
265

I EAEII ING ESCGhAI{S I I i  AFTTTICIAT TNTELLIGENCE

John l ly iopoulos and C. I layncnd Ferraul t
De1' t .  cf  ComP uter 5c- ience

Universi ty cf  Torcrtc
lcrcntc Canada

Received January 21, L979; July 27, lgTg

IESTi^ lCi :  l t  has been clairne c cf  t rany prcgratrs develcped in the
ar€a cf  Art i t ic ia l  Int€l l ig€nce that their  hehavrcur iuprcves
cv€r t ine.  l i€ c lassrfy a l : roao .Eang€ of  these rr learningtt

I rcgrars in a t ro-c inensicnal  spac€. The stggg!ural  Cinersiol  is
ised tc iescr i le the fcrm cf  the algor i thn being learned. the

JSgEn_: lg I  rgc€€S oinensicn acccunts f  or  t  he c i  f  f  er€nce s in the
rcde cf  pr€sertat icn tc the Student of  the oesired input-outFut
relat icn.

1n t i is  ccntr ibut icn to the session on [1he Ivclut ion of
I r t i factsr t ,  ue take the t€rI  evcl-ucisn in t rc s€ns€s, ore brcad
er, j  cn€ narrcr .  ! . ie discuss the evolut lcn in Art i f ic ia l
l r te i l iqence (AI)  cf  cof l rputer Frograms for r i : ic t  c la lns have teen
naCe that they iearn,  t t ,at  is  that  their  perfcrranc€ at  g iven
tesks inI tcv€s crer t ime. i ihat  imi : roves anC hot i  i t  inproves r . le
r  i  11 get tc la ter .

i i rst ,  fcr  the hcpeful ly feu readers uho ar€ unfami l jar  n i th
j r t i r ic ia l  lnte1l igeace, i t  is  t te study c f  inte- l l igent behavicur
t t rough ccrIutat icral  ncdel ing,  usual ly but nct  necessar i ly ,  cn a
dig" i ta l  ccnputer.  ihe intel l ig€rc€ is c i ter  assutt€d to be that
Ct a tuIar,  a l t tcugh cther fc lms, te lCu oI  €ven above, ar€ not
€1cIuded. Sctn€ rculd l ike tc drat  a dist jnct icr  teth€en ucdel ing
t te act icrs pecple dc uhich reguire j .ntel l igence, and ncdel ing
t le eay Feopl€ p€rform intel l igent act icDs. t {€ kncu sc l i t t1e
etcut the lat ter  t tat  anI  mcclel  rhose in i :utToutput i :e] :aviour
r€sent les that  cf  humans is as gcoi  a tbeciy cf  huran prccesses
Es ar. l t l i r -c else u€ may have r  sC t le Ucn r t  emphasize the
t l is t j rct icn,  except perhaps tc point  out  that  ccnfuter scient ists
sake rc c la jns tc le gual i f ied exper inental ists.

in a f  ew na-rror l  ar€as such a-c playi lg che clers,  araly z inq
certain c lasses cf  nclecular spectra and performing symbol ic
i r teqrat icn,  Frcg.rans have been wri t ten tc €gua1 cr better human
perforranc€. fn cther ar€as such as f ,ecogniz ing Fictures and
rrcerstar:ding naturai  larquag€ ne are st i l l  far .  Ard Iost
in;cr tant ly,  nc f rogram has been constructedr or €v€n suggested
rf ic i .  acir ieves anything l ike the r ide rang€ cf  betavicur s€en in
lunens.

The l is t  c. f  learning Frocrans t€ r i i l1 discuss is vaquely
clrcnclcAical ,  ncderately r€Fresentat ive and horrendously
i rconplete.  1f  Your personal  favor i te cr  €v€r tcrs€ t
t ra inchi ld is nissingr Slease accept cur apolcAj 'es.

Icr  the Furpos€s of  the Ciscussion that fc l1crs,  a . learr ing
s j tuat  icn invcl les a teaching agent ( ! !S leaghsg) ,  and a learni .ng
aqeht { t ig ! !g-g3$) -  lbe Stuoent is assuued tc be an algcr i thm
rrLi .c i :  exi i i t i ts  solr€ input-cutput tehavicur ard is ax element c i  a
ccl lect icr  ct  a lgcr i thas nhich const i tutes ! !S learniSg -S-pgcS.
learnirq i tse l f  is  v ier ied as the xeccgni t ion of  fa i lure by the
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Studert  leading tc i ts t ransfcrnat icn tc ancther algorr thn in the
Iearning Space. t ratural ly the t ransfcruat icn cf  cn€ algor i thu tc
arcther ntst  de lend cn the nature of  the fa i lure. The
transfcrmat icn prccess is cal led the !eagni IS : ! I3!SSJ. f ina11y,
t te algcr j t tm cf  the Learning Space nhich exhibi ts an ideal
tehaviour r i l l  te referred to as Jhg Gggf,  cf  a learning -s€sslon.

Irc uair i  d inensions ui11 te used tc ; rcvide a s inple
classi f icat jcn ct  learning Frcgrans in A1- The f i rst  l the
; !g-gg!-gle- l  -d igets jog) oeals wi th the Level  cf  ccnc€Fts in t€rDS
cf ut ic l  a lgcr i t tus in t le learning Spac€ are cescr i ted.  At  cD€
erd of  the scale t le ncrking hypcthesis.Ls:  human intel l ig€nce
resides nainly in the t ra i r ,  which is nade of  r€urcns. let  us
ncdel  neurcns and their  i r terconnect icns ani l  us€ tbese nodel ing
tccls tc descr ibe algor i thrs in the Learning Spac€, i rc luding the
Student anC the Gca1. Such ncdel ing tools include concepts sucb
as lcAical  gates,  e lectr ical  s ignals,  threshcld efenerts €tc.  t ie
cal l  th is level  lgura1. At the other end of  the scale the
typcttesis is:  learning invclves the acEuisi t - lcn of  knculedge.
l lgcr i thrs in the Learning Space ar€ nothing tut  knor ledge'bas€s.
Sccordingly,  the descr ipt ive tcols needeC ar€ fcrral isns fcr  the
r€pr€sentat icn cf  lnoulei lge.  l ie cal l  th is le le l  gpistggSf-g.gi-gg- l
ard fccus our discussicn cn cne part icular tytre of  r€[res€niat icn
c!  lncr i le ig€ cal led proc€dtral  ( ! i incArad {1975) ) .  nccording to
t t is  r€tr€sentat ion,  Lncwledge caD be erccdet l  tsef  u l ly  as
Irccecures.  Krcwirg an ohject  is  knowing hcu to recognize i t ,
retr : -e le i t ,  ranipulate i t ,  ta lk about i t  ard sc cD. As an cld
sag€ cnce said:  r r r f  i t  naddles l ike a c luck,  guacl is l ike a duck
ard ctheruise behaves l ike a duck t ter  ycu carr t  te lL that  j . t

isnrt  a ducl t r .
A th i rd 1eve1 o!  the oinensicn t ih ich shculd Ferhaps be

vieued ds fa l l ing tetneer the t r rc extrenes descr ibed ear l ier ,  is
the gS!! !Jg. t ic lef  JglSJ. Here the algcr i thrs cf  the learning
stac€ ar€ v ier ied as corputable funct ions descr i table in t€ los cf
cr€ c f  the e x ist i rg mcdels cf  computat ion,  e.9.  Iur ing l ' lachi-nes,
trcgraIs,  phrase structure granmars,  recursive furct icns,  and the
fescr ipt ive tccls are def inecl  acccrd1n31t.  r t  must be emphasized
h.ere that  the three levels can be shcrn tc te in a certain sense
eguivalent a-.  far  ds e)r t ressive FcHer is concerned. Their
c i f rer€nce l ies rcre in the v ieupcir t  tbey inpcse cn the. learning
I rcc€ss, in nuch t ]e san€ r iay di f f€rent tbeor ies in Fhysics
i  n pcse dl  f  f  e rent v j .en points on the explarat icn cf  physical

Slenc[€na.
l te s€cond dinension, th e lSa$ing prsc€SS df-gsnsic! ,  deals

r .  i t1.  t le rc le cf  the leacher in the learning Froc€ss. At one
ero,  the leacher prcvi ies the Student wi th a ccmplete descr ipt ion
cf  the input-cutput behaviour of  the Gcal ,  r t ich the Studert  then
learns,  d i rect ly cr  increnental ly,  r i thcut fur ther assistance by
t te Seacher.  h '€ cal l  t t is  type of  learni .ng Frccess lgagging b1
lSi lS lSlC. i  seccnC pcssibi l i ty  has the Teacher g€n€rat ing a
s€gu€nc€ cf  sat lp le inputs for  the Student rho is tc respcnd tc
eech cne. i te leacher tben judges the correctness of  the
r€sirorses and, i f  incorrect ,  the learning Strategl  deternires bcr
t lc Stuient rs tehavicur stculd be transformed. Ih is type of
learr ing Froc€ss l ,e cal l  lgarning j rcg E-g-gJ1€-€.  In t te th i rd
lcssi i  i l i ty ,  - lSgg-g!- ! -g X: l iScgJSrJ,  there is no 1e acter tc guide
tte Stur ient .  the Student is resFcnsj .b le lor  h is ct+n 9ca1s.
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Since tbe ct ;ect ive cf  the research s€ r i l1 te discussing is
t te design cf  Frograus tLat learn ( i .  e.  the design cf  a
Stuclent) ,  there is great di f ference in their  ccrrFlexi ty depending
cr rhether r€ ar€ ta lk ing abcut learning ty being tc ld '  abcut
Jearning frcn sargles,  cr  abcut learuing by discovery.

the rest  of  th is pap€r discuss€s several  Frograr!s accorcl ing
tc the nine-pcint  space cut l ined ebcv€.

1. Tte l . l€ural  Ievel

$e consider f i rst  the neural  1eve1 cf  the structural .
i inensicn.  l€arn. i rg ty be ing to ld here ancunts tc tL€ prct len cf
cesionirg a n€ura1 net having a given iaput-cutput speci f icat icn.
t le problen in i ts di f ferent facets has been treated ty Dertouzos
119651 ano ! !arr iscn (19€5),  ancng cthers,  ano is gereral ly
ccnsicerei  cuts ide th€ sccFe cf  AI .

Iearninq f  rcur saurples at  the n €ura1 level  has a lcng and
i l lu- . t r icus histcr l  going as far  tack as ccrFut€rs th€rs€,. lves ard
leatur inq gr€at success€s as r ie l l  as sev€re disaFpoir tments.
I 'cst  cf  the rork dcne here t reat-s the Studert  as a c lassi f icat icn
ievjce whjc l  accepts an i rput  vector and classi f ies i t  to cne of
I  Fattern c iasses. ihe Ieacterrs job is tc A€r€rate the samples
end judge t te Studentts r€SIcnses. The Studentrs jo l  is  to
per forn the c lassi t icat icn and real ize the learnirg Strategy.
I  r rha;  s tLe hest hncirn and rcst  stccessf ul  learn. i .ng Frcaram here
is Sanuei  rs Checker Flayer (1963) . th is is the f i rst ,  ard
lrctat ly t te cnly,  Frcgrar to achieve championship rat ing play: .ng
a gar€ r i i th a pract ical ly inf in i te gam€ tree. Icughly,  Sanuel fs
trrcarar us€s Shanrcnr s r in inar strategl  and t l ie evaluat ion of
tcard Fcsi t :ors is carr ied out i ry a s imple l inear threshold
furct icn uhose inputs r€asur€ piece advartage, fcrks,  €tc.
iearning js dcne ty naintainirg ccrrelat icns of  the ccntr ibut icns
cf  d i f ferent factors to the eventual  succ€ss cf  a mcv€. there is
elsc I rcvis icr  i r  t ]e Checker Elayer fcr  changing the set of
i rput  factcrs used. the Frcgratr  can plaI  against  i tsel f  cr
egainst  tcol  gar€s.  Attergts hale been nade to adapt Samuelr-s
strategy to other gai0€s such as ctess r i thcut ary succ€ss.

t le I , :arning Space used for nuch of  the research in th is
area includes only recogni t ior  a lgcr i thus descr ibat le in terrrs cf
a s ingle t t reshcld elenent r ihcse cutputs ar€ ueigt ted products of
i ts inputs (usua11y assuned tc take cnly C ard 1 as ta lues).
Such r€ccgr i t icn devices usual ly cal led Igsge!trs!€ ner€ f i rst
; rcposed by Fcsenhlat t  t1q59, 1962) (uhc usec t ter  tc dc vrsual
let tern r€ccgr i t icr) ,  a l thctgh ear l ier  $crk had already
estar l isLed their  m€ri ts (see I insky and !apert  119t9) i -cr  a
i iscussior) .  these ner i ts include sir i :1 ic i ty,  i r tu i t ive appeal
ard e s iuple learning Strategy uhich can be shcwn to ccnv€'rge to
a Gcal  r :nder v€ry general  ccr. ,d i t icns.

the i rage cr t€rceptrcns as s i rp le yet  pouerful  r€ccgnj . t ion
de vice s r t ic t  could r€ccgnize anything l las shatte red ty the ' -cr l t
cf  l l i rsky and Fapert  (1969).  In cr€ cf  t le f i rst  t reat ises in
t le thecry cf  ccuiFutat ion,  thel  p icvecl  a nurter of  interest ing
resufts atcut  F€rc€ptrons uhich i l lustrated ccnvincirqly their
iescr ipt ive i rad€gu, lcy as recogni t icn devices.  lmcng their
resul" ts is a Frcof that  t te predicate PAIITI ,  t ih ich is 1 i f  an
€v€n nuntet  cf  i ts  inputs is 1 and 0 ctherr ise can cnly te
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ccnFut€d ty a t€rceptrcr  that  requires a nunber cf  combinat ions
ci  i rputs that  depends €xFon€rt ia11y cn the nurnber cf  inputs.
t {cr€cv€r,  t t is  Ferc€Ftrcn reguires reights uhich grov
€lFcnent ia l ly  r i t t  the s ize cf  t l ' :e input set .  Sir i lar  resul ts
r i€r€ stcnn for ct t€r  prei l icates such as CCNI\ ICTIX uhich is 1 for
ary input digi t ized pictur€ uhose ut i t€ l1)  pcir ts ar€
tcFolcAical  ly  ccnnected. Ccnsider ing the s i rp l ic i ty of  these
grecl icates uhen iupler 'ented in terns c- f  a segu€Dtial  pro-cram, i t
tecane cbl icus that fcr  many pattern c lasses/ELedicates t tat  need
tc te learned, the learnirg Space is best descr i ted in t€rms
<ther than thcse cf fered ty p€rc€ftrons.

Is nent icned ear l ier ,  [€rc€ptrons ar€ cnly the s implest
ievices d€scr jbat le i r  n€ural  t€f , I rs.  I  larger c lass of
r€cogr i t icr  Cevjces is descr i table i f  one a1lcus tuc cr  nore
levels of  threshcld elenents ui t t  the cutFuts c!  the i t t  level
servirE as inputs fcr  the l i+1)st .  Such devices nake i t  easier
tc real ize predicates such as Elnl lY and CCNNECTIX but t
ur fot :  tunat€ly,  rc learning Strat€gy is kncrn rhcse ccnv€rg€nc€ is
gtararteeo as l ias the case wrth Ferceptrcns.  thus,  adCit icnal
ccuplexi t i  i r ,  the structure of  the E€ccAnit icn devices ray
ircrease t te i r  t rcuer,  but  a lsc l in i ts cur al i l i ty  tc study them
ard make g€n€ral  c la i rs atcut  their  learning tehal icur.

hcrk cn learning frcr  sanples at  t i :e neural  leve1 has teen
tradi t icnal ly c lassi f ied under tbe teading cf  Fattern
fecogni t icr .  Scnre r€Fr€sentat ive exanples cf  rork in th is ar€a
ar€ descr i ted in l i i lsscn 11965),  Srkadev and Erav€rnar {1967) and
tuia and tart  t1973),  ut i le SarFson t19iet  d iscusses the
relevarc€ cf  sucn rcrk to EiolcAy ant l  Neurct i r ls ic lcgy.

lurning to i .earning ty discovery at  the r€ura1 level ,  the
;rct len tere car be reducecl  to the i lesign cf  a program cl ich
accepts i rput  saurples,  notes s imi lar i t ies and ci f ferexc€s betreen
ttem and trctrcs€s a set  cf  pat tern c lasses cn the tasis of  i ts
ctservatrcns.  Ih js tyf€ cf  prcblen, oi teD cal led i l  unsut€rvised
learningt,  is  t reated in f ,uda ancl  l iar t  ( '1973)r  anong others.
F.c l lard rs (1!?C) ucrk on l t lapt ive Systers,  us€s gui te l i tera11y
tte ccnce6ts cf  sefect icnr reIrcduct ion,  uutat icr ,  and crcss-c!€r
i rann frcr  genet ics,  and apgl ies them tc pcpulat icns cf  Frograms
ir  ar  erv i ronm€rt .  I t  is  impcrtant tc rcte t tat  uxsu;ervised
learning tas g€r€ra111 teen mcst successful  in s i tuat icns r lere
hrnars s€€ni  tc f  a i l  because cf  lack c l  i r : tu i t icr .

2.  i t€ Ccngutat icnal  level

I^. :  t i rcv€ nor tc the ccnFutat icnal  level  cf  the struct t ra l
i ine.nsicn.  le arr  j ,ng by br: ing tc ld at  th is level  involves the
iesign cf  an algor i thr  ( Iur i r rg macl ine,  Ercgran etc.)  f ro l  a
s[€ci{ icat icn ct  i ts  ingut-cutput behaviour.  Shen the
irput-cut ;ut  sF€ci f icat icr  is  g iven in terus cf  lcEical  fcrnulas,
tLe prct ler  is  scnet jnes cal1ed Autcnat ic Prcgraf i I I ing.  l lanna and
t ie ld i rger t  1971) and Darl ingtcn 119'16, descr i te r€Fr€sentat ive
el t r rcaches ta the solut ion of  th is prcbler.

ln t le sar€ categcry but r i th vexy di f ferent ot ject ives are
I 'erc l l  rs 119?3) [ roCuct jcn syste r  ucde. ls cf  the tehat icui  cf
sul ;€cts j r  Sterntergrs c lassic rerory exler i rents.  Sternterg
slcued his sut  jects a s€quenc€ oi  d ig i ts ard t t€astred the
react icn t  i re cf  t te subjects in determining rhether a prole
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i iq i t  r .as in the l is t  they hao se€n. Al thcugh not using a neural
ncclel  cf  t re$ory,  l {eueI l  t+as t ry ing to cete rnin€ n€c€ssarI
ccndi t icns cn the archi tecture cf  the brain nhich rculd explain
t le sut  jects r€act ion t  j .ne s.

Ancng th€ €ar l iest  at ternpts at  learning at  t le ccmputat icnal
level  is  rcgel  rs t1966) wcrk or f in i te state uachines {a
restr jcted type cf  Tur ing nract ine) rhich are t ra lned tc predict
t te n€xt r lerent cf  a segu€r,c€ of  symbcls by rct ing r€gular i t ies
ir .  the in lut  str i rg ct- .erved sc far .  fogelrs €xp€r iments r i th
nachires involv ing a fe l  stat€s cr ly have Leer cui t€ succ€ssfu1
jr  prei ict i rg cycl ic ervj rcnn€nts ancl  stat icnary t ime ser ies,
€sFecial l f  i r  ccnlar ison Yr i th hurans. Ecrev€r,  h is resul ts ar€
rct  pract jcal ly extendable tc i rcgrams r i th large numters of
states.

learr . ing f rcn sanples at  t }c cotrFutat icnal  level  involves
t te cevelcgrer i t  cf  a lgcr i thn-"  wt ich l€arr  ptrase structure
gramrars,  tur i rg nachinesr cr  s iml1e trcgrams frcn sanFles.  the
grchlen ct  Learr : ing a granrar lkrorn as Graruat ical  I r r fererce)
res f j rst  tacl leC bI  ;c ld (19€7) whc trct€d that €v€n in
si tuat icns r ' tere the Iearning Space is rather l iu i ted,  there may
Ir  no ccnv€rg€rc€ cf  the learninq strategl  i f  cr ly pcsi t i re
senples l i .e.  sanples g€n€rated b1 the Gcal)  ar€ Fresented to
t le Stuclert .  Ccnsioerat le rcrk fc l loued Gcld rs cr ig inal  iesul ts
fsG€ Ejerrarn arC feldsan l ' . |97' l )  lor  a survey) 

'  
but  i t  is

g€reral1v acl .ncr ieCged tooay that t l is  a.E€a cf  research is rather
l in i ted j r  i ts  ag;1icat i l : ty  b1 the descr ipt ive adeguacy of
St iase structur€ gramrars.  l {cst  learning si tuat icns are s iuply
rct  rea6i ly €xlressjble in terms cf  the f ramenork cf fered by
Grannat ical  infer€nce.

the l rct  len cf  Jearning a f roExam has teen tackleC ty
f  iernar!  and Br istna-.uamy 119' lq)  an, l  tsauer 1191t)  |  arcng cthers.
l te Studert  is  presented tere r ' r i th sample t  ccnputat icns cf  the
Gcal anc t ! :e ot ject ive is tc design a Learning Strategy which
r j  1 l  €v€ntual ly ccrv€rg€ tc a program that bebaves in a mann€r
t tat  is  ccr is istent r i th al l  the sanple ccrfutat icns.  Thus,
i rstead cf  f r€sent i rg tc the Student only input-output
asscclat icns,  €.9.  2 r3 associatei l  r i th 6 i f  the Goal is the
nul t i i l icat icn prcgran, H€ pr€s€rt  j t  u i th t races cf  tg3 the Gcal
ccrfutes € ulen Fres€nter i  v i t l  2 an{ :  as inputs.  Eauerrs
Iearning Strategy can be shcsn to diverge i r  certain cases.
f  c$€v€r,  j t  can alsc be shcrn that anI t r rcA.raI  learred by th is
strategy r j11 perfcrr  a l l  sanple ccmfutat icns correct ly.
!<reo!er,  lot  ary Gcal  there is a pai t icular s€cu€xc€ of  sanple
ccnfu I  r t icns r l jch r i11 direct  the learning Strategy to the Gcal .
1Lus, €vcr t l rcugh had s€quenc€s of  sar; le cculutat icns say lead
t le st t rCert  astray,  r , f€ at  least  kncr that  there always exist  gccC
s€que,rc€s that r i11 teach i t ;ust  t le r ight  I rcgra$.

I{ i t i :  t te san€ psyc}cIcAical  ccrcern as l lexe1l ,  !e igentaum
{196-?) at ter"pted in his IFI} 'Frcgrar tc qodel  }unar behar icur in
t le m(rcxizet icr  cf  l is ts cf  ncns€nse sy1lal les.  The Frogram can
!ar, :11€ thc types of  i rputs - paired asscciat icrs and ser ia l
er t ic ipat icn.  l te t rcgfanr s m€mcry i .s in t te f  orm of  a
ciscr:nir :at icn ret , r : :€t€ ;ust  €ncugt infortat icr  is  s,air ta i red at
€ry t  jne tc r i is t inguish cn€ s111at le f  rom ancther,  and to
r€ rr ie r ie t ie second ne r te r  cf .  a pair  r i ter  t r rese r : ted r i th the
r i rst-  l te cu€s used in the discr i r inat icn net ar€ v isual  -  the
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tcsi t icn c!  a let ter  is  i rpcrtant,  as are the strckes of  rh ich j . t
is  cotr fcs€d. the program €xhibi ts tehavicur ccrFarable tc rhat
trsychclcAjsts have cal led csci l lat ion the terpcrar l  forgett ing
cf  an i ten,  fo l lor ing the intrcduct jon cf  s i r i lar  i tens -  ancl
r€troact ive int i t i t icn the forgett ing cf  e lenents of  cn€ l is t
ctr ing the learning of  th€ next.

: .  l te Egistenclcgical  level

$e turn rcs tc the epistenclcAical  1eve1 cf  the structural
c jnensicn.  ts r€rt icned ear l ier ,  the cbject jve cf  learning lere
is a knculedge tase, where kncwleoge is r€FresenteC Frccedural ly.
IearninE ty heirg tc ld is an important prcLlem lere t reateC under
t te 1abel  of  Snculedqe Acguis i t icn (see Ercceedirgs cf
lJCAI -1i  1191- l l  f  cr  seve tal  re lated FaFers) .  Stated simply,  the
6rcblen is the develoFrent cf  technigues fcr  augrert ing a
lrc i r ledge tase .  the di f  f  icul t l  c f  the g:rot len is due to the
reguir€n€nt t lat  the krcr ledge tasa renain at  a l l  t i res
ir terral ly ccnsistent and ccmFat ib le ui th the organizat icnal
t r r inciples. i ic tater i  by the r€presentat icr  te ing used. Since
lerge hncr ledge tases ar€ essent ia l  to t le desiqn of  any k ind cf
r t i r te l l ig€! t t t  s lsten, nuct ef fcr t  r i t t in AI tcday is Cevcted tc
i indjrq sclut jcns tc t le i r  increrental  creat j .cn.  ln excel lent
e rarp 1e o f  ear l ]  r€search cn this prct leu is t i i rcArad I  s SHFDIU
lrcgrer l f i jncgraC t19721).  1 l :e ! rogram funct ions in a domain
rt ich has beccn,e l lotrn as t te Elccl ts t lcr  ld:  a tat le r i th a
ccl l€ct icr  cf  cclcurei  cubes anC fyranids,  a Lol ,  and a hand to
ncv€ t te t lcc ls.  SHlDlf  accepts Sngl ish sentences as j .ngut,

€lecutes i r rperat ives such as f rFick uF the red blcck urder the
gr€cn pyranid arr l  tut  i t  in the tcxrr ,  and ansu€rs quest ions sucb
as t t l rhere is the gr€€r cute?[,  a ld rr l i t I  d id ycu trcv€ the t lue
I l ranj i?r t .  in aidj t icn,  hcreterr  the Frcgram can le lSfd the
cescr i t r t icn cf  n€r obj<;cts.  Icr  €xanF1€, fc l lcr i rg t te staterent
fr l  st (€F1€ is a plramid cn tot  of  a cub€rr ,  sHFDlt i  car resScnd to
r! [ake a st€eplerr ,  f r fs there a steeple in the scen€?rtand sc on.

I ikE SFFIIU, HACKII  lsussman (1975) )  is  a t r rcbler-sclver in
t le t i lccks t icr ld.  f lcrev€r,  i t  solves a prot lem t t  construct ing a
trrccrar cal lec a gJan, rhict  is  a sketcl  cf  t te sclut icn.  HAcKI! .
(en ctserve t le execut icn cf .  the Slans i t  ccnst lucts,  detect  scre
€rrcrs,  arc t ransfcrrn then tc avci i l  the €rrors.  A correct
sclut icn tc a t rct lem can te stored auay ano re-used in f indirg a
sc lut  jcn tc a Icr€ corg le r  cn€.

Cne cE the fer €xaIples cf  a progran that learrs f rcn
sanl les at  t le e6istenclcAical  level  is  l i i rstcnrs Frograr t1975)
!cr  r€ccer iz ing v isual  sc€n€s in the !1ccks l {cr Id.  the Frograrrr
leqins r i j tL a kcbl€,19€ base cf  descr ipt icns fcr  concepts such as
tcr€r,  steeple,  etc.  ihe Frcaram can learn descr ipt :cns of  n€u
ccrc€tts ty being shcrn Fosi t ive ancl  n€gat i le i rstances cf  the
ccrcetr ts.

lhe Ag prcqran by !enat 11971) is the f i rst  tc ext ih i t  h iqh
ierfcrranc€ jn learr i rg Ly disccv€r)  at  the epistemclcgical
ler ie l .  ! l l  s tar ts f  rcn s iuple concepts in set  thecry and
ccnjectures statenents in set  and number thecr l .  I t  tests t tese
s taterue r ts against  t l :e f  acts at  i ts  c isScsai  and, tcst
in lcr tant ly,  e la luates the c legree tc nhj .ch i t  te l ieves t ley
s u6pcrt  cther ccnjectur€s r  or  might lead to r€t  cn€s. lerrat  rs



27L

Ircgrar carnct  t rcF€r1y te cal led a learr ing I rcgraI  s ince i t
ices nct  at terSt tc fcrnal ly I r -gvs the gen€rated con;ectur€s tc
dist i rguish theorens frcn ncn-thecr€rs.  Icr iev€r,  i f  augnerted ty
e towerful  t lecr€tr- t r rc!€r,  and sctr€ candicat€s ic exist ,  j t  cculd
lecoi l 'G - t !S learr i rg Frcarar created sc far  in Af.

t .  Ccncl  usicn

1n an ear l ier  draf t  cf  t t is  FaF€r rr i t ter  in 191e h€ rrrcte
t ' i .c  t te test  cJ cur knculeclge t l . ,ere ar€ no AI Frc?ra$s current ly
t<ing developeC $hich their  authors rculd c la j r  fearr  ar l th ing.
t ty? . . .  Se te l : .erve t tat  the nost i : ressing issues in eI  tcday
ar€ thcs€ cf  t€tres€ntat icr  ard ccntrc l  cf  co-oF€rat ive
trrccess€s. 1f  r€ car cot t€ uF ui th i rcrkat le sclut icns tc t tese
trrct1€[s,  t tcn he can r€ccnsider th€ i rc i lern c- !  learning.. . r  l ie
ai€ t .apFy to repcrt  that  the s i tuat ic l  has ctarg€d, as €videnced
t1 t le ucr ls cf  Ienat 11917r.  Davis (19?21, Iuchanan and f l i tc le11
11971).  l i€ te l ieve that th is ctange tas ccr€ atcut  precisel l
lecause scr€ rcrkat le sclut icns are being fcund tc t t :e problems
cf r€Fr€sent i rg and ccntrol l ing co-oferat ive Frccess€s. I {€ alsc
tel ie le t i ,at  Learnin.q ui11 tecome a muct Icr€ i rpcrtart  r€s€arch
er€a r i t t j r  .AI  i r  the future as proi : lens cf  reFr€sentat jon ar€
f t r ther explorec and unoerstocd. As th€ r€ader ray Lave already
jr ferreC Jrcn t te i jscussicr ,  u€ t :€r i  the eSistemolcqical  leve1
as th.e cn€ rhere learning can be tackleC rcr€ g€r€ral ly and,
ul t imately,  mcr€ usefu111.
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OPEN DISCUSSION

lJi l l iamWimsatt ,  Universi ty of Chicago: Could you give us an example of how
your approach appl j -es to evolut ion?
perrault :  Okay. Ir l t  t ry to give you a sirnple example of a si tuat ion in which
ttrese systems have been tr ied. The adapt ive systems are the closest to Ehe

l i teral  interpretat ion of  evolut ion in the genet ic sense. In most of  these
cases the representat ion being used is something l ike a vecEor of parameters,

for example, being modif ied. The idea is that one has populat ions of
prograns competing in an envlronment being evaluated by some externally
provided payoff  funct ion and mutat ion is simulaEed by randornly al ter ing a
parameter in the vector.  Cross-over can be done by taking two Parameters and

ehopping pieces out of one and trying to put them in the other.  So we get

di f ferent ways of generaEing processes from other Processes, sending them

off  into the world,  and usual ly reproducing Ehem at a rate proport ional to

their  success in the envi-ronment.  That I  s the general  strucEure of the

algori thms. They seem to be most appl icable to knowledge representat ions

which look as much as possible l ike a chromosome. There usual ly has to be

something l ike a sequence of fair ly uni form-looking objects.  Certainly,  i f
yourre going to try to do things l ike cross-over and mutat ion, i t  has to be
possible to look at comparable pieces in two di f ferent Programs and make up a

new program out of  i t .  I t rs not at  a l l  c lear how one does this when youtre

talking about crossing two Fortran Prograns '  
for example.

Wimsatt :  So programs have a great deal of  looping and going from one jump to

another.
perrault :  In a sense we may have to dist inguish between this seE of parameters

;F the program which generates the behavior using Ehese paraneters as part  of

i ts structure. Okay? There nay be a program that has loops. That program is
constant except that the set of  parameters nay change so that the recognit ion
proceeds. For example, think of i t  as a Fortran program and twiddle i ts
parameters. The modif icat ions are made on the parameters but the overal l

structure of the algori thm remains the same. 0kay?

4rhn l,taynlrrd Smith, Universltv of Sussex: Adaptive algorithms may be good for

@xtasks,butasadeviceforf indingthebestf i t for
some set of data or something, how do they actual ly compare in eff ic iency with

things that have just been brought up by computer scient ists for gett ing a
good f i t?
Ferrault :  I  real ly canft  give you a good answer to that.  I  just donrt  know

that l i terature wel l  enough and I  also donrt  know the opt irnizat ion l - i terature

in other aspects of computer science to be able to make good comparisons
between the two of them. Off-hand, I would think that convergence rates

obtained by specif ic methods developed by computer scient ists to attack

specif ic problems are probably graded. Of course the whole point of  the

adapt ive algori thm is that i t  should be usable in a large class of problems.

I t  is an attempt at general i tY.
I lurrav Eden. NaEional Inst i tutes of Health:  In the area of character
recognit fon, whieh is an area that has been extensively explored in computer

science, there is essent ial ly by now a general  bel ief ,  and I  think i t rs a

correct bel ief ,  that almost any col lege freshman who knows a l i t t le
programming can program a computer so that i t  recognizes characters with a

recognit ion rate of the order of 60 ot 707" correct.  No Perceptron or
perceptron-like device within the environmenE in which the student wrote his

program could do remotely as wel l .  In a twenty-six character alphabet
perceptrons barely go above chance level unless they have a lot  of  structure

built in them. The convergence rate is much too slow whereas 
' 

as I sayl just

anybody who has the rudiments of the rules of the game can do a respect ible job.

Perrault :  By bui lding a much more specif ic program than perceptrons and one
which has a lot  more structure to i t .
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