can do this, ypustdo
s0”, possibly followed by “otherwise you must do somethitge& Thetry statement is similar to
if-statements in other languages. However, other langihgee a separate if-condition followed by
a then-statement. In Multigame, they are melt together anldack.

With this statement, we can specify that a game ends in a daplayer cannot make a move:

mai n try Il egal _nove el se draw

| egal _nove

If the player cannot make a legal moveainreturns a singleton output set, and the board has been
marked that the game has ended with a draw. We do this, beta$enctionmain may not return
an empty set; a runtime error occurs if the input positiotsfen produce at least one output board.

Another common sequence is used for the case that a game i$ avoertain pattern is recognized:

mai n = | egal _nove,
try [ test four_in_a row, win].



Here we introduce theest statement. In fact, it is the counterpart of that statement, which we have
seen before. For each board in the inpestfails if its argument fails, but continues withe original
board statédf its argument produces a non-empty set. Omittingtdstwould continue with the board
state(s) as left by the argument.

It is important to understand the difference betwagn testandnot. Therefore, we summarize their
behavior in the following tableB is the input board set. Note that for simplicity, we assunag Bh

is a singleton. For the general case whBreonsists of multiple boards, the rules below are applied
to each board iB separately. The following table shows the output sets fertit, test, andnot
statements for the cases that the argun$gmésults in an non-empty or empty set, respectively.

Statement SI(B)#9 | Si(B)=9
try § Si(B) B

try S elseS Si(B) S(B)
testS; B 0]

not § %] B

There are many ways to defifi@ur_in_a row. One of them is as follows:

four _in_a row = any direction
optionally [ step backward points at own piece],
repeat 3 times [ step, points at own piece].

We assume that the finger still points at a newly placed mar#t,that we want to test whether it is
in a line of four consecutive pieces of our own color. If ittlse newly placed piece is either on one
the end of such a row, or next to the end. Tpionally statement continues both with and without
applying its argument. If the newly placed piece happenstodxt to the end of a row, the row will
be found because the finger will have been moved to either ettteaow by the argument of the
optionally statement. If the newly placed piece was already on the ettteabow, the row will also
be found because tlaptionally statement also succeed without applying its argument.

Theoptionally statement does not work for testing five-in-a-row. One wale five-in-a-row is to
keep on walking until an end of the row is reached, and testtvenéhe row is long enough (this need
not be done in all directions):

five_in_a row = either north or northeast or east or southeast
while [ step backward points at own piece] do nothing,
repeat 4 times [ step, points at own piece].

For each board in the input set, thile statement alternately applies its two arguments¢tralition
and thebody), until the condition fails. When the condition fails, thides effects causes by the (last)
execution of the condition are undone, and execution resush¢he next statement. Thus, if the
last step backward in the example succeeded but did not abart own piece, the step backward is
undone. If the body of avhile statement fails, the entinghile statement fails. In the example, the
body cannot fail, since theothing statement always succeeds.

To test very long sequences, it may be more efficient to stakihg in two opposite directions and
count the lengths explicitly usingroperties which are explained in Section 2.4.

Games can also end after a particular board state is readednatch statement tests all fields for
a particular state. The following example shows how one t&gtlk in the8-puzzlewhether the target



state is reached:

target _reached = try [
mat ch ( enpty field piece_1, piece_2,
pi ece_3, piece_4, piece_5,
pi ece_6, piece 7, piece_ 8 ),

]

The pieces are listed left to right, top to bottom.

2.4 Expressions and properties

Some games have rules that require extra board state tossxgaene-specific properties like castling
and en-passant permissionsciness Therefore, Multigame supports user definaptepertiesthat
can be used to determine whether a rook has already been namedo on. A property is some kind
of named variable, associated with a board or a player. @tlyréhe only type that is supported is a
subrangeénteger. For most purposes, this is sufficient.

Let us take a look at an example. @thello the game ends as soon as no player can place a new
piece, i.e. if one player cannot do a move, the player is fbtogpass, but if the opponent cannot do

a move either, the game has ended. We therefore need a boalealnle that remembers whether a
player passed in its last move. We define a board’s proparsgedas a boolean integer as follows:

properties

{
}

Note that theproperties declaration should immediately follow thg@ecesdeclaration. A typical
piece of program code that uses this property is this:

passed : board: [ O .. 1].

main = try [ |egal _nove, assign (passed = 0) ]
else try [ assert (!passed), assign (passed = 1) ]
el se end_gane.

Two new statements are introduced heassignandassert Both statements require a C-like ex-
pression. assignjust evaluates the expression, lagsertalso checks for a non-zero result. If the
expression evaluates to zero, the statement fails.

The code above shows three possibilities. If the currernytgolean make a legal move (ilegalLmove
produces a non-empty set), the propgragseds set to zero. Ifegal movefails, it testslpassedo see
whether the previous move (by the other player) resultedpass. If this is not the case, it assigns one
to passedo indicate that the player has passed. However, if the @sdails, the whole try-block
fails and the functiorend gameis called.

We have not yet defined the functi@md gameyet. It should count the pieces to determine which
player owns most pieces. To implement this, we need a varifll stores the number of own pieces
minus the number of opponent’s pieces. We declare this ff@mviog way:



properties

{
passed : board | 0 ..

11].
score : tenporary: [ —64 .. 64 ].
}

The propertypasseds persistent between moves, because it is part of the beeel SThis kind of
properties is used to test equivalence between boardsruhaime the program compares two boards
with each other, and both boards have the same pieces attieefigdds, the same player to make the
next move, but differ in property value(s) only, the boards ot considered equal.

In the previous example, we do not wabreto be persistent between moves. We therefore declare
the property to béemporary,* to ensure thascoreis only alive within one move and not between
moves.

As an illustration, we also show the code that implementstitegamefunction:

end_gane = assign (score = count(own piece) — count(opponent’s piecd),
try [ assert (score > 0), win ]
else try [ assert (score < 0), loss ]
el se draw

A property can also be associated with eptdyer. It is much like the board’s property (likeassedl
but private copies for both the white and the black playekap. This is useful if one wants to record
separate rights for both players, such as castling rightbéss

properties

{
}

This eases programming, because the programmer need netseparate code for the black and the
white player (although it can be done). For example, modgynay castleleft only influences the
value for the current player, but not for the opponent, ekdejhe name of the property is prefixed
with opponent’s white’s, or black’s. Player’'s properties are persistent between moves. Pdayer
properties are not allowed in one-player games; board’pgaties can be used instead.

may_castle_left, may_castle_right : player : [ O .. 1].

2.5 Other useful statements

There are some statements that have not been describedityatetworth to be mentioned here. For
a full description, see the section about the formal desoripof the language.

nothing does nothing. Occasionally the Multigame syntax requires i

irreversible states that this move causes a conversion, i.e. that in thaimeler of this game, it is not
possible that this board will appear again. It is not obbggt but could improve the quality of the
generated code.

4This is more a quick hack in the current compiler than an elegay of implementing variablesemporary variables
should not be declared in thoperties section; in fact they are not properties at all. They shoeddeally declared, but
to be useful, this also requires the implementation of bgdteference argument passing to other functions.
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move to... andany position are alternate ways to initialize the finger.
turn ... is a simple way to change the current direction.

replace by... is a useful statement to introduce new pieces and an alienaty to implement
capturing.

white to move andblack to move provide a way to implement rules that are different for thatevh
and the black player. It is suggested to use them withily @r aneither statement.

optionally ... is equivalent teeither nothingor ... .
while ... do... anddo... while ... loops are useful for iterating statements.

all positions ... applies its argument to all positionall directions ... applies its argument in all
directions.

restore position after... restores the finger after applying its argument so that myscat the field
before the argument was applieéstore direction after ... restores the direction after applying its
argument to the direction before the argument was applied.
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3 Reference manual

3.1 Introduction

This section describes the Multigame language formally.

A Multigame program describes the rules of a board game. Rrdfaltigame program, a Multigame
compiler generates a move generator that is used by a gaym@lruntime system. The move
generator’s task is to generate the list of legal moves fragivaposition.

The Multigame language is restricted to handle the follgngtass of games:

e The game must belaoard game

The game is either for one or for two players.

The board consists of a two-dimensional, rectangular grifiletds. Not all fields need to be
used, and conceptual transformations from non-rectangpolards are often possible.

Perfect information is required (i.e. no pieces with hidd#emtities are allowed).

Games that depend on chance or probability are excluded.

The language is based on a combination of the Logo and Pretaggmming paradigms. The lan-
guage has implicit knowledge about the concepts “boardé|dfi “piece”, “player”, and “move”. To
describe a move, Multigame uses several implicit variables

e There is acurrent board statewhich contains a matrix dields Each field holds at most one
piece Whether white or black is to make a move (in two-person gansesonsidered part of
the board state.

e There is a cursor which we call thienger. The finger points at one of the fields of the current
board. Many statements implicitly use or modify the finger.

e Thecurrent directioncan be set to north, northeast, east, and so ostef statement moves
the finger one field in the current direction.

e There is ahand which can temporarily hold a piece. pick up statement removes the piece
from the field currently pointed at by the finger. The pieceetdrin the hand while the finger
can be moved across the board, unfid down statement is performed.

Each statement accepts a set of boards as input and appéissa tnodification to each position in
the input set. For each position for which the statementesats, the resulting boards are placed in
the output set (some statements can succeed in multiple avalygield multiple boards). The output
board set of a statement is the input board set for the nebeinséant.

The programmer can define functions to structure a Multiganogram. Each function has a set of
boards as an implicit formal argument, and implicitly retsithe set of boards that results from ap-
plying the statements to the actual argument. Functionalkneed to be recursive. The programmer
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must provide a functiomain The Multigame runtime system calls this function with agéérton
input position and expects it to return the set of boardsdhatbe reached by doing a legal move.

3.2 Lexical conventions

White spaceonsists of spaces, tabs, and newlines. White space sepéesical tokens.
A <character-constant is an apostrophe, followed by a printable character andn@n@postrophe.
An <integer> is a sequence of one or more digits.

An <identifier> starts with a letter or underscore and is followed by zero oratetters, underscores,

or digits. The following identifiers are reserved keywordstg that the keywords with an apostrophe
are not identifiers):

after all any anyone’s assert assign
at avoid backward black black’s board

by column count diagonal dimensions direction
directions do down draw east either
else empty exchange field find forward
infinity irreversible layout loop loss match
north northeast northwest move not nothing
opponent’s optionally or orthogonal own pick
piece piecenumber pieces player players points
position positions properties  put repeat replace
restore row sides southeast  south southwest
step symmetry temporary test times to

try turn west while white white’s
win

It is recommended to avoid using the following identifieiace they may be used in the futurease
declare, andswitch.

3.3 The Multigame syntax

<progrant + <declarations> <rules>

A Multigame program consists of a number of declarationoficed by a number of rules.
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3.4 Declarations

<declarations> +— <players> ?
<board-size-
<nr-sides> ?
<board-layout- ?
<symmetry-declaration ?
<pieces-declaration
<properties> ?

A Multigame program starts with a number of declarationsly@me dimensions of the board and the
names of the pieces are obligatory. The order of the dedarats fixed.

3.4.1 Number of players

<players> + players =’ <integer>

This declaration specifies the number of playetsnteger> must be 1 or 2. If the declaration is
omitted, the game is for two players.

3.4.2 Board size

<board-size- + dimensions '(' <expressiop> ', <expressiop> ')’

This declaration defines the size of the boardexpression> defines the width or the board, and
<expressiop> the height. Both must be greater or equal to 1. The declaratiobligatory.

3.4.3 Board orientation

<nr-sides> < sides =" <integer>

This declaration specifies in two-player games whether kageps are on opposite sides of the board.
sides = 2states that the white player sits on the lower side of thedaad the black player on the
upper side. As a convention, both players see the origineobtiard, with coordinates (1,1), on their
lower left-hand side of the board. This implies that the iorifpr the black player is the opposite
corner field of the origin for the white player. Moreover, @titions are reversed: whabtrth means
for one player meansouth for the other.sides = 1states that both players sit on the lower side of the
board, and see the board from the same perspective. If tharaegon is omitted, both players are on
the opposite sides. The declaration is not allowed in oaggrlgames.

3.4.4 Board layout

<board-layout> +— layout’{"[™ || ]+"}

In some games, such abeckerssome fields are never used. It is possible to describe wieddtsfi
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will never be used, by drawing an approximation of the boaysbut. A™* means that the field may
hold a piece, but fields marked with or with "= will always be empty. A field marked with-' can
be stepped through, while a field marked withcannot, as explained in Section 3.5.7.

| ayout
{
}

shows the fields used with:8 8 checkers

If <board-layout> is specified, it should contain exactlyidth x heightdots, asterixes and minus
signs. If it is omitted, all fields default t&' , i.e. each field can hold a piece.

3.4.5 The symmetry declaration

<symmetry-declaration <+ symmetry <symmetry-lines

<symmetry-lines + all directions | orthogonal | diagonal |
[ <direction> - <direction> ]

<direction> < north | northeast | east| southeast| south | southwest| west |
northwest

The symmetry declaration is used to express that a boardiég/alsymmetrical in some lines, i.e. that
boards that are each other’s mirror image always have the saaiuation value. For example, with

tic-tac-toethere are four symmetry lines: horizontal, vertical andydiaal. This can be expressed as
follows:

symretry all directions

If there is only one symmetry line, for example the verticaépit can be expressed as:

symretry north-south

It is not obligatory to express existing symmetry lines, bytdoing so, more efficient code can be
generated.

5The current compiler does not use this information.
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3.4.6 The pieces declaration

< pieces-declaration < pieces {’ <piece-declaratiop- + '}’
<piece-declaration « <identifier> <character-constant> <character-constant> ?

Declares the names and representations of the pieces. & péue<identifier> may not be dield
number i.e. an lower or upper case letter followed by one or morétsligrhe character constants
are used as representation for a white and a black queerectesty (see Section 4)<character-
constang> must only be specified in two-player games and may not befsgea one-player games.
A character constant may be used ofce.

3.4.7 Properties

< properties> properties '{" <property-declaratiop- * '}’

< property-declaration- <property-names I’ <property-owner '’ <property-type

<property-names <identifier> [ ', <identifier> ] *

I N §

< property-owner board | player | temporary

< property-type- + [ <constant-expressign- '.." <constant-expression- |’

A propertyis a kind of named variable, associated with scomeer, and of a particulatype The
name spaces for properties and pieces are separate.

A property can be associated witbaard aplayer, or can baemporary A property that is associated
with a board extends the board’s state; two boards with theegaieces on the same fields but with
different board property values are considered differ&nproperty that is associated with a player is
like a property that is associated with a board, but sepamdtess for the white and the black players
are maintained. Player properties are not allowed in omsgmegames. A temporary property does
not extend the board state; it is a global variable with ditife that spans the time to compute all
moves from a position. Board and player properties pergsv®en move$. In a future version of
the language a property may also be associated witbce

A property is of a certain type; currently only subrange gaes are supported. This may be extended
with position, direction, piece, and board types in the ffieitu

All properties are declared in a singteproperties> declaration. If no properties need be declared,
the <properties> declaration can be omitted. Multiple properties with thensaowner and of the
same type may be declared in a singlproperty-declaration-.

Properties can be usedassignandassertstatements (see Section 3.5.12).

6This currently imposes a limit on the number of differentgais.
"The name “temporary property” is a misnomer and its adopitihe language is inelegant, but is introduced to keep
the language and a compiler implementation simple.
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3.5 Rules

The last section of a Multigame program formally descrilbesleégal moves.
<rules> + <functior> +

Each Multigame program contains one or more functions, lvfoemally describe the movement and
capturing rules of a game.

3.5.1 Functions

<functior> +— <identifier> '=" <statement-sequense.’

A function’s name is specified byidentifier>; its body by <statement-sequense A function
implicitly takes an input set of boards as formal argument amplicitly returns an output set of
boards. Explicit parameter passing is not possible; thghinthange in the future. The name spaces
for function names, piece names, and property names areasepdt is not allowed to define a
function twice.

Definition of the function fair’ is obligatory. The Multigame runtime system catisain with a
singleton board set: the position from which a move is to bdena

3.5.2 Blocks

< statement + [ <statement-sequense]’
<statement-sequense <+ [ <statement '} ?]+

A blockis a sequence of statements, surrounded by square bradketszomma at the end of each
statement is optional. The board output set of a statemethieisnput board set of the following
statement.

3.5.3 Piece descriptions

The statementind ... , points at... andreplace by... as well as the expressiaount(... ) use
the following grammar rules as argument:

<piece-description + <owner> ? [ piece| <identifier> ]

< piece-descriptior + empty field

<owner> < own | opponent’s| anyone’s| white’s | black’s

The <owner> part is optional; the default iswn. If pieceis given, any piece of the appropriate color
matches. Otherwiseidentifier> must be a piece name declared in fiecesdeclaration.anyone’s
piecematches every piece but it does not match an empty field.
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3.5.4 Initializing the finger

There are several commands that initialize the finger. The\der of a command which uses an
uninitialized finger is undefined. The Multigame compilerynproduce an executable that tests the
validity of the finger, so that it can print a runtime errortifneed not do so.

< statement < move to <position-expression
< position-expression + '( <expressiop> "' <expressiop> ')’
< position-expression < position

Initializes the finger to point at the field denoted kyosition-expressian for each board in the
input set. If the finger points outside the board or at a fielt th marked as “never used” in the
<board-layout> declaration, the board is discarded from the output set.

A <position-expression can be constructed from a column numberekpression>) and a row
number gexpressiop>). See Section 3.4.3 for a discussion about the coordinétibe doard.

position denotes the current position, and is not useful m@ve to... statement, but is there for
future extensions in the Multigame language.

< statement < any position

Creates for each board in the input set as many board as nemdgdthat each copy has its finger
initialized to a different field. There are no boards creatdtth a finger pointing at a field marked as
“not used” in the<board-layout> declaration.

< statement + find <piece-description

Equivalent tg any position , points at <piece-descriptior | (see Section 3.5.6).

< statement + all positions <statement>

Applies <statement> to all used fields. The order in which the finger is iterated nspecified.
Only succeeds if all iterations succeed. After all itenasi@re performed, the finger is restored to the
original position. Often used to set all fields of the board.

3.5.5 Setting the direction
< statement < north | northeast | east| southeast| south | southwest| west |

northwest

Sets the current direction to “north”, “north-east”, “éassouth-east”, “south”, “south-west”, “west”,
or “north-west”, respectively.

< statement <+ any direction
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any direction copies each board 8 times, and initializes their currergations to “north”, “north-
east”, “east”, “south-east”, “south”, “south-west”, “w&or “north-west”, respectively.

< statement <+ diagonal

diagonal copies each board 4 times, and initializes their currergations to “north-east”, “south-

east”, “south-west”, or “north-west”, respectively.

< statement + orthogonal

orthogonal copies each board 4 times, and initializes their currereations to “north”, “east”,
“south”, or “west”, respectively.

< statement + turn <constant-expression

Turns the current direction of all boardxonstant-expressiondegrees. The angle must be a multiple
of 45. A positive value indicates a counter-clockwise tamegative value a clockwise turn.

< statement + all directions <statement>

Applies<statement> in all directions. Restores the finger to the original valaetetime< statement>
is applied. The order in which the direction changes is ucifipe. Only succeeds K statement>
succeeds all times. The direction is undefined after thersiamt succeeds.

3.5.6 Testing pieces

< statement < points at <piece-descriptior

Succeeds if the finger is pointing at a piece matchimgece-descriptior; fails otherwise.

3.5.7 Stepping

< statement + step[ backward | forward ] ?

Moves the finger one field in the current direction (or in theagite direction ifbackward is ap-
pended). Fails if, after stepping, the finger points outsideboard or if the finger points at a field
marked with’.” in the <board-layout- declaration. If, after stepping, the finger points to a field
marked with’—", the step igepeateduntil the finger points outside the board or at a field marked
with ' (the statement fails in both cases), or at a field marked Witin which case it succeeds).

3.5.8 Moving pieces

< statement + pick up

Picks up the piece currently pointed at by the finger and k@apshe hand. After picking it up, the
field is made empty. If the field was already empty, the handshah “empty field”.
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< statement < putdown

Puts down the piece held in the hand (obtained by the mosttrpaek up or exchang¢ at the field
currently pointed at by the finger. If there was already ag@icthat field, it is captured (i.e., removed
from the board). If the hand holds an “empty field”, the fieldlsared. Multiple successiyait down
statements are allowed but do not stack, thus in the sequence

find king, pick up,
find queen, pick up,
put down,
put down,

both put down statements put down a queen. The behavior is undefined ifeeeg@mgpick up has
been performed.

< statement + exchange

Exchanges the piece pointed at by the finger and the piecaétiblel hand. Either may hold an “empty
field”. The behavior is undefined if no precedipigk up has been performed.

< statement + replace by <piece-description

Puts a piece at the field pointed by the finger. If the piece riaragiece-descriptior is an identifier,
the field is replaced by a piece with the given name, with tHeragiven in <piece-descriptior
(default isown). anyone’sis not allowed in<piece-descriptior. If pieceis specified instead of a
piece name, the color of the piece currently pointed at isostéte color given in<piece-descriptior
(again,anyone’sis not allowed), or does nothing if it was an empty fielgplace by empty field
clears the field.

3.5.9 Function invocation

< statemernt «— <identifier>

Calls function<identifier>. It is not necessary for the definition of the callee to telljuarecede the
point at which the function is called. Functions may be rsiver.

3.5.10 Conditional execution

<statement <+ test <statement>

Each board in the input set is applied <statement>. If the result is a non-empty set, tloeig-
inal board is placed in the output set, thus all side effects gtatement> are undone. Fails if
<statement> produces an empty set.

<statement < nhot <statement>
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Each board in the input set is appliedtstatement>. If the result is an empty set, tleeiginal board
is placed in the output set, thus all side effectscistatement> are undone. Fails ik statement>
produces a non-empty set.

< statement +— try <statement>

Each board in the input set is applied <statement>. If <statement> is non-empty, this result
is placed in the output set; otherwise the original inputrtdda placed in the output set. Always
succeeds.

< statement + try <statement> else<statement>

Each board in the input set is applied <statement>. If <statement> is non-empty, this result
is placed in the output set. Otherwise, it executesatement> instead and places this result in the
output set. There is an ambiguity in they / try -elsegrammar rules: it is resolved by having the
else-part belong to the closest preceding try-part.

3.5.11 Restoring the finger or direction

<statement « restore direction after <statement>

Executes<statement>. The direction is then restored to the value befastatement> is applied.

< statemernt + restore position after <statement>

Executes<statement>. The finger is then restored to the value beferstatement> is applied.

3.5.12 Expressions

Expressions are almost the same as in C. The sizeof, comnefeace, address, and index operator
are not supported.

< expression + <owner> ? <identifier>

<identifier> must be a property, declared in tipeoperties section. If the property is a player's
property,<owner> (see Section 3.5.3) may be prefixed to select the playerytiedsown). It is not
allowed to prefix a property witanyone’s A property can be used as rvalue or as Ivalue.

<expression + <integer>
< expression + count’(" <piece-descriptior ')’

Counts the number of pieces that matchiece-descriptiorr. Note thatcount ( empty field ) does
not count the fields that are marked as “never used” inktheard-layout> declaration. May not be
used as Ivalue.

<expressio < row | column
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Gives the current row resp. column number. May not be usedshsd.

<expression < [row | column]’(" <position-expression ')’

Extracts the row resp. column number freaposition-expressian. May not be used as Ivalue.
<expression + '( <expressiop>"Y’

Used for grouping.

< expression + <prefix-operator- <expressiop>

<expression + <expressiop> <infix-operator- <expressiop>

<expression < <expressiop> <postfix-operator

< expression + <expressiop> '?" <expressiop> '’ <expressiog>

< prefix-operator- e T R N R I S

<infix-operator> ST % [ LTSS L IE ST >
== 0= & [ ) R& R R %
+= = LE US> E&E ]|

< postfix-operator — =

Ambiguities are resolved in the same way as in C.

< statement < assign<expression

Evaluates<expression for each board in the input set. Always succeeds.

< statement < assert<expression

Evaluates<expression for each board in the input set. Fails if the expression etaekito zero; suc-
ceeds otherwise. Kexpressior is a postfix increment or decrement, the test for zero is peréol
before the increment or decrement takes place.

3.5.13 Multiple choices and loops

< statement + either <statement> [ or <statement> | *

Specifies that exactly one of the alternatives is executd Whole input set is copiastimes, and
these sets are independently of each other applied to tieeatif alternatives. The statement succeeds
for any succeeding:statement>.

<statement < repeat <repeat-range- times <statement>
<repeat-range- +— <integeq >
<repeat-range- «— <integer>"'.. [ <integep> | infinity ]
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Specifies that a rule should be applied multiple times. Imijpéest form,<statement> is repeated

a fixed number<integer >, of times. If a range of repetitions is given, the output sedefined as
the union of all sets produced by applyirgtatement> i times, for alli such thatinteger > <i <
<integep>, or for alli such thakcinteger > < i if infinity is given as upper bound. In the latter case,
<statement> should fail after some iterations or the move generator wifl out of stack space.
<integer > may be zero<integer > may not be smaller thaginteger >.

< statement <+ optionally <statement>

Equivalent toeither nothing or <statement>, or equivalently,repeat O .. 1times <statement>.
Intended to state that the player is allowed, but not obligeapply a rule.

< statement + while <statement> do <statement>

Each board in the input set is alternately applieetgtatement> and<statement> If <statement>
is the first to fail, the side effects caused by the last execudf <statement> are undone, and
execution is resumed at the next statement<statement> is the first to fail, the wholavhile
statement fails, and the result does not appear in the osgtutlf <statement> or <statement>
introduces new boards (by duplication), execution comtinfior each board separately.

<statement + do <statement> while <statement>

For each board in the input set, tries to executgtatement> and <statement> alternately. If
<statement> fails first, the wholewhile statement fails, and the board disappears from the output
set. If <statement> fails first, the side effects caused by the (last) executior statement> are
undone, and execution is resumed at the next statemenstdfement> or <statement> introduces
new boards (by duplication), execution continues for eawdrd) separately.

3.5.14 The final move

<statement < win | draw | loss

States that this board is a leaf in the search tree. Note &t keaf in the tree must be marked by
eitherwin, draw orloss It is a runtime error if mair’ returns an empty set; this would imply that the
board given as input torain’ was a leaf node (no moves possible from this board), witlaving
been marked as one.

3.5.15 Miscellaneous

<match> + match’( <piece-description-list ')’
< piece-description-list «+ <piece-description [ ', <piece-description | *

Tests whether the board matchepiece-description-list. Each<piece-descriptio should unam-
biguously specify one piece empty field. If the board does not match, it is removed from the output
set. The pieces should be listed from left to right, top tddrat from the white’s player perspective.
Only fields that are actually used should be specified.
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< statement < [ white | black ] to move

Only succeeds if the indicated player is making a move. Itliamsed to implement rules that are
different for black and white.

< statement + avoid loop

Operates on the current field. Checks whether during thisenamavoid loop statement has been ex-
ecuted before with the finger pointing at the current fieldlshathis is the case; succeeds otherwise.
Often used in conjunction with repeating statements anagrse@ functions.

< statement < irreversible

States that the current move is a conversion, i.e. that imaimainder of this game, it is not possible
that this board will appear again. It is not obligatory, batlel improve the quality of the generated
code. Always succeeds.

< statement < nothing

This statement does nothing. Occasionally the syntax regjiti
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4 Input/ Output

A game-playing Multigame program reads the opening boasitipa from standard input or file, and
can write the board obtained after doing the “best” move émdard output or file. The format is
described in Section 4.1.

A game-playing Multigame program can also read and writalifierences between the position from
which a move is made and the position to which a move is made araost game independent way.
The format is described in Section 4.2.

4.1 Boardl/O

In this section we describe the format of the input and oulymairds. Both input and output have the
same format, so that the output of one program can be pipedtietinput of another program. The
format is human-readable; it contains no control character

The format is divided into three sections:

¢ Positions of the pieces,
e User defined properties,

e Player to make the next move.

In the pieces-declarationof a game (see Section 3.4.6), one or two character constauns be
defined which state the representation of a white and a blaste pdepending on the number of
players. For example:

pi eces
{
knight "N 'n’
queen 'Q ¢’
}
declares a knight and a queen. A white knight is represergédd’ aand a black knight as’. The’’
is reserved for denoting an empty field.

Now suppose we have some rules defined for this game and wetevaompute black’s best move
from the following board:

Then we have to enter the following as ingut:

8The current compiler generates code that is very strict tfmuiinput format. Even a spurious space causes the input
to be rejected.
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N. ..
.gn.

.N..

bl ack to nove

If a game defines board or player properties, they have toamgpethe input and output as well.
Suppose the game has defined the following properties:

properties

{
propertyl, property2 : board [ O0.. 2]
pl ayer _property . player 1., 3]
tenporary_property : tenmporary : [ 2 .. 4]

}

Now an example of correct input would be

... Q

N. ..

.qn.

N

propertyl = 0
property2 =1
pl ayer _property = 2,3
bl ack to nove

Temporary properties do not appear in the input or outpuatesthey their lifetime is limited to the
generation of a move. Player properties have two values. fif$tedenotes the value for the white
player, the second for the black player. All properties a@ppe the order in which they are declared
(see Section 3.4.7).

In two-player games the phrase “white to move” or “black toveidndicates the player to move; the
phrase is omitted in one-player games.

4.2 Move l/O

In this section we give the format to describe a move. Bothirgmd output have the same format.
The format is human-readable.

Move descriptions are ambiguous: often multiple desaisidescribe the same move. If the game-
playing program prints a move description, it will print tiskortest description that describes the
move. If the player must enter a move, any correct move dasmni will be accepted. The playing
program will check entered moves against the rules.

The entire move description appears on a single line. Léiogans may be separated by spaces and
tabs.

A <field-numbep> is a lower or upper case letter followed by an integer thaiciags a position on
the field. The letter specifies a colufhand starts with ’A’ or ’a’. The number specifies the row and

9This currently restricts the number of columns.
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starts with 1. Al specifies the lower left-hand side corndd fier white, as in chess.

An <identifier> starts with a letter or underscore and is followed by zero oratetters, underscores,
or digits.

A <piece-nameg is an<identifier> that is not a keyword and not<afield-numbers.

The keywords are:

| black draw empty field loss move pass white win

<move> + move[ <sub-move 'y +]+

A move starts with the keywomhove, followed by a number of sub-moves, each separated by dt leas
one semi-colon. Each sub-move describes part of the chantee iboard state. The fact that the
player to move changes is implicit in two-person games amadispecified.

<sub-move + <piece-move
<sub-move < <property-change
<sub-move + <terminab
<sub-move + pass

A sub-move describes a piece move, a property change, statethhe move ends the game, or that
nothing is changed.

< piece-move + <source> '—>’ <destinations
<source> + <field-number | <piece-description
<destinations- + <field-number [’ <field-numbes ] *
< piece-descriptior + empty field

<piece-description + [ white | black ] ? <piece-namg

A piece move moves a piece to one or more fields. If a field nunsbgpecified as source, the piece
currently on that field, if any, is removed and replaced by mpty field. The piece is copied to all
destination fields. If the original field was empty, all deations will become empty. If an explicit
piece name is specified, the piece is copied to all destmstihthe color of the piece name is omitted,
the color is the color of the player making a move.

< property-change + <color-prefix> ? <identifier> '="'—" ? <integer>
< color-prefix> < [white | black] "’

Assigns the value (—xinteger> to property<identifier>. <identifier> must be a board or player
property. If<identifier> is a board property, specifyingcolor-prefix> is not allowed. If<identifier>
is a player property anetcolor-prefix> is not specified, the property of the player making the move
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is changed. Ikidentifier> is a player property anetcolor-prefix> is specified, the property of the
indicated player is changed. The value must be within raagespecified in the property declaration

of the game.
<terminabt> < win | draw | loss

States that the move ends the game, and leads to a win, dravpérgon games only), or loss for the
player who is currently making a move.

Examples of move descriptions are given below:

white mark —> b2; tic-tac-toe draw cross in the middle
a3 —> c¢c5; enpty field —> b4; checkers capture move

el —> cl; al —> di; chess gueen-side castle white
enpty field —> e7; queen —> e8; chess pawn promotion

28



5 Evaluation function interface

The programmer can provide an evaluation function to imernbe quality of the game-playing pro-
gram. The evaluation function is called through the C cgllinterface. The evaluation function
accepts a position and analyzes it. In two-player game®Maleation function should return a signed
integer: a high value indicates that the position is adwgatas for the white player and a low (neg-
ative) value indicates that the position is advantageouthfoblack player. In one-player games, the
evaluation function should return a lower bound on the disteto a target position; the returned value
should be as close as possible to the real distance, but menest overestimate the real distance.

The interface between the evaluation function and the garttie runtime system is shown below:

typedef ... field type;

struct board {
field_type fields [ NR_FIELDS];
unsi gned char white_to_nove; [« Two—pl ayer games only x/

b

struct node {
struct board board;

b

i nt eval uate(const struct node x);

An evaluation function must be written in a separate file gtatts by including'node/node.h” to
include the declarations above. The Multigame compiler mitewn and links the evaluation function
when it is given the optioreval=file.c

field_typeis a scalar type that is large enough to represent all pesgigices. An empty field is
represented by the value 0. Other pieces are numbered iatieearder as they appear in thpieces-
declaration> in the Multigame program, starting from 1. In two-player grams, white pieces are
positive and black pieces are negative. The black pieceswamdbered downward, starting from
minus 1.

struct boardincludes an arrafieldsthat represents the pieces on the board. The fields are nathber
left to right, bottom to top, from the white player's perspee. Unused fields, as specified by the
<board-layout> declaration, are not representechite to_move(only available in two-player games)
is non-zero when white is to make a move from this positiore Wddues of board and player properties
are included instruct board The evaluation function can access a board property (@ead- by
reading its corresponding fields in the board structure. ddmpiler renames a board property by
prependinggcp. to its name. The compiler renames a white player’s propeytpriependinggcpw.

to its name. The compiler renames a black player’s propertprbpendinggcph to its name. All
properties are scalar types which are sufficiently largeetmenmodate the entire range of legal values,
as specified in their range declarations.

boardis the only publicly accessible field frostruct node
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A Example programs

A.1 Tic-tac-toe

di mensi ons (3, 3)

symetry all directions

pi eces
{
mar k X 0

}

main = irreversible # each nmove is a conversion
try new mark el se draw

new mark = find enpty field
repl ace by nark
try [ test three_in_a row, win].

three_in_a row = find own piece # start fromany position

any direction
repeat 2 times [ step, points at own piece].

A.2 Connect-4

di mensi ons (7, 6)
sides =1
symretry north-south

pi eces
{
mar k X 'O
}
main = try new mark el se draw
new mark = irreversible
sout h,
find enpty field
not [ step, points at enpty field],
repl ace by nark
try w nni ng_pos.
Wi nni ng_pos = any direction

optionally [ step, points at own piece],
repeat 3 times [ step backward points at own piece],
wi n.
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A.3 The 15-puzzle

pl ayers = 1
di mensi ons (4, 4)
symretry nort hwest-sout heast

pi eces
{
pi ece_1 1
pi ece_2 12
pi ece_3 '3
pi ece 4 4
pi ece 5 )
pi ece_6 ' 6’
pi ece_7 T
pi ece_8 ' 8
pi ece_9 ' 9’
pi ece_ 10 A
piece 11 B
pi ece_12 ' C
pi ece_13 'D
pi ece_ 14 E
pi ece_ 15 F
}
main = nove_pi ece
try goal _reached.
nove_pi ece = find enpty field
ort hogonal,
step,
pi ck up,
step backward
put down.

goal reached = match (enpty field piece_ 1, piece 2 , piece_3

pi ece_4, piece 5, piece 6 , piece 7 ,
pi ece_8, piece 9 , piece_ 10, piece_11,
pi ece 12, pi ece_13, piece_14, piece_15),

Wi n.
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A.4 Othello

di mensi ons (8, 8)
symretry all directions

pi eces
{
mar k X 'O
}
properties
{
passed . board [ 0.. 1]
flipped_somnet hi ng . tenmporary : [ O .. 1]
eval . tenporary: [ —64 .. 64 ]
}
main = irreversible
assign (flipped_sonething = 0),
try new mark else try |
assert (!passed),
assign (passed = 1),
]
el se end_gane.
new mark = find enpty field
repl ace by nark
flip_rows,
assi gn (passed = 0).
flip_rows = all directions tryflip_row,
assert (flipped_sonething).
flip row = step
poi nts at opponent’ s mark,
repl ace by own mark,
do step while|
poi nts at opponent’ s nark,
repl ace by own mark
1,
poi nts at own nmark,
assign (flipped_sonething = 1).
end_gane = assign (eval = count(own mark) — count(opponent’s mark)),

try [ assert (eval > 0), win, ]
else try [ assert (eval < 0), loss, ]
el se draw

32



A.5 Checkers

di mensi ons (8, 8)

| ayout

{

}

pi eces

{

man wo b’
ki ng W 'B

}

main = try either king capture or man_capture
el se try either king_nove or nan_nove
el se | oss.

man_nove = irreversible
find man,
pi ck up,
ei ther northwest or northeast
step,
points at enpty field
put down,
try pronotion.

man_capture = irreversible
find man,
pi ck up,
man_capt ure_st ep,
put down,
try pronotion.

man_capture_step = ei ther northwest or northeast

step,

poi nts at opponent’s piece
replace by enmpty field
step,

points at enpty field

try man_capture_step.
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pronotion

ki ng_nove

ki ng_capture =

ki ng_capture_step =

A.6 Chess

# This inplenmentation does not check the 50—nmove rule

di mensi ons (8, 8)

pi eces
{

pawn P 'p

r ook "R’

kni ght "N 'n’

bi shop "B b’

queen Q 'q

ki ng K 'k
}
properties
{

may_castle_left, may_castle_right player : [ 0 .. 1]

en_passant _col um board [ O.. 8]

# 0 — no en passant pawn

#1 .. 8 — pawn at (en_passant_colum, 4) may be captured en passant
}

assert (row == 8),
repl ace by ki ng.

find king,

pi ck up,

di agonal,

st ep,

points at enpty field
put down.

irreversible

find Kking,

pi ck up,

ki ng_capt ure_st ep,
put down.

di agonal,

step,

poi nts at opponent’s piece
replace by enpty field

st ep,

points at enpty field

try king_capture_step.
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main = try |l egal nove
else try [ find own king, test attacked, |oss ]
el se draw # stal emate

| egal _nmove = ei ther pawn_nove or rook _nove or kni ght nove or
bi shop_nove or queen_nove or king _nove or
castl e nove,
try
[ not find opponent’sking, wn ]
el se
test [ find own king, not attacked ].

pawn_nove = irreversible
find own pawn,
pi ck up,
ei ther pawn_forward_nove or pawn_capture_nove
put down,
try pronotion.

pawn_forward_nove = north,

step,

points at enpty field

either [ # doubl e forward
assert (row == 3),
step,

points at enpty field
assign (en_passant_colum = 9 — colum),

]

or assign (en_passant_colum = 0).

pawn_capture_nove = either northwest or northeast

st ep,

either points at opponent’s piece or]
points at enpty field # en passant capture
assert (en_passant_colum == col um),
sout h,
st ep,
poi nts at opponent’s pawn,
replace by enpty field
st ep backward

1,

assign (en_passant_colum = 0).
pronotion = assert (row == 8),

ei ther replace by queen or replace by knight or
repl ace by bi shop or replace by rook
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rook_nove = find own rook
try [
assert (row==1 & colum == 1 &&
may_castle left),
irreversible
assign (may_castle left = 0),
] else try [
assert (row==1 && colum == 8 &&
may_castl e_right),
irreversible
assign (may_castle right = 0),
1,
pi ck up,
ort hogonal,
repeat 0 .. infinity tines]|
st ep,
points at enpty field
1,
step,
not points at own piece
put down,
assign (en_passant_colum = 0).

bi shop_nove = find own bishop
pi ck up,
di agonal,
repeat 0 .. infinity tines]|
step,

points at enpty field
1,
st ep,
not points at own piece
put down,
assign (en_passant _colum = 0).

gqueen_nove = find own queen,

pi ck up,

any direction

repeat O .. infinity times]|
step,
points at enpty field

1,

st ep,

not points at own piece

put down,

assign (en_passant _colum = 0).
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ki ng_nove = find own ki ng,

pi ck up,

any direction

step,

not points at own piece

put down,

try [
assert (may_castle_left || may_castle_right),
irreversible
assign (may_castle left = may _castle right = 0),

1,

assign (en_passant _colum = 0).

kni ght _nove = find own kni ght,
pi ck up,
or t hogonal,
st ep,
either turn 45 or turn —45,
step,
not points at own piece
put down,
assign (en_passant_colum = 0).

castl e nove = irreversible
ei ther
[ assert (may_castle left), west ]
or
[ assert (may_castle_right), east ],
# find king,
try
[ white to move nove to (5,1) ]
el se
nmove to (4,1),
test [
step,
do [
points at enpty field
st ep,
] while not points at ownrook
1,
test repeat 3 tines [ not attacked, step ],
assign (may_castle left = may _castle right = 0),
pi ck up, # the king
repeat 2 times step,
put down, # the Kking
whil e step do not hing
pi ck up, # the rook
do step backward while not points at ownking,
st ep backward
put down, # the rook
assign (en_passant _colum = 0).

37



attacked = test either atckd by pawn or atckd by rook or
at ckd_by_kni ght or atckd_by_bi shop or
at ckd_by_queen or atckd_by_king

ei ther northwest or northeast
st ep,
poi nts at opponent’s pawn.

at ckd_by_ pawn

at ckd_by_rook or t hogonal,
do step while points at enpty field

poi nts at opponent’ srook.

at ckd_by_bi shop = di agonal,
do step while points at enpty field
poi nts at opponent’ s bi shop.

at ckd_by queen = any direction
do step while points at enpty field
poi nts at opponent’ s queen.

atckd_by _king = any direction
step,
poi nts at opponent’sking.

at ckd_by_kni ght = orthogonal,
step,
either turn 45 or turn —45,
step,
poi nts at opponent’ s knight.
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