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A BSTRACT

This paper is both a description of an existing back gammon program and a
theoretical discussion of some important issues in evaluation. The program plays a
generall y competent game at an intermed iate level of skill . It correct ly solves a high
percentage of intermediate level problems in books. Although it only doubles and
accepts doubles during the running game, it does several non-trivial things perfec tl y.

In discussing the structure of evalua tion, we consider parti tioning all game states
Into mutuall y exclusive state-classes. These sta te—classes are very useful in ~
knowledge-based system , as they allow relatively easy assimilation of new
knowledge. They also permit the building of opponent models based upon what
evidence shows the opponent knows in each state-class.

- ~~~~~ 
- - * -..-

~~
- -- -- -

~



2

I. Why Yet Another Game?

Back gammon is a game of skill and chance. It is played on a vector of 24 “points ”.
From a predefined startin g position , both sides move in opposite directions , wi th the
object of f irst removing all 15 of one’s own men off the end of the vector . There
are rules for mov ing, capturing, re-entering cap tured men, blocking points so an
opponent cannot move there , and finally removing men from the board near the end
of the game. The reader not familiar with backgammo n would do well to scan the
rules of a standard work such as Jacoby & Crawford [Ja73) before proceeding
into this paper in great detail.

The thing that makes backgammon an interesting objec t of study for Al is that in any
given positi on (of with there are 1020 [Le76]), t here are 21 possible combinations that
the throw of two dice can produce. Each of these , can be played legal ly in the
average board position about 40 different ways. Thus if one were to investigate a
backgammon position by tree searching, it would be necessary to deal with a
branching factor of more than 800 (!!) at every node. Clearl y this is comp let e ly
impract ical . Therefore back gammon must be approached with evaluation and
knowledge in mind. Position P1 will have to preferred over position P2 because it
has fea tures that more endear it to the player who can produce it than the features
that obtain in P2.

In a game such as chess, it has been customary to search very large trees of 5000
to 2 million terminal nodes. In such a paradi gm, the execu tion of a term inal evaluation
function requires a cer tain amount of time , which must then be multi plied by the
expected number of terminal nodes in the search. Thus designers of chess programs
are very circumspect in crea ting evaluation functions which require lengthy
execution times. For this reason certain knowledge that IS not trivial to compute is
usually - lef t  out so tha t the program may operate faster and search more. Since
there can be little or no searching in a practical back gammon program, these
contingencies will not app ly. On the contrary, it is desirable to apply all possible
knowledge to successor positions of the root node, in an attempt to find the best
next move. Further , the fact that modern backgammon involves doubling and
accepting doubles places an even greater emp hasis on the use of knowledge for
knowing when to double and when to accep t doubles. It is the encoding of
knowledge and the subsequen t selection effectiveness of the evaluation function that
is of interest. This subject is treated in depth in sections IV and V. However , bef ore
going t o that part of our research , we descr ibe certain perip heral ar t i facts that
are important for understanding the whole pr oject.

11. The Structure of BKG

BKG is an interact ive back gammon program . It is the result of about one man-year of
e f for t  since mid-1974. It is wr i t ten in BLISS (Wu7 1], a sy~item imp lementation
language , and runs under the TOPS- lO monitor on the PDP-10’s at Carneg ie-Mellon
Uni”ersit y. It encompasses more than 80 pages of code , occup ies 19K of 36-bit
words in core and a further i lK of tables on secondary storage. 8KG runs
interactivel y on f our different kinds of video terminals (including a graphics
terminal which moves the men with a graphic hand, and will upset the board 

~-
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occasionall y when BKG loses), and a standard model 33 te letype. These routines were
w r i t t e n  by Phil Karlton and Steve Rubin at Carnegie-Mellon University.

0KG operates , similarl y to many game playing programs , by executing a minor cycle
which makes moves w ithin a major one which plays games. When 6KG is running
interact ive l y, it disp lays appropriate outputs and prompts at each step of the cycles.
T h e  minor cyc le (see Figure 1) operates as follows: First , BKG checks to see if the
side whose turn it now is wishes to double (checking first that it would be legal for
that side to do so). if a double is made , 8KG asks if the double is accepted. If so ,
13KG adjusts the position and denomination of the doubling cube and proceeds. If not ,
the game is over and 8K G exits to the major cycle. Next 6KG checks to see if it is to
throw dice , or receive a roll fr om the console. 6KG uses a random number generator
to throw dice. It then generates a list of all possible legal moves for the given roll.
If it is the program’s turn to play, it serves these potential moves up, one at a time , to
the evaluation procedure. It then selects the best. If it is not the machine ’s turn
t o play it waits to rece ive a move f rom i t s  env i ronment.  It then checks the legal
move list t o see if this move is on the list. If not , it requests a legal move. If the
received move is legal , BKG puts it into canonical form. It then executes the legal
move by updating the board confi gura tion. If the conditions for one side winning
have been met , it exits to the major cycle.

The major cycle is activated whenever a new game is about to begin. If a game is
j ust over , 8KG adjusts the overall record of the current competion in favor of the side
that just w on. It then asks if another game is desired (unless it has been preset for
a cer ta in  number of games and this number has not been reached as yet) . If the
answer is negative , t he program terminates. Otherwise , it sets the board up, throws
dice to see who starts , and yields control to the minor cycle.

3KG can operate in several different modes, it’s usual mode is to play a human
opponent interact ively at a v ideo terminal . However , it can also monitor a game
between two opponents while rolling dice for both, and doing the bookkeeping for
doubling and accepting decisions. It can also play itself , either while dIsp laying alt
actions at the terminal , or by only reporting the results of a series of games. For this
simulation mode , it is neccessary to type in a starting position and the number of

• i t terat ions desired. For certain types of positions that BKG can play well , this mode
can be used to determine within reasonable limits of accuracy what the chances of
t h e  respective sides are.

When one Or more human opponents are involved, there is the option of lett ing the
liuman~ throw dice for themselves and entering the roll when the program prompts
f ø r  I t .  For ordinary purposes this is much too slow a way of playing the program.
There is , however , a pract ical  reason for this mode. In tournaments it will be
necessary to actually throw dice at the table for both sides, and a method must
exist  for entering the rolls. It is rather interesting to note as art aside , that while we
have seen quite a few illegal moves made in tournaments , this should never happen
to 13KG, as if a move is not on its legal move list , it would not accept the opponent
play ing It.
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III. Basic Procedures

A. The Move Generator

Irt discussing move generation, we will refer to the movement of a sing le man in
accordance with the value of a sing le die face as a move , and the tota l  set of moves
acsociated wit h a roll of the dice as a play. At f i rst blus h it would seem that the
dc~ i~ n of a move generator for a backgammon program should be a tr iv ial
exerc ise.  However , this turns out to be not quite so easy. The reason is that , whi le it
is no problem to attempt to move each man in turn the number of spaces
corresponding- to the pips on a die face , there are several special conditions that
contro l  the way a roll may be played. The basic situation is this: each man may be
moved the number of pips on one of the die faces , it the destination space is not off
t 1 ~ ‘~ard and not blockaded by the opponent (he has two or more men on it) .

made one move of one man corresponding to one die face , the same
re  is applied with respect to the other die face. In the case of doubles, the

I i i  a t  ion of one die face is app lied four times. By simple recursion it is possible

~piy each die face to each man in turn, and thus enumerate the whole set of legal
mO. es.

However , the re are problems. Firstl y, the above procedure wi l l  generate many
duplicates which we would hope to avoid or eliminate after generation. Secondl y,
and more importantl y, the procedure outlined will not work for situations in which
the moving side has men on the bar (and the only legal moves consist of entering m e n
from the bar) , and for those situat ions where all the men are in the home board (when
it is legal to move men to the next point beyond the end of the board and in cer ta in
cases even beyond that). Thus on careful exami nation we determine that there are
three distinc t states that a board situation can be in:

1) Men on bar ,

2) Able to bear off ,

3) All other situations.

Further , it is possible for the state to change during a sing le play, and the move
generator must be able t o come to grips with such a si tuat ion to generate all legal
moves, and only legal moves. A final complication introduced by the rules of
backgammon requires that if a full play cannot be made according to the roll , the
player must play the largest possible part of the roll. This means that if he ca n play
the full roll , he must do so; and if he can play either die face , he must play the lat ger.

The move generator understand exact l y wha t moves are legal in each of the three
states. As moves are generated which could form a legal play, these are put into a
t ree form. When move generation has been comp leted , the tree is scanned and those
plays that are legal by our final cr i ter ion (use maximum part  of ro ll) are r iar ked as
legal plays. -

In v~ew of these considerations , we imp lemented the move generator in the following

• ‘.. —•- • — .- - ‘
_
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way . We have a recursive procedure which can call i tself a maximum of three
t i rnc5 (for doubles) and once for non-doubles. The procedure s tar ts  at the location
of the man that is furthest away from home for the moving side. It -then scans
tow a rd  home , pausing each time a point is found containing one or more men of the
moving side. The die faces are labelled arbi trar i l y FAC E1 and FACE2. The move
generator f irst determines which of the three states the board position is in. it
then at tempts to apply the current die face to a man on the current point. If it fa i ls
in this , ii continues the scan until there are no more men or points , whereupon
it backtracks. If it succeeds , it updates the board, and if there are st i l l  more die
faces to app ly, it calls itself. In this case , a parameter of this call is the point at
wh ich the next scan should commence. For non-doubles this is the same point
where the f irst recursion began. However , for doubles a large saving can be
real ized by using the current point as argument (since all opportunit ies to
apply the denomination of the die face earlier in the recursion must already have
been tried!!). This al gorithm will generate all legal moves and only legal moves. For
instance , in the case of doubles, if there are more than one man on a point , when the
recursive call occurs , the al gorithm will attempt to app ly the remaining die faces
to be played to the remaining men on the point before continuing the scan. Thus , for
doubles this algorithm will not generate duplicate plays , while for non-doubles it
wil l. For this reason we use a small modification of the procedure for non-doubles , but
this does not concern us here.

B. Special program functi ons

There are several special functions which the program must be able to perform in
0’ der to be able to play an interactive game. These include reLeivir i g moves ,
updating the internal represention and that of any display device being used,
sending appropriate prompts and messages to the user , being ab le to double , accept
doubles, resi gn, and accept resi gnations. We consider all but doubling and
resignation to be quite strai ght forward , so we will only describe the peculiarit ies of
t l)Ose four functions here.

1. Doubling

Accord i ng to the rules of modern backgammon , the game is played wi th  a doubling
cube which has both a denomination and position. The cube is initialized at value ‘1”,
and located in the center (between the two players). The rules specif y that either
player may before rolling, if the cube is not on his opponent’s side , offer to double
the stakes by ~ay ing “I double , chang ing the value of the cube t o be tw ice  i ts current
value , and of fer ing it to his opponent by placing it on his side. If the opponent
accepts  the double , he gains possession of the cube , so t hat he is the only player
who is next entit led to double , and the game continues for tw ice the previous stake.
If he refuses the game is over , and the appropriate game ending actions must be
I aken.

It i~ generall y considered by backgamr i on experts that doubling is what  separa t es
the men f rom the boys (meaning tnat it is re la t ive ly  easy to make the right m ove most
of the time but hard to know when a position is good enough to double and bad
enough t o refuse an opponents double). To imp lement even a mediocre

0 -a- _ _ _ _ _ _ __ _ _ _ _ _ __ - — -- - - — - -
0~~~~~~~~~~~~~~~ - 
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doubling and accept ing  al go ri thm is an ex t remel y d i f f i cu l t  task.  Because of this , 8KG
at p re s e n t only perm its  doubling (in games in which it is play ing) in s i t ua t i ons
where  the two sides have disengaged so that captures  are no longer possible. This
l imi ta t ion is being remedied in t f ~ version we are curren tl y working on. The problem
of cons t ruc t ing  such decision al gor Ithm s are t reated in later sect ions; here we
discuss onl y the require m ent for the prog ram to handle doubling in game.

Since it would be rather boring to ask each human player before his roll (if he
were  legall y ent i t led to double) ‘Do you want to double?” , we have instead
c c ’ated a doubling flag for each human opponent. If a human feels he may want to
dOub le on the next  roll , he should enable the doubling flag before making his current
r i,OVC. This will result in 8KG prompting him wi th  an aster isk before the dice are rolled
for him next time (and until the flag is turned off) .  When the promp t appears , the
player may double or just continue. When the doubling flag is not set , 8KG wil l  just
roll the dice without asking about doubling. This speeds up the game considerabl y. Of
course , for i tself 8KG does not need such a flag as it can consider i ts doubling act ions
in a f ew  micr oseconds.

When 8KG has been doubled, it decides whether or not to accept using the same
procedures it uses in deciding whether to double. Whenever a double has been
accepted  or rejected , the bookkeeping decisions that fol low are rather tr ivial.

2. Pesigning

It i~~ , of course , possible to play every game out until someone has actual l y won.
However , it is not infrequent that a situation is reached in which is is no longer
possible for one side to win, no matter how for tu i tous ly  the fa tes  may t rea t  him. In
such a si tuat ion it seems appropr ia te  to resi gn in the interest of time saving and
star t the next game. 8KG w ill onl y at tempt to resi gn or allow resi gnation a f te r
t i e  t w o  sides have disengaged. it then calculates a f te r  each m ove the maxim um and
minimum number of rolls that it could lake for each side to get all i ts men o f f .
Clear l y, if the n-,inimurri number of rolls of one side is greater  than the maximum
number of the other side , the f i r s t  side should resi gn. This cr i ter ion is current l y use d
both for resi gning and accepting resi gna tions. However , we do allow the program to
t r y  to resign in s i tuat ions where it may get gari~moned (althoug h only when this is
.-.oi,’iewha t re mote) in the hope that the opponent r a y  accept such a resi gnati on. It is
also possible to res i gn a gammon or backgammon , using as cr i ter ion the number of
rolls needed to get one man off and to get all men out of the opponent’s home
hoard. The question of a t temp ting to resign and accept rc ~s ignations before
d i - .enga gemen t  will also be taken up in the version we are cur ren t l y bringing up.
T h y, too will involve j udgements as to when a position is too good to accept  a
c’s ignation (the garimoning chances are too high) and when it is so bad that one

~houtd he happy to resign (because one could quite easil y lose a gammon).

C. Evaluat ion

T Im rea l  knowle dge and intel l igence of 8KG are in the procedures that  n~ ,tki ate ‘ m o ve~.

and posi t ions.  We de~ cr iue these in detai l  in the next two  sect ions.

~~~~
0 - .~~- -  -~ — - - _ __
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IV . The Evaluat ion Procedures

In this sect ion , we describe issues in measuring cer ta in  important f ace t s  of a board
position . It the next section , we describe how the outputs of these measuring
funct ions are used in the over-all eval uation . Finally , in sect ion V I, we describe
hi i i i i tat i o ns of various evaluation approaches , and ~~ve what we currentl y feel is the
best approach to this problem. In our discussions , we will refer to the tw o sides as
(),i ,,in,e and Noto,i,,ioi’~ (before a m ove is made) and Ju.ct rnoved and N~r t tomov i ’
a f t e r  a move is made.

A. Blot danger calculation

A blot is a man that is by itsel f  on its point. Such a ma. is in potent ia l  danger of
being hit (either ri ght away or at some later time ) , and I eing sent back to awai t  i ts
opportunit y to re-enter and come around the hoard ag. ii. All other things being
equal , it is undesirable to leave blots. However , all other tb ~gs are se ldom equal ,
and for a va r ie ty  of reasons (including that it cannot be avoided) blots are le f t  at
th~ end of a play. This procedure calculates the danger to the set of all blots of
the moving side, and delivers several values for use by the evaluation procedure.

There are many intr icacies to appraising the danger that a set of blots is in. When
we f i rst  broug ht the program up, BKG merely noted the existe nce of blots, It
considered all blots equall y likel y to be hit , and merel y delivered a value that
re pi ese nted the tota l  p i pcount that would be los t if all blots were to be hit. This was
a term that the evaluation procedure at tempted to minimize.

However , this measure proved very inadequate; it failed most importantl y t ’
consider whether any particular blot could be hit by an opposing man. Our next
(very smal l) imnproverr ient was to determine that for a blot to be in danger at all ,
t Im p r e  woul d have to be an opposing man somewhere in front of it. This
pro duced a small improvement in performance. However , it st i l l  failed to get at the
degree of endangerment of any blot.

Next we noted that for ~ blot to be hit i’ m ust  be a distance of 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11 , 12 , 15, 20, or 24 in front  of the- h it t er , and that for each such distance
there is a hit pro babi i i ty  corresponding to the number of possible combi nations.
This new fac t  produced a very large increment in performance , but it st i l l  le f t
untouched several  i r rupo rta nt s ituations. One of these is that even when a hit ter is
the right distance away from a hit tee , it is at t imes necessary to have available a

~.et of in terme diate points w here the hit ler is to land. Second , mc what is called in
hack~~ai i On jai  gOri dup l icat ion:  it is impossible to app ly a single die lace to more than
One r i o / C Thus there is a cer ta in  sa fe t y  for a pair of blots if they can be hit by
di f ferent  men (say) 4 pips away. The point is that if a 4 is rolled onl y one of the
blots can be hit , not both. Thirdl y, there was the question of more than one blot
being hit w i th  a single roll (sonething that it is usuall y wise t o avoid), and the
q i mc ~.t on of a sing le blot being hi t simultaneousl y by two men. This is known as
point ing on a blot , and is also something that it is wise to avoid.

As a resu lt of these consideralions , we finall y i m p lemen ted a very detai led hit

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _

~~

0__ -__
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~ii O h i m p i l i t  / procedure which we now describe. We consider any man which is
nc~ pai red or. i ts  point to be a blot , unless it is on the 1 or 2 point in the opponent’ s
home board and the opponent has not yet made more than two points in his home
board. We consider any man to he a h i t ter  unless it is part of a pair (and onl y a pair)
in its  home board. The reason for the la t te r  is that moving one of such a pair would
‘~-‘- pose the other to the h i t tee coming in on the next play , and thus would not reall y
cons t i t u t e  a t o r e a t .

We note that  there are 40 di f ferent  ways in which an a rb i t ra ry  h i t ter  can hit a
li t t e e .  To i l lus t ra te this consider that theme are 3 d i f fe rent  ways  in which a h i t ter
3 pips away from a h i t tee can hit t :  by a 3, a 2,1, or using 3 parts of a 1,1. This
in format ion  is encoded in a tab e of masks which specif y which intermediate points
must be f ree , or that onl y one of a set of two  points need be free.

Our procedure scans the board , s tar t ing  with the most advanced blot of the moving
side , and determ ines if it is in range of any hi t ters.  If so , then for every hit ter it
determines all combinations that could be used lo hit this blot. It then checks
w l’iether the intermediate landing point condit io ns are sat isf ied. If so , it enters the
locat ion of the hi t ter in the word corresponding to this combination in the 40-
word vector  of b i t—vec t o rs  /1/ it. At the end of this f i r s t  pass , the vector  /1/u t
conta ins all the locations of potential hi t ters , the combination used for the hit , and
tIm e io at ion (implicitl y) of the hittee.

Ne~ t the procedure determines whether the side next - to-move has 0, 1, or more than
1 men on the bar . There is separate  sect ion of code for each of these s i tuat ions.
R.r. ’. ical l y, the procedure examines each word of /1/u t to see if this combination can
he used to hit a man, it s ta r t s  will- i the combinations that use onl y one die face  and
tnen goes to the more involved combi nations. Each time it finds such a
combinat ion i t checks to see if the die faces needed for this combination have
not been used yet.  If so , it mari~.s the faces as use d, updates the informa iion on
hit tins (a lways  assuming that the most advanced blot will be hit if there is a choice),
and continues.

If i~ Inn’. at a combination using onl y one die f ace can be used to hit more than one
h o t , it knows that  there ex is ts  a o i - ,o inat ion ~the double w i th  that die face)  that  can
he ij c ~~

(j to hit t w o  blots. If it f inds t~ iat blots can oe hit w i th  more than one
single face c ombination, this means either that a blot can be pointed on or that two
hlot c  can he hit w i th  a ce r ta in  throw . Whenever a blot can be hit by a combination

n— ’o lvung t w o  die faces , it chec~.s whe ther a blot ex i s t s  on either intermediate point.
I~ ~.o , t h i s  combination would hit two  blots. In all ca~.es , the values are mult plied by
t i i r  unri’ ed number of ways  that this combination can be rolled. At the end of this
cn,~ pi itat ion the foll owing values are avai lable:

Pi p Inc.~ — The to ta l  number of pip~ that may be lost due to blots being hit multiplied
b,’ the number of rolls that can be used for each hit.

1’! = lI e number of rolls that  hit one or more men,

I ’2 The nun I)er of ways  that  more than one blot h a y  be hit , plus the number of
‘~ ayc that  a biot may be pointed on.
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These data are very adequate to the task at hand. For ins tance , in s i t ua t i ons  near

the end of the game where one side must break up its safe position and run across
“no-mans-land” exposing some blots , BKG does a remarkable job of distr ibuting blots
so as to minimize the d ance of any being hit. This can be quite dif f icult  even for
a master player et times , but this is one of about 3 or 4 area of backgammon play
where BKG plays perfec tl y.

However , there are still some inacleqLacies to the current approach. The principal
one is that the hit probabilit y calculation assumes that it would be desirable to hit
any exposed blot. This is usually valid but not always. For instance , the man that
would be the hit ter might be part of some important blockading or defensive structure
and would therefore not wan t to give that up in order 10 hit a blot. Also there is the
po~~iblit y that if the blot were hit it would in turn leave a blot for the opponent.
Under cer ta in  circumstances (of which we already indicated one earlier ) the
disadvantages of leaving a blot in the process of hitting a man outwei gh the
advantages of making such a hit. We have in mind to improve the calculation to
report which men are the hit ters and name points on which opponent’s blots would
be left after hitting a blot. However , the program does not seem to be as limited
by the lack of this informa tion as by some other things , so this improvement w,ll be
postponed until such a time as it seems necessary. We are also aware of th. ad
hoc nature of defining what is a blot and what is a hitter , and will at some future time
r ake these definitions more sensitive to the overall board situation. However ,
as of this writ ing the hit probability computation is by far the most
sop his t ica ted thing in BKG, enc ompassing some seven pages of code.

B. Blockading Factor

A blockade consists of a se t of points “made ” by one side, which prevent an
opposing man fr om having access to those points. Clearly, such points can have a
great e f fec t  on the opponent’s movemen ts , and their location is of great importance.
The blockading calculation also has an evolutionary history. It became apparen t very
earl y in the development of BKG tha t it is necessary to distinguish between
blockades that have one or more men trapped in f ron t  of them, and those that do
not. The latter consist only of a potential t rap for any marl tha t may be hit.

Initia ll y, we counted the maximum num ber of contiguous blockading points and
squared this number to give greater wei ght to longer blockades. However , thus
method overlooks the fac t that a blockade of six- in-a-row cannot he spanned , the fact
th im t se”c n-in-a-row is not better than six-in-a-row , the fact that blockading points
do not a lways have to be contiguous to be ef fec t ive , and the fact  that blockading
st reng th is a f fec ted  by the distance that a potential blockade runner is away
from the blockade. To overcome these objections we developed a table of
potent ial  blockades.

We note that since there are only 15 rumen on a side , it is impossible to have more
than 7 blockading points. We then comp uted all co m binations of zero to seven
l)loc~’..uJmng points at a distance of 1 to 12 spaces in front of a man. For each

nrm f ug ur a t ion we computed the number of rolls that could legall y be played by the
blockade runner . This is the best measure of the strength of a blockade that we
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t i ,i’,-~~ found. Siti ce a by te of 12 bils uniquely identifies any blocking co nfi guration ,
an~l since the number of rolls that can resu in getting past the blockade must be
betwee n 0 and 36 , we constructed a table wi th bytes of size 6 bits accessed by a 12
bit code describing the blockading confi guration. This method results in quick lookup
of the essential data. We keep track of:

= number of rolls that can be legall y played from this point.

Co;u.cq = The point between the location of the furthest back man and own 9 point
whe r e the value of E.ccapi ’.i is lowest.

/ I cnntr i i , i  36— I’~ eapn.c(Cn:ut .cq).

C:ns rs o i , i= 36- the lowest value of l scape.c between our 24 point and our 9 point.

It has been found that this informa tion sat isf ies our needs at the moment.

C. The Running Game

BKG will disengage the forces whenever it has the opportunity to do so, if it is even
just sli ghtl y ahead in the running game (the race to gel all men off). Plays are then
e .ial uated in the following way:  Any move that brings a man not already in the home
board into the homeboard gets credit for 3 heuristic points (HP). From this is
ci ht ra r t ed  the number of men already on this point in order to give some
encour~ gement to spreading men out. If the man is brought to the 6 point it gets 10
more HPs , and 10 HP’s are subtracted for every space to its destination beyond the
5 point . If all men are in the home board at the end of a play, 200 HP’s are added.

At the end of any potential play , 8KG evaluates the placemen t of all men not yet ’ in
t . ~- home board. For each such man, 8KG computes the number of hoard-crossings
the man stil l has to make to get into the home board , and where the man is placed
in e t c  current board. In back gammon terminol ogy a board is a sequence of 6 points
(of which there are four , the two home boards and the two outer boards). In

— ~c~neral , for the same num ber of total  pips remaining, it is most desirable to have
the fewest  men left , and have them placed as far back as possible in the board they
cu r re nt l~’ occupy. This allows the most eff ic ient uti l ization of the most throws .
Thus 0KG will multi ply (3 - number of board crossings ) by the depth of m a n  in his
board. T his fu nct ion seems to produce the desired ef fec t , because it gives the
~~m ca t es t  we ig ht to the location of men closest to entering t . home board. If the
program ’~ side is in danger of gammon, 8KG will t ry  to m: imnize po tLTha l  rolls of
or ublcs. Thus it will place men so that they can he broug ht horu’ie and one borne
oil ureos t easil y in the event of double 6, 5, 4, 3, or 2.

8KG makes and accepts  doubles only during the running game . Until the position is
advanced cnoug h so that bear off  ta b les that give the ex pc ’cted number of rolls to
r.et all men of I (an h e  re ferenced , i t ij ’ .ec an a lgor i thm developed by Emm et t  Keeler
[i’:r. 75 ] of the P~~ND Corp. T his al gorithm uses an ad justed pipcount which adds 4/ 3
pip s for nicry rrian on the 1 point , 2/3 pips for every man on the 2 point , and 1/3
pup for every  man on the 3 point. If one side has borne of f  fewer men then the
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other , the (Th- o u L n s )  of that side is increased by 2 pi ps for every ex t ra  man. Finall y, it
c h e c k s  the number of gaps (points unoccup ied by own men) in the home board of
each side and subt racts  the difference from the side having the fewest  gaps. This is
the adjusted pipcount (/ l c r n i n s )  used in the following computation.

BKG will double if the cube is in the center if its opponent’s / l rrnint  is 107 minus 2
pips greater  ti- ian its own. It wi l l double when it owns the cube if its opponent’s
/ I rn r i , , i  is 107 minus 1 pup greater than its own. It will accept doubles when it is not
more than 107 + 2 pips behind. This al gori thm performs in a basicall y sat isfactory way.

D. Bearing Off

To support decision making during the bearing off phase BKG has extensive tables
which gi ve the probability for a given position of one side , of bearing off all men in
1,2,-- 8 rolls and the expected number of rolls (ENR) to bear all men off. These tables
were computed by James J. Gillog ly of the RAND Corp. for our use. They are used
both in selecting a move and in mak ing doubling and accepting decisions.

The tables cover all situations for up to and including 8 men in the home board , and
up to and including 25 pips worth of m e n  in the home board. The lat te r  value
assures that the tables can handle situations where , for instance , one side has all
his men on the 1 and 2 points , but at least 5 on the 1 point.

The use of the tables in move selection is simple. 8KG moves to the position wi th
the lowest ENR. There is one excep tion to this case; that is when it is far behind or
f a r  enough ahead t o have a chance of winning a gammon. In the former case , it moves
to the position which has the greatest probability of bearing all men off in the number
of rolls that are expected for the opponent to get off. Here the values of probabil it ies
of gett ing off  in N rolls are very useful . When it is far ahead it moves to the
position which gives it the greatest chance of bearing all men off in the number of
rolls it expects to have before the opponent gets his f i rst man off . It does this by
giving addi tional wei ght in the computation to the probability of getting off  in 1 --

n rolls , where n is the number of rolls it expects to have before the opponent
meets his objective.

For doubling and accepting doubles the situation is more intr icate. Whenever , 8KG
can legall y double during this phase , or when it has been doubled, it ex ecutes a win
probabilit y calculation. If the bearoff positi on of either side is not in the bearof f
pi obabilit y table , then it uses the Keeler method described above. In that case , the
ENR us computed to be the larger of the !‘ip r rnn i t/ 7  and the (number of men
lef t +1 )/ 2. Tht~ will usuall y overestimate the real ENR somewhat. If the ENR’s for
both sides are in the table then 8KG can calculate the exact pr obability of the side
on move winning by i t te rat i v e l y calculating over N the fo llowing equations :

W .’-W+( 1 .0-W -V )*AWPR B(N)

V’- V~ e 1.0-W-V)*AV PPB(N)

Until W + V — 1 0

I ‘~ ~~
‘
~~~

= — — —— . — —  
— -—,—— —— ———— 

- 

. 
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Ret e, W is probabil it y of On;noi ’e winning, and V is probabilit y of .\‘oto;unovc
wi ,inin~,. The AWPRB (N) are computed from the bea rof f  probabilit y tables by the
fol lowing equa t ion :

AWPR B(N)=W PRB(N)/ ( 1 .O-PRB7)

Where: PRBZ= SUkI =1 to N-I of WPRB (i) .

If the moving side has a 657 chance of winning, 8KG will always double. If the
m oving side has more than a 797- chance of winning , BKG will always resign if it is
t I c  notu - mi~ioving side. In between there are m any situations in which it makes a great
(ival of a i f fe r ence how many rolls are left in the game , who has the cube (One should
be more cautious in doubling when giving up the cube), and where in between 517
and 657 the win percentage is. We use a set of ad hoc tables here , and
periodicall y adjust them when the program appears to be doubling too earl y or to o
late.

It should be noted that 8KG does a vast l y better job of doubling and accepting when
using thus algorithm than when rel ying on the Keeler approximation. This can be
noticed , for instance , when the position is cl ose but appears to favor one side. When
the posit ion changes so that both positions can now he looked up, 8KG w ill frequentl y
double, even though very litt le appears to have changed from the situation one rot l
ago for both sides. Upon inspec ting the value of the win probabili ty for the moving
side , it is not unusual to find it between 602 and 657; values whic h were not
s~uf f i c i e n t to ac t i va te  Kee ler ’s approximat ion. For this reason , we are h ooking at i’~ore

~ u~ci se ways of dealing with running game doubling, with the view of being able t o
obtain an es t imate of the win probabilit y of the side on move , rather than the double/
don’t double decision which Keeler ’s al gorithm est imates. To thus end, we are
looking at the work of Thorpe [Th75), and have some ideas c~ our own for simp le
approx ur’ .ations which can be tested using our simulation faci l i t y.

An example of the kind of thing we are talking about is the position in Figure 2.
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1 2 3 4 B E Black ~ 8 9 10 11 12

1T7 f .

~~~~~~~~~~~
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~~~~~~~~~~~~

24 23 22 21 20 19 White 18 17 16 15 14 13

Figure 2

Here the /h-ou,ui for both sides is 36. 36*1.1 - 2 38, so that Oumone cannot
double. Yet Omnovc has approximately a 657- chance of winning here , as evidenced
by simulations.

The power of the bear-off tables is very impressive. Here is another area where the
pr ogram plays perfectl y. To illus t ra te  the type of thing 8KG does to amaze its author ,
we show two exa m ples.
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24 23 22 21 20 19 White 18 17 16 15 14 13

Figure 3

In the bottom part of Figure 3, White is to play a 6,2. The 6 must obviousl y be
played from the 21 point. But what is the correct  way to play the 2? A lmost every
human player would say 21-23. However , this is not correct; 22-24 is better. The
bear-of f  ta bte~ report the respective ENR’s to be 2.748 and 2.739. Upon
cxain ination , it turns out that all sequences of future rolls produce the same results
in the two positions except when one of the next two rolls is 1,1. If this occurred on
the f i rs t  roll , it would e n both positions allow takin g 3 men of f . In the preferred
poct ion this would leave men on the 2 1 and 23 points , which allows 6 additional
counbu u’ iatu ons of getting them both off  on the next roll over the other position where
the tw o men would both be on the 22 point. The situation is similar if the 1,1
occur s on the second roll.

The second examp le in the top part of Figure 3 has similar features. Here .Black is to
piay a 6 ,1. The 6 must be played fror,u the 4 point; the question is how to play the
I. A gain human players would automaticall y play 2-1, but this is incorrect. 3- 2 is
better in all future sequences. ~A gain only those sequences involving a 2,2 make a
di f ference. This would allow getting off in 2 rolls unless the next roll is 2,1 in the
preferred case , but would do no good in the other . The respect ive ENR’s are 2.794
and 2.777. 

.- - — -V ~~~~~~~~~~
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It ui ~~~ ’ seem that the advantage gained by making the correct  play in these cases is
t r iv ia l ;  however , it is certainl y worthwhile to improve one ’s chances in the play
wl -een it can be done at no risk. For these two exa m ples it would seem that the rule:
“When there are a small odd number of men on the board, play to maximize use
of do ubles ” would seem to be the correct way f or humans to cap ture the knowledge
that is contained in the tables.

[. Spacing of men around the board

It is important in backgammon , all o ther things being equal , not to let gr oups of men
herouiie disconnected from one another. Thus one does not want to advance any
men too far , or have any fall too far behind. At the moment we are taking care of
this problem by using a 2nd momen t of inertia calculation whic h in general works
quite wel l. We f i rs t  calculate the center of mass of the moving side after a play.
We then calculate Mnmi -ui2 - -  the 2nd moment of inertia of the men located back of
the center of riass. In the evaluation process this term wilt be a debit , and in
gøneral BKG wil l  t ry to minirriize this term all other things being equal . It should V~e
noted that this computation also has the desired ef fect  on the men in front of 9e
ce nter of mass (not too far advanced) , since advancing men to o far , advances the
center of mass , thus increasing the number of stragg lers and their contribution.

However , as well as this does , it sti l l  leaves some things to be desired. Basicall y, the
i eat ,c c( ue is whether any man or men is so far behind that it will be very dif f icult
for it to ever join the main force. Or whether any men are so far advanced that they
will not play any meaning ful role in the game until the bearing off  s tage is reached.
These two issues are probably best t reated separatel y and we intend t o do this in
ou r nex t  rev is ion . it is desirable to maintain stepp ing stones of safe points for
laçg ing men to j oin the main force , and it should be relativel y simple to devise a
measure of the number and nearness to each other of such s tepping points as an
index of the ease which which lagg ing men can be brought to safet y. Likewise , far

~idvanced men can be debited according to how far advanced they are beyond
the last safe man of the opponent. Even with such measures available , we would still
plan to retain the 2nd moment term as a useful measure of dispersion of the total
force.

F. Other variables

BKG also computes the values of the following variables which are used in the
ev?lua t i on process.

1. (; In~~1unnrt1 - -  Number of points closed in own home board --This is a simple
co u nting operat ion , except  at present we subt ract 1 for every enemy point in the
other ’s homeboard , and 1 for every two own blots in a homeboard. These
appr oximations are heuristic and will probabl y be rep laced by a more exac t
c.~lctilation at some future time.

2. I In inI I~ii~ 
- -  The number of blots in own home board.

3. Ifssi lder~ -- 8KG at the end of a play decides which point it would next like to

— . 
V —. - - -- . -. 

V
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t ake (based on those already made and a tab le of values) , It then counts the
number of men that are e t l r a  (sing le or more than 2 on a point) that are with in 6
points in fr ont of such a point. These men are buelders that are available to make
th us point on a tuture roll.

4 . .Slnited -- When BKG has ident i f ied the point it next wants to make , if one of its
men is al read y on this point (either as a result of the present play or a previous
one) 3KG will assi gn a value to Sln i ier l comme nsurate will the value of the point
(from the point table) . Of course , if such a slotted man is in danger of being hit by
the opponent on the next roll , this value will be traded off against the risk
u easured by the hit probabilit y calculation.

5. lu ster!; -- Accumulates values according to how overloaded this side’s points
are. It adds 1 point for the third man, 1 for the fourth , 2 more for the f i f th , 3
more for the sixth , 4 more for the seventh , etc. This is a quantity to be minimized in
the evaluation procedure.

6. In addition to the above variables which require minimal computation , 8KG also
?csugn to variables the following quantities:

~fnst l,rzck -- The point on which the furthest back man is located (could be the
bar). -

-- The number of men on the bar.

i p r z l l i i ,.E, .p Ioff, 1~’xptur , is ,Me~~tu r n .c,M i ? u u r u u c ,Mer  lnff,Mi~i loff —— For these
variables the number of half-turns required t o meet the stated goal are computed
af te r  a situation has been reache d in which du~ engagement is near . Minimum
and maximum quantities are self-exp lanat ory. The EXP quantities are based on
the rum of the ceilings of the distance that must be covered by each man involved
divided by 3 1/ 2.

~lnl,iiisy Sum of l~srn,u’s over all men of a side.

G .gl,nrki,,(CIn.cn l,onrd,Osuluar) — —  Heuristic table of values for each s ituation.

ii i : u J u r t  or (Piproiit i t (J i ist ;s i nied) u 4 + /Jcou:a i , i (Ju ct moved) *2)  /

(l’i~~roti iu s(\ ’e~ t v o mov .)+/Jron:ainVV~-’,g :ouiotu ’) *2) .

Cn,ulocs Number of pips lost by Nei i tn , , uo,~ cJ .ie to ca ptures.

= I’i,,rou. ~ut( 1\’e~~t g o Ia iove )— Pi ,) roh ; sut ( J IL.c s s :ao?t ’d )—4 .

Co,usfart nr (Cnsuiai,,(Ouuiuove)3)/300.

7. 13KG also can compute the following functions on demand (necessary for
understanding next sect ion):

()u iu:nen(side ,point) — Number of men of “side ” on “point” .
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~tI(;?u!uo??IE ’(point) — Returns binary value; true if “point” is in On,,,ove ’.c homeboard.

l)i.ctvi , i re(A ,B) — Nunuber of pips required to move from “A” to “B”.

V. The Evaluation Process

The evaluation process has a long history of experimentation which is stil l going on. It
was apparent , even in the earl y days of 8KG, that a different evaluation pr ocedure
had to be used for the running game (forces disengaged) from that used in non-
running game si tuations. This is apparent when one considers that Jlcontaiu ,
l (u . i l i - l i ’r .c , etc. , have no bearing on running game situations. Similarl y, there are
cer ta in  fac tors  which measure the aggressive worth of a position , the defensive
potential  of position , and the ease with which men could be broug ht into the home
board , given that the forces are still engaged. Clearl y, all these fac to rs  are not
applicable all the time.

To evaluate any position, we must decide which evaluation computations are
app lica ble. The f i rs t  step in this process is to decide whether it is a running game
position or the forces are still engaged. We exp lained in Sect ion IV how running
game evalua tion is done. When the forces are still engaged the evaluation proceeds
a~~ fol lows:

The unit of evaluation is the heuristic point (HP). For all positions where the
s dec are not yet disengaged the following Ct~NER /JL evaluation is performed:

HP ’-HP+Cep lo.c .c
+ ()uuiiuiu u eiu ( ( ) ff board) * ( if P1— 0 then 22 else 3)
+ Mobi l i ty / S
+ Ces(,rzcki,t(CIo.cehoard(Just,,uo,ued) ,O,ibar(Npxt,o,novc))
— Pi plox.c/ i i ’i iufector
— ( if not i~Innho,,ut’( e tf o s t l i a r k (J a .cs,,io vu ’d)) then allo;urnt2)
— 2 * (O u i ; n u i r , i ( j  ac t  r uiovu, d , 1) + Ou;, i, u, e,,(J u.c:u uovr ’d ,2) )
— 11 o;si I, lot .c(J act

T he evaluation now becomes iluore sensitive to specific situations. First we
dc te m n- ,ine whether / J c on ia i , , (J u .c im,, ,n d) � 6 in which case J u . c tmoved  is considered
near disengagerrient and the NE/J RL) IS evaluation is performed:

It Ju .cs::inuied appears to be winning; i.e. Ed ge?0 or / l ro , i t a in (Nr , .- t to, no ve ) ? 16
hen:

If Pl~ 3 then the following SAFE eva luation is done:

HP’—HP+ (if l~dge>O then l~v!ge2 else /Ieouutniui(Nnxitnuuinve)3/300)
- — IIi.;t rzr k
+ (if Qu’iu,u,r,,( i%lo .c tbork (J us tuuo i q ’r l )V 2  then 10)

(This makes it easier to brear. this point and move the men up)
+ (if Alo,uluo,,,e( tf o ~ib r , e k (J u .cs nuo t ’r r l ) )  then

begin if ()wsinu’n( M o .c: ba r k (J m ’  .c t , iu o, ’u ’ii)) MOD 2 =0 then 10;
if (Ou ’iumi ’u ( iS? o.c v!mck(Ju.c :,novnd))

+ Oueu ,,u ’n (aSlo ,ctbac k (Ju .ct:suove d)-s 1 )) � 5 then  10;
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end).

If this is the same s ta te -c lass  we were in previousl y then
if Caplo .c.c 0  or P1> (26- Ld ae) / 5  then

the following GAP evaluation is done:

HPu’-HP-(GAP(Ju.ci znoved) +P 1)
*(Co,,t fector+Getl) rzr hi su (Closcl ) oa rd (N CxttOIflO Vn) ,l )/4)*6
/ l) i.c t n , u r e ( Of f boa rd ,iS los lbac k (J t t .c t lf l O? ) ed) .

Else if this is a new state class then:

HP~-HP+/ onuai,u(N ttoHtove )* 2 ( W  Ed ge>0 t hen l~d g ct3) .

This factor is a measure of how desirable it is to be getting
near disengagement , and thus encourages or discourages
getting into this state.

Else if Ju.c t :noved us losing then:

HP~-HP+,’Jcn ,,te in(Nr x t tOrn oVo) 3/300.
This fac tor  encourages maintaining the best possible actual
conta inment because disengagement is not in the interest of Ju.ct,novc d.

If l) istanco( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
or GAP (J u s imo v e d) � 1 then:
l-IP’—HP+( E-*~po llin(O,u,,ur,tm)— E,c1,nllin(J i~ct ,novrt d)/ 10.

Thus facto r  encourages Ja.ctr i ,ovo d to bring his men eff iciently near or into the
homebOard , while being applicable Only when Ju.ctuiiovnd’s position . has no holes in
it .  For this section the important ideas are: If we are ahead and we re near
disengaged then t ry  to bring men up with minimum danger.

If . l , Ls Imove d is not near disengagement then the following NOT1VE/JRDIS computat ion

is performed:

HP’ - HP + Slott od(Jus ct mo ved)
+ 11,, ildr,.c(Ju’ ct ,uiovrd)

— — I! jsinr1~(jui ci
4 / Jro ,i ,oi , , (N ( ’TItouiou ’e)3/300
+ c;0,1,~,:,~(

+ (If (), i1,or (Ju ~f n u n v ’ d ) O then
l.srn pt ’~c( J iz .cs ,,,o,’t’d , ,Sl ost  l,(zrk ( J it .ct niovr ’d) ) *2)

— I~.ceapr.c(Nei ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

If l,,ctgi,n,’ed is 10. behind in the Pi g, r ozznt then the D l - 1’ l \’Sl evaluation

fu in t ion is co u iputed. First we check to see if there is any danger of g~m-m on or

bac i~;ansmOn . In that case:

if Co,uto i,u( i\’~’ u ,soiuuov r)? 15 or Clo. cel,o r , r d(J u.ci n u o t r d) ? 4  then

_ _ _ _ _
-V V V - ~~ •.

— ~ - -.- - 
V
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we consider if we wish to s tay around in the hope of hitt ing a man. This is because
we have some defensive potential in case we do hit the man . In that case the
following defensive potential is added in:

HP’--i-1P + N3. i)iVclnuire( iSfo V cgl,er k (J uctiuio?e d) ,4?o .ctbarlc ( Nerttomove ))*2—PRB ( 1 )* 100,

where N is the number of men that must c ross , aed PRB(1) is the probabil i t y of
their cr ossing in 1 roll. The latter quantity is foun d by using the be~ rof f  tables
w it h the input shifted to make it appear that the edge of the board coincides with
t lie b c  ation of ~S Io . c iba i~k (J u . c t , suo i ’ed) .

if , l r o su ta iu i (  Ne,.i l o,,i01c)� 16 then:

HP’—HP+ 1 50+/lco,uiain (Nexitn,noie)*3.

This encourages keep ing the opponent blocked in if at all possible.

Unless / I co , u tej , , (Ne~ t touuovr ) = 36 (J u.c tn inv r d has men trapped ri front of a prime), the
fol lowing I ?l.OT I) / JNC E R calculat ion is done:

HP’— H P— (P I * ( Ge g lua r k i n ( Cloc ~”
l,o(7 r (I (

~\’r r t i o m o ? t ’ ) , 1 ) +Cont fa r tor) )
/ lf ’i z uf a r t  or

—(P 2 *(G r : ( ,a rkj , i (C1osc l ; oe rd (Nr ~~tz o r i i o v t ’) ,2) + C o : uf e r t o r ) )
/ Winf r z r t o r .

If the current play involves chang ing the location of Mos tback then if the new location
i’ f u r t h e r  up t h a n  Cnnt .cq (Onnuovr )  then:

HP’— HP +( /Ico,i in i,i(O,u,uuove) 2— /Jeo;uioi,u(Ju’ ct moved )2)/50.

It is noteworth y that these evaluation functions produce almost all the recommended
ways of play ing the opening rolls , thus obviating the need for “opening book
knowled ge ”, and als o confirming the validit y of the evaluation process.

VI. State-Classes and their Utilization

The above evaluation functions informal l y part ition the state-space into a
cons iderable number of classes. This partit ioning is defined purel y by the recognition
predicates which invoke some evaluation functions and ignore others.  The reader
w if l  have noted th a t there are some ter m s  in the’ -e iinc t io ns whK lu ~ i € invoked onl y
if this is or is not a new state.  This t ype of recognit on produces in effect a different
s ta te—c lass  for two identical positions , given th at one us reached from a member of
the saru ie s ta te-c la s s  and the other not . This action is hut one unfor tunate s ide-
effect of our current n.ethod of doing busirue~.s A r -c h i e r is that  ed g e-e f fec ts
e*ist . An edge—effect is caused by the fact th, t ! r e  ai r’ ¶~li~irp borund~ii es

between state -classes. Thus the program ma.’ ay in one t .~~- C la~ s because
ti-an ’- u stion to the next normal ~t i t c - c i , v . s in the ~~r c ~~’, n’,s io n  toward wi lluluuu g cannot be
done favorabl y -- at least not as defined by h e evaluation function for the new

- 
- - — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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s t i t F~ - c i a ’~s. This ri-ay  result in o ter ing in the cur re nt  s t a t e — c i a s s  until there is no
c u o c e  but to make the t ra ns i t ion , possibl y under much worse c i rcumstances than
w ouid have been possible ear l ier . It is conce ivable that if no s t a t e — c l a s s e s
e~~sted thus t ype of transi stion could be done more smoothl y.

~c- -.’;e er , it is almost self-evdent that one evaluation function cannot serve to
orrt”r all positions. To do this , inc redih ie comple x ities would have to be
iiu tr odL -ced. Consider the ~ l o i i e d  term. Before the opponent has build a strong

- e pocit ion , it is worthwhi le to expo se a man in a slotted context in order
to im p iov e one’s own position . A s the opponent ’s position gets better , this becomes
rc ’ . aug less worthwhi le.  However , in certai n desperate si tuat ions , i t may again be

ces ura b le to take such risks. Finail y, in the running game the t erm has no meaning
a i  all . Clearl y, the coe f f i c i en t  of this terr e must be sensitive to a great deal of
c o n t e x t , w hich in e f f e c t  nuaices the coe f f i c ien t  non-linear and the result ing
e’ -a l t ua t i on  funct ic.n non-linear . Rather , than eva luate or~~ gigantic non-linear
evalua t i on  func t ion , it seems wiser to eva luate each position in its proper context.

Thus the whole issue of s ta te -c lasses  and their assoc ia ted  evaluat ion funct ions us
horn. The issues associated wi th  s t a te - c h~~ses a re these: We assume that it is
pn~ sible to pa r t i t ion  all game posi t ions into mutuall y exc lus ive  s t a t e - c l a s s e s .  This is
rot  n f f i c u lt and can be accomplish ed by merel y having recognizers for a set
of s t a t e — c l a s s e s , invoking these recogn izers in a canonical order , and putt ing all
not -ecog n ized  posit ions unto a grab-bag class. We further assume that within a

a t e - c ~ass , a linear pol ,’nonrai funct ion ex is ts  which can order the members of this
~~~~~ accor ding to goodness . ~t is appauent  that thus is true in the limit , when there
IS a c t a t e ~ c lass  for each position; however , the degree to which this is possibie
-.~ luen there are a larg e number of mem bers in a given class us not c lear . In prac t i ce  it
us possible to get very good (if not per fec t )  orderings , and to sp lit a s ta te-c lass
when the ordering procedure becomes too d i f f icu l t .

Iii ~~- u r r a l , s~a te - c l asses  can be classi f ied into the tol lowing ca tegor ies :  1)
E~ sen t i a l l y w on, 2) Favorable , 3) About even , 4) Unfavorable , 5) Essent ia l l y lost .
In ~~ cases it is possible to further subdivide the classes into stable and unstable ,
w i n  e in gener al s tab i l i t y can be thoug ht of as the var iabi l i t y of the end result.
Thus he  fo l lowing ordering of these categor ies  represents  the ir general  des i rab i l i t y :
1) Won st~.ble , 2) Won unstable , 3) Fav o ra b e stab le , 4) Favorable unstable , 5)
E ven staHe , ~nd ev en unstable , 6) Unfavorable unstab le , 7) Unfavorable s tab le , 8)
Lost unstable , 9) Lost stable. Frequentl y, in order to reach a more favorab le  c lass
it w i l l  be nececsary to go f i rs t  to an unstable class; i.e. take a chance. In general ,
the -.ide that  is closest to winning will want more stab le positions and the side that  is
c loses t to  losing more unst ,d u~ ours.

~i r )wp er , t hus is not a lways  the case. T i m side that has a sli ghtl y be t ter  posi t ion may
w , , it  t o introduce some instabilit y in the hope it will result in an even more favor  able
p~~c i t i O n  (or even won), w hile r isking losing the advantage or possibl y ge t t ing slig htly
the w orse of i t .  This kind of decision is very di f f icu l t  to program , if all posit ions
a r e  e” .~ uate d onl y on their (

~~pec t a t i on or ga rue - t l i eo ie t i c  value.

Ac Ruall y, notions suc h as prog recs and risk are c ru tches that are not needed when a

- V
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1inrver ’~~ i r i - easure  of goodness such as expec ta t ion  ex i s t s , as it does in
r,ic k~~a i , i i i i c n . T hus we  ~houid a lways  move to t he s tMe  w i t h  the g r c a t e s t  e x p e c t a t i o n ,
arid state- cluss es are not needed at all . However , as we pointed out ear l ie r  this is
onl y in a s y s t e m  w i th  p e r f e c t  knowled ge . When there is imperfect  i’nowled ge ,
suc h c ru t ches  a ’ iow  for much smoother per formance.

lo give an ~ ~~up le of move se lec t ion  across c i a r s  boundaries , c onsider the posi t ion of
Figure ‘~

1 2 3 4 5 6 Blac k 7 8 9
~~~~~~

11 12

/\ f~ 
/ V~ t\ O 6 6

/
_ _ _ _ _  J\ I 

-

24 23 ~~ 2 1 2~ ~~ White 18 17 16 iS 14 ~3

Figure 4

In this race ()iurio, ’ White. The cur rent  s t a t e — c l a s s  (I) is cha rac te r i zed  by () ,tntoi’e
I ‘ i i ~~~~ uHica d in t he pipcount by 1 ~ pips or more , having to cross e act l y t w o  rriore

i - - points w i th  his Most~ ack , and having I ’1~ 3. We can now imagine an
r al ion Ii i i c  t ion  for  thi s c las s  wh ic Ii would cons ider t he posit ion of t i e  dot ihi n~,

Ul)p , t h e  exac t c J i f f e r e n  e in the pi~~ oun t , the d is tance between Mnst h~ r k and each
of the two poin ts that r~u’,t he cro s ’ - ed , Co ,usai ,u(W liite) , the nui rl ur of v i  eppi  n~~

I (n C  points of White between the two points of .\1e1 I Iouiini ’ that  must be c i  n’ -~ ed ,
lie value of Clo .ci . I , o r , r r l ( V/hu t e ) ,  and the nuiriher of pips that  a re a’.’a i lab e to be

plu , ccl as s lac k  before any of the se values are dec reas ed  Such a func t ion  could
c o i i c e i . •ahly de l i ve r  an output that would indicate the r~ pec t .~t io n of W hi te in the
p u  t i cu lar n - e t her of t im s la te -c la s s .  Such a func t ion  could be der ived e i ther  by

— ~~
— . 

—. V 
- --,-- -
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ar t . u i y t i c r~~ u~~ ,-~~- . ç  or by ac tua l  s imul.di on of posi t ions in the c l ass to f ind out h o w  each
c’~ the ir’o ’ e  v a r i an ie s  a f f e c eci the c~~~e c t a t i o n  of White. Fur ther , such a fun ct ion
c ue d he t i i i’pd as e~ pe~~ence is accum ula te d.  Let us assume that  such a funchon
c~~ c~~s aud predidro t n a t  in the s it uat ion of Figure ~ White should win 667 of the t ime ,

a fl.- ’ i o n  27 of the t ime , lose 307 of the time and lose a gammon 22 of the t ime ,
a net e~ pe c t a t i o n  for W hite of ~.36.

~~~i .v f rom this posi t ion it is possible to move to four s t a t e — c l a s s e s :  the present one
( c l acs  ~) , an unstable s ta t e -c lass  where White has tw o  points to c ross , but has a
ro t  in cianger of being hut , i.e. P1>3 (class II), an unsta ble class where White has
(iri l y one more point lef t  to cross (class IV) , and a stable clas s where White has onl y
oi,’~ po int i c — f l  to  c ross  (class III). Further , if a blot is hit in s t a t e — c l a s s e s  II or iV ,
we h ave another s ta te - c lass  (V ) in which White has a man on the bar wh ich mis t
cu te r  ir. f r ont of Black ’s blocking position Each of these s ta te -c lasse s  w i l l  have t hei r
own e .  ‘uk iat ion func tions. Thus when deciding how to play a roll , the play y ielding the

e ‘ pec ta t i on  will be chosen.

Wh i t e ’s win probabilit y, W , in a s ta te  wh e re lie is to move is the SUM 1=1 to n (T 1~W 1)
wni.ne  T~ is the  probabi l i t y of t rans i t ing to s t a t e  i on the play by playing it
opt n nH ’ , and W~ is the probabil i t y of winning once s t a t e  i is reached . If it is Black to
p a y , White ’s win probabil i ty can be co mputed in a l ic e manner.

ihi c method can be used to decide between plays that result in di i fering state-
c ia s s o c ,  even thoug h one class riiay Lie unstable and the other not. Let us liust ~ a te b y
an exa m p le . Assu m e that W = .92 for posit io ns in s t a t e - c l a s s  III. W for posit ions in
r,t.~t r — c l ,-’ss II is PH * W5 + (1 -7H) * W 2, and W for s la te  c lass IV is PH * W 5 + ( 1-PH) ‘
,A,( H~ r~ PH = P1/36 , W 2 .85, auid W~ = 92. To get W5 we mus t compute the
probabi l i ty  of White escaping over the blockade on his next roll , as o therwise he wi l l
be dou bled and wi l l  have to resign . If he does escape , lie has about an even cha nce in
the result ing po r t i on . These cons tan ts  should make clear the computat ion below It
sl- iouj ld be noted that  when W for a side that i5 on ro ll and can double is ? .75 (i.e.
tm ~

:. ,p~~rt a t i o , ,  � .50) he can double and force his opponent~s resi gnation . T hus such
t~~i mc sh ould be ignored as their vaiue drops to 0. This is true for instance of tie
t e rm cHa lunn, w i t h  the si tuat ion where White is hit and contained.

We i .nw u,e this method to dec ce row to play a d i f f icu l t  roll , 6-1 , in Figure ‘3 . There
I “ i c  al l y t w o  plays :  run one man h orn the 12 point resulting in a posi t ion of c las s

i, or play  both n-en f rom the 18 point remaining in c lass 1. For the f i r s t  play:

7,~ 20/36 * 85 -~ 16/ 36 * 2/36 *.5 .48.

For I. e e oiid play, there a’ e 5 rolv whi ch result in t r ans i t ion  to st a t c  — c i  ass III ( 2 — 2 ,
3-3 , 4 -4 , 5-5 , 6 - 6 ) , 2 rolls that result in a class II posit ion (6 2), 8 rolls that resu lt in
c la s s  (V posit ions (6-1 , 6-3 , 6-4 , 6-5) , and 21 rolls that result in remaining in s l a t e —
c ass I. T he a ppropr ia t e  co m p ut a t i o n  is:

~~
_ 5 . ‘I. ( t , : i t e ~~c l , i s s  I I I )

~. 8 ( 11/  ~1 .~ 
;/~~l ~:.5 ~

. 35)  ( s t a t e — c l : iss  I I )
4 ( ‘

~~~ / n  . ~~~~ -:. S + 13/36 /5) (s-c I V . 2 blots )
4 .55 (s-c I , neu.j 14 = .55)
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/36 = ~~~~G1 / 36 = .5 7.

T h i e i  e t o re , it can be seen that it is bet ter  to make play  two.  It should be noted that  as
t h e  probabi l i t y of c ontaining a hit man var ies w i th  Black ’s defens ive fo rmat ion , lhu~
c .i ic u lat ion wi l l  als o vary  accor dingly.

I he ‘urt l iod we have descr ibed above can lie used for deciding the very  m po r tan t
p n ’lem of w h en to niove to a state that is in a s t a t e - c l a s s  d i f f e ren t  f rom t h e  one we
c cur r ent l y in. However , t he whole method assumes that an accu ra te  ev a lua t i on

f unc t i on  ex is t s  for each state-class; i.e. it both orders properl y an d produces the
cUr rc t r~~pec t a t io n  for each meriuber of i ts c lass.  This is obviousl y never the case.

1 lie refo r e, it is necessary to show how such a sys tem can operate ade c uateh y and
can L~C improved in the face of error. For each state-class there are new state-
ciavre r , th a t can be reached in one optimal play for each side wi thout  a cap tu re

— ‘~ rir made. We call these cla ’ ses forward wi th  respect to the ori ginal class.
L i . r w i ce , there are new classes that can be reached from the current class in one
c;.~~iuiia l p l a Y ’ by each side , w hen there has been at least one capture  of a man.
V Jc— cal l  t hese  c lasses backward  with respect to the orig inal class.

It is po~ si hle to s ta r t  w i th  a class for which we have excel lent  expec ta t i on  da ta , i .e.
t he c lass of bearing of f  posi t ions that can be looked up in our tables (class B). Next ,
v. ’~ cons ider all c lasses f or which class B is fo rward , and improve the evaluat ion
fundion for those c lasses , tuning the c oe f f i cen ts  of exist ing terms and adding new
ones as required. This wi l l  improve these evaluat ion funct ions. We also note all
c lasses  that  are backward  to this c lass , and put them on a list together w i th  the
n a m e C f  t u e  current c la~ s. We can continue this process indefinitel y, but painfull y
until e - er y c la s s  has been encountered. W henever t h e  eva luat ion func t ion  of a c la s s
t h a f  is on the l a n  ~,wa rd lust  is unproved , we go hack and modif y all the eva lua t ion
f u n c t i ons of t i e  a f f e c t e d  c lasses. W e can then continue our process or go back

~o one ot f i  ic ch<.ses whose f unct ion has just been modif ied arid s t a r t  anew f rom
i t  e. It is c lear  that  t h is  is a converging procedure. It wou ’d p roba bly bc

i e C  r~~,, r y to ese ntua l l y aj tcmna 4 e this proceedure , if for no other reason than that
c - i tu~’. i l - .’ the evaluat ion funct ions would beco rie so good that  the-y would do a
h r  t t ~~r j ob of Ou dering r,iernibers of a c lass  than the exper imenter  wou ld. Such
.ii . i i o, t ;u l uo n e~~ ept f or the in t roduct io n of new terr i i s  has been previousl y done b 1
Sa mue l [5a59] for ch e_ ker r .  It would appe~~ l ikel y that for a game such as
hac auuimon , it would be pos~ ihle to get a se l e c t i on  of terms such t ha t  no nçw ones
v.’ , h i e- Er  hc required. Then it wi l l  be merel y a ma t te r  of tuning old evalut  on fc i uic t rons ,
pulling in a new (but known) ter mu every once in a while to see if it ca n ii pro”e
Pu nd c  liOn .

As data are col lected and t h e  eval u ation functions ini prove , two  things hiu.om e
t u iss , i b le . It is possible to keep t r a c k  of how t h e  predict ion vior kr out for the

O~ ra in ’s own p lay , which can be used as an indicator of w h ich funct ions need to be
tuned nex t. ~ is als o po~ ru ble to keep t r a c k  of individual opponent’ s resul ts  ar id
n ip  In t lip one li.i r i on tI - at lb to y don’t ap pra ise  c e r t a i n  s t a t e — c l a s s e s  c o r r e c t l y,

-u i i u m  use t I n s  iiif~~u r a tion in f utu re  ~‘,a iues .

, r 
.. . . .. .-



Vf l .  T ps t iuu’  d 8KG

W I inn t e s t i ng  Br<~ on lyp ica i  beginners books , I ~e t s  the r gut answer in excess of
7O~ of I hie t ime. A much bet t e r  a p p r a s a l  of t h e  p rog ram san be obtained by
,ur ~~,b ,~7 i ~~’ i t s  s uccesses and fa i lures on more r. f f c u ~t t a s k s .  For th is ~.e chose the
n on bems in a very fine in i erned ate i e ,’ei neck Ho743. There are 7~ doable

o l u l e u r. in thu s book (RsG could not do t i ~~ e v.’Hic li involve doubling dec isions

~e ic r e  d useuiga ~ ement). We have c a s s ; f e d  the problems according to the major
i. u o A h u ~dgn require d to get the rig ht answer . This is a rallier a r b i t r a r y  w ay  of
ncui.lng at th ings , but it is hel pful in tryi ng to uuider rt and the s t ren g l hs  and lacks in

t u p  p r o g r a m . We divided the probieruis into seven cate gor ies :

1 General posi t ional ,
2 c~uiiniu7, game; bearo f f ,
3) Lu~ a~ ed: hearoff ,
-I) B a k  ga u -uie ( th is a special  defens e posture ) ,
5) T i r u r u ’  ( th ins  in\’OlvCS advau it a~ es t ha t  prese nt l y ev u s t  going away

because one side Or the other must dest roy his position),
6) Defensive plays ,
71 /\ci -~. anced defens ive plays (including the re turn play).

We followed the practic e in scoring t h e results of givin g 8KG part credit for
a u ’  .~ers that were not pe r fec t l y co r rec t  but showed i t understood the main point
c~ the pr oblem , al though the execut ion was not per fect .  We also deducted ru .sr t
crec iut when it got the correct answer without understanding what the main proü lem

-.was Tanle I below shows the results of the tests.

TABLE I- Tests of BKG on “Better Bacicgarnumon ”

~ ru~~i t u r i n C l~ i . s  Nij riher ~~ic t h t  Li r cung Percent Correct

hcu~~i t j r i ui al 28 18 3/4 9 1/4 67
f l . iu i i iiu içj E3ea ro f f  5 5 0 100
E , J i ~~rI Ei e a r o f f  11 2 9 22
~~~i~~~u 1i i~~ 8 3 1/4 4 3/4 41

i n m i t i r t  13 4 9 31
A r l y ini nut  Defense 6 1/2 5 1/2 6
[l~~ f m ~u r e  3 1 2 33

In v ’ ,.~~ a l i i  ug these r psi ul t s , se\ ier al t lu n gs S Ho id lie not ed. The suhi bect ru at I er us.
I u at i e i ,

~ ad v a n c e d, and w ould for the most part  CO i uiC up in o n l y one of 20 or more
~~~~~~~~~ Then e are usuall y on the order of three plausible au lower s  to a problem . £~KG
i’ y.no d enoug h in almost every case to know v.’hat t h e s e  are; thus a t ta in ing a
‘.101 p of 33 / or less could be regarded more or less as the res u l t  of rhance. We
can s e e  that 8KG is ex t reme l y good in running game play. Also it has a ~ood
uun cf r~r ’.tandiiig of flie re lat e posit ion a l anv;,nl a~~’ 5  - in- ,.-r.vpr , i t s  per f o r ’uian cc
in, o t i i e n  in t e r i i ue o ia t e  le ,el a~ pecls of turn g a i u e  us at best i~~~- n n  re. It i,~~
I un ir v t nc r  to hel p it do hearing off  while ~t i l  L- ru~~u u ’d , hut I liese are for run—of  I lie —
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n u l l  I c u t  nat iOnS , not for  the more sop iist is a ted ones in the test set. It has no
specifi c understanding of the back game. Since the o h ;ec t iv es  in the back garrue are
i ath ie r  a if he r em it than any thing e lse  in back;arn nu -ion, i t wi l l  be necessary to
i n up ten u -en t a speci f ic  set of s ta te -c lasses  which recognize back-game potent ia l  and
H~~w to maintain and destroy it. The pu oblerui of timing is one that wi l l  be resolved
¶ ,00ui . Es sen t ia l l y, this requires having a uunas u r e  of how many rilen are present l y
huo iinid to essen t ia l  roles in the current eva l~ ul io n , and how many pips are ava i lable
to he playe d by the renulaining men before t ve  important men wil l  have to be
“n  ed BKG’s only knowled ge of def e’  e is that  desc n ined ea r l ier .  It does not
under~~tanid the concept of coverage , i.e. co rtroh lui i g points on w hich an opponent’s
L Is t  may land in the next roll or two.  It does not understand tha t  at t imes it may
i’~ benef ic ia l to ex pos e a blot in dire circur uist ~ nces or to make the “re turn ” play.

i l l S. th is  series & tes t s  has pinpointed Sol e spe c i f ic  knowledge t h at BKG hacks and
t h at is ccii s.ij bsunu ued in i t s  present knowledge base

VII I. Use of ~u uui u ia t  ion Fa c i l i t y

It s ~o s ’  uble to  g ive 8KG a ~ O 5 i i iC i i  and ask it  to  play both sides repeated l y any
u’ u - n’  of t i m e s . In do rug t h e s e  s imula t ons it w i l l  p a ’j as it ordinari l y does; double
~v lien ~~i t - ,e~~d an d appro pniMe. T i~~rc are ce r ta in  t ypes of positions that BKG plays
a nsI p~’ r S e c t l y so that Co ng such s im uhat ons generates  useful in format ion fo r
r- a h a t n i u g  t i e  ~osul io n . Included iii t h.s  c l ass  are all running game positions and t hose
w i  - “ r  one s ide is bear ing o f f  w i th  one or fewer  points to cross. Th us it is , for
in~ t~~iicr , ~ s u ~il~ to  c i e ter u ine Inc ex pec ta t i on  of the bearing of f  side when there are

~io opponent’ s m En on the bar , and h i s  l ionuue board is closed Such inforr u -ua t ion is very
useful f or underslai idnng where cer ta in  break even points are. We have , in fac t ,
c ou i s  t i n ’ i-h pub lnr.ii ing tab les  of such data for general consumption.

- .- — —.-. . . ,.
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l~ A u’auuuC

E-~KG does not play a bri l liant game , as one could for instance say of a chess program
v.hien it makes a sacr i f i ce.  It plays wel l  amid consistent l y, using its knowledge of
p ohabihit y and positional fac ets  of t h e  game. it makes errors when these
f a c e t s .  are misinterpreted due to its evaluation functions or when the
ap pu opr i a te knowledge is not present. The garule below is representa t i ve  of
t i e  good games it plays.

1 4 i u i t e :  Ber Hner Black:  8KG
R o l l  Play R oll Play
6,4 1-5,12-17 5,6 24-18-13
2.5 5-7-12 3,6 24-18-15
1. 3  12-1S X ,1-2 3 ,4 26—21 ,13-10
4,3 12-16,19-23 1 ,6 6-6,10-5
4.6 15- 1X ,17-21 6,3 25-22-16
3.1 12-16-16X 2,5 25-23X-18

0-1 ,12-18 1 ,4 25-24-20
(Doubtful p lay  as th i s blot is too exposed , but Black is luck y).

4 .3 17-20X ,16-20 3 ,4 25-22-18X
0-4 ,2-4

( r Joi.i i~o ij l d  be a good t i m e  for Black to double and L .Jhite should
refuse. Houever , BKG does not double u n t i l  d isenoc iged) .

2,6 13-11 ,18—12X
‘BKG does not knol1 about back-game p o s s i b i l i t i e s  and thus is h ap py  to
h i t  a l t  the blot s it safe l y cart . Here the back-game is unsound
.uniy i i au)
5, 1 0-1 ,17-22 1,4 8-7 ,11-7
3.3 19-22,17-20-23 ,15-18 3,4 12-9 ,13-9
3,4 19-23 ,18-21 6,5 13-7,13-8

4-10-12 4.6 8-4X ,9-4
1, 6 0-1 ,12-16 5 ,4 13-8 ,9-5
(l iak inci  the 3 poin t improves Black ’s ganitiron chances , hut BKG noes not

i~ant to leave any shots).
1,2 1-3 ,16-17 ‘ 3,6 5-2 ,8-2
1,3 17-20 ,21 -22 6 ,1 ~ -2 ,8— 7
6 .2  3-9.~~~-26 6 ,3 7-4
2, 4 20-24 ,9-11 6 ,2 7-5

11—17-22 5 ,3 7-2 ,7-4
1,2 22-24 ,23-24 3 ,1 4-3 ,6-3
5,3 19-74,19-22 1 ,4 6-0 ,6-5
C, , i 1-7 ,72-23 3,6 6-3,6-3
6.3  7-13-16 4,6 5—0 ,5-1X
2 ,5 No legal mo ve (no tuck ) 2,2 5-3,5-3-1 ,2-0 (safe non!)
2. 5 3-5-7 4.2 2-0,6-0
5 ,6 7- 1 -18 6 ,4 4 - 0 ,3-0
u .S 16-21, 18-22 Double (uio ch ince of rp jnunmno n renia ins )
P u s s ’

— ..— . .- --
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