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~':"'icle. In the next part a general model for leaJ'D1n8 sYllt.. 18 presented
that allon cbarllCterizatioo and cOIIl.P&l'isoo of individual algoritbllla and programs
in all of these areas. 'lbe model details the .functional components felt to be
.ssential for any learn1ns system, independent of the tecbDique8 uaed fl')r its
construction, and the ,pecitic environment :1a Yb1ch it operatt'!8. Specific
examples of learnins syctema are described in terms of the model.
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The tenn. adaptation, I.amlng, cancept-fonItetlon, Induction, ••If-org.nizatlon, .nd
.alf-r.pa" have a. been ••d In the cont'l(t of I.arnlng ay,t.m (LS) r••••rch. In thle
.rtlcl., thr•• dlatlnot Ipproach•• to .aohlne "amlng .nd adaptation Ira oonaIderedl (I) the
lad.ptlv. controf Ipproeoh, (U) the pattern racovnltlon .""0", .nd (AU) the Irtlflclal
Intalllganc. approach.

prog,... In e.oh 0' the,e .re.. " aUIIIM.rlzed In the flr,t part 0' the Irtlcle. In the
next p.rt a gl;,eral IIlOdeI tor "arnlng Iyateml II prea.nted that .lIows ch.r.ct.rIz.tlo" and
comp.rtaon of Individual ca\9Oflthlu and progra.. In a. of th••·••raaa. The model detlUI the
fur-ctlanal OOIftPOI'l.nta felt to be e..entllli tor any learning ayate.. Independent of ttw
technlquel Uled for It. ccnetruetlon, 1M the .paclflc Invl.,...nt In whloh It operlt...
8peo1tlo .x....... of IMmInI .y.t... ara deacrlbed In tenM of the 1IlOdeI.
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1 Introclul.ltian

Glvlnu a mach'ne the ability to learn, adapt, organize or repair It.elf are .mong the
oId••t .nd moa~ ,lIbItloua GOlia of cOllPUter ,c"nc.. In the ••rty d'yl of COIIIputln8, the••
gaell were central to the new dllelplne called cyb.rnetlc. [Wiener, 1948], [A.hby, 1158].
OVer the pa.t two decI.', progre•• towerd t..... pia his come from I variety of flelda-­
notlbly computer science, psychology, adaptive control theory, pattern r.cognltlon, a"d
philosophy. SUbltantlal progress ha. b.en m.de In dev.loplng t.chnlques for mlchlne
iearnlng In hlgh!y restrlct.d .nvlrontnent.. COIllPut.r progr.m. have b••n wrltt.n thlt c.n
ie.rn to play goad Qhecke~, [S.muel, 1Na], [S.muel, 1187], le.rn to f1lt.1' «XIt the Itrong
he.rtb••t of • IlIOther In ord.r to pick out the w••k.r he.rtb••t of the f.tu. [Widrow,
1"73]. Of learn to predict the ..... spectra of eoo"plex ••cutes [Buch.nltn, 1e7a]. e.ch
of the.e progr...., however, Ia t.lIored to Its parUcul.r t••k, tlklng .dvlnf.•g. of p.rtlcullr
...umr;.ttons .nd ch.rlct.rlatlcs a~.ocl.ted with Ita dom.ln. The •••·:ch for .fflcl.nt,
pow.rful, .nd g.n.ral",ethod. for "'achtne ".rnlng ha. COllIe only. ,·hart Viay.

The terma ad.pt.tlon, learning, concept-formation, Induction, ••If-orglnlz.tlon, Ind
aeif-repelr hive all been uaed In the context of lelrnktu ay.tem (1..5) r••••rch. Th.
' ••••rch h•• b.en conducted within many different .clentlflc communltle., ttowIver, .nd
these terms have come to h.ve a Vlrlety of .elnlngs. It Is th.r.f,.. oft.n difficult to
recognlz. th.t proble... that ere d••crlbed differently .ay In f.et b. Id.ntlcll. L••rnlng
Iyetem MOd.1a I' well are often tuned to the requlr..ent. of I plrtlclller discipline Ind .r.
not ,Jultlbl. for IPpllc.tIon In r.llted dlaclpllnea.

The term '"rll~lIf ",tnrl la very bl'Olld, and often mlale.dlng. In the cont.xt of thll
,rtlcl., • learnma ayste. Ia cOMldered to be any ayst8111 that &lffea Informltlan obt.ln.d
during one Int.r.ctlon with It. envlronlllent to llIIprove It. p.rform.ne. during future
lnter.ctlone. This rough chlr.cterlzetlon ••y Include.In/Mlehln. ayst.... C••o [McCarthy.
1e.a]) In which hum.ns take on .etlv. role. I. required function.I componentl. In aom.
Iyet... there II contlnuoua interaction with t... envlronlllent, with f••db.ck .nd lubl.qu.nt
Inlprovelll.nt. In oth. ay.t_ there Is • .harp distinction betwe.n the Inter.ctlons that
eon.~~~. trllnlng .nd I"equent perfarlHnc. or pradlctlona With no further trelnlng.
Anoth.r w.y of dlffer.ntl.tIna betwe.n v.rIous ...mlng ay.te",s I. on the b.... of wh.t
kinds of .It.ltlona they perforwt.

Figure 1 lhow••ev.,11 ek•••• of .y.tellll that fit the .bova ch.r.et.rlzltlon .nd IIIti
the kinde of .Iter.tlona thet they perforwt. O.t. b.ee .yat re among the ••rl••t klnt'e
of ayet... thet ,It our d.flnltlon. SUCh .yat... r ent l!"fonNltlon .bout their
.nvtrorNnent by .etl 0' alt.,.bee ....rtlons. In the lit. 1880'. 1M f .~lyl HO'a••d.ptev.
control t.chnlquea were 'lrat ....d to build prograllll that .It.r p.ralnf:j·r. In equafitAia WhIch
MOdel ... upect of the .xt.mol wortcI [ ,. 1111]. [~'IcIr\w'. 'j171]. The
peroept~ona of the ••rIy 1180'. [lIiftaky, 1112], lRoa tt, 1151] rer(.un~ an atte..t
to .e .cllptln oontrGI teohnlquM to trIIn recootlltton network, tloV a'~~( 1ft8 ......Ung
p.r....... More recently, oonoept ........ (.,. ather) l)'8t_ h..w~ .... 'J I wrm..n whIoh
... and lit., Itruotural ,.,,".ltIoM .. their IIOdeI of the .xternet .'" tid. In eMrt, an
e.portent difference to be noted In Lie .. their 1M.... ,." wne of ttMt out.
enviraMt,nt. __ are .u-atlael _ ntone. and ......
•r. ItruDtureI eGOD" ayIIIJDlD ...._.
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'Igur. 1. ASpec'''"'' Of L'.""'II Sya'....

In thlt artlcl., thr.. dllltinct ,p~ohe. to NOhfn. ...mlng and ad.ptatlon ,r.
conalder.d: W the .d.pttYe control approach. (U) the p.1It~.m ,ecognltlon ''"IproI\lh, and (W)
artltlol,' Intelligenc. ,pproach.

Progr In e.ch ot th••• 11"" II .UlIllllrlz.d In the tlrlt Plrt of thl artlcl.. In the
n.xt part • g '.1 lftOdeI tor "'"""0 .y.t '- pr•••nt.d thlt a!lowa cha,.cterW\tlon and
COlItParllOl'l of IndtvIduaI '!GarithlN and progr In .11 of thl•• • r.... Sp.clflo ex..... of
I••,nlng .y.t,...,. dMcrtbed In t....... of the !IOde1. .

In the control Iter.tur.. IRrnInG II generally ......d to b. .ynan)'lll3Ua wtth
adaptation. It la often view.d ....tlMUan or .uccelllYe approx...tton of tM unknown
para••t.r. of a ••the....tIc.1 etruetura tMt h6. btln c.en by the LS de"'" to
,.pr•••nt the ay.t... under "tady [Doft , ''''], ['., 1ITO]. One. thIa hta be.... dane.
control tlchnlqlHt. known to be .utt for the partkuler ClhcMen ttrueture un be tppIItd.
1'ttu the IIIIPhAII hee been on ,..,.....,., """'''''' andtM. IchleYetMnt of .t.... ,.......
p.rfoml.nce [akhlnlky, 1.14). ProbI•••re~ forMulll_.d In .1OCht.tIc terM, and
the .... of ·.tauetIC.. prac,"" to .~ OPtlNl perforlNAI:. With rnpeot til ...
PerfOl'lltenOl Oftterton euch ....... ....,• .". II ItIncIerd (WItt........ 'ITS].

TheN a,. MftY~ end .-.tIle•• oontraclotory detInJtIaM of the t...
,elat.d to .dlpttYe eyet.... TH 'ollowlltg let. tcnut.ted by fiIcittoIo [_II,lln, 1878].
serv•• to ""lUI the !MIn fM"'. ItA • .",.,..,.... II CIetInect ...~ t
r-.panda .oOlP~wttII ,..,.t to __~ ortt In the fHa of tit
the nt or Ita CMft IIlt....a .tNOtuN. A,..".,., II an ~ that
r ~ WItNn ..... InterVal III M".. a
..".,..",..."... II .. tMt fUll..~ 10M _1nttrIaI h ••d" a
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chene- In It. Int.rnel.truc.t.... Finally.' ..,'-or"..,IItfI.'.... '- an adapttY. or ...mng
.y.t.... In which the ...m.1 .t.t, II unknown. r.ncIoII. orunIItPOft.nt.

~dlptlv. control II an outgrowth of .utolUltlc controf thet h.. attr.ct.d .lgnIflcant
r••••rch .ffort ,Inc. the lllfd-1D60'. [.lah.r. 'ITt]. The,. 1nV••ttptlona have been
IftOtlv.t.d by ....... for deV....nt of r tIIH central of lncoIIPI.tety known .yat.me or
pled.. llwllt.d ptent ,pectflcatton II norNIly to .nt.1I unknown. drifting p.ramete,.
In a pr••crtbad .1~tIc.1 da.eriptlon. V.rtDIIa ..thode of .d.ptlv. control have b..'n
Impl,lIIent.d 'or control of .eroeP.c••nd ~trtel proc•••••• I' w.1 a•••n-.achlne .nd
IOCloeconomlc .y.t...

Ad.ptlve controhra hey. been coe,..1y dMded Into two "'0' c...... of actlv••nd
pa••Iv. .daptlvlty [T... 1171]. Actin "",,'n COIff,oI,.,. .r. b•••d on du.1 control
theory [f.l·db.... '1.1]. In .ddltlon to the .v....bl. re.l-tillle Inforlllatton. th.y utlllz. the
knowledg. that future obaerv.ttone will be ..de that Will provld. furth.r POa.IbI.
pertonn.nc. .v.....tlon. and r.g"'at. their "a"*'9 .ccordlngly. Paul.,. ._"".,.
OOtrfrol'.1 \I1l1z. the IVllabie r••I-tlllll ••••ur t. but tgnor. the av.llablllty of future
obaervatlOM. TM. 1IIIIt.,1On r••uIt. In IlIUCh r .dat»tIv. .Igori..... Thue p...IV.
t.chnlque. h.v. been IMICh 1IICIf. extltft8lYllY Inv..ttget.d.

2.1 , ....". Controller.

PaNiv••daptIV. controller. c.n b. aubdlvtded Into two cl•••••: indirect .nd tNr.ct,
denoting the D""""rr feeu~ of the adaptation ,"chanlul .lther on pi"" per...''''
u•••nIlInatton Of COItfrol per"'" det....tlon. r••p.ctlvely.

',"",eet ."ept,,,. OOIJIroI. orIQIMlIy augge.t.d In [K.Im.... ''''). .rbftrarlly
••pa,.t•• the control ta.t Into ptent IdInttflc.tIaft .nd cantrol law calcutatlon fRMI the pI.nt
p........t., ••"""'t... Thle approach w•• dealgned to utIIze the .xllttng .r...... of oontrol
teohnlque. ,..... ex.ct 8P8C1f1C.tIon of the plant. Ace'Plane. of thIa ..UtOd .... led to
conaIder... Interest In avet- lde"fflIcetion [Atltrollt. 1IT1]. Most par...'er ..t..tton.ch..... !loWe"." a,. ~tty oPen looP and .uffer COMIstancy .nd IdenttflabMlty
OOMtraintl .......nc.,.... by f ck. ThII lIlIIt.tIon can be otrc_vented by the
Injeotlcln D1' a perturbation Input [ 'ITI].

The .ltenNttlVe. whIaII ..vaIcII the neoeaetty of proper plant ldentlflo.tIon. ..
direct "'apfl.,. 00IIIr0I. In whIctl the .veIIbIe ClCIfttrol par...t.,. the••ev.. .....djuated
In orCSer te. "",,"",. the~•• perfonIanoe of the control .,.t... Two broad tHhnlQutl.
exlet for ••t..,....."t of GOIMlf'08ftl cantrcII ,.,..ter a.,t.tIan ~: ...,aIt
..thode unet 8tatIIIty aMtyIII. ........,.,.... ....aIy euffer loCal OCIftVW"g8nOe,

wttetMr ....... Oft gr"" ["~. 11TIJ or ......UO [.... "?O] .
AlterMttwI1••....,.. aontftlI ................ .,. • ."", ..".,. Dan gloMI
aeyllPtotio .taMItY _ a ..,.."oduct. TM WkIHt .....tian (If ItabIIty u..y to ....
oantnI 4fellgn ......... l.....,. Mtt!Dd [L..-rff, 1ITI]. The .......
___tic" of UlPIMCII¥ fUnotIIn 1)I'ftIIt fat d ...,. .. [ '-1
utilized .... rderenoe .., .......



L.......pt.... •
MMei "'eNItOe adaptive control teohnlqua (... exalllPle In appendix) .'ement

adJuatlllent of r••chlibte p.r....t.,. In the over.' controlled .y.telll .0 that It. '''PON. to
... ref.,enc. "one' exactly .atche. that of • predetemlned MOdel clue to the .ellle
r.'e,eno.. Such. .wau., ."......nt In gener.' require. the .blilty to adjuat .ech
p.ra"'et.r Independently In the over.1f controlled Iy.t.. Aa.~tlon of tNt oap.blllty
he",per, the current eophllttcated Iche..... 0' ad.pting 'e.~'orw.rd .ndieedbacle
par.",.ta,. eoIeIy ,,. pNnt Input and output ....ur....nta [L....u. 1114a]. [Monopoll,
1174] by oeoe.lonally "eo...lt.tlng .n unboUnded contNI effort. Control .ffort
bound.cInHI II encour.g.d by .b.ndonlng .xact Nltput NtChing ,,. ~ ..tchlng
[Johnaon, 1171]. which r.quir.. nonpar...trlc, a POIteriori detenlllnatlon of the o,tlllla,
Input.

No .lng'. ad.pttY. control .pproach Nntlofted I. without Nlftlt.tlonl In .tte.....tlng to
provide adequat. control of a p'.nt known only to be claeOflbable within a gen••, .tructural
c..... The prltHry tocua 0' .dtlptlv. control on para••ter .electlon h.. ..d to prov.bty
oonvergMt '1nGI' leve' .che.... The ongoing ...rger 0' heurl8t1o. I.yerable ".rnIng lyate.
coneeph Ca. de.cl'lbed below) With the.. converoent p.r...ter adjuatlHftt algor'ttwa of
re.trloted .ppllo.bltty .houid Ilnprov. the e'floaoy of adaptIVe control.

P.tt.rn ,.cognltlon technique. ere primarily .mploy.d at the Int.rt.o. of Intellgent
agent••nd the ,eal world 0' phyalcal It•••ur....nt. trod proc•••••. The Interfac. att."",t.
to provide I" ••naary cap.blllty to the .gant. HCh I' vlllon. touch, or toMe other non­
tuMn I.nacry 1IOd&1Ity. In thIa cont••t. a fMttmt My be an ""ega, a "en word. I ,adl'
,etum ffOIft In alrwaft. or what."er 1& ~te to delortbe or olaMify • tthYalca'
tnYlromHnt that 1& YIeWed ttwougt\ I partlcula, Nt of .enear•.

The proIal•• of ,..".,... reoot"'CIoIt 1& often vltwtcl •• the cIt".....nt of a .et of
ruItI that can be _ad to ... obIIrVIcI Plttema to P.rtIcuItI, known clan.. by
.x"'tIon of • Ht of Pltteme of known cIIU ........... Th-ra .,•• how.w" a va....ty
of ,etal,", prob'''' that oan be .....d In the ••WIG 'rallttWal'tl. The.. Includ.
".,..,. oIaN1'Io«_ Inwhtch the ClIIe8IfICItioft ruin are known, and the probl•• Ie tIIftpI)f•..........,t of P.tt to etuae......." ,or........ In which the ct..... thetuetvea Muet
be defined. and ,,,,I0Il. In which the PfObItIIt II to tor. de.crlptlanl (which .r.
otten aytllboMcIn ,..) ClII the obetrVtd pattema rather than ... theIIl to cia.....

TM ..jar In pattern rec08nltlon are:

.....,..." ••, tNt MtIIIIty Httle on ••tIbIa at' of ruIeI.
c .

......-,1 _jeotIwe .. 1lIRk....... ClII"_ 00IIt ,unctioMl, .......... aver...

.... ted ...... at............ .
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......ttw.......eclin t.,.. of OOIIPIt.aon tIM. IIIHOfY reqW-..nta. ot progr........
COIIP"x~.

e.' ~.tt.m ...e......... awo......

P.ttem ,eoog..ltIon .. p"..entty charactenzed by two ..jor .PDf'Ollche.: the atatlatloal
daolalon-theoretlc ot~"t..,.. -.11 elllPloYa a e/.aI"e.'. lIfOdei• • nd the
IInguIetlc (lyntacUC). or Itrueturl' approach. wHch 88'. I .,..,,,,,,.,. aofIeI. Th. tnt
approech hII. be......... ext~ .tuchd. Ind I lIIOde.tty 'Irge body of theory haa b••~
conetruet.d. where•• the lleoand .pproach Ie r...tlvefy new. and lII.ny unaatved p"....bte....
r....In.

The dacIeIon-theor.ttc Ippro.ch c:cMMlOItIy Involve. the eJ(t~lctlon of • ..t of
charact.rietle (typically loW-level) ....ur...enta. ot 'Mlurea. '~<Hft ••at of patttlfM. elch
pattern .. thUa repruentn •• • f.aue v.ctot In • f••~."••p.c•••nd the t ••~ of the
p.tt.m recovnltian device Ie to pertttton tile f.lture Il"IC. In .uch a way .. to ct....fy the
individual patterna. F.aturea. then. are uaU61ty c~;;en 80 tMt the "'at.... (an __ lultabla
...trk:) between patt.rna In the r.a'ure .pa-:. Ie lII.x....z.d [Roch•• 1114]. n... Ipproach
hal been lucca••ful 'ot Ippleatlona .~h la COlllIItunIcatlon of • known 'at Of elgn.'
W.V.forMa eotruPted by ... 'orM r: dtRtortlDn••uch •• noIaa or Iltultlpath Interrerance.
However, It he. been crtttcfad becluea It Ie COftCerNd oriIy with :.1t.ttatlc.~ relatlonahlp.
betwe.n ,••tura•••nd t.... to Ignore other .truetural reiatloMhlp. tlVtt ...y charaoctarlz.
P.tt....... [KaMt. 1174].

The tlc, c.or Itructuret IPtMOach MI been de~d In part to COtT.et .... of the
dh'flcuttIM In the declalon-theoretlC IPPFOIIch. With thIlJ PtIr.dtgtlI. pltterne .r. vIeW.d
..c~ of OOIllPOMnt8. cllled ....ttarM. or PIttam priRtltlv.., thet .,. typIcaMy
higher-level object. thin ttte faeture. of the declelan-theoratlc model. Patterna .r. otten
VIeWed .1 aentenc:•• In a ........ defined by • fonNl gr...., (IOIMt.... celled 8 pattarn
gra-.er). s.o-ent~ of pitt.,... Into " ..tift. and fanIIltlOr. of Itrue.al deaorlptloM
are thua the prIMery ........ T.... eppIOIIch ....a.... an Itt8llPt to .... otIter eoure•• of
InfonHtIDn ..... 10 Plttem recognition (I.g•• In • apeecIt ",",,"tendlnCi ayet_ [R.-.
'.71]. [e..... 1111]. (L....r. 1111]. [......... 1.78]. [Raddy. 1118]. ayntex•
......uc., end oontaJCt act .. pOWerful ..... 01 InfOtWltlDn In addlttan tc ... r.corded
InfanNtIDn).

In tMt both ,., and .tructur" tee ,. pau.m reoogIlItIon
.ffeota 1 bridge between the a_UW ayet.. and artificial Intellgenoe ......ah.. to
1n"*'8.t.. dNIgn. Wa .... reo _ betIUft to ... I ...., of the two approeahM
(.... for .x [ltHk ,,"]). tMt ..y rwuIt In :::oN pOwerfulayat_.
Par • review of wrent atilt. of "" Irt. ... [0.. 11n], t....... ten]. (KIMI.
'11111. [ _ ••• 11.,,).

1M , ..., of .. Mdon IIrtef ...e of ..jot' ra to
pattern .,.0Ift0 teo 1'O..._IICeeI to ttteIr or
tile two ......." z .. oMaIf,.."...". .. tM ...,.,,,,,.• ...,. ArtIftoIaI
"" re d til -Jar t 1IIuIIwd In ....
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1IIOV....nt away ". COIllPIeta • __Me. to the claNlflcatJon ..... and tow_,. .KPtor_ttan
of the description MOdel.

I. , •, C....lflolltlan IIDdeI

In thle MOdel. patt.,.,. (f••tur. veaten) .r. viewed as Mllber. of • el....nd the ••
Ia to ...Ign obaerwd p.tt.ma to el...... The c IfIc.tIon Ny be .Ither .,.,.,'OfII,
wh.r.1n tit. patt.... a,. thautht to belong t I) OM of of clue••coordlng to a Ht
0' prob.blUty denalty functtoM. or 'fI~Z', whenttn p.!tem••ra thought to "'va differing
d••••• of ....... In ....... of ..... [ZHeil. tl71].

CI...I'... Ny be c.tagartzad In • ~ of waya, depending on the type Of
cl...lflc.tIon rule. and the "1IP4lnI PfOCedure they ..,., ~!4uftt, '''I].

P.,.,., clenlf... b••a their claaalfle.tlona ~ the comptete .et of featur..,
extracted .ilftuItaneoualy~ • tingle obu",atlon of • patt.rn. ..,.,.,.". cla..lfier•
••algn _ p.tt~m to • c.... on the bella of a ••quenca of obH",.tlone. Aft.r H.
ob'.N.tlOn ia III •de. and Inte;r=tcd 'With past ob• .",.ttons. a declalon ....de " to wh.ther
.u'ilelent Infonaatton .... been gathered uPOf\ whIctI to b....' • cl.AlfIe.Ucn. or whether
.nother eb.erv.tlon _t be .....ccordlng t~ • tnt Ik. ttle W.1d hquentlal likelihood
Ratio le,t [WaId, 1147].

Adapt've c...." (.aa exe'" In .ppendlx) ar. d1.tjngulshed by tM fact that their
cl•••lfleatlon "JII••r. t ""••djUat" to lIlPt'OVe perf\Jl'lftllnce •• experience Ie gained
wtth patteml dr.wn ,,.. the ".rtoua cteoa.. '" Int"~4i i. varl4tty 0' proc.ci.... heve been
dev.loped to .~jUat the ruIe.-·..., 'Of .x.... (Widrow, 18eO]). ".....,.'".
cla..lfler•• on the other hand, .... a fixed .e' of claAtflcatJon rules, and In ttw language of
thie p.per .re not conakMraCi to be le.rnIng .yat...

Thta typa of clualflcatlon Is optllHlln the probabllty of error .e/ll•• The .trategy Ie
"'zatton of the aver... rIak 0' a oIaaImcataon .nd ~te knowledge or the • prtoI'I
Ind oaidttlul.. prab••'Y cIenIItIaI II .....d (where tile a priori ",hbltty Ie the
ProbebIItY tNt • pattern Ie dr.-n ". • partJcaIar .... ragar..... of Ita ...roved
ChIlrlot...tIoa, and ooncI 1Ity Ie the~ thet a pattern with the
obaerved char.ot GOUld have dr ". • particular cIua). ''he notion of ....
.,1... Mea.... OGata to be .~ teiI cIff t typee of moatlon
emn. When equal ooe\a 10f .. typee of reIIIIIt _1(11 _ I
poeterlorl (.~ ....... ( the • poet ",IIIIIIlly II tile probaIaIIty a pattern
hn ..... dr.... ". a ,.,uaUlar ......, GIla""'" oIWaotarldce).
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LIk.Mhood Ie the condltlonal prob.blItty tNt the .erved ch.r.ct.rletlc. of • p.tt.rn
Indlc.te th.t It .houId be ••slgned to • p.rtlc r c..... No knowledge 0' • prkK'1
prob.blllties Ie "",ed, but the ..thad knowledge of the forIl of the denalty
functions (e.g., G n),

Thl. type of cl•••lficltton .;~. not gu.r.ntee tha be.t posslbt. perfor",.nc. but
require. no knowl.dge of the und.rIyIng prob.bIllty density function. that GOY"rn the
g.n.r.tlon of pett.ma. Techniques u.ed In non-p.r.metrlc cla.alflc.tlon includti the K
N••rcst N.lghbor Rul., which byp••se. prot-abilitle. altog.ther. and aaaigna patt.ma to
cl..... b•••d on the proxlllllty of their ob••rved ch.r.cterIeUcs to thoee of n.lghborinG
patt.rna of known c.... lll.lllber.hIp, .nd the Fleher llna.r DI.crl..in.nt, which Ie ...d to
tr.nsfor", the f.ature apeca Into another tdecleton) sp.c. (typlcaNy of Iow.r dltHn.wlonaNty),
In which p.r•••trlc proc.dure. can b. elllPloyed [Duda. ',873].

1.1.2 D.sorlptlon Model

With thia 1IlOCHtI. empha.1e Ie placed on .elllll.ntation 01 the p.tt.,.,. Into • ..t of.....ning,'" ""'tlYe., and an g8n-ratton of structura' d••..:rlptloM (g.ner.lIy .Y!"boHc In
for..) of the p.tt.ma. It Ie further ......d th.t a graat daal of • prlort knowtedge of the
patt.rn types that are of Interest Ie avell.bIe.

The apprMch Ie ..eful In appllc.ttons like .cene .n.Iy." [Duda. 1171], [McCarthy,
1874] where e...."Ic.tlon Ie clearly InaPPropNta. It .Iao tanda to be ..."" when the
patt.ms th....tv•••re CGIllPIax [FII, 1"77], •• It 8IllPha.tzes hler.rchical decQlRPOeltIon 0'
patterns Into their constttuent CClMPOMnts.

Thera ar. • v.rlety of descriptive fDrllll..... In which to expra.. ttl. structural
d.scrlptlona. The•• Include p.ttern gr......... [Pli. 1174J, .nd relational ....... [WIfteton.
1871]. ".".,,, .,.""".'. -.bodY an .tt..,t to c.rrv over • "rv- .1IltIUnt of theory rna.
the .tudy of netur.1 .nd progr• ....ano Iangue~ a, A v.....ty of p.tt.m gr....... hew b••n
develop.d [K...... 1174]. both ~jter:*''''tIc and etoehUtic In farIll. ".,..,.., ...".. have
been UHd In pattern reoognItIDn syat.. develDped by the artlflcllli Int......tc. 00IMIUnIty
(•••• for .x WINton tw-ton. hnO];. Pat~em .......,.••re toen .. nocIM In •
dlrect.d whoM ..... IndIcata the relations ..tween the Ivea. .. gr........
• conv t repreeentatton far ,ett.... wtth a .......... of rcNoaf 8truoture.

TM text by Dude eM HIrt (DuM. "71] II ••x••••nt IlItI••cllAn .. tile MthDde
.... In the strunnl..." ...



L......... ay.t..... ..
4 Artlflelal tnteHI,enoe Approaoh to Le.ml",

'n the 1Cleo'. and .afly 1DeQ'. there wa. con'lderable eftlcul'lon of '.arnlng program.
In the ,Vtlflc"1 Int••nc. (AI) Itt.ratUl" (•.g.\ COettl",e" 1862], [P,'•••r" 1161].
[letfrldl1l. 1111]. [Newe". '112]. [felge"baum, 'lIa], [Mlnaky, 1lea] and [limon,
, 'II]). It wa. hoped .t the tItH th.t • ,.n.r.1 le.mlng p:ogr.m could b. written to
acOUlftUl.t. and refine a "111" d.t.Ned knowleq. b••• aboUt a dotIIaln [Mln.ky, '812]. Th.
knowledg. b.... then. COUld b. u.ed by eY,r·lMp~ Iltgh ,erforlll.nee prog',,,,, th.t
r.a8Ol"l In that doIIaln. Sa"",e". progr.... th.t le.rn to play .xcellent checker. [S.mu.l.
, '11] w.r. an e.rty delllONltr.tlOn of .uce•••• but .Iao demonstrat.d the .lIlOUnt of effort
nee.NlIry to achieve .ucc.... On the re'RN 'lIi'!Y le.,nlng taaka h.ve b.en central In AI,
Newell wrot. ["'weH. '171]:

Inductive ta.k. h.v. alw.ya I.'een I promlner.t ,a,t of the AI
1.nd8clpe. The r••aona for ttol. .el'" to b. twofol~. For on" w.
h.ve Inherlt.d a c....1e d..t1nctton betwe.n deduction .nd Induetton.
eo th.t the .earch for Intenlaent actton 'hould cle.r:y look to
!nductlon. Second. Amerlcln p.ychology h.. largely Identified the
centr.' PJObIe'" of coneeptue' behlvlor wtth the loq'J,.ltlon or
form.tlon of concept.··wtMch In ,",Ictlce ha. turned out to mean the
~ndUctlonof conC.ptl frolll a .et of pre,entld eXIlIlpl.r•.

Thle tendency. ,hap.d .trongty by Brunsr, Gcodnow, Ind Austin'.
SI,"" of TAlfllJ711 [Iruner, '11']. derlv., fur:dalllentalty from the
.",pha... on "amtna that hal characterIZed Amerlcln plychology
Ilnee the ria. of behavtorl4l11.

The IIIOttYlltion for wrltlna the.. P'OO'.... .. diver,.. Some "r. wrttten a. t.at.b'.
,s,eltol0fl"l ,,"*" of how ....n aubject. perfortll I Ie.mlng talk (•.g.•tllmon. ""] [Hunt.
'H']. [P ""'. 'H'] .nd (Hunt. '''']), other, .,. wrltto" to tr,.t. the
j#fUi6UU, of "w (e.,., [~wey. '171]), .nd ,tilt o~n." are wrttten With the exprr.N
purpose 0' -,., hlU1l "1tI,,,. solwrs codtfy and e:teplatrl data <I.a., [Iuoll....., 1070]).
11NIO'.r " .11 the progr.... ..ntIoMd below~ well at their .t.ted t••k., they .U
Hluatr.t. the ....,gtng power of heuMttc P'OQ'...... ,"thod. for improving the probIe.
soMno powt'f' of CClIIlPUt- .......

All the AI "emtno progre_ written to date hlYfil 'trona ~.tIoM on thetr It............/.
801M .,. appIIc.bIe to Ju-t one kind of~ other8 work with sever.' typea Of pratJl••
wtthIn ...,.., ... defined by the r."...entatlon of objeOta end ,...tIDnIln the ...11I.

Earty AI re.aaroh w~ oIoMIy tied to pett... reGOgftWoft and the ..,ttve eya__
approIIch. (.... for .x...... [lettrNae. '1M]. [UItr, 'IN) and [Ubr, '11']). Much wen
hi. been ,..-forM' an IunIIN IIUtoMta [ ,tel] (... atao[........ '.14]). Mel
........ MtworU tMt In ,. ~. '111]. M 01 thMe ..".
......t .", UIet ..,.. to , and to [ ".r,
, ..]. [IIMMII. '111') tnoeI _ 1M of 1.- It"•• ".,&1_ In
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PlYchoiogy to mpettern r.c;ognttlon and ••I'-organizinG .y.t.... a. w.N •• to (U) conc.pt
form.tlon. induction and other AI WOl'k. Th. two flelda dIv.ro.d In the 1Q&Q'•• and ar. now
quit. dlatlnct. Wher.a. patt.rn r.cognltlon .nd control t••••rch .MPha.lz.a .dju.t....nt of
p.r.....t.r.. AI r••••rch .mpha.lz.. construction of .ymboIIc .tructur... ba••d on
conc.ptual r.latlona. for .x••pte, f.lgenbaUlll'. EPAM prograll [felgenb.ulII. 1IIa] u..d a
d/acr/......./on net (I.... a tr.e of t.st. and branche.) to ator. the r.latlons r.qulr.d to
recall non••".••ytable. In I rote Ie.mlng .xp.......nt (... [flk... 1IT2], [.u••••n.
1ITa]. and [WlutGn. 1176] for further .x'IIPI••).

In AI. It la COIRIftOnIy bellev.d that. l.arning .yst....houId have lufflcient Intemal
structur. to dev.1op • strnc tit""., af ItI enWoI_ent [F.i,.nbIUIII. 1871]. [McCarthy.
1al.] .nd [Mlnlky. 1112.]. Much emphasis has therefore been plae.d on bUilding
Icnow/edge-IHMed or .xpe" syltelll8 that not only have the capacity for high p.rformlnce.
but c.n IlIa .xplaln th.1r p.rfOilftance In .ylnboilc te""s [D.vi•• 1171].

Vartoua lev.la of aophlltlcation In "arnlng syat.ma .r. de.crlbed by [Wlnaton. 1175]:
I••rning by beinG progr......d. I••rning by being told. I.amlng from a I.ri•• of .xampl.l. and
flnaMy leamlng by dIacovery. We ... In thl. c.tegoriz.tlon. gradual shift In "sIH"UibUtr, from
the deslgner/t••cher to the Ie.rnlng IYltem/.tuel.nt. At the .........t lev.'. the .yate.. I.
abl. to find Ita own .xamplel. and carry on autoncllllOUaly; at the Iowelt level the aylt... Ia
I.amlng onty In the • .".. that a progr• ..., II .xplk:itly progra...1ng It to do IOIHthing.

The ItmIf4ltSfA of inductive Infer.nce haa captur.d lIIuch att.ntlon alao (•.g.,
[8oIoIIIonoff. 1171]. [~. '112). [H'Jek. 1875], [Meltzer. 1170], [M.Itz.r. 1171]
end [PIotk.... 1171]). The purpaa. of Much of the worlc on lbetrlct , .......... Ia to find
general principle. of induction that c.n be MCt\anlzed. Thia w•• al80 • goal of "~on and
Lelbnlz c.nturle. ego.

Conetderable work Is ItII expended on the Leibnizian dr••111 of an abstract 'orINM.", for
loientlfic in'erence. SoIM of this work Is done specific.1Iy wtth COIlputer P'QCII'I.. in Iftind.
~uch of It, how.ver. fa dane In lbetrletlon. Progr... baHcl on t.... t_ 'OI'WI
hypothe... '"- data without any special knowt.dge of the dDlNln fl'Olll which dete were
coIeoted. The ••wback of very generitl ..thodI fa ....t White they My produce __
tnt--ttnv ....IrIC.1 gener.lIzatlana, they .re likely to produoe ..ny generelzlttona that
exPertl in the elGlNln would regard .. trlvtal fit 1IHIIIngIna. In ahort. the)' Iaok • working
model of the ... to ...... jUdD••ntl of pMullbllty•

... reoent PfOIfMh explclltty reoognlze the need far fJrfM..-s,.oJk .,,,.,.,,. The
~ progr_ [ 117'] dIIcoV8n ...... ".... about the .......... of
011••111" aD.aun. In 1ttII known .. I MIa ....cb..... TM data ..
note)', tMy do ROt eIready the apeoe of poe.lIIl••xP Ie WI'I .....
and no .....-t_. 1Ieverth.1••, the ,..._ ftnde rtltM In ....
data ., to ........-.

1M MNM. (~ 'I"] ..'.ta of •••D ., ....
PfOCIUGM ,.. u.t c.n ...., 01...." ' objeOW -. Par .
far •••p 01~ -'tII aIr.llI.~
~ eM "...._ II MIlt .. ,... eM ,...... _ ...........
......._. tile ...



'1

Stili another progr••• n••ed Thoth-pb [V.r•• 1171]. Ia abl. to I••rn rule. for W
extending I.net .equance., (Il) recognizing geometric analogla., (W) relating hfor, IInti IIfllT
altu.tlona, .nd (I.) rel.ttng ..quence. 0' .ltu.ttona. It u••• background knowledge .bout
the dom.ln to help It r.cognlze Import.nt r.lltton. among fe.ture. or obJ-ct. that .re not
codified In the de.crlpttona of the object. the...elve••

Much of the work with le.rnlng .y.t••• In AI re••arch has b.en done In the cont.xt of
g.me.. Improv•••nt of the g••• pl.ylng proor•• I. the oat.n.lve goal, but the I••rnlng t.ek
It••1f II often the re..on for the work (•••, for exllll,I., [N.wm.n, 191']). Th. nature of
the I.arned Information range. from par.......r. governing the evaluation of move. (and
ultimately their ..'ectton) to .,mbo//e ru/.. .xpr•••lng hoW to pl.y w.1I In different
situation•.

Sa.uel', work Is be.t known In thla field [Sa.uel, 1'11]. [S.muel, 1'17]. In the
cont.xt of • checker·pl.ylng progra",. h. h•• explored rote learning. pa".eter tuning, and
bulldlno "flltature table., wh!eh .re clu.t.r. of dependent 'e.tur•• with w.lghta th.t c.n
b. u••d to .valuate mov•• (ef. [Whit•• "70]). (Griffith [Griffith. 117.] I.t.r compared
thfl .ethOd. u••d by S.",uel with ••Impl. heurtatlc proc.dure.) W.ter.,n [Wate,,,,an.
, 170] comp.red the performanc. of • poker·pl.ylng program .fter le.rnlng with • hUMIn
teacher and automated le.rnlng. The program rapra.ented It. heuristic. of good play :~ •
t.ble of condtttonal rute., or productiona, that thtt leamlng.yate", altered In light of .....t.k~•.
Waterman h•• gen.r.llzed ..any ot the.e Ide.. to other ta.k. [Water",an, '171]. Flndl.~

[f,"dle,. '177) h•••Iao atudMid the game of poker, Pltr.t'. work on leamlng pattern. In
che•• [Pltr.t. 117.) appllea ",any h.urlstlc ••ar,,:" Idea. to learnIng ua.ful combln.tlon.
from ex...I•• of gIv.n g...... progr..... hav. alao be.n wrltt.n to I.arn doMInoe. [a",lth.
117']. Go-Moku [!Ioook. ,.S1]••nd the "".. of Tlc·T.c·Toe [Poppla.tone. 1010:.
Banerjl [8anerJI. 117.] ha••tudl.d ...rnlIIQ proc..... tOt ••ver.1 cl••••• of ga.... and
puzzle. trom a more forMal point of vIeW.....ott...n [Koff....n. ''''] ha••Iao relat.d a...·)
playing to p.tt.m ,.cognItklft.

4.2 Concept , ......tton

In oonc.pt fonutlon t••t ••• cOlltPUter prugra. (or hutHn .ubject) Is pr•••nted with
object•• or ••crtptlona of obJecta, that .JChIbtt a COlMtOft concept. The progr•• (or .ubject)
II .xpect.d to geMr.1n ". the.. lnat.nc.. wei .nough to e.....fy new objeCta
accurltety. NqatM IMtancea--object. which f.. to exhibit the concept·...r .....
pr••ented to the "._ (..... ldenttfled •• nqetlYe lnatane••) In aclcltlon to the .x ,.
of the concept. When tr.1nInG InoIudee _gatlYe ....t.ne.. ".rnIng Ie futer and ...
accurlt.. Concept forMtIDn lang Int.,.atad p.yohologlata •• I "."*'8 tuk. M with
other ....... tuU progr_ Mve written to ......t. tM perfonNno. of
~ eubjeCta--and .. teat • HV lo [ 'M']. Or tMy have ......
wrttten to b1 1••• otMr theft d••aw....t ...
~ of tnt on the,.,. or n_u".
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Two frequ.ntly clt.d AI concept formation programs are thoae wrltt.n by Evan.
[Ev.n., 181'] and Win.ton [Winston, 1875]. evana' program finds analogi•• among
gllOlll.trlc flgur.s to solve .t.nd.rd Intelligence test problema of the form A Is to B •• C I. to
[pick one of D1, D2, DS, D4, 06). Th. conc.pt here Is a tr.nsfOl ,"Itlon or rul. which m.p.
flgur. A Into B .nd .Iao map. flgur. C Into on. of the .nawer chal"ea.

For Winston's program the tesk Is to produce a correct dellcrlptlofl of • conc.pt
exhibited In I .et of line drlwing, of b:ock figure.. An Important felture I. the Introduction
of n••r ml..... I.e.• flgur•• th.t f.ll to exhibit the concept because they dlff.r with r••pect
to a .m.1I number of e...ntl.1 properties. Th. progr.m I••rn. the corr.ot d••criptlon of an
.rch, for example. from d• .,crlpttona of two post••nd • lintel (.xempllr) and of near mi••••
auch •• tees .nd posta with. f.llen lintel.

Another recent progrelll learns concepts, such es Hit and OUt. for the g.m. of baaeb.1I
from a aet of deacrlptlons of events over the span of a game [Solowav, 187']. Other
concept form.tlon programs .re described In [SIIIKm. 1883]. [John.on, 1884], [Hunt,
1875]. [Zagorulko. 1871], [Langley. 1871], [LarlOn. 1871]. [Buchen.n, 187'], [Mltch.lI,
1877]. [H.V.'-Roth, 1871], [H.yes-Roth, 1877], [H.drick, 1871] .nd [Rych.n.r,
187'].

4,1 Gremmatlc.llnt.r.nce and Seque"c. Extrapolation

Grammatlcallnt.r.nee .nd ••••nee extrlpolatlon h.v. often be.n t.k.n .a prototype
Induction probl.ma. The t.ak II to find • rule (or aet of rulea) th.t c.n ••rve a. the
generating principle tor a tr.1nIng .et of .ymboI atr.. For ex••pI., the training lnat.nce.
mav be the tollowlng allowable sl1II""" In 4iII hypothetlca' langUlge: A. AI, AlB, A88B. An
unlnt.r••tlng ••t of rulea II jUlt tM tr.\nInO lnat.nc.. the....... WIthout acme
gener.lIz.tlon froM the trelnlng lnat.ncel. prediction of new lentenc.. II Ilftpoealblill The
folloWIng two rule., then, will aerve to c:leflne the gr....... of which thea••trlnga .... correct
.entence.:

(Rli A

(R21 A -> AB

I'A' .Ione i ••••ntenc.J

('A' can bit repleced b\I 'AB'l,

The ••quene•••tr....tton ta.k .......r: given ~ of .ytIboIa (uaudy, but
not alw.ya ftUlHfall) auah .. ',1A7,8, flnd. rule thlt oarreot precIIotllln of .... ne.t
..e'" of the ant........ence. 1ft thIa HM, the prL-.aIpIe Ie

CR3) ,," ...... 2rt-l

8o'h of theM Pf••••••xtlIbtt...,~ of MIIeMIftCl ...,.•••••• __tIon.
A~ In the dau _t be foIInd dItfw_t 1N1M1p'"
..t ...~ed aM aM Ittemattw ~, .at be ,... fa' by
...pIotty. Moet [I••,... ,.71). pw ,..) __ the Nta ..
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fr•• of .rrora. Mlny 0' th••, progrl"" explicitly ...reh I .p.ee or hypoth••••, (e.g.,
Coole'. grlmmlticil Inf.r.nce proorl'" [Cook, 117']), but ma-t recent wor~ on grlmmatlcal
Inf.r.nc••",phealz•• more tormll method. [lierman, 1172], [Gold, 1'81] Int.I [Pu, 1171].

Inferring neturll Iinguige [Blklo••y, 1172]••nd .Impl. coml,u\er progrlm. trom
eXlmple. are other Induction tl.k. thlt hi V, been .tudled using AI technique. [W.t.rm.n,
Unl], [Hardy, '171], [Shaw, '177], [WI'erman, 1871). The trelnlng Inltlnc•• Ir. oft.n
Input·output pllr. and the t18k of the Induction .y.telll Is '0 'Ind the rule (procedure) that
will produce the specified output .ymbol. for e.ch •••ocleted Input. Whll. the t,eka Ir.
almllir to conc.pt formltlon- end grammetlcllinferenee, the Ilngu.oe. are .0 much rlchar that
progre.. la alow.

I A Mod.1 of L.arnlng IYltlml

Thl. a.ction II conc.rn.d with I Ilmple functlon.1 mod.1 that I. uleful for
charlct.rlllno, comparlno, .nd d••lgnlno I• .,nlng Iy.t.m.. Mlny at the functional
compan.nt. of In LS Ir.....ntlel to Intelllo."t probllm IOIvtng IVltlM In o.n"al, a. not.d
by Simon Ind L.. [limon, , 'Ta); th.t I., I• .,nlng (lnductton, cone.pt tormatlon, .tc.) lJ
problem lalvln" of on. kind, which ",..nl thlt AI probl.m .alvlng m.thod. and
r.pr•••ntltlon. Cln bt .xptcted to IPPIy to thl' '"k I' well e, to oth.r•.

e,, Ef'.ct. of t"e Envtronment

The .nvlronm.nt from which trelnlng Inatence••re drewn. Ind In which .n LS OPerlt.a.
may hlVI a profound t".et upon the LS delion. lS .nvlroomente ean be dlvld.d Into two
major cltegorl.s: thoat thlt provide the correct response for .ach tr.lnlng Inat.nc.
(sup.rvll.d l••rnlng) end thoe. that do not (uns"p.rvls.d I.arnlng). aup"""" '.arnlna
.y.teml oP.,lt. within a ,tllllulu.·r.,ponle .nvlronm.nt In which the de,lred LS output Ie
.upplltd with ••ch trelnlng In.tance. exa"'PI•• Include Samu.I', boolc II'ICWe ch.ck.,.
program [I.mu.'. ""]. [.'Mu.l. '117), end grammatical Inferenc. program. [Hunt.
'Ill].

UItMp""'Sed LSs op.r.t. within an environment 0' In,tance. for which the correct".pon.. Is not directly .vaNablt. The version of Samuel'. program that ".rna by pl.ylng
chack.r. agelnat .n QPPOMf't fa" Into INa cat.aorv [......,.1. ,.ea] ames MOVta .r. not
cl••alfl.d by opponenta " • .:ay••ltc nt, good. poor «t.rrlbl.. L.arnlnt .y.t....
operating within thfa type of .nvlrot t IIIUIt t.,..eIvt. In,., the corr.ct fe.pone. to
••ch training In.,.nc. by DbaeNatlon of ayat_ p.rtortNnce 1ar •••rlts of lnatanc... AI a,..utt. ..algnlftent of cr.dIt or bI.... tor OYtraN perfortllance to lndlvlduel rtaponea. Ie
g.nera"y • p~ 'or the.e ayat... [MInsky. , ••a]. raypkln [Tapkln. ''''] ....
pointed out tha' """'"""'" "lmInt II IOlIHtWhat or In IIuIIon In the ...... tNt a
ta.cher/dealan'" dtflne. the .tenderda ttlat dtttNllnt the qu.llty of operation of the La .t
the out.et, whether Of not ... II "...... ...... the aotueI ..etlon .,1 the .yaw..

EnvlrOl_1nte c.n be further CI~ al .....·fr·.. or noIIy. ",.,...
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tr.. envlronmenta. luch .s theot of Winston's structure' description 'eernlng program
[Winston, 1876]. provide Inltance. paired with correct responses which the system
a.sumes to be perfectly reliable. Most Al systellls assulIle noise-free environments. (One
exc.ptton Is de.crlbed In [Buch.nln, 1871].) No/.yenvironment•• on the other hand, do
not provide auch perf.ct tnformatton. IS II uauaMy the elle when empiric II detl tlr. Ir;voIved.
Pattern r.cognltm and control ayatlms frequently oPe,.te within noisy eo,,·lronm.nt.
[Barrow. 1872], [Duda, 11"]. [Donal.on, ilia].

The proposed lS model I. shoWn In figure 2. llle PERFORMANCE ELEMENT Is
relponslble for generating an output In response \0 elch new stimulul. The
INSTANCE SELECTOR .elects ,ultable training Instance. from the environment to pre.ent to
the performance element. The CRITIC analyzes the output of the performance .Iement In
terms of 801fte stlndard of performlnce. The LEARNING ELEMENT makes specific change. to
the system In r.spons. to the an.lysls of the critic. COlIIlftunlcatlon among the functional
components Is .hown vi. • lLACICBOARD to ensure that each functional component h.s
acceils to all required system InfOnltetlon. such II the emerging knowledge ba... Finally. the
LS operate. within the conatralnts of • WORLD MODEL which contalM the general
••sumptlons Ind methods th.t define the dolftaln of .ctlvtty of the syatem.

The components of the mod.1 are conceptu.' entltte. th.t apeclfy functions that muat
b. performed to effect learning. Although the functional decompoeltlon ...gg••ted by the
model Is not n.c....rtIy r.flect.d In the phy.Ic.1 deCOlllP08ltIon of meny .xletlng _yet.ma,
th. mod.1 Ie useful for COIIIPlrlng .yste. Ind mev lid In future I.arnlng .yata... d••lgns.

world
lIOdel

[WIt]

..... for.."c•
• , .....t

[PE]

\

'.ar"i"t.,....
(lEl

/
1".tHee
,,'eet.,. - b1eekboerd - critic

[IS] [A] [tI]

..... L 1M C••, ., .
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The following sections pres.nt det.ll.d dlscu••lona of the LS model component••hown
In Figure 2. In addition. the appendix cont.lns detailed characterizations of repre.entatlve
AI, pattern recognition. and control .y.t.... In te,. of the model. The readar ..ay find It
helpful to refer ooc..lonaHy to the .ppendlx WhfIe reading the following .eetlon••

The performance ele",ent u••s the "amed Inform.tlon to perform the .t"ted 'aak. It
ha, been Inc:luded In the LS lIlOdeI beclu.. Of the InUmate ral.tlon,hlp betwean 111"01
Information Is to be le.,ned and "ow thl. learned information I. to b. us.d.

Performance element. are u.ually tailored more to the requirement. of the ta.k dom,ln
thin to the .rchlt.cture of tM LS. In general. the perfoe'mance elemant can ba run In a
.tand-atone !nOde withoUt ",rnlno, Independent of the ra.t of the LS. In any LS. howevar.
the ability to Improve performance pr••uppoe.. • method of communicating I.arned
Infoe'matlon to the perfDrlllance el.",ent. Since It. architecture muat allow le.rn.d Infor",atlon
to anect Ita decl'lons. addltlo"lal constralnt8 are placed on the performlnce element wlthtn
an LS. The performance e"ment .hould be constructed ao that information aboUt Ita Internal
machinations Is readily IvaHable to the other .y.te", compon.nts. This Infonllatlun can be
used to "'ake j')OSslble detaled criticism of performance, .nd Intelligent .electlon of further
Instance. to be r~...mlned by the ay.te",.

The performance eloMnts of exletlng .yat..... a"o vary In thl way. they ..y be
attarad by "Imlng. Foe' e:, ItlIPte. Iy~t.... whoae operltlon II determined by ••et of
production rule. (W8termln, 1170], [Water",an. 1171] have the potential to exhllMt richer
vartatloM than .y.te.. Whoa. uper.tlona er. keyed only to the .djUat....nt of pere..ter
v...... [L.nd.u. 1114]. [Il1o".., 1874].

8.4 Inst.nc. S.llctor

The instance ....ctor ••I.cta tralNng tnatano.. ffOll the envlronlMnt that ar. to be
..ed by the LB. It.. a tunctlonel COIIIPOMftt not clearty IIoIIt.d In e.rtIer adeptIYe ey.t••
1IIOdeI8.

In e~..tlng L$8, ..tlnd8 for lnatance aelectlon v.ry ..Inly alonv the of
re8PQMlbllty .nd eophlattc.tIon. lite "''''''111'''' for InIIt.nee ....ctlon v between
the extre.-s of COIIPIetlly external ~) eelectkwt. and ClOlIIPIetlly Internal <..,w)
••Iectlon. In psychologloal eKperIlHnta on concept fonMUon. Instance ....etton Ie ctoeely
aontralled by the expet1llenter .nd the aubjlClt .. ac.pIetety paeelve In title r".peot.
lnet.nce ..1eotIon In ....... book -.ve progr_ [......1, 1"'] Ie externely
aon" .............. Pap"""" INOP- [ 1"']. whloh ..... the fea...
that ~r_t'" a WInnInt ...... In tIc-taa-_ Ita own tr__ lnatanoea. It

, tonN arternate~•• and titan .....t. IMlances to chooH (relying
upon .. external orItIo to evaluete theM ,IMt ). (a..... ( 1.7'].) In ...
adeptlve ayet•• _ .... T.. Mel Ier· [TN, 111.) un • fWII or aottve ...~
....tton ...... ..,.."".,. They ad to ••yet_ In IUCh I way .. to
~ oontreIlte~ ~ aIIGUt Ita Intem" atlUOtuN.
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The degree 0: sDphlsticat/on uaed for LS Ntlnce ..I.ctlon la elso an Importent
conalderatlon. In order to qualify es sophlatlcated, In Instance selector must be ••nlltlve to
the current abtlltles end deficiencies of the performance element and mUlt construct or
sel.ct Instanc.s which ar. designed to IftIPfOVe perfor",ance. Winston [Winston, 1875] ha.
ahown the adventag•• to be accrued through pre.entlng carefUlly constructed .xampl.s and
n••r·ml•••• of the concepts to l cqulred by In LS. In general, car.ful In,tanc•••I.ctlon
cln Improve the reliability and .hi(..dncy of In LS. It la Importlnt to note, howev.r, thet this
may not elwey. b. p.r.tt.d by the enVIronment In which the LS op.rata•• a. Is g.n,rally
the ce•• for edaptlv. control .)'8t..... [Donellon. 1Ila].

5.5 Critic

Th. crltlo analy••• the curr.nt Ibllftle. of the performance element. It may pilY thr••
rol••: EVALUATION. LOCALIZATION, Ind RECOMMENDATION. The critic always operete. e.
In .velultor In that It ellIbodies a standard by which to a.ses. the b.havlor of the
p.rformanc. e'.",ent. Thil II the role that has been emphlslzed In .Irller Idlptlv. syst.m
mod... [PUt 1870). [GIorIoIo, 187a]. [Skl.n.ky, 1114]. Feedblck from I critic at I.e.t es
.valuator .. e....tlal for "arnlng.

Th. critic: llIey also Ioc.llz. errora and localize thft re••ona for POOl' Ioc.llz. the r.e.on.
for poor perfOl'lllance. Thts type of b.hevlor Is essential for r.solutlon of the credit
•••Ign....nt proble. de.crlb.d by Minsky [Mlnaky, 1083J. In Ita diagnostic role, the critic Ia
,x''''PHfI.d by the bug cla••lfler and sUftNHrlzer In Suas",an'a HACKER (Su.am.n, 1871].

Fln.1y the critic lII.y recom....nd rep.lrs by ",.klng sp.clflc recoMm.ndatlon. 'or
I...prove""nt or _•••tlena about 'uture Inst.nces. In W.t.r....n·. poker player [Watarman.
1170]. the critic: In this role sugg.sta the bet th.t lhauld hive been ..Id. by the
performance .I....nt for I particular training Inatanc.. The critic not only ,.cogna•• poor
play en<llsolat•• the production rul,. responal~ for It, but _untata specific cOhectlona 80
the progr.... will nat ptay .a poorly In .lIIlIIar future "Itu.tlona.

The dIvIdIno line tNItwHn critic .net le.rnIng ......nt Is nat sharp. and It ta oert.lnIy
poe.lble to view therapy a•• function of either the learning e'l....nt or the critic. Hawevet',
In ..pplng .xlstlng Lh Into ttU !IOdel, we have I.ttd the convention thet the crltlo·.
r.oo.......ndatlclM to the le.rnIng elMtent a,. .t an .lM~.·.ot level r8lllOVed 'roM the
"" ••.matlon OOIlIldarMlDna .uch •• deta r••lentatlan. Till. cle.rIy ••pat.t.t the two
different tunctiona of dectdIng whet leu of change L. needed .nd deciding how to t."","",
ttNlt cMnoe.

In ... La. the tunctIoM of the crmc tMIve been left to ....... for .x.....,
IIYc.m..1IU [Davia. 1"1) ..... • orttIC. for evaluation. IocaIutlan, ancI
1'8ClCI•••ndation. '"" ,.far...... ".._ (to oena .-eoted by .......) Mc,1
a ....n ...,1.. orttIclIM VII ,...,... IDHIIzatton or IIId _ far .tt.tng the
rule HM. leo the aa..'" .........." the .. In t tM learn,", OM
be MJd tit be ...



The le.rnlng element IaI an Interface between the critic .nd the performance element,
reaponalble for translating ttl. abatract recommendattone of the crttlc Into specific oh.nge.
In the rUles or pa7a...eter. u.ed by the perfonnsnc. element.

Aepreeent.tlona for "amed Infor",.tlon exhibit gr.at variety. They Include, for ex.mpl.
production rulea [Wlterm.n, 1170], p.ra",et.rlzed polynomlala [S.mu.l, 1Ila], .xecut.bl.
proc.dur•• [ .....m.n, 18'1]. Ilgnatur. tabl.. [ea.el, 1117]. stored facts [FIlgenbaum.
1..1.]. and graph. or networb [WlnatOft, 1171]. The ",ethod of Incorpor.tlng n.w I••rnfld
Information la dependent uPon the repre.entetton, and even .mong aystem. thlt u.e Ilmllar
r.pre••ntatlonl, competing "'ethod. ar. found (contrsst, for exampl., [Buchanan, 1178]
.nd [Wate,...an. 1170:;).

The extant tCJ which the I••rned Information la alter.d In reapoo•• to .ach training
In.tancI I. an Important lS design consideration. In lome sy.tem., the lesrnlng .I....ent
Incorporat•• exaotly the Inf_Itton .""pHed by the critic [Wln.tOft, 1876]. W.re the ..me
training Inatanc. to occur liter, the re.pon.. of ttle perlorllllnci ele...ent would b. exactly
a. the critiC adVloed for the flret occurrence. Tnls type of le.rnlng II w." .ult.d to
environment. th.t provIda perfect eMta and to .y.telll' with rell.ble critics. Under tn••e
conditions the La will converge rapidly to the dealred behavior. If auch a sylt.", War.
provided with an Incorrect cl...lflcatlon by the environment or la•• than reliable advice by
the critic. however, It IIllght comMit It.elf to Incorrect a••umptlon. from which It could not
recover. Syste",. that make la.a dra.tlc cha",.. to the I.amed knowtedge on the ba.ls of
a single training Instanc. are Ie.. vulnerable to Illlperfect In'orllletlon, but consequently
r.qUlr. 110ft training Inst~. to converge to the de.ked behavior. Many It.ttatlo.1 Uk taU
Into tt"- category [NUl"'. 1III]. Other .ylt... conalder I,veral training !nat.nc...t a
tkM In order to MInIIItn the effect of occaelonal noIay !natanael [auch__• 1178].

The bIeokboerd of tNs IMIdeI II a global data ba•• that also functlone •• a l)'8t...
cOlftlllUftlc.tloM 1MCh..... It .. "lftIItf to the concept Introduced In the tEARSAV aylt"",
[L....... 1171J. The b1eclcboard hoIda two typea of Inf~tIon: the InfOfMtton Ity
aaaclatad wi'" tltl' MowfN...... In AI progra., and the t-.crary Infontatlon d by
the LI ca.por.enta. The knoWledge base often oontalna the .et of rute.. par t y .
• y.-bolc atrue,,"l. end eo on, currentty being uaad by the parfonMnce Iuoh
IntorMtion c.n be ..... II In etcI to ttcatad _t.nool •.-elton " It Ie ,.._ ev .
The t.......". aya~ artentad InoIUdaa. fGr .x.... the Int d _
... by the perfanuMe t In IIllOtlng a perUouIer r......... Det.., ortttoIell by
the ortUo .. dIp."" tile ev...... 01 thII ......uon.

In lINIny .x ayet_ tHe InfonMItion II not eo cIe.rIy .epa"t" or .fIned. The
~c.tIon between rune...... OCMIPOI MPIC*IY, era often ...........d
-.atty. 1aOII InfanHtIDn II by .-y of IndMduIII funotloMl
aa.pOl""" of .. LI. hcIlwaVar••.~ II .... ., u .udc._
_ ...... 1•••



1. HPP-77-a.

5.' World Mode'

Where.. the bl:": ~"ooard ClOI1talM Infcnl.tlon tn.t can be .It.r.d by the lS
compon.nt,. th. wor!~1 IIIOCIeI contalnl the fixed concept.,., " ....wwlc within wtUch the
.y.tem oper.te. [Church....n. 1170]. The content. of the world IIIOdellnclud••flnltlona of
object••nd r.l.tlons In the t ••k dont.ln, the Iyntax and It .....ntlc. of the Inform.tIon to be
'e.med. and the JIIcttlOda to be u,ed by the lS. AIMIng t••k doIftaln d.flnltlone .1'•• for
• x.""'. the Nk·, of • V'" .nd the repre.ent.tlon of Input. and MPUt5 for the
perfor.ance nt. TIn part of the world MOdel .....y define, the t••k of the
perform.n::e nt, .nd tha .tandard of p.rfOflMnce (tha .v.luatlon function) to be
appll.d by the critic. 00ftI.1n ,peeffle heurlatlc. a,. .Iao COIIImonIy .dded to the world mod.1
of AI .y.t.... to guide Inferences ...d. by the LS (e.g•• heurlatlcl about the world of blOck.
In Winston', prograM [Winston, 1178). Definition. of tha .ynt.x .nd .....ntlc. of
In'Qtlllatlon to b. "am.d d.fln. the mode 0' cOlINllURlcatlon betw.en the I.arnlna .nd
p.rforManc••leItant•.

The a••"""tiona and COMt,.lrIta fl'Olft Which the world lIOQ~1 la cOlftp08ad a,. of critic.'
Import.nc. In the ......nd characterization of lSI. Although many of the.. '''utaptlone.1'. oft.n hidden In the v.rIous functional c:olIIPClMnt•• the LS d.,lgne, and ...... IIU1t both b•
• w.r. of ••ch of theln. W. believe that. Wher. poulble. world IIlOdeI conatralnt. .hould b.
made expllCtt In order to .1IoW fOl' their IIOdtfIcatIon during the de.!gn Proc••••

6.' MulU-L.,er Leemlnl a,.te••

AlthoUgh the world IIlOCIeI c.nnot be .ltered by the LS that ..... It, the d••",.., c.n
.It.r It. contants In order to IMprove LS perforManc.. He orten change. par t.,. .nd
proc.dure. of the buIc LS .fter -erving .nd crItIctzIno ttl behavbr for c.r.fully
choeen tr'lnIna ••t. The•••lter,ttona ,••uIt In , new version of the LS, which Is then ta.t.d
on IOIIl8 traInInG .et, .nd eo on. The de.....' views the Whole LS a. • .Ylt.. whoa.
perforMance nea. lMprwe..nt. .nd he .eIecta lnIt,nc... criticize. perforManc.. and
Mak•• changee accordingly. In other worda. the deelaMr" activit can be WtOdeIed by a
.yat.. WhoM co.onenta ere Just ... of ,.... 2. TNa u to the ooncMpt of
'.yered Lie. each ...... llyer to change the MWId lIlOdei (VOClbUlary.........tIou•
• te.) of tile next loWer layer on ", crltlclzlno Ita perfOf'lNPC. on • ahaeen ••t of
lnatlno... T......djUa can be to the world of .......... aye La,
by another Ie" LN. u.t own fuM ~..nta (orttIa. .......
• tc.), ,.... a. In""" It II 00lIO tMt a tI*d.,..., LU, oouId .djuet
the wortd of La. .. eo on. 1M d.II, fIMI of ,
"""tint , LI. E"" __ ,... nt of
the .-at 1Q'er -tayer atI F 1IIft.. etteetM Me"'," of
the varkM TM _OIl III ..,. LI _,..__ted
by Ita .ttracttu ........
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' ....... a. Lay"'" of L.......... Iy.'e•• (COIlpon.ntl .re I.b.lled I' In Figura 2).

ThI8 multi-layer .rchlt.ctur. 1mI... bIdIr.ctlonal InfonMltton pa••Ing; thlt II, th.
affaota of .djUSt....t••de rn a llye, .y proptlgllte both to lower and hIgMr leYal Iaya,..
It .. • hlerarchlc.1 areNteo"".. In ttle general ._a ['IIMn, , III] and Includea •• a
.pectflc c... the bottoIIl-to-top hIer.,rchical archltectur. u..d. for ex.... by Soloway
[8oIoWaV, 1877).

One ,xlltlng LS which "'Iy h ¥lowed ... layer.d .yat•• Ie the V8t'IIon of 1'.
progr.r:l[ 1M1) thlt I....... pd'~l ev.luatlon ~tlon for eelectlng check....
IMMM ( tile x far det"'). Tile lower layer (LIn In Un .yat_ ad." the
ooeff'dentl or • given Nt or ..... board f••ture. In arder to IIftproye ,.,tar.... or the
-.ve ....atlon".,.... TIle aeoand "yet lya'- (LS2) ";..ate the let of boefd fa.tuNe
UHd In the ev.....ttan funotIan In Drde' tID .......,. the pc'farlMllCe of LI'. IInoe L.' ..
aantalneclln LU .. the MnOe ....-t, II the nec.1HfY far Ita aper.tton
.Ieo betont to the LII In tile III world oantIlIu ..........
abcwt ttt. let of Nerd 1M the Itanclerd far aveluetlng La,
per('onMHa.
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A single layer LS, then, can never move outside Its world model to make radloal
revlalons to Ita way of viewing ttle tuk te achieve a /HJr.'gm shift, as discussed by Kuhn
[Kuhn, 1870]. Howeve" a shift In the conceptual fremework of LSl could be mad. by a
properly programmed LS2 [Iuchanan, 1174l. We believe that a layerad approach auch a.
that described above provides a useful syate", organization for learning at various levela of
abatractlon In compl.x dofNlna. Although there are .xampl.s of this kind of lay.rlng In the
IIte,ature [Samuel, 1883], [Uhr, 1883] and [Soloway, 1877]. no one has carried It a. far
aa the model .uggeat.. In fact, slngl. layer learning .yatema are Juat now becoming well
enough understood to consider developing lIOI'e 8OPhletlc.ted ay.tem•.

8.10 Implication. of the Model

The lS model described her. provides a COllllllOr'l language for characterization and
comparison of different type. of "arnlng .yat..... that operate In a variety of ta.k dom.. lns.
The model la I useful conceptual guide for LS de.lgn, because It Isolat.. the .aa.ntlal
functional component., and the Inform6tlon that must be avanable to the•• compgnents.

A numb.r of dealrable fe.turea for future 'e.rnlng ay.t.", designs ar. brought out by
this model. first, the design ahould be modUlar, with Individual MOdul.s corr.apgndlng to the
functlona' components .hown In the 1lIOde1. Th. knowledge u••d by the sy.te. should be
made .xpllclt and coIected, a. MUch a••fflclency conslderatlona per.lt, In a world mode'
component. Especially the part. of the lS that are to be adjustable ",ust be explicitly
exposed. Intelligent crltlclall Ia lllIportant, aa Ia active Instance selection, although neither
ha. been laoIated .a a ae~.rate obJact of study. FlnaHy, a IllUItl-lay., architecture for
I.,ming at dIff.r.nt ..vela of abstr.ctlon Is auggest.d by the lIIOdel a. a way of introducing
.tlll .... Int.lIigenc. Into the whole lea"*" Iyat•••
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Appendix A

Charaet.rta-tlon of lxl.tlno .y.t....

In thll app.ndlx ••veral exlltlng Lh Ir. chlrlct.rlnd ullng the frall.work provld.d
by the 1IIOd.1 d••crtb.d In S.ctlon 6. The .y.t..... I.lect.d ara repr...ntatlv. of ••v.,al
approeeh., to ..achlne leamInG. Beel.e the bllokboard contllnll Infonnatlon In a .t.t. of
flux, Ita cemtent. ar. not .p.clfled upllcltly for the 'ylt... charlct.rlz.d b.low.

Model ".'erence Ad.'''' CoItf,oI, [Landau, 1114]

Purpol,: Conatruct a COffI,oI,., thet pr.proc••••• Input. to an .xlatlng ayat.... (call.d
the pi""). Th. b.llavtor of the CCIIIlblned controller-pllnt .y.t.", II to R111l1lc the b.havlor 0" a
third Iy.t•• (cal.d the ,.'.,ence..eI) on the trllnlng data.

Envlron",.nt: The plant to be controlled, Ind the ••t of possible Inputa (lncktdlng
dlaturbanc••).

Perfonnanc. ElelHnt: The controhr--I ')'It whoe. output Ia us.d •• Input to the
pllnt. Ita behavior Ia a function of the Input pa,t I/O behaYlor of the plent, and • a.t
01 adJuatabie para..t.,..

anat..o•••lec_: Accept. dati uquenc. (a. Input to the controller) ".. the
envIrcM....nt.

CrItk: Evaluatlon-·a"'" I M ...e of perfonNnc. that Ia toMe function of the
artt...tlc dlff.renc. between the plant Ind r.f..nc. -.odel outputa. In.... c.... the,.'.enc. model II IMthetNtically deflnecl, .nd can ther.tor. b. conaIder.d p.rt of the
critic. In ether c.... the ref.ene...... II an Ictual .1It., Ind II coneIderecI pert of the
envIranIHnt.

L......... Eee.ent: ModIflea the par..t.. of the ~nc. .I•••nt (oontroler),
dependIna on the _pl.d by .... orItIc.

World ; Contfal tMory ....,tIDM (tIM lnYeriance, 1IneIrtty, etc.) .....
t at...... Dfper.......'111111 In .... orttIc.
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Purpoae: leam the para.et.r. of a cla.alfler that can c....lty a .et of patterna In .uch
• w.y •• to """ltIlIZe a .p.cmed COlIt functional.

EfWlrontIMnt: p.ttema drawn '""" • pre-ap.cIf..d .et of cl...... E.ch p.ttem ..
repra.antad •• a faatura vector.

Partonwenca E....nt: A linear patt.m cla..lfler that for... tha Inner prodlJct of •
pattern faature v.ctor (that conatltut•• the Input). and a weight v.ctor (where the weight.
conatltuta the adjUatabie p.ra..t.,. OJ the ela••ltler). Ba••d on the raaultant .eal.r valu.,
the cla••lfler a.algna the patt.m to a c.....

In.tanc.....ctor: Acc.pt. lnatance. ff'Olll a hulllln train.,. The cla..lfler uaa. a ••t of
pattam. of known cia.........hIp to tune the weIgtlta. Theraaftar. the welghta ara held
conetant.

Critic: Ev.tuetlon--CCMllPUta. the dIfference batween the output velue of the c....lfl.',
and the known acc.ptable output (the I.amlng In thle .xalllPl' II 'uParvlaad).

L.arnlng e....nt: ModIfie. the weight. uaad by the cla.."Ie, accordhg to tha lMS
algorithM [WkIrow, 1110]. ba.ad on the In'onIatlon recetved ff?llI tha critic Thia .Igorttht'!'
att• .,t. to adjuat the .at of weight. eo a. to IllnIMIze the ..an-.qua,. error between the
output of the cIueIfter, and the de.lred output.

World tIodef: Pattern ,acoGnlt1on ••....,tlonl concenMg the ault.bIIIty of '.""aentlna
the p.tterne .. ,••tur. vector., the aultabllty of a .tatlattc.1 fanMllation of the
c....mc.tton prebla.. the auIt.bIIIty of • linea' pattern cia"""'. the .unablllty 0' the
....ct.d perfonunca ......,., and the 'Pacific .dapt.tIon "tIgorltMl,

ClaM.,. "'''''' [---. 111I). [II. utI, 1.7]

.........: l to play of ( we....- .., the ".,... of the
progr_ that """".11' by ............ 01 __
......ted by (a-t __).
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... , (/owef' I.,.,):

Purpoe.: t,••m • goad ..t of ooeftlclente for COlItbInInO boerd ,..tur.. In • 11n••r
poIyncMftlll .valU.'tlon 'unction.

P.rformanoa El.....nt: U••• the "amed .valuatlon 'unction to rank plluelbl. mov•• for
a alv.n boerd pOeltIon.

Inatano. ..lltltof': R.ade Inatlne.a fl'Olll • U.t of pr.-d.fln.d l;Iam.-
boerd/recOIIIIIIended-1IIGV1 p.Ir••

Critic: EVlluatlon··,xllllln.. thl rlnkino olvlln to tha book move by the performance
el....ent. loc.Hz,tIon··augge.t. that the book lftOV. ahould b. ranked above I" oth.r mov•••

Learning Ele""nt: AdjUata w.lght. of Nneif' poIynoIIItel to mlk. move .-Ieetlor­
oorre'PO"d to the crltle'. rlOOllllMlndltlon.

World Model: Syntax of a board. font .nd ,.atur•• of 1In••r poIynolIlll ~v.I;"I~tlon

funCtton. Method for adJuatino .v tIonfunction. and rulea 0' check.r••

L82:

PurpoII: ,,-,prOVI the ,.rfonHncl of LS1 by ....etlan 0" good .It 0' bO'I!'d f ••twla.

lnatanc.....ctor: The entlr••It 0' pOIaIblI 'r.""'o lnatance. Ie .Imply p....d to lS1
(vta the bleckboerd).

Critic: Evetu.tIon··.nelya.. the ...m\ntI .bIIIty of lS1 (I.•.• the lS2 P.rfonunce
"',""0 with the current eet of evalUltlon functloft featur... locallz.tton-·.IngI.. out
'eature. ttlat .r. not ~eful. Reee....ndetlon··....ct. new ,.,tur•• fro. , pr.deflned lilt
to replec. uaete.. f .

L........ EIeIMnt: ftnN the current ••t of,••tur.... r(l!COMIencIId by the critic.

WarN : TIll LS1 world IIIOCIIII, "'" tile Ht of ,..... that .Y H conakIIncI••nd
thl I*fOf atancIard ......,... by thela2 critic.
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Envlronm..nt: Set of .11 1eg.1p3l(8\ game s'ate."

Performance Element: Applle. the ".rnr d production rul.a to ~enerate actlona In •
pOker game. e,\',. beta.

In.tance Selector: Sel.cts each game atate derived by pl.y .galnat an opponent a. a
tr.lnlng Instanc•.

Critic: Two ve'slons of the program uae two different critics. In both c•••• the critic
perfonrs the fo4lowlng functions: Evaluatlon--decldes wheth.r the poker bet made by the
P.rformance Element wa. acceptable. Locallz~tton·-givea Important atat. varlabl.. for
d.cldlng the corr.ct bet. RecommendaUan--provide. the bet which the Performance EI.m.nt
.hould h.ve made, In 8Kpllclt learning the crltl<.: !. an expert poker player. either hum.n or
progra_ed. In Implicit "Imlng. the .vliultlon Ind recOllltftendltkln are deduced from the
next Ictlon of the opponent and a .et of pr.deflned axlollla, whII. localization Is r.ad '101ft a
predefined decl.lon matrix.

Laamlng Elament: ModIflea and adds production rule. to the syat.... Mlatak.a .r.
c:orr.ct.d by .ddlng a n.w rule In front of the rule r.'POnslble for the Incorrect r••pOnS••

World Modal: Rule. of pak.r, 'eature. used to descrlb. the pille at.te. the Ia"",age of
pt'OCluctlon rule., heurlstlca for updating the rule b•••• the lIIOdel of an opponent.

Meta-DENDRAL. [ ...ch.... 1171)

Purpoea: L.arn to predict data poInt8ln the .... apectrft of 1IOIecuIea.

Perf..... dftOe EIeMeftt: PradlGta peak. (da.. points) In ...•..tr. or .....
......d productlDn........ ElIPIOYI. 1IOde! Of .... sPeCtroItetry tor tr ttng between
.........,.,.. p;ocaa... (pradlatecl by the ruIH) and points In tM .,.otrvm.

.......... '.tao...,: Aooepta • At or I&noWn ,.,..,. palra ". t .e ~.

Crttle: ev.....uon-· the auIteIIIIty of tM Nt or ".cIIo~ by •
....... LooatIatlDn-·._ u.r ,... ..~, too DItIo. ...
R.el ••IICIa_ oof8CIa ~.l._ .......... Iett of .......
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L••rnlng EI.....ntl Conductl • heurlatlc ...rch through the .p.c. of plaUilbl. rul.e
ualng • predefined rul. oenerator. At each .tep In thl •••roh the potential rul.'e
p.rformano. I. reviewed by the orltlo.

World Madea: Repre..nt.tton of lItOIeouiea .a gr.phI, production rule mod.1 of m.al
.p.ctrometry, vocabUlary of ruI•• UlU tt:' re",.ent !eamu Inform.tlon, ~aurlatlc. uatld by
the orttlo In directing the rule .....ch. .

Leer,,'. Itruoturlll "",'pt'" from bam"e., [Wlnaton, 1870]. [Win.ton, 1878]

Purpoa.: l.am to Identify block. world .tructur.. (.ueh IS .reh•• and towers).

Envlron",ent: Set of poaalble Nne drawlng/structure-cla.slflcatlon pair•.

Perfor"'lnoe Ele",.nt: Decide. c.... of structure. to which the Input structur. b.longa.
Ua••• MOd., of the .truetur. e.... 'uPPlled by the '.amlnO elelll.nt.

Inatane. 1.laator: Acc.pt. training lnatanc•••uppMed Indlvldu.lly by the u••r.

Critic: Evaluatlon--COlIlPar.a the c....lflc.tion lNde by the p.rfOl'lMlne. Elem.nt
I ..alnet the correct cl•••mcatlon a. .upplled with each training In.t.nce. loc.lIz.tlOn-­
o.ner.t••• COftIPlrIaon "'sartptton pointing out difference. b.tw.en the MOdel and the
.tructure deaerlptlon.

Learning I ...."t: Construct•• MOdel of the 0.... of .tructur•• uncIet OOI-'deratlDn.
Examinee the cc.partaon ese.crlptlon aupplled by the crItlo. and MOdIfIea the IlOdeI to
atrenothen or ..aken the corr.apondencl ',twa... the MOdel and the tr'lnInG !qatane••

World Modell Repreaentatton of Ie.... .. 11M dra""', ...thod of traMlating line
dr to 1dei_tiona, ._ for ........ to .aphlcal dMortptloft8, .....r
tor r.pr tIng the learnecl InfarlHtIDft. ....,....,.ctnc heurlatlca for ,...vIng aMOnG
poe.... 0 to .... atruotura claM ......
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