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A program t h a t p lays the SCRABBLE Crossword Game has oeen designed and implemented in SIMULA 
67 on a DECSystem-­10 and in Pascal on a CYBER 173. The hea r t of the des ign is the data s t r u c -­
t u r e f o r the l e x i c o n and the a l g o r i t h m f o r search ing i t . The l e x i c o n is represented as a 
l e t t e r t a b l e , o r t r i e u s i n g a canon i ca l o r d e r i n g o f the l e t t e r s i n the words r a t h e r than the 
o r i g i n a l s p e l l i n g . The a l g o r i t h m takes the t r i e and a c o l l e c t i o n o f l e t t e r s , i n c l u d i n g b l a n k s , 
and f i n d s a l l words t h a t can be formed from any comb ina t ion and pe rmu ta t i on of the l e t t e r s . 
Words are found in app rox ima te l y the o rde r o f t h e i r va lue in the game. 

1 INTRODUCTION 

The SCRABBLE Crossword Game is a w e l l known 
game cons ide red to r e q u i r e a f a i r amount of 
i n t e l l i g e n c e , s t r a t e g i c and t a c t i c a l s k i l l , 
f a c i l i t y w i t h words, and l u c k . U n l i k e most games 
i n the a r t i f i c i a l i n t e l l i g e n c e l i t e r a t u r e , i t 
can be p layed by two or more p l aye rs and is 
n e i t h e r a zero sum game nor a game of p e r f e c t 
i n f o r m a t i o n . For these reasons , minimax search-­
i ng procedures do no t seem a p p l i c a b l e . When 
humans p lay the game, a l a r g e e a s i l y a c c e s s i b l e 
vocabu la ry seems to be the most impor tan t d e t e r -­
miner o f v i c t o r y . One m i g h t , t h e r e f o r e , t h i n k 
t h a t i t would be easy to w r i t e a program t h a t 
p lays the SCRABBLE Crossword Game at the cham-­
p i o n s h i p l e v e l . We are examin ing t h i s ques t i on 
by c o n c e n t r a t i n g our e f f o r t s on the des ign of 
the l e x i c o n and the a l g o r i t h m f o r search ing i t 
and pay ing much less a t t e n t i o n to the s t r a t e g i e s 
and t a c t i c s o f a c t u a l p l a y . 

Our l e x i c o n d i f f e r s f rom those u s u a l l y used i n 
n a t u r a l language p rocess ing programs because of 
the use to which i t i s to be p u t . Usua l l y one i s 
c o n f r o n t e d w i t h a p o s s i b l e word . One must d e t e r -­
mine i f i t i s a wo rd , and , i f so , segment i t i n -­
t o a f f i x e s and stem, and r e t r i e v e l e x i c a l i n f o r -­
m a t i o n a s s o c i a t ed w i t h the stem. The problem f o r 
the SCRABBLE Crossword Game l e x i c o n i s , g i ven a 
se t o f l e t t e r s , f i n d a l l the words t h a t can be 
made f rom any comb ina t i on and pe rmu ta t i on of 
them. Th i s is a very d i f f e r e n t prob lem. 

We have designed a program t h a t p lays the 
SCRABBLE Crossword Game and implemented two 
v e r s i o n s . A t I n d i a n a U n i v e r s i t y , Howard Smith 
implemented a program in SIMULA 67 [2,3] on a 
DECSystem-­10. At SUNY/Buf fa lo, M ichae l M o r r i s 
and K a r l Schimpf implemented a v e r s i o n in 
Pascal [ 6 ] on a CDC CYBER 173 t h a t manages a 

game between any number of p l a y e r s , and each 
wrote a program p l a y e r . 

I n the sec t i ons t h a t f o l l o w , w e w i l l b r i e f l y 
desc r i be the game manager, bas ing the d e s c r i p -­
t i o n on the Pascal v e r s i o n , which is more gen-­
e r a l than the SIMULA v e r s i o n . We w i l l then 
desc r i be the l e x i c o n data s t r u c t u r e and search 
a l g o r i t h m i n more d e t a i l . F i n a l l y , w e w i l l 
b r i e f l y desc r i be the t h ree program p laye rs t h a t 
have been w r i t t e n . 

2. THE GAME MANAGER 

F igure 1 shows the o v e r a l l o r g a n i z a t i o n of the 
system, assuming one human p laye r and one p r o -­
gram p l a y e r . In r e a l i t y , the re may be any 
number of human p laye rs and any number of p r o -­
gram p laye rs as long as there a re at l e a s t two 
p l a y e r s . 

The game manager module handles a l l i n t e r a c t i o n 
w i t h human p laye rs and e i t h e r dea ls t i l e s o r 
accepts t i l e s p icked by human a s s i s t a n t s . A f t e r 
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and computes the score o f l e g a l p l a y s . I f a 
human proposes a word no t in the l e x i c o n , the 
r e f e r e e asks i f i t i s r e a l l y a word . I f the 
human says i t i s , i t i s added t o the l e x i c o n . 
Otherw ise the p lay i s cons ide red i l l e g a l . 

Program p l a y e rs may use the r e f e r e e to f i n d 
l e g a l p lays and to choose the bes t among s e v e r a l 
l e g a l p l a y s . 

2 .2 The Human Opponent 

A human p l a y e r i n t e r a c t s w i t h the game manager 
i n a n o t a t i o n c l os e t o the o f f i c i a l n o t a t i o n o f 
the SCRABBLE Crossword Game P l a y e r s , I n c . [ l ] . 
The word is typed w i t h each l e t t e r a l r e a d y on 
the board preceeded by a " $ " . When a b lank t i l e 
is p l a y e d , a "@' ' is typed f o l l o w e d by the l e t t e r 
i t i s b e i n g used a s . The l o c a t i o n o f the word i s 
i n d i c a t e d e i t h e r by a row and the b e g i n n i n g and 
end ing columns ( e . g . 8K-­N) , or by a column and 
the b e g i n n i n g and end ing rows ( e . g . C2 -­7 ) . 

2.3 The Lex i con Manager 

The l e x i c o n manager is used by the r e f e r e e to 
check whether words and crosswords a re c o n t a i n ed 
in the l e x i c o n , and to add words wh ich a human 
p l a y e r c la imed a re words , bu t were no t a l r e a d y i n 
the l e x i c o n . The program p l a y e r s use the l e x i c o n 
manager to f i n d words to p l a y . A human p l a y e r may 
use the l e x i c o n manager to i n t e r a c t w i t h the 
l e x i c o n w i t h o u t end ing the game. 

3. THE LEXICON 

3 .1 The Data S t r u c t u r e 
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f t 

Each node i n the l e x i c o n t r i e c o n t a i n s a l e t t e r , 
a l i s t o f words , a success p o i n t e r and a f a i l 
p o i n t e r . I f L i s the sequence o f l e t t e r s con-­
t a i n e d in a l l nodes on the success path f rom the 
r o o t t o some node, n , e x c l u d i n g the l e t t e r i n n , 
and l i s the l e t t e r i n n , then the l i s t o f words 
i n n i s a l l words t h a t a re pe rmuta t ions o f the 
l e t t e r s in L p lus £ , the success p o i n t e r p o i n t s 
to a s u b t r i e c o n t a i n i n g words formed f rom L, £, 
p lus o t h e r l e t t e r s , and the f a i l p o i n t e r p o i n t s 
to a s u b t r i e c o n t a i n i n g words formed f rom L, 
o t he r l e t t e r s , b u t no t l . The o rde r o f l e t t e r s 
on bo th success and f a i l paths i s the c a n o n i c a l 
o rde r d iscussed below. F igu re 2 shows a sma l l 
l e x i c o n t r i e . 

3.2 The Search A l g o r i t h m 

B r i e f l y , the a l g o r i t h m f o r sea rch ing the 
l e x i c o n i s to take a se t o f t i l e s , o rde r them 
a c c o r d i n g to the c a n o n i c a l o r d e r i n g , search the 
f a i l pa th o f the r o o t u n t i l the l e t t e r o f the 
f i r s t t i l e matches the l e t t e r i n a node, then 
search the success s u b t r i e w i t h the rema in ing 
t i l e s o f the s e t . Then, to get words formed 
from subsets o f the o r i g i n a l s e t , i gno re the 
l e t t e r t h a t matched the node and a l s o search 
the f a i l s u b t r i e . So, i f the l e x i c o n o f F igu re 
2 is searched w i t h the l e t t e r s KCPTIE, "peck 
w i l l b e f ound , and t h e n , i g n o r i n g " p " , " t i c k 
w i l l b e found . 

So t h a t words can be found in app rox ima te l y the 
o rde r o f t h e i r va lues in the SCRABBLE Crossword 
Game, the major s o r t used in the c a n o n i c a l o rde r 
i n g i s the va lue o f the l e t t e r s i n t h a t game. 
Since when a l e t t e r of a l e x i c o n node is in the 
search se t bo th i t s success and f a i l s u b t r i e s 
are searched , bu t i f i t i s no t o n l y i t s f a i l 
s u b t r i e i s searched, the secondary o rde r i s 
f requency o f the l e t t e r i n the game s e t , l e a s t 
f r e q u e n t f i r s t . The t e r t i a r y s o r t i s f requency 
i n E n g l i s h , most f r e q u e n t f i r s t , t o h e l p m i n i -­
mize the s i z e o f the l e x i c o n t r i e . Con t ra ry t o 
t h i s o r d e r i n g , " S " was p laced l a s t , because o f 
the l a r g e number of words t h a t can have " S " 
added and remain words. For example, F igu re 2 
has 21 nodes, bu t i f " S " were p laced b e f o r e 

L » where i t be l ongs , the same l e x i c o n would 
have 32 nodes. The f i n a l o r d e r i n g used was 
' 'QZXJKHFYWVCMPBGDLUTNRIOAES''. 

Four d e t a i l s were i gno red i n the above b r i e f 
d e s c r i p t i o n o f the search a l g o r i t h m . F i r s t , 
l onger words , l i k e " s m i l e s " a re more v a l u a b l e 
than s h o r t e r words u s i n g the same l e t t e r s , l i k e 
" m i l " , so words on the same success branch are 
c o l l e c t e d i n the o r d e r o f l e a f toward r o o t , 
r a t h e r than r o o t toward l e a f . Second, the 
search se t o f t i l e s may c o n t a i n b l a n k s , wh ich 
can match any l e t t e r . Blanks a re i n i t i a l l y 
p laced f i r s t i n the search se t so they can 
match nodes h i g h i n the l e x i c o n t r i e , and l a t e r 
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s h u f f l e d down in the search se t to match lower 
nodes. T h i r d , the search se t can c o n t a i n l e t t e r s 
t h a t a re r e q u i r e d to be in found words , so are 
never i gno red by the search a l g o r i t h m . F o u r t h , 
the search te rm ina tes a f t e r each word is found 
in case t h a t word i s accep tab le to the p l a y e r and 
n o f u r t h e r search i s r e q u i r e d . I f t h i s i s no t the 
case, the search can be resumed from where i t 
l e f t o f f . The SIMULA 67 v e r s i o n uses the detach 
f a c i l i t y f o r t h i s purpose. Space prec ludes p r e -­
s e n t i n g the complete a l g o r i t h m h e r e . I t can be 
found as procedure f indwords2 in [9") . 

3.3 Use of Secondary Storage 

We have used two d i f f e r e n t schemes f o r m a i n t a i n -­
i n g the l e x i c o n on d i s k . The SIMULA 67 v e r s i o n 
uses a s e q u e n t i a l f i l e o f cha rac te r s and d i g i t s . 
The l e t t e r o f each node is f o l l o w e d by the l i s t 
o f words , i f any, and then by one o f the d i g i t s 
0-­3 i n d i c a t i n g which k i n d s o f s u b t r i e s the node 
has . I f bo th a re p r e s e n t , the success s u b t r i e 
proceeds the f a i l s u b t r i e . Th is o r g a n i z a t i o n 
a l l o w s the l e x i c o n to be searched w h i l e the f i l e 
i s read i n the fo rward d i r e c t i o n o n l y . However, 
a node 's e n t i r e success s u b t r i e must be read to 
f i n d i t s f a i l s u b t r i e . The SIMUIA v e r s i o n , w i t h 
a l e x i c o n of about 1500 words , averaged about 42 
CPU seconds per p a i r of moves (program and human). 

The Pascal v e r s i o n uses a segmented f i l e o f r e -­
c o r d s , where each reco rd is a l e x i c o n node con-­
t a i n i n g a t most one word . I f necessary , success ive 
records w i t h dummy l e t t e r s c o n t a i n a d d i t i o n a l 
words. Except f o r t h i s , the r o o t o f the success 
s u b t r i e of a node immediate ly f o l l o w s the node. 
A node w i t h no success s u b t r i e is f o l l o w ed by an 
end-­of -­segment mark. The r o o t o f the f a i l s u b t r i e 
of a node is the f i r s t node of some segment l a t e r 
i n the f i l e , s o t h a t t o f i n d a node 's f a i l sub-­
t r i e , the e n t i r e success s u b t r i e n e e d n ' t b e r e a d , 
j u s t the f i r s t node o f each i n t e r v e n i n g segment. 
C u r r e n t l y , t h i s l e x i c o n con ta i ns 2126 words , i n 
4262 node records and 1666 segments. The Pascal 
program averages about 29 CPU seconds per p a i r of 
program v s . program moves when run in b a t c h , bu t 
has been too slow to run i n t e r a c t i v e l y due to 
system overhead. 

4. PROGRAM PLAYERS 
Three program p l a y e r s have been w r i t t e n , SIMSCRB, 
w r i t t e n by Howard Smith in SIMULA 67, and two 
Pascal programs -­ -­ Ge r r y , by M ichae l M o r r i s , and 
Joanne, by K a r l Schimpf. SIMSCRB on l y p lays across 
e x i s t i n g words , never ex tend ing a word or p l a y i n g 
p a r a l l e l t o a word . Joanne a l s o cons ide rs p a r a l l e l 
p l a y s , b u t n o t ex tend ing words. Gerry cons iders 
a l l t ypes o f p l a y s . Each board ana l yze r ma in ta i n s 
a l i s t o f p l a y a b l e p o s i t i o n s ordered by expected 
va lue of a p lay t h e r e . The programs cons ide r the 
bes t P p o s i t i o n s and the f i r s t w words found in 
the l e x i c o n f o r each p o s i t i o n . The chosen p lay i s 
the f i r s t t h a t i s wo r t h a t l e a s t m p o i n t s , o r the 

bes t o f the P w p l a y s , o r , i f these are a l l 
i l l e g a l , they exchange t h e i r r a c k s . Joanne f i r s t 
t r i e s p l a y i n g p a r a l l e l t o e x i s t i n g words , con-­
s i d e r i n g up to w2 words formed e n t i r e l y f rom the 
rack . 

Table 1 shows the r e s u l t s of i n t e r a c t i v e games of 
SIMSCRB a g a i n s t humans DRF and SJ, and ba tch 
games of Gerry a g a i n s t i t s e l f and Joanne a g a i n s t 
i t s e l f . The programs p lay app rox ima te ly at human 

l e v e l . The major d i f f e r e n c e is the number o f 
t imes the programs exchange t i l e s . Th is i s p a r t -­
l y due to sma l l v o c a b u l a r i e s , and p a r t l y to 
w a s t i n g many of the l i m i t e d pw t r i e s on p o s i t i o n s 
f o r which l e g a l moves cou ld no t be found. 
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