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Abstract 

In th is paper, we make the case that p r o b l e m so lv ing based on immutab le goa ls , se lec t ion of 

opera to rs to b r ing these goa ls c loser , a n d d isc re te log ic to bo th se lect opera to rs and eva luate 

o u t c o m e s is ef fect ive only in very smal l doma ins : Ins tead, m e t h o d s us ing sea rch a n d c o n t i n u o u s 

eva luat ion func t i ons d o wel l in any s ized d o m a i n as long as the eva luat ion func t i ons have a cer ta in 

s t ruc tu re . D iscre te reason ing sys tems man ipu la te d i sc re te va lued ent i t ies. However , se r i ous e r ro rs 

can o c c u r w h e n the va lue of a c o n t i n u o u s var iab le is d isc re t i zed , especia l ly if th is is d o n e be fo re t h e 

value is needed for f inal output . B e c a u s e of the need to prevent th is s o u r c e of la rge e r ro rs d u r i n g t h e 

evo lu t ion of p rob lem solvers that must surv ive wh i le they master the i r d o m a i n , we infer that t h e 

genera l i ty -spec i f ic i ty d imens ion of p r o b l e m solv ing runs f rom ends -o r ien ted to means -o r i en ted , and 

f rom c o n t i n u o u s to d iscre te . Finally, w e c o n j e c t u r e a b o u t the s t r u c t u r e of c o m p u t i n g mach ine ry for 

p r o b l e m solvers that must evolve f rom genera l to spec i f i c . 
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1 Introduction 
Means-o r ien ted p rob lem so lv ing requ i res a me thod of se lec t ing a s e q u e n c e of ope ra to rs tha t may 

lead to a goa l . Th is involves k n o w i n g the potent ia l of ava i lab le opera to rs , a n d poss ib ly t h e c loseness 

of non-goa l s ta tes to goa l states. It is w ide ly held that th is type of act iv i ty is a major par t of h u m a n 

p r o b l e m so lv ing , and that the se lec t ion of su i tab le opera to rs is ach ieved us ing ru le -based o r 

pa t te rn -based k n o w l e d g e . 

It is also poss ib le to have s imply an ends -o r ien ted p rob lem so lv ing a p p r o a c h . Th is involves 

genera t ing a set of a l ternat ives (by gene ra te a n d test p r o c e d u r e s s u c h as searches) a n d then 

eva luat ing the leaves of the test set to f ind the best path to pursue. Usual ly o n e a t tempts to gene ra te 

the largest set of a l ternat ives that can be p rocessed wi th the resou rces avai lable. Th is g ives a 

b ru te - fo rce aspec t to the m e t h o d ; it a t tempts to d i scove r the best path by invest igat ing the m a x i m u m 

n u m b e r of a l ternat ive paths , ra ther than by a t tempt ing to app ly k n o w l e d g e to g u i d e the inves t iga t ion 

into those areas that appear mos t p romis ing . 

The t w o m e t h o d s can best be d i s t i ngu ished in that t he means-o r ien ted m e t h o d must have 

k n o w l e d g e of the potent ia l of opera to rs so tha t it c a n c h o o s e wisely a m o n g the avai lable ones . Th is 

has lead (in G P S [12]) t o the " t a b l e of d i f f e r e n c e s " that g ives a c lue as to w h i c h opera to r is mos t l ikely 

to p r o d u c e m a x i m u m progress . T o da te , the genera t i on of d a t a to g u i d e the se lec t ion of ope ra to rs 

has been d o n e a lmost exc lus ive ly by h u m a n s (p rog rammers ) . T h u s , it a p p e a r s unl ikely that d a t a of 

th is t ype c a n be gene ra ted mechan ica l l y for d o m a i n s of (say) 1 0 1 2 s tates, yet h u m a n s are ab le to 

make g o o d dec i s ions in s u c h la rge d o m a i n s . Means-o r ien ted m e t h o d s and ends -o r ien ted m e t h o d s 

b o t h wi l l requ i re k n o w l e d g e of h o w g o o d a cu r ren t s ta te is; in the f irst i ns tance to d e c i d e w h i c h 

b r a n c h to p u r s u e (as be ing c losest to the goal ) and in b o t h ins tances in o rder to ident i fy t h e g o o d n e s s 

of leaf nodes that a re r e a c h e d . 

Eva luat ion c a n b e t h o u g h t of as be ing d o n e by a f u n c t i o n tha t ass igns a sca lar va lue to a s ta te , t h u s 

mak ing it poss ib le to c o m p a r e i ts g o o d n e s s to tha t of a n o t h e r s tate. In smal l d o m a i n s th is p r o c e s s 

may be litt le more than the ident i f i ca t ion of goa l -s ta tes , o r the ident i f i ca t ion of s ta tes that have s o m e 

sal ient fea tu re that must e levate it a b o v e any state no t hav ing s u c h a feature. Th is d o m i n a n c e type of 

reason ing is usual ly qu i te a d e q u a t e in smal l d o m a i n s , t hus g iv ing eva lua t ion a d i sc re te charac te r ; 

y e s / n o or a so r t ing into a smal l n u m b e r of equ iva lence c lasses. However , in larger d o m a i n s the ful l 

power of a po lynomia l f unc t i on , w i th its abi l i ty to t rade-of f t he va lue of o n e te rm of the po lynomia l 

against the va lue of another , may be requ i red . At its full po tency , the po lynomia l c a n take on a (more 

or less) c o n t i n u o u s set of va lues, and shou ld (if total ly ef fect ive) be able to cor rec t l y o rder all s tates in 

the d o m a i n wi th respect to nearness to goal -s ta tes. In p rac t i ce , s u c h e f fec t i veness is not ach ievab le 

in in terest ing d o m a i n s , so it is des i rab le that t he o r d e r i n g , if not total ly e f fect ive, at least no t p r o d u c e 

large d e c i s i o n e r ro rs (such as send ing the solver off in the oppos i te d i rec t i on , or leav ing it s t randed 
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on a h i l l - top) . W e shall s h o w that the s t ruc tu re of the eva lua t ion po lynomia l has a great deal t o do w i th 

its e f fec t iveness. 

T h e se lec t ing of e f fect ive opera to rs at a node , apar t f r o m be ing g o v e r n e d by d e c i s i o n ru les, c o u l d 

also b e d o n e by eva luat ing the state that e a c h avai lable opera to r p r o d u c e s a n d se lec t ing the best . It 

s h o u l d be no ted that, whi le there is a sequent ia l f lavor to a reason ing p rocess that moves f r o m o n e 

premise to the next to ach ieve its aims, the eva luat ion po lynomia l is essent ia l ly a paral le l c o n s t r u c t i o n , 

with e a c h term independen t of all o thers . Thus reason ing , d isc re te , and sequent ia l appear to go 

together , whi le j u d g e m e n t (evaluat ion) , c o n t i n u o u s , and paral le l go toge ther also. 

2 Two Examples 
Cons ide r the p rob lem of mat ing wi th a K ing and a Rook versus K ing (KRK) at chess w h i c h is a 

m e d i u m size p rob lem wi th a s ta te-space of abou t 1 0 5 . All ins t ruc t ion b o o k s for h u m a n s wil l ind icate 

that t h e co r rec t procedure ( thus means-oriented) is to use the rook to bu i ld a fence a r o u n d the b lack 

k ing (see lower left of F igure 1), and gradua l ly cons t r i c t the fence unt i l the mate is there . It is ra ther 

in terest ing that th is adv ice su f f ices for h u m a n s . Clear ly, they have e n o u g h s t ruc tu re to in terpre t these 

ins t ruc t ions and p r o d u c e t h e co r rec t ef fect . I have never heard any beg inner c o m p l a i n a b o u t the 

a d e q u a c y of these ins t ruc t ions , a l t hough I r e m e m b e r be ing temporar i l y at a loss the f irst t i m e I t r ied 

the exerc ise b e c a u s e fence c o n s t r i c t i o n , taken to the u l t imate, resul ts in s ta lemate. T h u s , a 

las t -minute c h a n g e of s t ra tegy is requ i red . 

However , w h e n one a t tempts to imp lement the s a m e ins t ruc t ions for a c o m p u t e r p r o g r a m , s o m e 

very vex ing p rob lems occur . They dea l w i th exact ly h o w to go a b o u t cons t r i c t i ng the fence , s ince at 

t imes no cons t r i c t i ng move is poss ib le w i thou t le t t ing the o p p o s i n g k ing ou t ( lower r ight of F igure 1). 

Also, the re is t h e p rob lem of not in te rsec t ing t h e fence by p lac ing o n e ' s o w n k ing on the fence l ine 

and t h u s a l l ow ing the o p p o s i n g k ing to c ross ( for ins tance if K-B3 in lower left, t hen K-R6 a n d b lack ' s 

k ing has e s c a p e d ) . These p rob lems are so prol i f ic that o n e au tho r [21] has c o m p l a i n e d that if s u c h a 

s imple p rob lem b e tha t d i f f icul t t o p r o g r a m , then c h e s s itself must be imposs ib le . If one w i s h e s to 

p r o g r a m chess us ing only the means-o r ien ted (ru le based) a p p r o a c h , then Z u i d e m a is p robab ly r ight 

in that no set of h u m a n s will be ab le to wr i te all the requ i red ru les. 

Actua l ly , the ends-o r ien ted a p p r o a c h for d o i n g KRK h a d a l ready s u c c e e d e d several years earl ier, 

a l though w i th a great deal of s t ruc tu red k n o w l e d g e toge the r wi th very smal l sea rches [7 ] . But the real 

p o w e r of eva lua t ion f unc t i ons w h e n c o m b i n e d w i th sea rch was d e m o n s t r a t e d wi th great s impl ic i ty and 

e legance as fo l lows [1 ] : Cons ider the upper r ight of F igure 1. Here a g rad ien t exists f r om t h e center 

to the corner . Let the major te rm in the eva lua t ion func t i on be " h o w decen t ra l i zed the b lack k ing i s " . 

S ince the s a m e evaluat ion func t i on is used by b o t h s ides, B lack wi l l resist be ing decen t ra l i zed . Thus , 
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F i g u r e 1 : K i n g a n d R o o k vs. R o o k 

it is su f f i c ien t for W h i t e to c h o o s e the s e q u e n c e of m o v e s that d e c e n t r a l i z e s B lack the mos t unt i l t he 

task is c o m p l e t e d . Th is m e a s u r e w o u l d be su f f i c ien t fo r te rm ina l n o d e s of a 9-ply s e a r c h . For 

s h a l l o w e r s e a r c h e s , a s u b s i d a r y t e rm w h i c h va lues k e e p i n g W h i t e ' s k i n g near t h e B lack o n e , a n d a 

sti l l less s ign i f i can t t e r m that va lues k e e p i n g W h i t e ' s rook near the W h i t e k i n g , a l low the ma te to be 

p e r f o r m e d by a 3-ply s e a r c h . Th is s e a r c h need on ly use the eva lua t i on f u n c t i o n , k n o w the va lue of 

mater ia l (so as not t o lose the rook) a n d t h e ru les of c h e s s , so as to ma te and not s ta lemate . T h e 

resu l t i ng p r o g r a m c o u l d b e wr i t ten a n d d e b u g g e d by a s e c o n d year u n d e r g r a d u a t e in a b o u t 5 or 6 

h o u r s . 

Final ly , the s a m e p r o b l e m is c a p a b l e of u l t imate s o l u t i o n . A d a t a b a s e c a n be c r e a t e d for all 

poss ib le pos i t i ons of KRK. T h e n w o r k i n g b a c k w a r d s f r o m t h o s e p o s i t i o n s tha t are mates , o n e c a n 

ass ign a n u m b e r to al l o the r pos i t i ons . Tha t n u m b e r r e p r e s e n t s the m i n i m u m n u m b e r of m o v e s tha t 

are r e q u i r e d to p r o d u c e a mate . Pos i t i ons that a re d r a w s (s ta lemate or lost r o o k ) , wil l be a s s i g n e d a 

v a l u e of in f in i ty . U s i n g th i s d a t a base it wi l l a lways b e p o s s i b l e to p r o d u c e the shor tes t m a t e in any 

s i t ua t i on , by mere ly g e n e r a t i n g all lega l m o v e s a n d s e l e c t i n g t h e o n e tha t m o v e s to the pos i t i on of 

l owes t va lue . Th is task has ac tua l l y b e e n p e r f o r m e d by a n u m b e r of r e s e a r c h e r s , f i rst by 

M. R. B. C l a r k e [ 6 ] , a n d h a s p r o d u c e d the f i rst ( t h o u g h tr iv ia l ) c o m p u t e r - p r o d u c e d c h e s s k n o w l e d g e . 

C l a r k e s h o w e d tha t it is poss ib le to m a t e in at mos t 16 m o v e s f r o m the mos t d i f f i cu l t pos i t i on , w h e r e a s 

it a lways h a d b e e n t h o u g h t to requ i re 17. 

T h a t t h e r e is a t rade-o f f b e t w e e n t h e a m o u n t of k n o w l e d g e a n d the a m o u n t of s e a r c h is very c lear ly 
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s h o w n above. A d a t a base of 1 0 5 su f f i ces to p r o d u c e op t ima l play as d o e s a sea rch to 31 ply 

( in t rac tab le un less a d y n a m i c p r o g r a m m i n g a p p r o a c h is used to ident i fy ident ica l n o d e s a n d tu rn t h e 

t ree into a g raph) . T h e most des i rab le so lu t ion t h o u g h , for p rob lems of th is level of comp lex i t y is a 

heur is t ic one, in w h i c h only a sa t is f ic ing , ra ther t h a n an opt imal so lu t ion is ob ta ined . A sha l low, 

ends-or ien ted s e a r c h serves wel l here. A s imple c o n s t r u c t i o n ( the g rad ien t ) pu ts a key measure o n t o 

the eva luat ion p rocess . At cer ta in d e p t h s of search th is su f f i ces for success fu l p e r f o r m a n c e of t he 

task. At sha l lower d e p t h s of search s o m e smal l a m o u n t s of add i t iona l k n o w l e d g e are requ i red . To 

select an adequa te move, w i thou t sea rch or a c o m p l e t e d a t a base, requ i res large a m o u n t s of carefu l ly 

s t ruc tu red k n o w l e d g e . The o p t i m u m t rade off be tween search and k n o w l e d g e in the above examp le 

appears to be in the a rea of a 5-ply sea rch (1 s e c o n d dura t ion ) w i th a 2- term po lynomia l . It is 

in terest ing to no te that one c a n charac te r i ze th is p rob lem (as is poss ib le of all mates of a lone k ing) as 

s imply a decent ra l i za t ion p rob lem. Th is charac te r i za t ion is s imple , p rec ise and very usefu l . Yet 

h u m a n s charac te r i ze it d i f ferent ly , poss ib ly b e c a u s e of the ef fect of cu l tu re on the pr imi t ives avai lable 

for perce iv ing the p r o b l e m . 

T h e above is a typical m e d i u m s ized p r o b l e m as j u d g e d by the size of its state space . Let us n o w 

examine a smal l p rob lem: i.e. the M o n k e y s & B a n a n a s (M&B) p r o b l e m [10] wi th at most a c o u p l e of 

h u n d r e d states. As usual ly s ta ted, the M & B p rob lem has a few opera to rs : move m o n k e y (X), move box 

(X), c l imb box, and reach (X), e a c h of w h i c h may have s o m e app l i cab le p re -cond i t i on a n d ef fect s o m e 

t ran fo rmat ion o n the state. T h e n d e p e n d i n g on wha t your favor i te p a r a d i g m is, you can so lve the 

p r o b l e m us ing GPS, p red ica te ca lcu lus , e tc . However , these fo rmu la t i ons all requ i re a n u m b e r of 

res t r ic t ions on the real p rob lem (to make it t rac tab le) , t oge the r w i th mach ine ry spec i f ica l ly d e s i g n e d 

to m a k e t h e so lu t ion p r o c e e d in the necessary d i rec t i on . Even then , so lv ing the p r o b l e m p r o d u c e s a 

fo rm idab le cha l l enge to the so lv ing sys tem. 

Let us now pose M & B as a sea rch p rob lem. W e c a n c o m p l i c a t e the p r o b l e m to t h e po in t w h e r e 

many t e c h n i q u e s w o u l d f ind it nex t to imposs ib le to so lve by inc reas ing the n u m b e r and s c o p e of the 

opera to rs . The opera to r for mov ing the box p r o d u c e s m o v e m e n t s of exact ly o n e foot in o n e of t h e 8 

c o m p a s s d i rec t ions . The same is t rue for mov ing the monkey . Also, a l low t h e monkey to c l imb d o w n 

f rom the box as well as c l imb ing up. In add i t ion , a l low the monkey to t h r o w the box against t he c a g e 

(mak ing it unc l imbab le ) . to tear a lath off it (mak ing it unc l imbab le ) , a n d to reach in e a c h of the e igh t 

c o m p a s s d i rec t ions . A goa l s ta te is one in w h i c h the m o n k e y t o u c h e s the bananas . In th is p r o b l e m 

s ta tement , qu i te a few opera to rs may be app l i cab le at any one t ime. The s tate desc r ip t i on spec i f ies 

the 3 -d imens iona l loca t ion of monkey , box, and bananas , and the cond i t i on of t he box. 

Now, as a search p rob lem, w e w o u l d be wi l l ing to a l low (say) a 4-ply s e a r c h and eva lua t ion of 

te rmina l nodes . O u r eva luat ion func t i on wil l va lue pr imar i ly the c loseness of the monkey to the box , 

secondar i l y the c loseness of t he box to the f loor and to the bananas , and th i rd ly the c loseness of the 
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m o n k e y ' s h a n d s to the bananas . It is ra ther c lear that s u c h a p a r a d i g m wil l s u c c e e d wi th ex t reme 

e f f i c iency and ease in d i scove r ing a very g o o d so lu t ion . The m o n k e y wil l a p p r o a c h the box t o sat is fy 

the pr imary te rm, p u s h it under the b a n a n a s to satisfy the s e c o n d a r y te rm, a n d c l imb the b o x a n d 

reach for the b a n a n a s to satisfy the ter t iary t e r m . I real ize, of cou rse , that M & B is only used as a 

pedagog ica l too l to d e m o n s t r a t e p r o b l e m so lv ing parad igms. In fact , that is exact ly what I am us ing it 

for. 

3 Problem Solving Performance in Large Domains 
Let us now examine the expe r ience of var ious p r o b l e m so lv ing m e t h o d s in large doma ins . There 

are a few ef for ts to app ly means-o r ien ted m e t h o d s to c h e c k e r s [15, 16]; and chess [2, 3, 13, 20 ] . 

Samue l ' s p r o g r a m was a marvel for i ts t ime, but has more recent ly been sound ly t r o u n c e d by a 

fu l l -w id th sea rch ing (ends-or ien ted) p r o g r a m wi th m u c h less k n o w l e d g e [17 ] . The Bay lo r -S imon 

MATER p r o g r a m w o r k e d only in very res t r ic ted s i tuat ions. T h u s this was m o r e a case of e x p o s i n g t h e 

power of a usefu l m o v e se lec t ion heur is t ic ( the move that a l lows the fewest repl ies) t han an a t tempt to 

cover the d o m a i n of mat ing c o m b i n a t i o n s , not to speak of the realm of c o m b i n a t i o n s in chess . T h e 

Ber l iner p r o g r a m d id reasonab ly wel l at d o i n g chess c o m b i n a t i o n s , bu t was inept w h e n n o 

c o m b i n a t i o n s were to b e f o u n d or w h e n its k n o w l e d g e was not qu i te up to f ind ing t h e m . Pi trat 

i n t r o d u c e d the no t ion of p lans to se lect moves that , deeper in the sea rch , w e r e c o m p a t i b l e w i th an 

ini t ial goa l . H e a lso i n t r o d u c e d m e t h o d s for .pa tch ing a p lan w h e n it ran into d i f f icu l t ies, bu t h is 

a p p r o a c h rel ied heavi ly on b ru te fo rce s e a r c h i n g and very s imp le p lans. The Wi lk ins p r o g r a m 

cons iderab ly improved on t h e last t w o e f fo r ts above w i th k n o w l e d g e c o m p a r a b l e to the Ber l iner 

p r o g r a m and p lans of great soph is t i ca t ion that ef fect ively con t ro l l ed the p lausib le ac t ions deeper in 

the sea rch . Th is p r o g r a m w a s ab le to at ta in very h igh so lu t ion rates on c h e s s c o m b i n a t i o n pos i t ions , 

o n c e its k n o w l e d g e base had been bui l t up to an appropr ia te level. 

In ail these e f fo r ts o n e p a r a m o u n t fac t has in t ruded itself u p o n us: a very smal l c h a n g e in the 

p rob lem env i ronmen t c a n make a large d i f f e rence in wha t is t h e c o r r e c t ac t i on , and what , there fo re , 

the p rob lem so lver may or may not b e ab le to d o . Thus , t h e way means-o r ien ted p r o g r a m s a re 

improved is by the wr i t ing of ever more e x c e p t i o n rules. In the e n d , the sea rch is s u p p o s e d to c a t c h 

those e x c e p t i o n s that w e r e no t expl ic i t ly p r o g r a m m e d in. 

However , the re is a great dea l m o r e t o c h e s s than e x e c u t i n g comb ina t i ons . Th is has been s h o w n 

dramat ica l ly by the Nor thwes te rn Univers i ty chess g r o u p , w h o s e p r o g r a m C H E S S 3.0 (and up) has 

been the perenn ia l w inner of a lmost all impor tan t c o m p u t e r chess events . Whi le means-o r ien ted 

p r o g r a m s wa l low in t ry ing to so lve relat ively smal l s u b - d o m a i n s of chess , C H E S S 4.6 (and up) [19 ] has 

in the last 3 years m o v e d up to c h a l l e n g e g o o d h u m a n p layers , s o m e of w h o m it has d e f e a t e d . Th is 
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p r o g r a m rel ies heavi ly on a fu l l -w id th sea rch wi th i terat ive d e e p e n i n g 2 w h i c h is m a d e m o r e ef f ic ient by 

the insta l la t ion of a hash tab le that : 

1. Gu ides the sea rch into the p romis ing sub- t rees d i s c o v e r e d by the p rev ious i te ra t ion, a n d 

2. Termina tes the search at pos i t ions that are ident ica l to t hose a l ready s e a r c h e d in t h e 

cu r ren t i te ra t ion. 

Ken T h o m p s o n of Bell T e l e p h o n e Labora to r ies has s h o w n that o rgan iz ing the a b o v e m e t h o d fo r 

paral le l c o m p u t a t i o n and us ing spec ia l p u r p o s e h a r d w a r e p r o d u c e s fu r ther s ign i f icant speed-ups . 

Thus , in chess and c h e c k e r s the hand-wr i t ing is c lear ly o n the wal l . B ru te fo rce s e a r c h i n g w i th 

relat ively l i t t le k n o w l e d g e wil l s o o n b e ab le to beat a lmost all the p layers in the w o r l d . W h e t h e r 

k n o w l e d g e or ien ted p r o g r a m s wil l be requ i red for the W o r l d C h a m p i o n level in chess is a m o o t point ; 

however , in th is wr i te r ' s op in ion the p r o g r a m s wil l p lay wi th so m u c h g rea te r cons is tency , that w i th 

just smal l a m o u n t s of add i t iona l k n o w l e d g e , they wi l l pe rservere to the W o r l d t i t le. 

The s i tuat ion is qu i te d i f ferent in G O , however , w h e r e the m a g n i t u d e of t h e task w o u l d appear to 

make the use of ends -o r ien ted m e t h o d s qu i te d i f f icu l t b e c a u s e of the large n u m b e r of a l ternat ives. In 

fact , n o o n e has t r ied s u c h me thods , a n d t h e best p r o g r a m t o d a t e [14] m a k e s heavy u s e of spec ia l l y 

des igned G O c o n s t r u c t s to g u i d e its play. However , i ts play in th is most d i f f icu l t of g a m e s is far f r o m 

be ing ab le to g ive even in te rmedia te p layers a d e c e n t g a m e . 

At b a c k g a m m o n , a p r o g r a m that uses n o s e a r c h b u t rel ies solely on eva lua t ion o f all poss ib le 

moves emana t ing f rom the c u r r e n t pos i t ion [5 ] , has recent ly de fea ted t h e re ign ing Wor ld C h a m p i o n by 

the lop-s ided sco re of 7 - 1 ; a resul t that mus t be s o m e w h a t d i s c o u n t e d d u e to the s tochas t i c na tu re of 

the game. Aga in , th is was t h e result of an ends -o r ien ted a p p r o a c h , tha t we d e s c r i b e to s o m e d e g r e e 

in the next sec t i on . 

Apar t f r o m g a m e s , expe r ience w i th s p e e c h u n d e r s t a n d i n g sys tems has s h o w n that d i sc re te 

reason ing sys tems d o not d o as wel l as a b ru te f o r c e s e a r c h i n g sys tem us ing a f rac t ion of t h e 

k n o w l e d g e [8 ] . 

It shou ld be c lear f rom the above that, if at all possib le, ends -o r ien ted m e t h o d s shou ld be 

emp loyed . They are easier to imp lement , s u c c e e d bet ter , a n d may be t h e on ly real ist ic way in cer ta in 

doma ins . Fur ther , the m e t h o d s have been s h o w n to be app l i cab le to many d o m a i n s that were t h o u g h t 

to be t o o c o m p l e x to ever be s u b j u g a t e d by b ru te - fo rce s e a r c h i n g . 

A full width search at each node looks at all alternatives in the tree that have not been logically eliminated by alpha-beta 
pinning. Iteiative deepening involves doing first an N ply search, then an N + 1 ply, etc., until the allocated time resources have 
been expended. 
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We h o p e the above has made c lear our f irst thes is : that means-o r ien ted p r o b l e m so lv ing has 

p roven robus t on ly in smal l doma ins . S o m e sha l low s e a r c h i n g p lus s o m e s imp le te rmina l eva lua t ion 

has in an o v e r w h e l m i n g n u m b e r of cases been s h o w n to b e super io r to t h e bus iness of so lv ing 

p r o b l e m s by ope ra to r se lec t ion a n d reason ing . This is def in i te ly t rue for m a c h i n e o r ien ted p r o b l e m 

so lv ing , and the e v i d e n c e is s o s t rong that o n e w o n d e r s h o w l iv ing o rgan isms get a long w i t h o u t us ing 

th is, if, in fact , they do . 

4 The Structure of Evaluation Functions 
The pr inc ipa l usefu lness of eva lua t ion func t ions is for gu id ing a p r o b l e m so lv ing p rocess that is 

unl ikely to reach a d o m a i n de f ined goa l (i.e. a c o m p l e t e so lu t ion) d u r i n g its p resent p robe , a n d mus t 

thus set t le for a s tep in wha t is c o n s i d e r e d to be the r ight d i rec t ion t oward a so lu t ion . A n u m b e r of 

reasons n o w appear to favor us ing eva lua t ion func t ions w h e r e poss ib le over the reason ing m e t h o d s 

that have been c o n s i d e r e d f u n d a m e n t a l in t h e past : 

1. It is poss ib le to s imu l taneous ly p u r s u e several goa ls w i th th is m e t h o d . Each te rm (or a 

smal l set of te rms) in the po lynomia l c o u l d be c o n s i d e r e d a poss ib le sub-goa l to b e 

pu rsued . T h u s the d e g r e e to w h i c h e a c h has been ach ieved may be ascer ta ined . Th is is 

ex t remely d i f f icu l t to d o unde r r eason ing pa rad igms , as o n e goa l wi l l be p a r a m o u n t in 

s u c h p r o c e d u r e s . S u c h a goa l , in t u r n , d e t e r m i n e s t h e val id sub-goa ls , a n d all o the rs a re 

i gno red . S u c h m e t h o d s wil l p re fer s u c c e s s at a p r imary goa l to s u c c e s s at a n u m b e r of 

s e c o n d a r y goa ls that may, in fact , be super io r . In te rac t ions b e t w e e n sub-goa ls may b e 

taken ca re of in the eva lua t ion func t i on by t h e use of non- l inear te rms. 

2. T w o major p r o b l e m s wi th eva lua t ion f u n c t i o n s have b e e n tha t they w e r e t h o u g h t to b e 

lack ing in c o n t e x t sensit iv i ty, and it w a s poss ib le for a h i l l -c l imbing p rocess us ing s u c h 

eva luat ion func t i ons to get s tuck on a sub-op t ima l hill and not b e ab le to ge t off. 

However , in the pursu i t of goa ls and sub-goa ls , p r o p e r c o n s t r u c t i o n of t h e eva lua t ion 

f u n c t i o n wi l l p r o d u c e s m o o t h t rans i t ions f rom o n e state to ano ther , even if t h e f irst s ta te 

represents a major goa l that has just been ach ieved , a n d the f o c u s mus t n o w shi f t to a 

new goa l . Be low, we d e m o n s t r a t e h o w t o c o n s t r u c t eva lua t ion f u n c t i o n s proper ly . 

The essent ia l D O ' s of c o n s t r u c t i n g eva lua t ion f u n c t i o n s a re e m b o d i e d in my S N A C m e t h o d tha t 

was used in the b a c k g a m m o n p r o g r a m that bea t t h e W o r l d C h a m p i o n last year [5 ] . S N A C s tands fo r 

S m o o t h n e s s , Non- l inear i ty , a n d App l i ca t ion Coef f i c ien ts . 

Non- l inear i ty is ex t remely impor tan t for exper t p e r f o r m a n c e . A cons tan t coef f i c ien t c a n at best 

por t ray the average use fu lness of the te rm assoc ia ted w i th it. The re wil l be t imes w h e n th is ave rage 

value wi l l be at c o n s i d e r a b l e var iance wi th w h a t exper t j u d g e m e n t wil l c o n s i d e r co r rec t , a n d th is is 

w h e r e sys tems us ing l inear func t ions wil l fa i l . Non- l inear f u n c t i o n s c a n p r o d u c e t h e necessary 

con tex t by c o m b i n i n g the ac t ion of severa l var iab les in to o n e te rm. However , the key to us ing 

non- l inear f unc t i ons is smoo thness . Th is is w h e r e Samue l m a d e a se r ious m e t h o d o l o g i c a l e r ro r w h e n 

he f o u n d that his non- l inear f unc t i ons d i d not p e r f o r m bet ter t h a n his ear l ier l inear o n e s [16 ] . 
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F i g u r e 2 : Ef fect of S m o o t h n e s s 
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S m o o t h n e s s re lates to t h e rate of c h a n g e of a f u n c t i o n fo r ad jacen t par ts of t he d o m a i n . Samue l , f o r 

several of his var iables, s u b d i v i d e d thei r na tu ra l range in to a c o m p r e s s e d range, s o that t he var iab le 

c o u l d on ly take on a few va lues a n d t h u s the S igna tu re Tab le w o u l d be smal ler . However , th is was a 

fundamen ta l e r ro r as c a n be seen in F igure 2. If a var iab le has a va lue near ver t ica l l ine A, t hen in 

bo th the lower ( large gra in) a n d upper ( s m o o t h ) s i tua t ions , a smal l c h a n g e in the va lue of t h e a b s c i s s a 

wil l p r o d u c e only a smal l c h a n g e in the va lue of t h e o rd ina te . However , near ver t ica l l ine B t h e 

s i tuat ion is qu i te d i f ferent . Here, for t he lower s i tua t ion , a smal l c h a n g e in the va lue of t he absc issa 

can p r o d u c e a very la rge c h a n g e in t h e va lue of the o rd ina te . S u c h a c o n s t r u c t i o n wil l p r o v i d e 

oppor tun i t i es for a p r o g r a m to man ipu la te the va lue of t he o rd ina te to an ex ten t u n w a r r a n t e d by i ts 

ac tua l uti l i ty, a n d th is may c a u s e t h e p r o g r a m to m a k e ser ious er rors . 

Th is type of behav io r c a n o c c u r w h e n e v e r there are s h a r p b o u n d a r i e s in the eva lua t ion space . 

A s s u m e a chess p r o g r a m has a d i f fe rent m e t h o d for eva lua t ing m idd le -game s i tua t ions than it d o e s 

for eva luat ing e n d - g a m e s i tuat ions. Exper ts a g r e e that s u c h d ispara te t ypes of pos i t ions s h o u l d b e 

eva luated di f ferent ly . Fur ther , assume s u c h a p r o g r a m has a m i d d l e - g a m e pos i t ion that it l ikes, b u t 

th is pos i t ion w o u l d rece ive a p o o r eva lua t ion if seen as an e n d - g a m e . If s w a p p i n g mater ia l w o u l d 

c a u s e t h e pos i t ion t o be eva lua ted as a n e n d - g a m e , then the p r o g r a m w o u l d g o to g rea t leng ths t o 

avo id swaps. Th is c o u l d wel l c a u s e it to e n c o u n t e r severe a n d u n n e c e s s a r y p r o b l e m s in t h e play. T h e 

c o n v e r s e of th is p r o b l e m also o c c u r s : the p r o g r a m hur r ies in to t h e e n d - g a m e b e c a u s e the c e n t e r 

con t ro l s i tua t ion is un favo rab le in t h e m idd le g a m e . 

S m o o t h n e s s in f unc t i ons is the answer to th is p r o b l e m . T h e r e is a s low m e t a m o r p h o s i s of 

m idd le -game to e n d - g a m e , a n d d u r i n g th is phase the va lues of b o t h p h a s e s mus t be r e c o g n i z e d , 

a l t hough the m i d d l e - g a m e is w a n i n g a n d the e n d - g a m e w a x i n g . Any a t tempt to d r a w a s h a r p l ine 

be tween these is d o o m e d to fa i lure b e c a u s e it wi l l resul t in o c c a s i o n a l u n w a r r a n t e d a t tempts to stay 

on one s ide of t he b o u n d a r y o r c r o s s it t o o qu ick ly . 

The key to a c c o m p l i s h i n g s m o o t h t rans i t ions is App l i ca t i on Coef f i c ien ts . An app l i ca t ion coe f f i c ien t 

is a var iab le tha t measures s o m e t h i n g g loba l , yet var ies very s lowly in the c u r r e n t contex t . It mul t ip l ies 

a te rm in a po lynomia l , t hus p rov id ing con tex t a b o u t the i m p o r t a n c e of t h e t e rm u n d e r c u r r e n t 

cond i t ions . W e have invest igated a n u m b e r of d o m a i n s a n d f o u n d g o o d app l i ca t ion coe f f i c ien ts in al l 

of t h e m . Thei r c h a r a c t e r is that they m e a s u r e s o m e t r e n d or c h a n g e of phase . B e c a u s e they vary 

s lowly a n d smooth ly , the p r o g r a m wil l no t be t ry ing to man ipu la te t h e m over a s ign i f icant r a n g e (as by 

del iberate ly s tay ing in the m idd le -game b e c a u s e it has g o o d c o n t r o l of the cen te r , and th is is no t 

va luab le in the end -game) . For chess , mater ia l on t h e b o a r d is a g o o d app l i ca t ion coef f ic ient , a n d th is 

wil l p r o d u c e a s m o o t h m e t a m o r p h o s i s b e t w e e n phases a n d the re wi l l b e no b o u n d a r i e s near w h i c h 

ca tas t rophes c a n occu r . 
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F i g u r e 3 : Ef fect of S N A C o n Hill S h a p e 

A p p l i c a t i o n coe f f i c i en ts c a n a lso p reven t t h e p rev ious ly m e n t i o n e d p r o b l e m of a h i l l - c l imb ing 

p r o g r a m g e t t i n g s t u c k o n a sub -op t ima l h i l l . F i g u r e 3 s h o w s t h e p r o b l e m . W i t h l inear p o l y n o m i a l 

eva lua t i on f u n c t i o n s , the hi l ls in the eva lua t ion s u r f a c e wi l l have p o i n t e d p e a k s a n d th is wi l l m a k e it 

qu i te l ikely to ge t s t u c k on s u c h a hil l (3a) . W i t h non - l i nea r f u n c t i o n s , t he peak is less p r o n o u n c e d so 

tha t it m a y be eas ier to d e s c e n d a o n c e - c l i m b e d hi l l , if s o m e o ther h igh g r o u n d is in v iew of t h e 

s e a r c h i n g p r o c e s s (3b) . However , w i t h a p p l i c a t i o n c o e f f i c i e n t s it is poss ib le to c h a n g e the c o n t o u r of 

the hil l e v e n as it is b e i n g c l i m b e d . Th is is s h o w n in 3 c t h r o u g h 3e ; the a r r o w s h o w i n g t h e p rox im i t y of 

the c u r r e n t s ta te to t h e hi l l . At a d i s t a n c e , t h e hi l l l o o k s as in 3c . Th is a l l o w s the he igh t of t h e hi l l t o b e 

c o m p a r e d to tha t of o ther l a n d s c a p e fea tu res tha t m a y be ach ievab le . However , as t h e hill is c l i m b e d , 

it b e g i n s t o f la t ten (3d) , m a k i n g the a c h i e v e m e n t of t h e s u m m i t less des i rab le (s ince w e a re a lmos t 

t he re anyway) , a n d resu l t ing in the p r o g r a m l o o k i n g fo r the next set of g o a l s be fo re e v e n ful ly 

a c h i e v i n g the c u r r e n t set. As it sets ou t for t he nex t g o a l , t h e hil l f la t tens st i l l fu r ther (3e). Th i s 

f la t ten ing is c o n t r o l l e d by app l i ca t i on coe f f i c i en ts tha t d e t e c t t h e d e g r e e of p r o g r e s s in a c h i e v i n g t h e 

goa l , a n d r e d u c e its i m p o r t a n c e as it c o m e s c lose r to b e i n g a c h i e v e d . Th is p a r a d i g m reca l l s t h e 

s i tua t ion in w h i c h a foo tba l l p layer b e g i n s to run w i th t h e bal l b e f o r e he has c a u g h t it. T h e po in t is: if 

the c o n t r o l l i n g h u m a n p rocesses so l ved p r o b l e m s sequen t ia l l y ra ther t h a n in para l le l , s u c h b e h a v i o r 

w o u l d b e un l ike ly to o c c u r . 

T h u s a p p l i c a t i o n coe f f i c ien ts c a n c h a n g e the p r o g r a m ' s v iew of w h a t it s h o u l d be d o i n g , even as it 
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is d o i n g it. For ins tance, in my b a c k g a m m o n p r o g r a m o n e of the major goa ls is to b l o c k a d e s o m e of 

t he o p p o n e n t ' s m e n . However , if s u c h a maneuver s u c c e e d s , the b l o c k a d e must eventua l ly b e l i f ted 

in o r d e r to b r i ng o n e ' s o w n men into the h o m e b o a r d to p r o c e e d w i th t h e w in . In o rde r to have t h e 

p r o g r a m u n d e r s t a n d t h e desi rabi l i ty of the b l o c k a d i n g goa l , there are app l i ca t ion coe f f i c ien ts tha t 

g a u g e t h e overa l l s i tuat ion a n d raise or lower t h e des i rab i l i ty of b l o c k a d i n g based u p o n g loba l 

cons ide ra t ions . S u c h c o n s t r u c t i o n s c a n be t u n e d to g ive t ruly amaz ing p e r f o r m a n c e : pe rce iv ing (as 

it appears ) w h e n b l o c k a d i n g is app rop r ia te a n d w h e n it is not . 

That is not to say tha t a d o m a i n s h o u l d never be par t i t ioned into s u b - d o m a i n s for eva lua t ion 

pu rposes . Somet imes , that is t he only sens ib le th ing t o do , but it mus t be d o n e jud ic ious ly . For 

ins tance, in b a c k g a m m o n the re wi l l c o m e a t ime in the g a m e w h e r e the t w o s ides are no longer in 

con tac t a n d b o t h a re rac ing for h o m e w i th n o fu r ther imped ing of e a c h other . In s u c h a p h a s e it is 

sense less to cons ide r s u c h fea tures as b l o c k a d i n g potent ia l , b o a r d c o n t r o l , e tc . S i n c e t h e 

coef f i c ien ts of s u c h te rms w o u l d be zero d u r i n g the runn ing g a m e , eva lua t ions gene ra ted fo r s u c h 

runn ing g a m e s i tua t ions wil l d i f fer cons ide rab ly in m a g n i t u d e f rom those genera ted for c o m p e t i n g 

n o n - r u n n i n g g a m e pos i t ions . Yet it may be necessary t o c h o o s e b e t w e e n s u c h pos i t ions . W h a t is 

needed in s u c h a s i tuat ion is a c o m m o n measure a l o n g w h i c h b o t h types of pos i t ions may b e 

eva lua ted. Th is is a t ta ined by c o m p u t i n g the w in probabi l i ty for e a c h t ype of pos i t ion . T h e best o f 

e a c h pos i t ion type can first b e c h o s e n us ing t h e eva lua t ion func t i on approp r ia te to e a c h s u b - d o m a i n . 

Then t h e best pos i t ion in e a c h s u b - d o m a i n c a n b e c o m p a r e d to se lec t t h e best over-a l l c o u r s e of 

ac t ion . New s u b - d o m a i n s s h o u l d only be c rea ted w h e n the re is a c lear bas is for d o i n g th is, as t h e 

n u m b e r of po ten t ia l c o m p a r i s o n s g r o w s w i th the s q u a r e of t he n u m b e r of s u b - d o m a i n s , a n d e a c h 

c o m p a r i s o n is a po tent ia l s o u r c e of dec i s ion error . 

The use of S N A C func t i ons in my b a c k g a m m o n p r o g r a m t u r n e d it f r o m a m e d i o c r e c o m p e t i t o r to a n 

exper t level p r o g r a m , w i th only a smal l inf lux in add i t iona l b a c k g a m m o n in fo rma t ion , as is 

d o c u m e n t e d in [5 ] . 

5 Why Discrete Systems Fail in Large Domains 
To here, I have t r ied to m a k e t w o po in ts : 

I . T h a t the c o m b i n a t i o n of s e a r c h and g o o d eva lua t ion func t i ons p r o d u c e s a very f ine 
p r o b l e m solver fo r many doma ins , a n d 

2. That t h e eva lua t ion f u n c t i o n s must be care fu l ly c o n s t r u c t e d a n d a re m o r e power fu l w h e n 
non- l inear . 

Now it is t ime t o take c o g n i z a n c e of t h e ra ther apparen t deg rada t i on that takes p lace w h e n p r o b l e m 

solvers re ly ing on boo lean d e c i s i o n m a k i n g are app l ied to la rge d o m a i n s . The d e g r a d a t i o n takes 
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p lace in t h e p rocess of goal se lec t ion , the p r o c e s s of opera to r se lec t ion , a n d the p rocess of 

eva luat ing c loseness to goa ls in non- te rmina l n o d e s of t h e d o m a i n . F rom the var iety of e v i d e n c e 

p resen ted , w e c o n s i d e r it appa ren t tha t th is is no t the faul t of researchers or lack of ef fort , b u t ra ther 

of the na tu re of t h e p r o b l e m and the m e t h o d . It appears tha t t h e idea of app ly ing boo lean dec i s ion 

rules to a large d o m a i n just wil l no t work un less the d o m a i n is qu i te regular (as is m e c h a n i c s , w h e r e a 

few pr inc ip les have ul t imately been s h o w n to a c c o u n t for all m a c r o behav io r ) . T h u s , as t h e 

exponen t ia l exp los ion prevents any a t tempt to p r o d u c e sat is fac tory dec is ion f u n c t i o n s b a s e d o n 

p red ica tes ( too many p red ica tes requ i red) , any a t tempt to subd iv ide t h e d o m a i n w i thou t t rue basis in 

fact s u c c u m b s to the p rob lems w e have d e s c r i b e d in Sec t ion IV. 

Let us try to d e t e r m i n e t h e reasons why it is so d i f f icu l t t o improve a d isc re te p r o b l e m solver. T h e 

e f fec t iveness of a p rob lem solver is measu red by the nearness of the sys tem p roposed so lu t i on to the 

best or an adequa te so lu t ion . If an a lgo r i t hm for a par t icu lar d o m a i n is not k n o w n , then it is l ikely tha t 

e f fec t iveness wil l be ach ieved g radua l l y t h r o u g h inc reases in sensi t iv i ty to w h a t a c o r r e c t so lu t ion is. 

By sensi t iv i ty, w e m e a n the n u m b e r of s tates in the d o m a i n that are n o w o r d e r e d cor rec t ly , i gno r ing 

how far off m iso rde red states are . 

Given that the ef fect iveness of a p r o b l e m solver is to be improved , sensi t iv i ty c a n be inc reased by 

hav ing t w o states, that fo rmer ly had the s a m e value, no longer have the s a m e value. If t w o s u c h states 

have s imi lar s tate descr ip t ions , it is poss ib le to th ink of t h e m as be ing s o m e w h a t ad jacent in s o m e 

m a p p i n g of the d o m a i n on to a mu l t i -d imens iona l su r face . To p r o d u c e t h e new sensit iv i ty, it is poss ib le 

to p lace a par t i t ion b e t w e e n the t w o s ta tes so that s tates on e a c h s ide of the par t i t ion wil l now be 

t reated d i f ferent ly . However , th is wi l l resul t in many o ther ad jacen t s ta tes n o w be ing o n o n e side or 

the o ther of the new par t i t ion , t h u s possib ly a l ter ing the i r t r ea tmen t too . 

As ear l ier sec t ions of th is paper have s h o w n , there is a def in i te risk assoc ia ted wi th inc reas ing t h e 

sensi t iv i ty of a d i sc re te p rob lem solver . The risk s tems f r o m the fact tha t i n t r o d u c i n g a par t i t i on , wh i l e 

it may improve the sensi t iv i ty of the p r o b l e m solver, may a lso resul t in radical ly m iso rde r ing cer ta in 

states. Par t i t ion ing wi l l only w o r k p roper ly if: 

1. There really is a d isc re te d i f f e rence b e t w e e n ident i f iab le sets of s ta tes in th is par t of t h e 

d o m a i n , a n d 

2. The par t i t ion is d r a w n abso lu te ly co r rec t l y so as to no t have any s tate on t h e w r o n g s i d e 

of t he par t i t ion . 

Apar t f r o m par t i t ion ing d o m a i n s , inc reases in sensi t iv i ty c a n a lso be ach ieved by c rea t ing a s m o o t h 

grad ient be tween the two states that a re n o w to be t rea ted d i f ferent ly . Th is wil l af fect the va lues of 

other ad jacen t states, but not in s u c h a severe manner as to c a u s e misc lass i f i ca t ions . 
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A cr i t ica l observa t ion here is tha t d r a w i n g a par t i t ion, i r revocab ly f ixes the va lue of s o m e var iab le at 

s o m e d isc re te in terval (as in F igure 2, lower sca le) . If s u c h a var iab le is q u a s i - c o n t i n u o u s , a n d if i ts 

va lue is to be used later for o ther c o m p u t a t i o n s , t hen it is cer ta in ly p re ferab le to p o s t p o n e t h e 

d iscre t iz ing p r o c e s s as long as poss ib le and re ta in its va lue in q u a s i - c o n t i n u o u s f o r m . 

A m o n g large systems, MYCIN- l ike sys tems are c o n s i d e r e d to exerc ise the i r exper t i se very wel l . 

These sys tems apparen t l y avo id the par t i t ion ing p r o b l e m in large d o m a i n s by the use of p robab i l i s t i c 

ind ica tors [18 ] . B e c a u s e of th is, they c a n hardly be c o n s i d e r e d to reason in the boo lean manner , b u t 

rather o n e ge ts the f lavor of eva lua t ion w i th s u m m a t i o n of l i ke l ihoods. 

6 Models and Sensitivity 
The ef fec t iveness of a p rob lem so lver d e p e n d s on h o w wel l its d o m a i n is be ing mode l led . Mos t 

d o m a i n s c a n be mode l led at m a n y levels of deta i l . C o n s i d e r that the m o r n i n g wea the r fo recas t 

p red ic ts a 4 0 % c h a n c e of s h o w e r s , w h e n it c o u l d conce ivab ly p r o d u c e a cumu la t i ve p rec ip i ta t ion 

cu rve over t ime for that day for e a c h a c r e in the me t ropo l i t an area. If t he d o m a i n is d i sc re te a n d t h e 

mode l also, then a cor rec t l y fo rmu la ted d isc re te mode l c a n be very ef fect ive. This is the case in most 

smal l d o m a i n s and in d o m a i n s that are " r e g u l a r i z e d " , e.g. the g a m e of N IM for w h i c h a s imp le ru le c a n 

f ind the w i n n i n g move even t h o u g h the size of the d o m a i n is inf in i te. If the na tu re of the d o m a i n is no t 

comp le te ly u n d e r s t o o d , op t ing for a q u a s i - c o n t i n u o u s mode l appears pre ferab le . Th is app l ies bo th t o 

opera to r se lec t ion in a p rob lem solver that app l ies k n o w l e d g e to th is p r o c e s s (because m iso rde r ing 

ope ra to rs can also have a very de le te r ious ef fect ) , and to eva lua t ion . 

Based on the ac t ion requ i rements and the a c c u r a c y and avai labi l i ty of input da ta , a mode l is 

c h o s e n . It is des i red to have that mode l f unc t i on near the top of its e f fec t iveness. W h e n a g iven 

mode l d o e s not p e r f o r m near that level, then e i ther the input d a t a are insuf f ic ient , or t he mode l is 

insensi t ive to cer ta in th ings . The se lec t ion a n d i m p r o v e m e n t of a mode l appears to g o v e r n e d by t h e 

fo l l ow ing pr inc ip les : 

1. For e a c h mode l of each d o m a i n there is an o p t i m u m sensit iv i ty. If t he mode l ut i l izes a 

greater d e g r e e of sensi t iv i ty, it was tes c o m p u t a t i o n a l resourses ; if it uses lesser 

sensit iv i ty, it wi l l fail to " u n d e r s t a n d " or react to cer ta in th ings . However , 

2. Each inc rease in sensi t iv i ty in the p r o b l e m solver is a c c o m p a n i e d by an inc rease in risk of 

incor rec t in terpre ta t ion or ac t i on . 

Cons ider the chess midd le -game, e n d - g a m e s i tua t ion m e n t i o n e d in Sec t i on IV. In a par t i cu la r 

imp lementa t ion , a p r o g r a m may cons ide r that t ry ing to con t ro l the cen te r in the e n d - g a m e is 

impor tan t , even t h o u g h it is really not. This w o u l d p r o d u c e o c c a s i o n a l o r d e r i n g er rors b e c a u s e t h e 

p r o g r a m w o u l d va lue cen te r con t ro l in the e n d - g a m e m o r e than is w a r r a n t e d by reali ty. Thus , it w o u l d 
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occas iona l l y fail to ach ieve a more w o r t h w h i l e goa l . 

Now, a s s u m e the s p a c e is par t i t ioned s o tha t m idd le -game and e n d - g a m e a re no longer on t h e 

same side of the par t i t ion, a n d con t ro l of t he cen te r is va lued on ly in t h e m idd le -game. This wi l l resul t 

in bet ter o r d e r i n g of most e n d - g a m e s i tuat ions, but wil l occas iona l l y c a u s e ser ious p r o b l e m s ak in to 

m y o p i a w h e n t rans i t ions f rom midd le -game to e n d - g a m e are invo lved. Th is is the risk invo lved , and as 

we have s h o w n earl ier, it c a n p r o d u c e ser ious p rob lems tha t w o u l d render the va lue of the inc reased 

sensit iv i ty ques t ionab le . 

Ano the r way of look ing at the p rob lem is the fo l low ing : Assume a sys tem is capab le of only t w o 

responses and a par t i t ion in the d o m a i n de te rm ines w h i c h response is g iven. The naive probabi l i ty of 

response er ror is 0.5. However , assume an o rder ing of t he states of the d o m a i n exists s u c h that all 

s tates above a cer ta in state in the o rder ing are on one s ide of the par t i t ion and all the rema in ing s tates 

are o n the o ther side. Under s u c h cond i t i ons , e r ro rs are m u c h m o r e l ikely to be made in the v ic in i ty of 

the par t i t ion than e lsewhere. 

If a var iable is to be used to p r o d u c e a final boo lean dec is ion , then there is no d i f fe rence be tween 

us ing a par t i t ion and us ing s o m e d i s tance f u n c t i o n of t he p lace in the o r d e r i n g to p r o d u c e the answer . 

However , if this is an intermediate resul t that may later be c o m b i n e d w i th o ther da ta , then there is a 

great deal to be ga ined by re ta in ing s o m e fuzzy representa t ion of the result ; i.e. t he d i s tance f rom the 

par t i t ion. Thus , it is f requent ly m o r e usefu l to k n o w that an event o c c u r r e d at sunset , t h a n that it 

o c c u r r e d d u r i n g dayt ime. Cons ider the i m p o r t a n c e of d is tance f rom h igh n o o n w h e n eva luat ing the 

abil i ty of an observer to see an event accura te ly . W h e n it may be impor tan t to car ry f o r w a r d s o m e of 

the p roper t ies of the or ig ina l measurement , a q u a s i - c o n t i n u o u s measure serves better . In s u c h cases, 

w h e r e a g rad ien t measures the p roper ty in ques t ion , the l i ke l ihood of e r ro r w o u l d b e equal ly 

d is t r ibu ted t h r o u g h o u t the d o m a i n . S ince unde r s u c h cond i t i ons , genera l remed ies exist for reduc ing 

the e r ro r in any state, s u c h a p a r a d i g m w o u l d seem pre ferab le , w h e n the va lue may be in ter im or 

w h e n par t i t ion ing c a n n o t be just i f ied by the intr insic p roper i tes of the d o m a i n . 

7 The Evolution of Problem Solving Systems 
There is no d o u b t that a h ighly d isc re t ized p rob lem so lv ing s t ruc tu re is the most ef fect ive one 

poss ib le w h e n s u c h a mode l is app l i cab le a n d t h e d a t a it requ i res are avai lable. Af ter al l , tha t is w ha t 

sc ience is all about . However , if a mode l p r o d u c e s s o m e er ror fu l responses then care must b e taken 

in ach iev ing d iscre t iza t ion . In-a sequent ia l p rob lem solver , a n u m b e r of smal l e r rors is p re ferab le to 

one large error . Research in g a m e p lay ing p r o g r a m s has s h o w n aga in and aga in that s u c h a system 

is no bet ter than its weakes t l ink. Fur ther , the very abi l i ty to d isc r im ina te the cond i t i on of smal l e r ro r 

as aga ins t no e r ro r at al l , is the ha l lmark of the exper t . Each present ly surv iv ing o rgan ism cons ide rs 



16 

itself to have a d a p t e d adequate ly . However , a n exper t o r g a n i s m of a par t i cu la r s p e c i e s may be ab le t o 

d is t ingu ish e r ro r fu l ac ts in a s o m e w h a t in fer io r (but cu r ren t l y surv iv ing a n d se l f -con f iden t ) s p e c i m e n 

of i ts spec ies . Th is , aga in , s u p p o r t s the v iew that smal l e r r o r s are to le rab le , a n d are d o n e away w i th 

g radua l ly over t ime. 

T h u s , for large d o m a i n s (and in real l i fe a lmost eve ry th ing is large) p r o b l e m so lvers mus t f i rs t a n d 

fo remos t b e ab le to p r o d u c e reasonab le d e c i s i o n s (ones tha t a re not t o o far off t h e mark) . T o d o th is , 

fuzzy m e t h o d s are m u c h m o r e sat is fac tory than t h o s e that reason . B e c a u s e h ighly d i sc re t i zed 

p rob lem so lv ing is so d i f f icu l t to ach ieve, it is a lmos t cer ta in ly p r e c e d e d by o ther less exac t d e c i s i o n 

m e t h o d s in the o n t o g e n y of any evo lv ing p r o b l e m solver. 

Thus , it w o u l d s e e m that s ta r t ing w i th s m o o t h , c o n t i n u o u s func t i ons a n d gradua l ly d i sc re t i z ing 

t h e m w o u l d b e a g o o d s t ra tegy for a c h i e v i n g i nc reased sensi t iv i ty. As inc reased sensi t iv i ty is 

ach ieved over t ime, mos t of t h e prev ious ly e f fec t ive p r o b l e m solver must st i l l be in p lace. Thus , the re 

wil l be a mixed b a g of p r o b l e m so lv ing techn iques , r a n g i n g f r o m the use of c o n t i n u o u s f u n c t i o n s t o 

d isc re te logic. In s u c h an env i ronment , it appears ex t remely l ikely that many in te rmed ia te var iab les 

wil l reta in thei r or ig ina l fuzzy c h a r a c t e r b e c a u s e h igher level c o n s t r u c t s are present ly m a d e f r o m 

t h e m . These no t i ons w o u l d app ly equa l ly wel l t o an imate a n d inan ima te p r o b l e m so lv ing sys tems. 

A s s u m i n g the a b o v e ideas are val id, the re mus t b e a w a y for the p r o b l e m so lv ing sys tems o f l iv ing 

o rgan isms to evo lve in th is d i rec t i on , b o t h d u r i n g t h e life of t h e o r g a n i s m a n d the l i fe of t he spec ies . 

O n e poss ib le so lu t ion to th is p r o b l e m is t h e var iab le coef f ic ient . S u c h coef f ic ien ts , as they vary 

be tween 0.0 a n d 1.0, have severa l k n o w n uses: 

1. As a charac te r i s t i c func t ion in fuzzy set theory , i nd ica t ing to w h a t ex ten t the e lement t o 
w h i c h it app l ies is a m e m b e r of t h e set. 

2. As an app l i ca t ion coef f i c ien t in S N A C that con t ro l s app l icab i l i t y of a c o n c e p t . 

3. For con t ro l l i ng t ru th va lue in ce r ta in bel ief sys tems. 

W h e n s u c h a va lue has grav i ta ted as c l o s e to an e x t r e m a l va lue as c a n b e d e t e c t e d by t h e sys tem, 

then w e no longer have s m o o t h var ia t ion b e t w e e n t h e l imits, bu t a b o o l e a n ent i ty . W e c o n j e c t u r e tha t 

this p a r a d i g m a c c o u n t s for t he behav io r of P iage t ' s p re -conserva t ion ch i l d ren , w h e r e t h e phys ica l 

ex tent of a set of ob jec ts is t aken to be t h e best c r i te r ion of t h e amount o f the set, unt i l it is l ea rned 

that conserva t ion (when app l i cab le ) d o m i n a t e s " e x t e n t " . 

Thus , an essent ia l e lement of any evo lv ing p r o b l e m so lver w o u l d appear to b e c o m p u t i n g e lemen ts 

capab le of g r a d e d r e s p o n s e . 3 Beyo n d that , w e d o not wan t t o p r o p o s e here that h u m a n p r o b l e m 
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so lvers use fu l l -w id th sha l low s e a r c h e s a n d eva luat ion p r o c e d u r e s as t h o s e that have been so 

success fu l in c o m p u t e r p rog rams . However , w e d o cons ide r it l ikely that p rocesses based on 

cons t ra in t sa t is fac t ion (as f irst imp lemen ted in Wa l tz ' s v is ion sys tem [9] ) o r t ight ly con t ro l l ed 

k n o w l e d g e d i rec ted sea rches (as in t h e B* t ree sea rch a lgo r i t hm, [4] ) are d e v e l o p e d to play the ro le 

that b ru te - fo rce sea rch ing d o e s in the prev ious ly re fe rences p rog rams . Bo th m e t h o d s c o u l d be used 

to sc reen out o b v i o u s misf i ts in the so lu t ion p rocess , in t h e f irst case t h r o u g h a low level 

comb ina to r ia l analys is and in t h e s e c o n d case t h r o u g h es t imat ion of t h e l imi ts of use fu lness of e a c h 

a l ternat ive. Eva luat ion w o u l d b e d o n e us ing SNAC- l i ke m e t h o d s at e a c h level of t h e so lu t ion p rocess . 

Final ly, let m e br ief ly address an issue that may be b r o u g h t up by some. T h e theory of c o m p u t a t i o n 

d e c r e e s that any c o n t i n u o u s sys tem c a n b e s imu la ted to any des i red d e g r e e of f idel i ty by a Von 

N e u m a n n mach ine . That is not the issue here. The issue is o n e of complex i t y . Cer ta in c o m p u t i n g 

e lements p e r f o r m cer ta in tasks more ef f ic ient ly than o thers , and in th is case the requ i red e lements are 

s u c h that they c a n p rov ide g r a d e d a c c e p t a n c e of s igna ls , a n d g r a d e d response . To use boo lean 

c i rcu i ts t o p rov ide t h e response requ i red by the c o m p l e x d o m a i n s that a re e n c o u n t e r e d every day 

w o u l d appear to be so d i f f icu l t that (we hold) even evo lu t ion w o u l d not have been able to bu i ld a 

sat is fac tory sys tem ou t of s u c h c o m p o n e n t s . T h e real ques t ion is h o w d id a sys tem tha t has g r a d e d 

response c o m e to evo lve in to a sys tem tha t c a n man ipu la te symbo l i c ent i t ies. It may be that , in ou r 

des i re to s imu la te the h ighest levels of h u m a n behav ior , w e have b e e n ove r look ing the f u n d a m e n t a l 

i n fo rmat ion p rocess ing that is requ i red to p r o d u c e t h e var iab les that s u p p o r t s u c h p e r f o r m a n c e . 
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